S
K\.\&"é’

INSTITUTO POTOSINO DE INVESTIGACION
CIENTIFICA Y TECNOLOGICA, AC,

POSGRADO EN CIENCIAS APLICADAS

Interaction between carbon nanotubes and biological
systems

Tesis que presenta
Antonio Esal Del Rio Castillo

Para obtener el grado de
Maestro en Cienciar Aplicadas

En la opeidn de
Nanociencias y Nanotecnologia

Bealizada bago la codirec crdn de

Dr Mauncio Terrones Mal donado
Dva AnaPsulina Barba De La Rosa

Sen Luss Potosi, SLF , México, septiembre de 2008



Interaction between carbon nanotubes
and binlng‘ical systems

Antonio Esail Del Rio Castillo

Thests presented for the degree of
Master in Applied Sciences,
Option 1o Nanosciences and Nanotechnology

Co-supernsed by
Dr. Mauncio Terrones Maldonado
Dr Ana Paulina Barba De LaRosa

;:_‘-\\-5
¥ 4
‘i\.\i-‘-""

IPICYT

Advanced Matenal Divigion
Potoaan Institte of Technology (IPICYT)
San Luis Potoa, S LP., México

Septamber 1006



=Y
&
’i\.\#

PICYT
Constancia de aprobacion de la tesis

La teniz "Interaction between carbon nanotubes and biological systems”
presentada para obtener el Grado de de Maestro en Ciencias Aplhicadas en la
opcidn de Nanociencias ¥ Manotecnologia fue elaborada por Antonio Esan
Del Rio Castillo y aprobada el 28 de Agosto de 2008 por los suscntos,
designados por e Colegio de Profesores de la Divisidn de Matenales
Avanzados del Institute Potosine de Invesngacién Cientifica y Tecnolégica,
AC

(s fuin S

Un Mgy dicio Terranes Maldon sx Aoy By uding Hata os ba Posa
Co-Direcsor da la 'aais Lo Direatio das X tess
Ore. Yoclka Vegs Cants

du cormlid



Créditos Institucionales

Esta tesis fue elaborada en el Laboratorio de Nanoestructuras de la
Division de Materiales Avanzados para la Tecnologia Modema del
Instituto Potosine de Investigacion Cientifica vy Tecnolégica, A.C.,
bajo la codireccion del Dr. Mauricio Terrones Maldonado v la Dra
Ana Paulina Barba Da La Rosa.

Durante la realizacién del trabajo el autor recibié una beca
académica del Consejo Nacional de Ciencia y Tecnologia v del
Instituto Potosino de Investigacion Cientificay Tecnologica, A. C.



Instituto Potosino de Investigacion
Cientifica y Tecnologica, AC.

Acta de Examen de Grado

—
IPICYT




Dediacada a

Mi familia v amigos, quienes siempre me han dado su apovo



AGRADECIMIENTOS

Qmwn wpendecer a mn ] lu Dm‘l-arl Aron Paulion Bk v ol Dicior
M Tergoncs por i ¥ siempre beindaome su
pogodunm: ol desarrollo de ¢5ta was. deummndonl:])oﬂm Yaduea Vg
par s valionos comentacen ¥ ssgerencias par eata tesis. Al Doctir Rebseno Gnmulrx
POC AT ST ] SO T 10,

También ol pessonal nienico que mempse escin ol pendicatc § eoros & presmar
s upoye, Grises Ramirez, Daniel Ramirez, Gabnel Oddbiicz, Hugo Martines,
Feadinmdi Tristier, Maglaiens, Dulor Pattade y Alliero Bareoe A Vickoe Mt
Vambién sgeadcico a Haydee lonllo (UASLP) por w wpoyo cn s camctenzacion, 3
Docwar ) P Shxclds (Geomia University) por wus conscios on la propacacidn de
mnestras [oldgeas Divid Kicoyee (Berkeley Unive) posu apoyo en eamctrnszasin de
muiestrss, 3 & Loundes Palr (CNAM, Junquills) poe au gom ayuds seonsegindome y
sproyu puea ¢l cotle en ulirmicootomo. Tambicn mgoadesco o invaluable gy def
pemonal sdminsstratre Froane Cuevas, Edith Rodoigucz, Geby ez ¥ Kada Gémez,
aDon Ratl a Adclita.

Latoy tanbsén muy spradeedo con los poods s que e han do un
poco de sus bastos conocimicentos dunante mi estancia cn ¢l WICy'T, 2l De, 11umbeta
Teceanes, sl Dr. Fernandn Rodeguez, 4l D Haot Resu, sl De. Faslio Mudoz, al Dy
Flareiting Lopez, al De. Romint Sandeval, I Dea. Flizabeth Huberr, al Do Antonio de
L il D, Daniel Hermindez, ol Dr. ). Liss R, y especiahnente a bomadn Doctom
Fatnola Galvin por su inesmible apors al desarsalle de csta s

A v campufieron ded TPICHT o kom cusles siempre me spoysmm dumnte i
cwancia Albeto Zamodwo, Ana Laver Ukiss, Lduosdy Cou, Jame Pégez, Pily
i Pedio Pul Viariey B Natier Lepro, Clandin Guadalupe,
Abeiham Cano, Andeés Borlla, Eduarda Gl.:u: Jesaica Campos, Samuel Baltasar,
Ascin Motelos, Rodngs Remtaria, Foln Brones, Higgo Agpilue, Luin Martines,
Barenkee Onega, Aurors, Borsgue Maldonado v Julis Acasta,

Qe agradecer  especiidmente o Fdith Taels Tores por s spoya
nermebiconal, en 1osdos [os aspecton, e estos, inmos meses que han sdo dificles, 3
peacian i clla fos hie podido spens

A mis padies, mu heonano, mis sbuclisos y wejos amigon, que wingue =
encursiom elstivamene legs semgie me apoyann.

Fnzimente & CONACY'L pot of spoyo coondauco goe me promited eakizar cste
o,



Contents

Constancia de upravacion de la tesis
Créditos Insttucionsles

Cerilicate of degeee oxamination
Dedweatona

Agradecimmientos

Resumen [ Abstract)

1 The Cell and Bio-applications of Casbon Nanotubes

The cell, a brief review

Bactenia

Humun being, sn Eukaryole onganism

The ¢l membrune

Cellular crele

Cancer Cells

Carbon Numostructures, a boef review
Py ws of Cason N b

)

T

Nunntubes

AV

of Catbon



Refercnces

1 and cl 17t

2 Mulirealled Carbon b e, syuth
Nanotubes Synthesis
Funitonabrsson, cloaning aud disp

of Carbun Nanotol

Nanotubes Charcterization

" iemoscopy und Enengy Disp

umah sy
Ramun Spoctsoscopy

Relerences

3. Intersctions between Homuon cells imd Muli

X ray

Miterials and Methods

Tixpenmental design
Charactenization

cell sortmgy

Flow ¢y -l

& ing-Ti Eltron

Results & Discussion

Flow Cx v-I

d cell soemmy

SoingT:
References

Rifdok
Nunotubes
Matenals and Methods
Fxpenimental Design
Charactenzation
Results and Discussion

avi

P¥

Jogaeny and MultiwaBled Carbom

3

36
]

38
43

s 288



Refercnces

5. Conclozioms and furnre work
Conclulony
Fuluee woek

Appendix A Cell Colmre maintenance.

Appendix B Flow cytometsy, nucleus stuning for FACS

A dix ¢, Cell 1 ion for Klectron mi o ing nd

Y

Appendix D Bacteria Transformation

Hlectroporation
Heat shock

| Micruwave

Appendic I MRS Medium preparation

1z
113
115

116

17

118

124
125
125

126



List of figures

b

L3
14

16
b
18
12
110
Lt
112
113

21
22
23
2

i
32
33
34

Orpanieason of Prokanote and Bukanotc
Ciram positive and negative membranes
Eukaryote cell

Lipid composition of bilayer membroane

Muodel of membrane structure

Stages of Tukuryotic cells

Successive phases in mirosis of yeast
Companson between bealthy ond Apoptote colls
Classification of Cadon Naotubes

Density of States of Zagzag and armchair nanatubes
Density of states of Nitrogen doped manotubes
Nou-covalen! molecul chied 10 h
Impurtmecr on mle volumeanca i nanomatcnals

Nannrubes dispersabulity probes in different solvenrs
CINTs dispersed tn water

CNTs dispersed in cell culiure medium

Raman Spectes of oxidated MWNTs

Haw cytometer system

Typical Flow Cylumetry paticm

Timbedded cells info epoxy resin

Tlot of percentage of apoptotie HEK cells treated with

different CN'I's

Avit



35

Plot of percentage of spoptotic HEK cclls treated with

difTerent CNTs, with & concenteatson of Sug ml

36

Mot of cell cycle wnd percentage of apoptotic Hela celle

when are teatied with diffenont Wypes of CNTs

3

Plot of el eyvele and pescentage of apoplotic CaSkt eclls

when are treated with different rypes of CNTs

38

39

110
i
3z
kN E)
RNES
hNE]
36
3ar
318

al
42
43
44
a5
ah
47
18
19
410

HEK cell

HEK cell treated with functionalized CNx-MWNTs
FCNx-MWNT defoming membranc of TheLa cell
TIEK ccll treated with functionalized COx-MWNT»
Hela cell without rreatment

HeLa cell treated with functonabized COx-MWNT
HeLa cell troated with functionilised MWNT

Calki cell in matosis

Caski cell mrenred with fimctionalized COx-MWNI
Caski cell treated with fimetionalized CNx-NMWNT
CaSki cell breated with functivnalized MWNT

PRI plasoid

“Time versus temperatire diagran for PCR

Statistic curves for Nanotubes length distnabubion
MRS-Agar plate with Bifidofuctenivm b calture

ICR amplification for different caloni fe d
Rifidnivaterizrs bgane after cell drvision

Bifidobacterinn lagun lweated with small diameter CNTy
CNTs pined into Riidsbaderive byt membrane

Big di CNTs s templates for Rifldolenciertue biagons
Bigg Bactesia

65
67

100
101

103
104



411 00 thick FONMWNT pined mto bactena 105
412 STEM image of B, Suwer und FCN-MWNT 106
413 STEM sequence images of B b and LONS-MWN'T 107



List of rables

11
12
1.3

a1
22

23
24

31

32
33

34

Prokaryote and cukaryote cells
Ceell achevion molecules
Carbon fsomeres

Blémental nalysis, EDX fux peistine MWNTS

lemental analpsis, MDY for pastine CNs MWNT:
Elemental malysis, EDX for pristine COx-MWN1s
Flemental smalysis, EDX for MWN's afier 2 hours of acid
Irealment

Tlemental analvsis, TDX for CNx-MWNTs after 2 hours of
acid reeatment

Elemental snalysis, EDX for COx-MWNTs after 2 hours of
avidl Ircatment

Overview of results from FEDX characlenzation

Relative mtensities 1,/ 1, 1./ 1" and 1./ 1" of Raman

pesks for pristine and axidized CNTs

“Treatments made o Hel.a, CaSla and 1K eells with three
types of CNTs

Percentage of apoptotic HEK celb teeated with CNTy

. Percontuges of el.a colls in dilferent phases of cell eyele
whien are treated with three diffecent CNTs at differcan doses
I'ercentages of CaSki cells in different phases of cell cycle
when are treated with three different CNTs ar different doses

21

39
39
»

W

4

47

62

o9



4.1

42

Treamsformation rate of B. basw with threc differant 97

transfonmation methods and CNTs
Transformanon rate reported for three different groups, all - 98
wene madle by chcteoporstion and used hagh vollages

axii



Interaction between carbon nanotubes and
biological systems

Antonio Esai Del Rio Castillo

Submittesd for the degree of Master in Applied Sciences
September 2008

Abstract

It is well kncwn that cathon nanarshes (CN'I's) have ouistandimg physical and
dwemical propestics, and these propertics could be modificd by doping, addmg
defeets or by hmctivnalizmg the sudice of the wbes, When CNTs mtermet with
biological molecules, the dispersability and  hydrophilicity are imp
parameters. kn this work, we smidied the mrersction of nman cells (Hela, CaSki
amd HEK) with different rypes of mmotubes: a) pure curbon multi-walled CN'Ils
MWNTS), b) N-doped mulu-walled CNTs (CNx-MWNTs), and (unctionalized
muliwalled CNTs [COsMWNTs). We sudied the cell changes in their cycles,
md how the spoplotic mte is sherd, depending on the nmotube type and
com ion i soh . The possibility of using catbon nmotubes for
b 1 will also be ds 4 In sddition, we the use of

different types of ©NTs for genene tmnsfomabions in bactena. In parncular, we

h £

were ahle to the genetic
r he Bilfidobuctedum longum, whan adding CNT: 0 the Laditional
teansfonnatvn protocols. We behove that i the future, cutbon sunstubes could
help the development of new cancer tresrmenis and the pmducnion of efficent

drug delivery cartiers.

rite by rwo onders of magnitude
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Chapter 1:
The Cell and Bio-applications
of Carbon Nanotubes



The cell, a brief review.

Ihe fundamental life wnit is the cell, it is the smallest form of life and fulfills
ull the sequircsents of o living system. Inside o number of diemival sesctions
occur allowing the growth, reproduction, mfonnation p ing, stimuli, elc.

These abshties delines the b, thus, even simple unicellular arganisms exhibit
all the properties of life.

Cells are culegorieed i wo mun groups depending whether they conlam
nucleus or nor: Prokaryotes which are that lack of a defined nucleus, and
comsist of single compartment surounded by plasma membeane, and exhiba
relatively simple mtemal ogomization (see Fgnme 1.1 a). Boctera are the most
numerous prokaryotes, and are divided 1 two groups: srchacbaciens, which

cn live under cavi ts, and cub of lage

geemp of arganisms capable of living in 4 wide range of eavieonments.
Fukaryotic cells displays a well defimed nuclens, which contains the gemetic



Figuwe 1.k Cogamzaton of Prokucgote mad Cukuryon: cells, ) Electson maciogriph of a
thun scchon of Evbwriber ad, the mueloosd, commnng of becsenel IINA, 18 not caclosed
by & membrane, The thin oell wall b sthacent 1o e ioner membrane, &) Elecaos
mucrograph of o plissa el Oaly 2 sugle memboane sorsiadi the cell, hai the intenor
coatasis severs] membone lunited organclies. Imuge mken fom [1] 3]

mfoemation of the cell, us well s extensive intemal membeine that enclow
other comples omganclles (v Fagure 11 b), Evkanotic cells aro gencrally
larger than prokanotic cells, which frequeady exhibit a volume at least
thousand limes grealer.



Human cells are cukaryotic cells, Animals, plants, fungi and protists are
cukaryotic cells too. All these vanations come from one ancesteal cell, even
prokaryotes probably come from an older sncestral common cell.

Table L.1: Prokaryone and Enksryouc Cells (Take from [3]}

— Gancuensuc _ Prolaryore _Eukaryote =
Nuckus Absent Peescat
Dismeter ~lpm 16-100ym
Cytoskeleton Abent Prrescat
Cytoplasmic organelies Absent Present
DNA content (base paits) 1x10" o $x10" 1,510 0 Sx10°
Cheomowmes cucular  DNA Multiple hinear  DNA
molecule molecules
Bacteria
Bactenia ae Prokaryote (unicellular organisms) and are the simplest form of
life because they do not have organelles; their genctic matenal is dispersed in
crtosal without mtemal b losing it, additional DNA s found i

a circular shape named plasmid. 1t is mmportant to say that not all bactenal
have plasmid DNA

Bacteria are present m every habitat on Eanth, from soil to the Eanth's crust,
passing trough acidic hot springs, mdioactive waste [4], and deep and hot

I gy, b ia Are fen times more numerous in the human
boxdy than human cells. The number of bacteria on Earth is ca. 5x10™ [5], thus
these small orgun i a fund | issue for life.




There sre two types of bacteria which are classificd us Gram positive or

gative depending on b h ics, Gram positive bactena
contain a single plsma membrane sarrownded by a thicker cell wall, this cell
wall deteemines shape and protect coll sguinst osmotic and theemal damoges.
Grum negative bactens exhibit o dual membeune, and the plasms membeane
in surrounded by s very thin cell wall sandwiched by sn outer membeane,
Figure 1.2 illustrates the differences between these two categories.

Gram Negative Gram Positive

Ot
Twwtbiang
e ———— — Cof wal —
Puma |
memtenne
$ — Cytossl —
Figure 1.2 Schoratic dimgam showing the dilTerence beiween Gam positive enid Gram
negatwve memboane cells,

Same repes of Gram positive hacteda sre Bifdobucteriors, Radlle, 1iseria,
Staphyk 37 Linte and  Clorti Genus of Gruom

oy ¥

negative  bactena  are  Prodochadiena (e L coli)  Entevbocioriocen.
Pk Movondle Nelticob G i o

The Human being as an eukaryote
organism

In 1827 Kard von lser discoverad thar mammals grow from egpe thar come
from the molher's ovary. Festilization of an opg by 2 speom adl yickds o

7



gypote. Every hinnan being stants developing as s gygote, which process ol
the necessary information (o build the human body containmg about one
trillion (10'% cells. ‘Ihis development begins with the fertilized epg cell
dividing in two, four, aght alls, unil formng o very cary cmbryo. The
contnustion of the cell probifeation and the differontistion on w differnt
cell types give nse i every timsue in the human body. One initisl cell, the
ferilized egye, genemies hmdreds of different kinds of cells, which differ i
comtent, shupe, size, color, mobility, amd swiface compaosition [Ref. 2, pag, 7

In the human body cxists almost 210 differeal ool types, and all of them carry
out a mmique and special function. For example, blood tains sevenil
different types of cells, whose [imnctions are widedy vaned, some of these cells
are: wsponsible for oxypen transpont (kuown as ood oells or envihirocy es);
athers address infl 1y ions (gmnulocytes and yies) as well
s these deating with the immme response (lymphocytes), Despite all their
diverse forms and functioms, all woimal cells can be classified i five mam
caligorcs acconding o thar Jdesses of Gesuex cpitholial conncctive,
muscular, nerrous and hloond

Figure L3 depicts mn eukaryote cell displaving the mam charactenstics amd
arganelles i this kind of cell. The prncipal chasscienstic ol cukaryote cells is
the presence of & well defined nuclous which encloses the genetic matenal,
and o amaller 200 known as feolus. ‘This sub i " not
surmunded by 4 memhrme and produces most of the rhosomal KNA.
Adjscent 1o the nucdeus we fnd the Rough Endoplasmic Reticulum (ER),
P (PR = a tk of by

enclosed tubules and saes). Generally rough IR has the larpest membrune in

which processes and sonz out




the cell stvcture; o conteast with smooth reticulun rough reticubum s
studded with rib We could visualive sec a al like o protemn

e i

it can synthesize a protem isting of HH-200 amno
acidds in & minule or lew, and o luger prolein contaming 30,000 amino scds =m
23 by, Smooth ER syntbesizes fay scidy ad phospholipids, und thiy

Iz -
. present p Iy in hep ¥

Fig: 1.3 Lnage of Evdawryote oell, the cell ix dod by a pl & ot axdicated o the
e, anrd cronaing 3 ek, whicl o howsded wish o donhle mesmbrane, The nater eervieann
contemonn and conrane the mugh ondopl reticulonss, cyoskelaon, wnd cytapl

cuganelles Bhe the G apparsn whiich proners wted modify prosens, Maochomdia gemste
dnergy. Lyrosanwa dipest ot matenale by monuele them, priosinmses pencins imalimbe veng
wnygrn, wrsd secsploey veader ooy eell vstensls w the psfae @ onle 10 idoss e

The protcans secreled form TR goes o the Golgi apparatus, and this
Maticncd membranc processes and sorts the secected proteins for transport o
their destinath ‘Ihis il difies the vesicles that enclowe the

L5




proteing, the wain functions of Golgi comples are: modification of substances
syathesired by rough TR, cellular secrction, cvtoplasmic  membrane
produstion and formation of prmary Iy

Mitochondria, othee collular omgunclles, wre the mas producess of gy
derived from the hreskdown of cathohydraves and farry acids, which are
temsforned mto ATP durmg au serobic metsholism, Mitochondea are »
lange size ompmelles, md s di ioms are only led by nucleus im
ammal cells. They have s double walled brane, the outer t

which defines the shape of the milochondna, and this b o overy
similar 1o a geam positive membrane hacreria, and is freely permeable o all
mctabolites, but mamly (o proteins, The moer membranc foms folds known
wy cristie mad i extended aong the intedor of the ongadle forming
compartments  that are the major working place in mitochondas.

Mitocheadria ure the unique orgmelles within the cytaplasm of mimal cell
contuin their own DNA,

Almost all human cells have these onganelles, same exceptions are epidk
cells and eeythrocytes, the first ones do not have the Golgi Appamitus, snd the
secomd ones do not contain nuclevs. The evoluton sd cellulir specialization
resulis in 8 very complex vancty of functions, shapes, sizes, composttions and
mobikitics




The cell membrane

‘The first mteraction berween exterior word and the cell nccum through the
ecllular membrang,

n particular the Cellular membrane separstes intenar of the cell from s
environment. The membonies aro based on simple bilsver stenctuges, with
hospholipids as fimd | bilding blocks. Phospholipids consist i twa
hydwpbdm fatty scid chans joined o o hydeophibe phospholipw] head
groups (sce Fagure 14). The bilsyer stmcture is mamisined stable by
hydrophobic and van der Waals interactions. ‘This hydemphobic core is an
unpermeable bamer thit prevents the diffunon of soluble solutes scrows the
mcmbrane,

hn the bacterial membrae, the cell wall of Gram positive and negtive is
comstituted of peptidoglycan of lnear polyracchande cliabns cross lnked by
short pol ides. Thas ok aslic 33 unique i baclens and makes thom

POLPep

vulnershle to some antobiotics.



group

Fagure 1A Liged compasiton of bilager membranes. Pure sphingomvehn (8343 bilager
thickee than cne $ommcd trom & phosphoplpecnde such us phosphondylehlonds (PC),
Chulesteral has o lpe! ordermsg efiect of plospboglyeende bilayens that smcreases the
thuckriess bt does not atfect the dackness of moge oudeted SM Inbipees. These drienuons
are onportan Gor the phosphiolgsd salerog theeugh mmmbianes sod ongnelles, Adwsted
feom [¢]

The cell b is full of profeins, and rep 25 to 75% of the mass of
all i The l proteius feed the cell, expel hanmiul muedals
adhered on the surface or sense the envimnment. These proteins can mieract
with membranes i three different waye: Ttwgns/ wenibrane prjsing, they can
cross the membrae, the domains autside the bilayer are hydrophilic, and the
Jnm zone wswde the bilayer 15 bydrophobic, §pid wscbored proteiss, Lhey arc
anchond covalently 1o a one lipil mokocule, the polypeptide chain do not
enter in the hilaver, and Pagpberal membrane proveine that do ant intenice with
ilayers direcly, they do so through lipd anchored membrme protens,
Figure 15 illustrates different membrase proteins inserted mto lipid bilayer,
and rp the configurabion of protans in lipid bilayess as a 3-barrcl.




il mdz

Figare L5 Model of membrane stnactuce Tlhmlmﬂdl,p‘ﬂ]

H

Cells inude tissues could adhere one to other thmug!: four groups of inbﬂi
membrane protemns called immunoglobulin (Ig) superfamily, Cadhenns,
Integring and Selecting (Table 1.2). Cdl adhesion medinted by sdecting
integrins and cadherins requires Ca™ or Mg™

Integtins and Cadherins could function not only as cdl adhesion molecules

but also as sgnaling molecules that regulate edl proliferation and surveval in
response to cell-cell and cell-matrx conmcts.

12



Table 1.2 cell adhesion molecules (tuken from [Ref 3, pag. 529])

Family Figands recognized Srable coll junctinns.

Selornm Cathobiydsitcs No

Tnecgring ExtrecTinfar matrie Focal adheninns and hemadesmoencs
Membiers of Ig supeifamily Na

T¢ vaprs Ganidy Trnkmyerions Nu
Howrplule: natenitions N

Cadbenas Hemophils: imetuctioas Adbeteny pnctiong and desnommod

It is impartant to know which proreins are fvotved in adhesion and signaling
processes hecanse cancer celle have & paor adhesion to the matnix, cmsing
mietastasis andd tumor probifenton, avoxlmg desd coll symaling m axd ouside
the cell {see below).

Cellular cycle

Growth and reproduction are fundamental chamctenstics of all lwng
organisms. Cells are abso govemed by this mule. The cell cycle mpulates md
coordinates the cell division, it is » process in which the cell passes through

four stages. The muin ohjective is g g daughter cells; the process of

cellular division ix known as mitosis, The cell cycle is divided in two parms
mitosis snd the mierpl tor the mremph the DNA and cells mulniply
thetr sizes, The four stages are diflesentisted by the wmount of geactic
matenal, which determines the nucleus size (Figuee 1.6) In parbicular the M
phase corresponds 1o mitosis, and in this phase the cell is divided in two




Joughiers, cach dusghter with identical g ik wiommation; Dudsyg the
synthesis (8} phase the DNA is rephicated. These two phases are sepanted by
o gaps known as Gl which the cell grows contmuonsly bur 1N A does nor
grow, the cell is sctive metabolically, and in phase G2, the DNA has bewn
duphicuted and the cdl keepy v growing the ool synthesizes protens for

Fagure 16, Stages of Hikagoie
arlls dunag gowth, In some
coudtions e ool ubiens
dopleshon maching @ st stae
koown as GO, “The quaniy of
genct matconl s propomans|

1o the ncleus size

In multicellulur organisms the cells allow the ol crede w continwe and kecp
resting for long periods, in fow cases they only divide once, and rest all their
life. This particular case occurs for nerves and oculur cells, and the post-
smitotic state generally occurs after the G1 phase und is known s GO, The
duntion of the cell cyele depends on el type and age, Geacrally under
narmal conditions the entire process takes from 10 10 20 hours, for cxample a
human cell rakes 24 hour ro complete the cell cvcle: mitosis rakes 30 mm, G1
takes =9 howrs, 5 ~10hours, and (G2 ~ 4.5 hour. Yeast (see Fygure 1.7)
wpraduces stsell’ cach 90 minutes, il moans that @ 24 boup  a yeast il
replicates 16 times, and anly ane cell will produce ~65300 daughters.



seals b comvaperas o 5 i, Taken Frooy |Rel 3, pag 596]

Cell veplicarion has « limit because cells hecome old. On each replication

there 15 » DNA lost, For ple in cubaryote cells, chi fost
wlomeres {a pogion of wepetitive DNA st the end of chramosomes, whck
protects the end of the ch from d won) every hme they

duplicore their DNA, md when relomeres length becomes short or
chramasomal information is lost, the cell miggers a potection mechanism of
sl destuction named Apoptosis. In this way all ogranisme protect
themeelves from mutations, deformanons and mmors. Another action thar
triggers upoplosi is virus infoctions, m this way cells prevent production of
wew vires particles amd limit vies spread throwgh the bost ongamism,
Apoplosis involves too many factory; of l DNA s Fragy d in

smull pieces, due to DNAse acbon, and it i cacapsulated by membrne
fragments. Finally the whole cell s split in small apoptotic bodies enclosed by
membranes, Figune 18 illustoies dilferanves between o bealthy buman
cells amd their apuplolic comtcrpart. Apoplosis iv known 3 a progeammed
cell death, and it is fundamental for oll organ differennation. There are ather
types of cell deaths such as Necroxis.



Figura LB Opteal and tunssmission elecaen smciograplies of nomsal an spoptowe
<ells Tn apopions cells it can be scen dark carcks of compare chirnanm whn the
nacheus starks (o bont in spuplots process. Bnuges taben G |7

Neawny (accidental death) occurs when the tssue has boen damaged,
normally cells shrink or swell, relesung theie content, commonly damaging

P F 1 .
igh cells and Freqs ly canse




Cancer cells

Cancer i 1 big und heterog proup of & Aprssing
ubalwnced  elstion probifvetion/denl, tsusing geactic and cpyeactic
mechanisms. By altering the operation of some genes involved in cell

proliferation, apoptosis, growth and DNA replication; the genes exp
mgiogemests processes, uvusiom motility, sdhesion ind metastasis,

Tt 3s known that cancer celb scemy o be immortal, this happens becawe cach
cell i ahle ro replicite several times without affecting its life expectations,
For example, some cimcer cells can express the enzyme iomeese, replicate
telomeres and avoid mechanisms that thggers apoptoss. There anc six
fund d n csncer § that are altered: sclf-sufficency in

growth sigmals, msensitivity to antigrowth signals, sustamed smgiogenesis,
tissue mvasion and metastasis, evasion of apoptosis and limitdess replicative
polential

‘There is a large number of p mvolved in carcinogenesis, many genes
age activated producing uew p anl halsilitste processes that shoald be

stopped, other genes are deactivated inhibiling some protein production or
ful 1n rogulatory cell eycle tasks,

Not all umors are the same, there i not certainty that a dmg ermdicating a
cancer type, is sble o cxlenmimate all cuncess. For cxample conial canesr
differ among the same cervical tumors. In most cases cervical cancer starts
with [Tuman Papilome Vieus (1PV} infection, and there are more than 100



HPV known but only o few of those are of high osk and able 10 develop
cancer. To mention some: TTPV 16, 18, 33, 35, 39, 42, 52 So there exivt
differences among cervical cancers, and a cellular hine colrure known as Caski
is derved from an infection of the HPYV 16, Anvlber corvicsd cancer el
culture, HeLa (nitialy of Honencts Lacks), bs denved from the HPV 18,

In the same way cervix canver is developed (e g vis 1 virs) there are other
causes that produce cmcer such s genetic modifications, mutations, deletions
and location, 1lere are damages or mutstions caused by extemal ageats
such ax mutations by radistion, toxic isucs, coused by baciena (befiodurferm
ke, gasteointestinal cancer, fungy (apenylur ey, liver cancer) or vimses
{Hepatitis B, €, biver cuncer; HPY, corvix cancer).




Carbon Nanostructures. A brief
review.

Carbon i3 one of the most sbundant ckments in the planct, all Living
argamems contain carhon. This element aho presents a great affimity for 2
wide number of eloments, naking possible almost ten miflion of differcnt

pords, All thess vanations provide the necessary constituents of livimg

atganisms, in (he same way several of matenals, such s polymers, contam
manly carbon sloms

The cabon allotropes known before 1985 were graphite and diamond.
However Sie 1. Kot o il 2 1985 discovered by sccident o new allotope of
carbon. fidirenes €0, it hias a soccer hall shape and s composed by 60 carsbon
atoms. Snbsequently, 3. Limain 1991, identified the chiral structure of carbon
manotubes, which can be idered a3 elongated full 18] Following

these achi 1+ wthee g wese d und/or synthesized

PE

thus acceleraring the nanacathon field. 'The possbilir of manipulsting

MAMOSITUCIUTES OpEns Up new to spnthesize novel sals with
fascinsting propertics that are not present i bulk materals,

Because of the €80 discovery ot v now possibke 10 make & bist from zoro
dimensions to 3. dimensions isomers of carhon, as shown in 1able 1.3, Carhon
is the omly element having somers.



Table 1 3 Catbon Iiomerss. Informabion taken from [7] mnd Images weee takon from [10)

Daeme rsions D 1-D D D
Lomes Ca Naotube, Gaphat Disnond
fulle mruee cabynes Fiber amozphow
Fybadssion o 79 # 5
Dematy 172 122 226 3515
(g/ent) 268313 -2 23
Bood length 1L4(C=C) 144 (C=0) 142(C=C) 154 (C-O
7.1 1.46{C-O 144 (C=C)
Hlectzome Seruconchactos Metal o1 Sesmenetal lnwulabng
Propemies E=19%V sermiconductor E=347V
" TRt
S
TN
Properties of Carbon Nanctubes.

A Cabon Nanotube (CNTS) can be mewed as rolled graphene sheet rolled or
as an elongated fullerene In geneml CNTs are classified in two different
types single-walled (SWNT), this kind of CNT's only contains an mndradual
graphene sheet, and multi-wnlled (MWNTS), these tubes have two or more
concentne graphene sheets The properties of CINT's depends on the way the
graphene sheet edpes are armanged along the axis of the tube (chinality) (Fig
19) In addtion, geometncal defects in the hexagonal network ase able to
change chemical and physical properties of CNTs A chural carbon nanotube




is defined as the nanotbe whose mirror image has not an identical structure,
ot both images cannot be supenimposed. There ate two cases for non-chiral
carbon nanotubesr p-zag and armchur The names are due to the shape of

the cross sections ring (ses Figure 19)

Fig 12 Claufiction of
catbon nanctubes ) ammdhar,
b) sigrag and <) chiml It can
be seen the cnentason of cron
sechon catbon angs relitive to
the anmy of the panctube

As » shown in Figuee 110, the dectronic propernes change ngmificandy
depending how the graphene sheet 1s rolled For an asmchair CNT (Fig 1.10
1)) there are states on Fermi leve, making it a metallic maternal However if
the graphene sheets rolls up n a different way (Fig 110 b)), and the adges
form s sigzag border, these nibes become semiconductors.



Ovcmety of Nades
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Figure 110 Density of states of (2) aomchax carbon nanotube showing metalic

peoperties, and (b) nigzag carbon nanotube, the nmrow gap wn Fami leve makes
s smmiccaductor material Taken form [11)

The spectrum of posuible sppliations and properties could marssse o the
ONTs are doped or functionalized The mtroduction of different dements
mto the hexagonal wray enables the possibidity to control the physcal and
chermical properties In Figure 111 3) one can observe an armchaw CINT
doped with mittogen atoms, this modificabon breaks the hexagona
configuranon, thus introduang novel propertes In Figure 111 b) one oould
note that that the incorporsbon of nitrogen atoms n & nigrag CNT oould
result ;2 metallic tube due to the pretence of dectronse states on the Fetma
levd



FigureLll Thecreticsl LDCS assosiand with 3 ppridive.dbs seuemies srth N-osios
=xdon nanotsbes duplayeg & ammckar (IC10), and b zgmag (17,0 confguasons. In
Dok sk, Witz st phasl -rawlnily (N el 5 s s gl it
el The 08 of doped (Bask sl inc prare (md mned zobaon nicwtules ars
ormpasl. §7 14 Coir thie pymdnedie nies am mgoemible for e g 7 domoe-
b= fastine (nrm by emee o e bz bad) ot dwes e Fermi aengy
Takes from [12]

In addmem oo mbsnmnonal dopmp, fanenonalze CN'T: surfior by the acid
treatment. These reatments enable dispemahilry of CNTs m palar solvenes
but the mechameal propernes reduce.



Synthests, functonalization and bio-applications of
Carbon Nanotubes.

The synthesis of CRTy are vaned. Among them we could mention s
dischasge [13]14), laser vaporizotion [15], dectrolisvs |16]]17], pyrolysis of
hydrocarbons [18]. These techniques have disadvantages and  advanuagy

related wath impunitics, ceystaliniy of the 1 ily, quality,

|

custs and fabrcation speed.

Pyrolytic d posilion of hydrocarbons, sech ax acctylene (CHL), benzene
(CH), carbvon meonoxide (CO), methane (CHY, known ss chemical vapor
depoution (CVD) techmque, has become one of the most used methods for
CNTs fabrication, GV methods utilize the decomposition of hydrocar
gaves at elevated femperatures in the rage GO0-1200 °C. In this coutest,
Endo o al [19] seposicd the observalion of nanotubes in the pyrolylic
product of benzene (€ ) decomponition st aboul 1100 °C, Jose: Yacaman ¢t
al |20] and Ivanov et al. [21) ohserved nanotuhes in the canalytic
decomposition of acetylene (C.HL) at 1050 1350 °C, and Jacger and Behrsing,
22) found simsilar structures when using o misture of natural gas, swethane
and benrene

It is well known thet CNls of lape dismeter ave inert, and this poperty
provents an cusy dispension of CNTs i any polar solvent (lubes are not
reactive). In ondor 1o facilitate disporsability, diverse methods @
functonalizate CNTs sudace are used.



The most common method to functonalwe CNTs s by uang stiong
omdzmg agents such 2 sulbioe (H,S0) and mtac (HNO,) aads. Ths
treatment breaks the atcenste ong structuze and mtrocduces cazboxyhc
groups on the open ends and help cargymg fusther mactions anabhng the

dispemsion. In thus context, it has been reported amudation and estenficahon
[231(24] 1n a relatwvely high temperature teaction.

Non-covalent functionabizabon can be achiewd wing mr stacking
interachions between side walls of CNT and conpugated molecules such
those showed in Figute 1.12. Mozeover, vanous ipids [25 and pmoteins [26])
ncluckng enzymes [27], pepticks [28] and nuclac aads [29], adkorb stoomgly
to CNTs = These mnterachions pmowdes moe efficiency of sclublizahon
water than the use of sudfactants andpalymers
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Figum L12. Typaxally molecules that can noncovalenty mo dify CN'TS v non mtszacnon,
Taken from [30)



Functionalivation of CNTs create polanity in charges, thus leading to an
efficient separation from prstine tubules in polar solvents. This separation is
desirable since it breaks the strang bydrophobic forces and van der Waals
micractions among CNTs and make them more soluble, so that they could
incorporate into hiological systems.

The applications of Carbon 8 (CNS'S) i biological onganisms are
extensive. For example, when sensing biomolecules, CNTs could serve as
clectronic devise i the biological recognition, CNTs could therefore be used

as agent for identifyn 3 ibadics, nucleic acids and sptamens. Some

L

groups propose the we of CNTs as FETs (ficld emission transistor) or as
nmoclectrode. biosensors, and most groups nvolved m bioapplications,
promote CNTs as drug delivery agent [31] or molecular teansporters [32].

However, there arc very foew seports showing gene fection or | l

transfommation [33)|34].

The use of 1als i medicine s | g more imp day by

day. Unfortunately we do not know exactly all toxicological effects of
aals. The enh d rate i {Figure 1.13) in nanostructures

confers new properties. There fore, it is important 1o know how
nanostructures interact with living cells and organisms,

7
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Chapter 2:
Multiwalled Carbon Nanotubes,
synthesis and characterization.



In chapter 1 we di d the complexity and properties of CNT's upon their

phology. These ¢h i could vary drsstically when o different
danenl o ch sre embedded dn the hexagonal k of the
bes. 1t 15 worth g that dunng synthesis using Chemical Vapor
Deposition (CVD) approach defects ure creared an the surface of

the mbe and these conld also affecs the nanombe popesties and

perlomme,

Nanotube Synthesis

In this rthesis we synthesized three different types of CNTe Muliwalled
CNTs (MWNTs), Multiwalled CN'I's doped with Nitrogen. (CNx-MWN'5)
and Multwall CNTs functioashized with carbunyl ssdicals {COx-MWNTS).




MWNTs were syntbesized by the CVD method. In purticulsr this process
consisty s pencraling i scrosol from a solut ining an g alhc
7 and a hydrocabon (solvent). The solunion composiion for
synthivizing MWNTs i 23% wt. of fernoccne (Alddeh %, cat: F408-300G)
andl 97.5% wi of ol (l"t.ml B, cat 06605). For the synthesis ol CNx-
MWNTe the salur I\ carresponds 10 237 wr. fermcene
(Aldrich 6, cat: FA08-500G) and 97.5% w1 benzslunine (benzylamiue reagent
plus 99%, Sygma-Aldrich ¥, cat 185701.500G). Fmally forproducing COx-
MWKTSs the solution compaosition used was 2 5% wi ferrocene (987 Aldnch
B, cat: FA0B-500G), 96.5% wi Tohrene (Fermont ®, cal 06608) and 1%wt
ethanol (CTR scientific ®) [1]. ‘Ihe pmcess is described by Pinuult et ol ele
where 2] The synthesis setup 1 described i Figure 2.0 and this technague
way wsed for producing all bes samples descabed in this thesis. The

¥ 4o

pori for producing the she samples were, the fint

fumace temperature wis 820°C and the second fumace 800°C, While heating,
the ampon fow cormesponded to .5 1 min, aud doring the nanotube
ayathesis, the Oow was increased until seaching 25 L min’, the lime of
synthesis for MWN s and CNx- MWN'Ts samples was set for %0 min, and 15
minutes for COx-MWNTs,

Once the nanotube synthesis takes place, the fumaces weee cooled down 1o
room tempenature showly, the speaver 1 tuened off and the flow i down 1o
05 1 min". Subsequently we ll..ll'"d the quartz tube walls m order to ohtain
the black carb flakes ing the tub ial
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Functionalization,  cleaning  and
dispersion of Carbon Nanotubes
Prstine CN'Ils contam  impunties, such as ph carhon, merallic

nanoparticles and wm-escied solvents. These umdesind motedals kead 0
different results i our studics with biologicnl samples.

Theref to elimi i ites wd obtain namotube

it is i |

P

samnples presenting dean surfaces that could he used with biomolecules.

In adhiion, CNT's must be dispesed uniformly w hguids for studing
i wath hialagical sy this means that it i+ necessarr o huve

bydrophilic CNT surfaces in onler 1o obtam @ good disperson m a cll
culture mediuin, buller or water.

an ondation treutment using sulfonc and witeic acids, with o [3:1] mno
mespectively, As explamcd by Fie Lin et ol [3], the procedure consises of

ing the scid dispersions with b d for 2 hours. [n particular,
30 mg of CN'Tr are wesghted and mixed with this aod solution. Note that this
i 4 strong reaction and toxic vapors could be released. ‘Therefore and in onder
w avoud health hazands, the sad tcatment must be vamed out inside sn
extruction hood

In onder to achieve be fanctionalization and hydrophiicity we employ




To remove the ackl from this suspeasion we
dissolved the sample in 500 ml double
deionized water, md proceeded 1o filker the
matenal, using 4 200mm pore membrane.
Onee liesed, 300ml of NaOH 1M wos added
in order to neutrsbize all acid residues,
Subsequently the sample wao washed twice
with double defonized water, and the material

let to dry st moom lempeniture,

Tests in polar wlvents were carried our in
thverse coll culture medim, bofler md waler.
Figure 2.1 shows the dispersabiliy of
functionalized CNTs in divesse solvents, and
all samples have a comcentmation  of 50 pg
mLY It i essy 10 mote that LONx-MWN'I'

Vigure 2.1 Dnpersatility seats o differmnt sobrents
for fONyx MWKT, fCOx MWKNT and fMWNT.
Picture B shows bl dapessabilisy in Phospliase
butler sobunon {PIIS), s eodent the sglomcmnion
of NIy, Figers B.€, d and @ thimes 4 vrey good
dapersion i Dubelooe’s Moditled Esgle’s Mediuen
WM, Dimethyl Sulfoxyde (DMSC, FI2K
machum aeed doslde datiled waser sapectvely, Al
sunples have & concentrston of 59 ug ol and were
wltswonicalesd from 15 10 45 neoutes depending on
the tme thar CNTa duporse homogsaamly in

soleeats,

w



presents more alluity for solvents than FMWRT and FCOR-MWNT.

‘The solvents weed were selected having in mind their nse m diverse cellular
culturey, this supgesting some upp . such as b il It )
in whoch plasmid DNA aee tvated with CNTs dispeesed s waler or PBS.

Nanotubes Characterization

Prstine CNTs and scid treated CRTy were ok cdd by scanning ok
mwcroscopy  (3EM) Loy Dispersion X-Ray analyss  (EDX), Raman
Spectroscopy.

Scanning Electron Microscopy and Energy Dispersive X-ray
Analysis

Tables 2.1, 22 and 2.3 shows EDX results of pristine MWNTs, CNx-
MWNT, and COx-MWN L, sespectively, ‘The tubles indicate data of different
romes within each sample, Although, Fe i vsually encapsulited inside carbon
nanotubes, somo eelly could bu sensitive 1w these encapsulatod nanoparticks
] Ta know the Fe percentage we made s detailed [1DX analyas,



Table 2.1. Elemaental snulysa o[ FEDX G pestine MWNT

MAWNT zore 1 AWNT zone 2 A

Eemeni Wi A% L 2 % A

Cc 2480 97.81 6588 G768 @27 o7 7%

o 181 141 257 167 248 188

Fe kE] o7a 155 o34 254 05

Totsi 300 300 100 100 100 00

Table 2.2 Ckmeaml anabysss of EDX foc pawrne CNe MWNT
0 2o Chix pore 2 S ang 3 A,
Foment Wew AW WM ATW WM AW Wk AR
c a7.08 0454 w38 %54 23 S471 90 80957 9493
N 2 .80 234 207 am 208 2450067 2780007
o 178 14 214 17 204 227 23503 181
Fe 14 214 3 €3 165 03 463 1063333
T ) 1 L] 1 1 7 3
“Table 2.3 Klementl sty of KX for pastine COxMW N
COn-AANT 20ne 1 COvMWNT 20ne 2 Avmrage

Elomert vaw A% wan A% wew A%

[=] 947 an BB 97 &1 4075 8746

Q 274 212 28 187 2585 1006

Fe i osr 23 081 s aed

Total 00 00 100 W0 100 B 1]

Tables 24, 2.5 and 2.6 illustrale

EDX

present within all samples (prstine and functionaliced)..

specira infommation of Lhe dements



Tubsle 2.4 Elemmeial spabesiv of EDX for £ MWNT aller

2 hewsew o wéic vrestinent

FMANT 20001 EMAWNTRONe2  Average

Eomenl Wt% _M% W% A% W A%

G 048 9412 M7 0318 G008 9464
N 087 077 123 108 106 083
=] 49 38 679 451 BW5 41
Na 115 0.6 148 08 1315 o7t
8 o 008 02 ooa 0206 o
Fo__ 236 050 181 036 1985 0845
Toml 100 180 08 100 180 108

Table 2.5 Elements] snalyns of ELX foe fCNx MWNT afies 2 hours of wesd meatment

tcm-fm"ﬂ.? T W TN EAWONT | FCHDe AT PRSI T
2000 2 20003 Zone 4 2w 5 LEst

mrm-: R .a!-n WN AW W% AW Wik AN WM AR Wik K%

2341 gVl 8346 8817 &711 9122 BT12 907 BVET D1 G574 K08
N 347 314 292 284 13 124 174 157 A& 18 217 2044
o 944 747 062 704 803 634 B9S 70T 732 S74 BEm 684
Ha 182 089 168 0P 0% 032 035 021 0% 0% 098 083
) O75 03 086 020 14 055 087 028 117 04 088 034
e 131 03 158 038 145 033 111 0 143 032 136 06
Total 1000 oo b0 %00 100 100 10 0 100 0 100

Table 2.6 Kieimental anabysat of KIYX for £ MWN'T aliee 2 hoars of e teoatiient

OO VANT FOCk-MWNT
zone zore 2

Evrent Witk A% W% A% W% A%

c anxy @52 0e 8452 91085 508
N 118 108 108 o7 112 1
(v} 295 a» 338 265 317 2483
Na 10 056 104 087 1036 uses
-] L] a9 ns2 02 0,506 0108
Fe 309 068 307 - 308 [+1: -3
Tona 00 100 102 100 100 100

Many authors indicate that the oxslation treatment with sulfuse wnd nitnc
acids functionalize CNTs walls with catbanyl, carbaxyl, hydeoxyl and sulfur

groups. IFwe compare the tables, it ¢an be seen the addition of new clements
and for CN-MWNTs md pure carbon MWNTS, the Fe rates decreas,



Table 27 mdicates the

v of DX

1

h

for

pretine and ondized CNIs, in this table it is easier to analyze the elementul

vanations.

Table L7 Overncw of semiles foom TDX chamcteazation

Trrmtmers T

Reh cw OR___E9 R Rtk
Prritiee MWNT FED v 2y
AMWNY 1095 bl ] $378 2 LS M5
Prctm CNx-MWNY 463 W 2w B2
SN MONT 15 BSTSY sAKC 098 w 0 onk
e O MUNT 200 AWE 2588
+C00% MWNT 3.3 SLas 317 508 L2 1408

— —

In Figums 22 we cun

were deposited. om a silicon

cvaluate  dispersability of CKTy in waler
fhydroplalicity). The CNTs samples dispessed in sohents and few deoplets

1

Tt is orthy that f

and let

dispenvability, the tubes lend (o agglomente and precipitate afier oae hour.

cht for SIEM studies

fred CRTs in PBS do not show a good

a1



MWNT

Nx-MWNT]

Et-MWNT

n Fyures &, boand ¢ SAMWNI

sl w good dispemion

v i good dispersion foc fONx

MWNTs, and fnally, Fiygures 2. hoaoed t0usirate o bid dispeosbiday of G00%MWK'Ts

In order w deteominate the CNTs dispersability in cell cullure medium il iy

Aecessary tn use Scanning Transmission Flectron Microscopy (ST, The

thickness of the dry medimn hides CN's mite i1, so electromic tramsmission

microscopy aids 1o observe how CNTe immerse in bio-cells. ‘The Figuee 2.3
shows SEM and STEM images of €NTs dispersed in DMEM, it can be seen

CNEs perfectly erbedded and dispersed m mediom



Figure 2.3 SEM and STEM imugs of /0%

NTs in DMIM. &, b, and ¢ ase SEM

pp—.

conered CNT i ¢, this el us aboout the fanctionalizanion shrvogh the CNT surface and

can b scon the chickness of dry DMFEA, 2 and b, and 4 o

ity G moduum. Tmages d and { sec SEM images nd ¢, [ and b, § e theie STIM

images ecspectively i dark aed hght phae, were sores CNT e of the meden scab

e § & ace the same e in dilereot

s and 30 s parick can b scen with

gh contrast imuide 0f 3 ONT



Acconling 10 Jic Lin et al, ocid tmatments cuts CN'Ts, this process s
important due 1o the cell size; shor nanctubes will intensct better than long
wmoribes, Graphs 2.1, 22 and 2.3 reveal the stanstical leagth of G length
alicr the vxidation Lcatment

avesadJFAEY

iT3Ri33393339333343
ettt bt

Ciraphic 2.1 | emgrhy distrbmtion plot of cat nanotubes afier staeeg v a3

wours of sifor snd ome scxd forr 2 hours, The sverage koageh after sod

weabirent of MWNTs (3) & spprosauately 18 jan, G CNx-MWNTS (B) e

aversge lesgpth is 0.3 oo snd L4 for COx MWNTs ().



Raman spectroscopy

In penceal, the Raman spectea of raw and Leeated CNT samples ane composid
of two charsctensnic pesks: the G-band near 1580 em * and the [D-hand
Ipeated ar 1350 cm . The G-band is relsted 10 the geaphite £, symmetey of
the miedayer mode, which reflectn the structural mitensity of the sp™
hybindized catbon wtoms ol the nanotubes. The D-band is & eosult of the
disordered carbon atoms when the hexagonal 5 v ol grap 1s broken.

‘The extent of the defects in cathon nanoimbes can be evaluared when nsmg
the ratio of the D and G band intensitics (1./12 [3].

In plots depicted in Tigures 2.2 A, € and T seem to be simalar in both curves,
pristine snd treated MWN|s. However by making a zoom in 12 {1350cm ), G
(1580cm™) and 1Y (1610am™; bands (see Fiygares B, 1) and E), small changes
i the D band for oxidicad curves occur, (sec Rosea o al [6]), Figure 2.4, the
erystalbne graphatic structure is gradually Al as the rlative arca of the G
and 13 band change visibly.

These results are in agreement with the results reported by Musso et al,

wdicating that & few changes in morphology arc visible afier TLSOUTINO,
treatment, except for 1" band, im which the change is notably.
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Graphic 2.2 Experumentsl Raman spectoam toven wath an Ac” jon loer at 514 Snm
wawkagth excitabon foom 3 samples. MUWNT @, B}, CNa-MWNTs (C, D) and
COxMWNT E, F) A zoom s made for a cange of 1100 to 1600 em™ for thoee
CNTs types, showang magmficshions of D, G end D' bands.



Usvally the I,/ I. aatio 1 taken 2 2
measuze of defect concentaation It has
been argued that the G mode = the
Raman spectta of cadon nanctubes
onginates from a defect induced double
esonance scattenng process [§] In

Pl 266 (cem LB ERER  IabE  ITWR KB

Somn e B il sou! order to obtan mslable mfomaton

Figure 24 Semes of Raman specta of about the defect density it 15 necessagy

the MWCNT omdanon. MWCNT = 10 45 jnclude the mtensity of the second

s el order overtone mode IF, whuch 15 due

to two phanon processes and hence to

fist spproxmaton ndependent of defect concentration [9] In oceder to

clanfy elucidate this cantroversy, m Table 2.8 ate show the relative intensities

Ipllp, I:fln, and Ip/I. of the Raman peals a3 a Punchon of treatment
condihon vsmg a 314.5 nm excrtatioa wavelength.

Table 2.5 Felatre mtemines 1o/l lo/lo, le/la” of the Raman peaks for
pratne and oxided CNTs wing 2 5245 excation wavelength

Tee smment "Raman
Jolls foflo  i=fid
Prgamme MWNT 06387
AMUNT 06581
Prasmme CNa-MUWNT 0.8533
SONx-MWNT 0.5455
Prgamone C Ont-MWN'T 092136 15148 1. 7086
_ﬁﬂ:-mT __I}.ﬁ.‘!ﬁ __l.lﬂ'ﬂ _lﬁ?ﬁ'ﬁ :
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Different ocll types have boen weated with different types of GNTSs i onder 10
explan or study the ntemction between both systems. Generally, in arder 10
study mteractions @ wim of cells, scientists use modified or tmmortal cellular
Imes, For ple: a) humman epidenmal keratmocytes (HaCa'l); b) human denmal
Bbroblasts (TIDT) that ase dedved from the denmiv of normal human neonatal
foreskin or adulr skin; this cell line i¢ cryopreserved ar the end af pamary culture
and could be cultured and propagated in ar lesst 16 populason doublings; c)
Cervical cancer cells such s Hela; (cell culture taken from a woman wamed
Tlenneita Lacks who died due (o her cancer in 1951), and d) CaSki eclls which
were cstablished as a cell lne from an epidermis caranoma of the human cervax
in 1977 by Panlla et al |1]; & Huoman embreo kidney (HEK) cells, a culture
modified by an adencvims type 5 in 1970 by Van der b 2], All these el lines
nre wislely used m ool biology mscarch,




Sevaral papas huve reporied the  intersstions  betwern cellk and  Catbon
Nanostruciuses [3]. In this context Jia et al (2003) abserved & aeduction of 207
i cell wability of alveolsr macrophiages due to potsible impunties present m
SWKTs H]. The group of Ramsh, [3] it 2003 seporicd e incosse of HaCaT
well deahs possibly due 1o an oxddative stress of pastne SWRTs or inducad by
wolvent contamination contained in the twhes, Bottni et al, [6] compare the
toxicity of pristine aud oxidized MWNTs on loman ‘T cells and found that the
Iatter are more toxic, they use high ioms of CN'T's. Shvedovs o al 7]
reported u morpholagical changes in the sume cell culture when the clls were
treated with prstine ThPCO (high-presu carbon monoxuke-SWNTs. In 2006,
Sayes et al. |8] ohserved rowicity ir siw of funcrionalized SWN'Ts on HDF cell
cultures. These autors found a 50% for below) of el deaths. In the same year
Dumortict o al, [Irepored the impact of fonctionalized CNTs on colls of the
immune system, and found na mfluence on cell vishility. Sata's graup [10] alsa
reported the mfluence of an mfl ¥ respanse in sub tissue in raty
caused hy MWN'I's of 825 um i lkength: however Kiura et al [11] reported an
ellicl of immunt maponse @ the same coll bne with SWNTs synthesiced by s
dischage and VI3 methods. Kobagashi er al, [12] found that refined SWNTsare
mare 1oxic than other cachon als. | ngly, 1 thoer al. [13]
reported a zapid wptske of functionalized SWN'Ts by fibroblastes, sad observed o
non remarkable cell death. The same group abso wsed the same CNTx and
funcoonahzed MWNTs for plasmid delivery onto Tiela cells, without cellular
death |14]. Some srudies have heen carried ont with HEK and; the group of
Leong |15] used MWNI-PEL (poly-ethglencimids) and 1N A observing reported
u mduction in 4% of cll vability, The group of Gao [16] abo mported m
increase in apoptosis whea cell culiures were treated with SWKTs, Montein.
Riviere et al. in 2005 [17] used MWNTs and reponted cell mflummation due 10 a

3



overprodiciion of 1L-8, ln the same contest, Elias of al, [18] reported viabiliny
stinlics of Hutomoehs Syt iecaled with CNy-MWKTs andl pum cabea
MWNTs showing no tosicity for CNE-MWNTs, Recently, Hirano et al, [19]
weporied  bigh twxicty of shot MWNT: (67 am) induang wecae of mRNA
leveds ol some cytokines snd diseupt of inlognty of the coll mombune. Fonn the
shave sentences; it is clear thar the results repanding the interactions of carbon
uaotubes und cells are diverse aud sometimes contrdictory; this may be due 10
changes m morphology, synthesis process, fmctionalization methods md dopmg
dilferences among the diflerent nanotube samples.

Recently Poland er al. [20] published & conrmversial paper reganding the
carcinogenic sctivity of ssbestos and MWCNTSs. ‘These suthors emphasize the
importance of nmsotwbes Jeogth, This paper has thercfore trggered o liye
aumber of comments shout the danger and sae of MWONTS. For these scasons,
it i mnportmit 1o know the precse tipe of namotubes were wsed, the growth
conditions the surface (or fctionsl) groups sud the pietalic cutslyst. sd dose:

[espite to the number of publications there are only a4 few reports dealing with
the interaction of Nitrogen-daped or Carhoxvl funcrionalized MWONTs with
biological systems. ‘Iherefore, it is important Lo study these novel nanotube
sysiem and its bio-response,

Materials and methods

TTEK 293, Hela and CaSki culture cells were used io study the interaction of
cells wath different types of CNTs. The culiures were maintained in DMTIM, the



was perodically chaged; this process renows nutrents and wvoids the

gl o of hamful products with the cell death. The prolocol

for my; and miedivm change i= explimed m appendix A.

For llow cytometry analysis of DNA content 8 1 necessaey (0 label the auceus
with an appmprate Aorescent material, We used propidum iodide; this is a
carcinogenic materdal and most be handled with extreme precantion. Other
substances used for flow cytometry prepamition is PBS 1x pH 7.2, 10 wash the
samples, trypsia and DMEM. The protocal and reagent preparstion is descnbed
in appendix B

For Scannimg Trmsmession Electon Microsoopy (STAM) il is necessary (o prepare
the cells for microscopy studics, The cells must be preserved i o motionkess
state. In order o achiove this it s estential to clean the samples with PBS; 2% of
ghitharadeliyde m PBS us o fixing agent. 1% of Osmivm tetroxide m PBS 18
comtrust ageat; double deionized water to remove salts, ethanol 1o remaove lipids,
propylene oxide us palymerize agent, und EPON nain 1o cmbed the samples in
order te cur them in very thin slices (60 am thickness). The steps describing the
detuled samples preparanon appesr in appeadiy €

Experimental design

CNTs were ilized in luve and dispersed i DMEM wing dilferent
concentrations (1, 3 and 10 pg ml”"), In onder to achieve a relatively good

d iom, the samples were nlt wcared (1T ic Processor, Cole Parmer,

Maodd CPX500) for 13 min, and stored at 4°C prive w use. The crvstallinity of [-
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COX-MWNT is better whens compared to FON-MWNT and fMWNT, Since

highly crystalli 1 T strang van der Wasly intersctions, these
mbes tend 1o apglomerate faster into bundles. For this reason it was necessary 10
str lly the: suspensions belose cach apphication.

TR, TleLa and Caski cells were incubaled i a fled 3% CO. p

ot 36,55, the modium was changed penodically until the colls rcach a population
of approximately one million per expernent. ‘The expenments that we have

carried Gut are indicated in ‘I'shle 3.1, and were slways repeated twice

‘Tuble S0 | peatmienits male s Vlela, Cafihe and HEK eells with three ypes of
GNTw We vaed colls wathout Geatment as vabilily sonuol. Thewe condiiom sr

depiczed in the firs o,

&

Onge the cells reached mt appropriate count (g one million) the sterile and
dispersed nanotubes were sdded at different concentzaions. “The samples were
stored under controlled enviconment until they were chamctenzed. For flow
cytometry, samples were faken at 2, 6, 12, 18 and 24 hours, and for STUM
studies, the samples were menbuted for 1.5 hours,

36



Characterization

Flow cytometry
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When a cell passes through the lasee, #t will cefract oe scatter bight in all angles.
Forwand scarter i= the amount of light that is scanered m the forsard direction
when o laser light stnkes the <l and the magnstude of forwand scatier s
propotional 1w the size of the cell The fow oviometer apparitus s able 1o
collect Tight ar 'K degrees, named side scatter or light scattered at lasger angles,
The side scarter byght is collected by un weray of dichooic glasses, mud depending
an ils wavelength, the light is sddressed 1o different sensors. Side scatter Tight
give us information of grnulisly, this means that if @ ccll contans many
organcllen the amphitude of the signal will be high, but if the cell iy smple (hay
few nganelles) the side scatter amplimde will be low.

The Lght scattered s guantlicd by o d which ts i ily inlo
voltage. The d light collected by the d s lated into & voltage
pulse, due o that, small cells produce o small smomis of forwand scarter med
lange cells prodiuce bigge smount of forward scatter, the maguitude of the voltge

pulse mennded for cach cell is propustional lo the ool size.

In order 1o study the cell proliferanion using flow cytomeny it is necessary 10 use
fl Jecules such 85 propidinm odide (1) intedsyered in the DNA
malecules, in onder to know mdirectly the size of DNA. The flow cytometee have
u wavelength detector, which can be tuned 10 sease the fluorcscence cossion of
VI (the fhe inats i is shifred —3-40 nm to the red and

the fl emission maxi is shifted =15 nm to the blue).

In order 1o achieve the binding between Pl molecules and IDNA, it & necessary
10 prepare a stuming buffer capable 1o reach and penctrate the nucleus, it have 10



make 0 the DNA moleeules and destroy undesirable el (RINA),
s this bufler must contain:

1. popudiom iodide as flv agenr
2 o detwrgent, this will make all the Bpids soluble, destoving ihe ol
It The aucleus ) is mor wsistanl, s it is sol d |

by the detesgent, only small holes in the nucleas membrane are made,
these holes enables the cross of Pl molkecules.

3. m enzyme that digest RNA (RNAse). The uncleic acids are made by RNA
and DNA; PI abo binds 1o RNA, so il is essential lo eradicate the
prosenix of RNA

We have mierest in el proliferation and spoptosis index. As explaiued in chapter
1 the DNA sive is related 1o the phise of the cell cycle: GO and G1 have tie same
DNA quantity, this DNA starts to gmw in syothesis phase until it reaches the
double of DNA, it s m (G2 pluse, is here when mitosis is developed, So, the siygnal
mtensity of Pl collected by the flow o i prop il 1o the quantity of
DNA in 2 aucleus, and this intensaly lls us sbout the coll phase. In apopiosis the
135ase cut the DNA in sovall pieces, in this way an apoptaric cell has 2 fragmenred
DNA. Some of these small fragmeats can eroas the nucleus membeane and ace lost
in the processes of washing, ‘Thinks to this loss process we cun seanh for nucleus
with fewer quantity of DNA, ponding 10 apoplotic cells. Figuee 32

p p ige of apoptotic cells and cells in difforent stages of cell cvele,
each phase it enclased by a cursor, this cursor counts the wumber of cells in esch

stage.
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Figuee 3.2 Typacal scatter patmm of flow cytometry. Ase plotied Suomicence
wom count. The M4 some comeaponds to apoptote cellh, M1 to cells n GO

ot Gl phoe, M2 celb m yynthesn phoe and M3 mpmsens the number of
cells zn mitoss 02 G2 phasa,

Scanning-Transmission Electron Microscopy (STEM)

In order to study the mteraction between cells and CNTs, s important to
determne how CNTs penetrate the cell membrane and deposity into cytoplasm
ot other organelles. Therefore, it 15 necessary to prepam the cells adequately so
that they can be stucied inside electzon microscope chamber.

It 15 very inportant to leave mtact the cells and study their inte ctions wath the
chfferent types of nanotubes Thus, the specimens need to be stable under
TEM exarmnation or STEM envitonment There ate some considemations for
sample preparation high vacuum, damage from mtense electon beam, sze of
specimen, depth of electzon penetzshon and sample support The man steps
for sample prepantion am the followang [21]:

1. Stabilization The Fowtes pocess prepases the cell for a whole senes
of traumatic events caused by the electzon micoscope The reagent
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selected as a fixation sgent shoukl transfom the protoplisu into stable

elustie gelaiist: Simal ly, the spatial elationship of all eepanel)
mnst be mamrained; the phosphokipids, which form the framework of
the cell, shoukd b bo stabiliood, Dedyanation is the compl |
and replacement of all watee s the sample with = solvent which i
miscible with the embedding medi Fithanal is iy used as
omganic dehydrating agent. Sheinkog Iy iated  with
dehyd am be d when wsng ethmol m increasmg

concenirstions. Finally, some embedding medium arc not or oaly
partially micible in cither aleohol or acclone For thss roason, i 15
¥ the inteoducrion of an di ition solvent which
15 miscible m both, the dehydrung sgent and the cmbodding medivm,
The most frequently used tmsition volvent is propylene oxide with
alcohols, Embeiding includes the gradual rwemoval of the dehydrmnng
agent or transitional solvent mid the mfiliration of the cell by 2 resin
‘Ihe lected should be of low viscosity 5o that a
sapill sl bhowmopensuus inGlication takes place. TH sesin sboitd alss
be chemically mert with respect 10 the cells and miscible wirh the
dehydraning agear or the rnsinon solvear. The polymer catalyse
should produce unifonn polymenzation withont causing translocation
of cellular components. Tinally, the resin should alsa be highly clectron
teansparent and stable under the clectron beam for TEM and STTM
studies.

. Surface prepasation. Oncy the cells ane embedded i the polymer, it iy
¥ o cul the ul for TEM ch wration into vert thin
shices (<100 am). The beat shape for the knife, when culting, ©» 2
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trapezoud, see Figure 3.3 The trapezoid shape should be oniented in the
microtome chudk so that the longest paralle] side faces down.

Figure 3.3 Eebedded cells ireo epooy stsin Figue o shows the
capsule-roold haveny o trapercidal shape on e bp. [n fenees b and
¢ we can cbyere the traperowdal shape. Axrorens indec ste the celudae
semple locate d close to the tp of the caprule.

3 Mounting the specimen on the grid “When the samples zre cut are
deposited onto water surface, and by optical microscopy they are
selected and placed on TEM and STEM gnds.

4 Staining, In order to obtan contrast m the cells and the polymer the
amples are stained before they ace dehypdrated and after mounting
them on the TEM gnd. Since the man element contained in the cells
are carbon, hydrogen, oxygen and mitrogen, the differences m astomic
weight are small, heawer edements need to be added for obtaning
dectron microscopy contrast In this context, Osmum tetroxnde
(OsQy), 15 the modt commonly used foraion agent for eectron
microscopy studies [22] The use of this compound 15 based on two
effeds an excellent cellular preservative and 2 heavy metal capable of
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seatter dectrons, OO, com be wiead ae o pnmary fixation agenl or a5 a
post-fixati pound following glutaraklchyde fxution. Os0), is a
vellow crestalline material und it <hould be handled with extreme

caution. Since the presence ol o gelatin layer on the speamen redice
the conteust of the tmage, stevag stsining is accessary, A soluton ol
17 Urangl Acerate with absolute ethanol provides good results when
the process occurs i 10-45 min.

Results & Discussion

Flow cytometry - Fluorescence-activated cell sorting

The cells were treated with CNTs und placed in coll culture plates (48 wells),
Cells where meubated and monitored wt 2, 6, 12, 18 and 24 houns, Then cells
were prepared for FACS, afier ireated them with PL

Nanombe interaction with HEK Cells

Table 32 displays data selared 10 the percentage of apaprotic HEK cells and

different of carben ibes. ‘The control row represents no CN'T'

oells, and the were obtained o1 2, 6, 12, 18 und 24 howrs,
The columns in Table 3.2 indicate the percentage of apoplotic cells for esch
nanotibe type and for different b wom m solution. ‘The higher

apoptosis percentage (colored in red) depend an the concentration, time. The
perventapes colored in blue curespond 1o the lower pescentages obseeved i the
study with these cells.



Table 3.2. Precentag of wpoprtotiv HER oells teeated with dilferent types of CNTa in relation
tn the control.
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Figare L4 i a plor of apoptotic cells versus £-CN'| concentnition, afer 6 hoars
of initisting the treatment. At fhis fime, the spoptotic cella in the contwil sampile
is #%0 (see Table 3.2), In Figure 3.4 i abo plotied the pescentage of apoptotic
cells versus fime using concentraton of 5 and 10 pg ml

Figure 3.4 Apoptnte crlis treated anth diftorenr concontrenons of 3 rypes of CNTs afier &
Lows of mitieneg die Heaocut,



In Figure 3.5 one coulil observe that the tendency of apoplosis devresses becinse

the ¢ells remuins duplicating alter the bes wheee introduced. The level of
apopiesis ohserved for the first hours is passibly due 10 the & srress
caued by bes. I can be ol § that the higher spoplosis mdox takes

ploce aflce 2 boues for ACN-MWNTs and for fOO2-MWNRTS. 1L iy nulewonhy
that FCOx-MWNTs always shaw g higher apoptosis when the concentration of §
ng ml s used. However AWK induce the lower apoprosis percentage for
the first bowrs md FCNs-MWNTs exhibit the lower apoptosis percentage for
later hours.

Figure 3.5 llepresents perceatage nf spoptntic cells treated wah difforont sypes of CNTs
plotted apgamat tune. Manotobes concentranoa is fed to 3 pg ml”. Lght blue lwme represeors
comirul surrgple without CNT's trestement.

Interaction of Iela cells and Nanowbes
The cell cycle of Hela cells was monitored when trested with the differear types

of namotubes ot different doses, ‘These resolts are shown in Tsble 3.3, and there
arc not dats of complete cell cycle at 2 and 6 hours

65



Tuble 38, Prrconiages of |leLs cell ins tiTesent phises of the crll eycle when invaied with
threr diffoat rpes of CONTS ar diffornr doacs.
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Perertage o Agaqets: cothy

Thete sre vot only emarkablo differences between the nsponses of different

CNTs, but also the apog f ge wereases. sgmiicanily, Fpure 3.6 A
thows the same tendency 1o decrease and then meorease the percentage of
upoptosis. This may be due because milosis process bogan belone the CNTs
ullvcted the colls. We can abso obserne that there are not somarkable dilfeeences
in percentage of mitofic cells, bur rthe cell growth percentige decreases, see
Figore 3.6 C and 1. Here we could see that CNTs not ouly could uffect the cell

visbility, but also affect the whole vell cyele
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Interaction of CaSki Cells and different types of Nanotubes

“Trearment with CaSki celle was slmost identical to the treamment observed for the
FleLa cells. In this context Table 3.4 shows all data comresponding 1o the cell
wycke of CaSki codls sl the CNTs imtersction.

Here, we can observe a clear tendenicy 1o the spopiotic ¢ e when
the CN'Iy concentration is mcreased. Apparently, FCORMWNTS induce low
level of apoptosts as the CNTs voncenlmlion mercuses, but the three different
types of CNTs increase the spoplosis percentage 3 (heir concentmlion increse,
Figore 37 A

These colls exbibited higher kvels of upaptosis after 24 hours of treatment,
the same phenomena observed in 1lela cells was present with the CaSka colls,
‘The presence of high levels of apoptosis for the fimt hour, followed of a

and then & fuing the i after 24 hours, see Figure

37B.
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Figure 3,7 Cand D plot £FON-MWRTS and £CO-MWRNTs nespotively. ‘The

CaSks cell cycle was affected in differcnt ways depending on the CNT type. Tor

example FON=MWNTs induces an mcrement on mitanic cell percentuge as the

cunceniration weases. In contesst, FCOXMWNT and FARNT induce a

decrease on e milotie cell percentage. The synthests porcentage somuains stable
W S

without important changes, and the ¢ age of cells g

a8 the CNTs concenteation mcreases. Also note that spoptosis tends to increase

n tmme for ll conditions,
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Figure 3.7 A ured H plol percentage of spoptois el sgunst the CR'{s concentration and
titie sespevively; Cand D plot peicentage of the while cell cecle gritoss, synthess, growth

phases and apngtoss) against CNTY eonoramsnor and fime



Scanning Transmission Electron Microscopy (STEM)
Al cll swere incubated in 3 cotrolled semosplic of 5% of €O 3¢ 365°C and
the medium was changed pedodically. For this chaacieization only small
amaonts of celc have a vidble small burwon i [ippendorf ubes. Calls were

he CNT triaement, then the medium was remaved

incubated for 1.5 hours afrer

jon for

sl sl were washeed with PIS and then precededd wieh the prepars

clectton micruscopy studics (App

HEK Cells and Nan

In Figure 3.8 8 Bealthy HIK cell i obsenved: the bigger organclle
with an aversge dismeree of 3um and the mitochondria of 450nm in diameter

Nate that the lengh of the cll i ca.6.3ym,

Figure 34 A beskiy 1K
b i e mm.mm

o The fioe eromig 8 o
the diamond blace A= minochomieon. N=Noelu
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Ulrahin section of 1EK el el with £CNS MWNTS. Afler

Fagure 39 A shaws 3 group of HEK edls

B, reveals some CNTs penetra

sato the membrane surface, (N cxhibit an

average diameter of 4nm and the length of the crossing nanotube comesponds to

220 .
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5 some CNTo anc suemounsdd by
HEK ce. 1 i wosonhy dac

heve el d

exhbit o wpieal
o momphology, i contemt
Fear cdjes are peesent, C shown
how CNTe are placed i the e
membrine Nanotube
concensranon comespond 1010




Some of the cells were affected momhologically adopting uncommon shapes. it
scems that CNTs work as template. Detuled magnification shows some CNTs

crossing the ccll membrane. Figure 3.6 € reveals how a manotube deforms the

cell membranc, apparently the cell is not in apoptosis.

Figure S11, STEM images of

HIEK cells treatcd with £COn
MENTs I A e
nanotubes are close 10 the <dll

membrane, and in 1§ some

CNTs are crossng the ccll

membrane Nanonube




FCONMWNT's presented a higher index in apoptotic ells. In Figure 3.11 A
some nanotubes m the penphery of the cell are observed. Higher magnifications

ndscate these manotubes crosses eell membrane causng no cellube death (sec

image 311 B). Although fAWNTs showed the Jower apopiosis index and
CNx-MWNTs deform the cells morphology, these effects were not observed m
cells treated with FCOXMWNT ar f- MWNT

Hela Cells and Nanotubes

Hela cells were treated i the same sy as the HEK cells. Hlere, these cells
preseated mare problems when 3 medium change was required; it was necessary
1o et them stay for 10 munutes with teypsine i order to take apart the cells from
the flask. Fagure 312 shoss a mormal Hela ecll, ehis cell has a diameter of 133

pm, and the sucleus has 3 minumum dameter of Sum and 3 maxsmum of 11um.

Fig 3,12 STEM image of an ulees

dice of 4 Hela cell wi INT trearment. The el
culbuer was fixed, dehydested, staned dnd cmbedded with EPON, shoes were then cut with

a0 ultrsmicrotome (60 nm). N= s



La cells geated wath fCOx Some nanotubes in

e 343 STEM image of

Ba s that the cell pl

brane and nucheus

A cross the e gocytes

Nam

be concentration correspond 1o 10 juz mt

The uptake of CNTs was simalar for the three different types, no cell damage was
observed when they cross the cell membrane. In Figure 3,13 we observed how /

COXx-MWNT can penctrate the membrane (Figure 3.13 A and B) and some

nanotubes eeuch the nuclevs (Figure 3.13 A). In other ¢ me nanctubes

into the membrsne without notable cell damage (see Figure 3.13 B)

pene

Figure 3.14 depicts two apoplotic Hel.a cells treated with FMWNTS. In thas case

we found more apoptotic cells than in other cases, acconding to Flow cytome

data. In Figure 504 A, the cell 5 m an advanced apoptotic state, the whole

nucleus is fragmented i apoptotic bodies; and the membrane starns 1o collapse



Figure 3.14 STEM mage of Hela cclls weated with SAMWNTY These cclls e mn an

s thows

Nanc

CORCTIHIALIN COPrT SO

10 yig el

Higher magnifications of the images shows that CN'Ts do not damage the cell

membranes, FONTs are not Jocated in

¢ specific onganclle. In Figure 3.14 B it

is possibk: (o obscrve more nanotubes dispersed in the cytoplasm

]
b



CaSki Cells and nanotubes

Figure 3.15 shows a healthy CaSki Cell in mitosis phase. We did not face
problems for sample preparation, and we found a major quantity of mitotic

CaSki cells when compared to the HeLa cells

Figure 3,15, STEM mugr of CaSk cell m mitosis embedded m epoxy rexin EPON. The cells

were previously fixed and stsined.  Samples wre cut in thin slices of 60nm wih an

ulirsmicr

. The gy thows clearly some onganelles and both mucleus

8



Iigure A16. S1EM smagr of (aSks orlls | w s MWNTL In A are soine

tnadubes. crossing cell e

biane appcar, 1l . B-sbuws sppurcidy, CHTE con ' b

ohserved th ninchopdron  and some  others 0 the
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FCO-MWNTs  anteracting  wath
Cuski cells are illustrated m Figure
5.16, Here one can =e how CNTs
cruss the el membrae In B some
nanotubes are found mside the

mitochondson

“x-MWN

G s can also be seen
Faguees 307 inleracting  with a
nski  cell Higher

mitaric (

magnification  unages reveal  that
wimotubes are mumersed o the
cvtoplasm almost - contact with

lysose

Figure 3.7, STEM nages of CaSks cells

treated wath fON-MWNS A shows a

orll in mitosis stage wid @ few nerssiules

ean be cleacly seon B daplays o healthy

erll N

notubes «
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Vigure 3K, STHEM amages of TaSt cells trated wth jMWN‘I'- In tgure A some
oucrstubes ceach the nockus and cen be obseeved ar higher mugmfewacus o B seane
vapiiubes ovosuimg the crll memboane appesr s o damage was cassed 10 the eells,

N L d e 12 el

Figure 118 displays some CN'I's into cell, same nannrubes reaches the nucleas,
the higher apoptosis index was induced by FAIWNT,
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Chapter 4:
Interactions between Bifidobacterium
longum and Multiwalled Carbon
Nanotubes



using the microwave techuique helped with MWNTs 1o tmduce genomic
maienal mito baclens.

In this chapter, we wsed [unctionabzed CNTr 1o drmsforn genctically
Hygidatacteriam lomgur, (B, fongan). The imporiance of these bactons i huge,
becanse it represents 95% of the intestinal flora in bresst-fed infanes and
goadually decreases in mianber from the time of weaning, Beneficial bacteria are
represented by B dogeey and Lactsbacliss since they mhibit the growth of
harmful baclens and exert many helplul physiological effects such as

dogical ; ok i
beormrion, 1 i of colonization of pathogens, imy of the
inal fors, imhibition of infestinal putrefactive sol and activation of

intestinul conditioning, The muin charscieristics of B, bages arc the production
of lactic sad and acetic [6]. Murthermore, it has been weported [7] that
genetically engineered I dagons, after intravenaus injection, could locate a wide
vanety of cancers due to its auserobiosis predilection. Bandura et ol [8)

1 that Iyophilized culi of B figaer indoce inhilntion cffvets on bver,

P

mammary and colon cancers, in the same way other gmups report inhibition of
colon cancer | and liver [10].

Bocleds transformation 15 the process by which bacienal cells take DNA
molocules. 1t could be in a plasendic [oom, sod wtegeste 11 1o their own DNA,

pnthesizing the corresponding profeins ad duplicating them in each cell division.
Ihis process increases  biological funeri but  wnfr v B gt
wansfommation & oot sinpk duc o ther 1 brick a o d m

chapter ane, there are two types of bacteria: Gram pasitive and Gram negative,
the latter are relatively essy 10 transform, eg. 2 wd, but Gram positve bactena,



such oy B dwmw, possess o thicker membrane, thus making difficolt the
transfomation. There ate anly a few reports about the successiul transformation
of I lengam |11, 12, 13}, bur the travsformanon efficiency rare in these works are
below of 1310" tnsfonmants per pg of DNA

The interess of B, dmger transformarion is becanse it enables novel medical and
anticincer treatments, so tht dreugs ot i i delivery could be peoduced.

Materials and Methods

Bactena Strains and plasmids

‘Ihe plasmid phI. ming the chl phenical pesi and the synthe

IL-10 genv (Reyes-Escogido ot al, 2007) was used. The plasmid was purificd
from L. olf TOPIO stram using the mmiprop fallowmg the manual mstructions
(QUIAGEN). The presence of plR plasmid oa B fimpue was confismed by
amplification of the 420 ph fragment of 11L-10 gen usig the upstream primer
equence 5CAT ATG 106G GGG GGC CAG GGE ACGY and  the
downsiream primer sequence 3-GGA TCC TCA GTT GCG GAT TTT CAT-
¥, The PCR mix was as follows: Tag polymerase buffer 10x, Mgl 25 mM,
dNTPs 10 pM, forward § mevere oligonucleatids 10 pM/each, and 0517 Tag
polymerase (Invitrogen). One colony was took with a pipet tip md mixed with
PCR reaction mix. Amplificaion was caened out w the iCycler PCR (Bio-Rad)
The conditions for replication was M°C per 10 min, for denatunalization, 35
cycles at 9490 for 1 min, 39°C per 45 see, 729 far 2 min. snd a final extension
of 7 min ar 7270 Afrer the reaction were fimished, 10 ml PCK products were




electrophoresed in 1.2% agarose g=l, stained with ethidium bromide dye and
analyzed with BioRad Gel Doc 2000 system

For Petri dishes we added 1.5% wt. of Bacteriologc Agar to DMEM medium.

The plasmid pLR-hIL-10 [14] was used for transformation, desgned at [PICyT,
by Lourdes Reyes during her PhD research, see Figure 4.1.

™

& -
[l—— l-u [ —— [r——

Figure 4.1 Schematic sepresentabon of pLR plasmud The HU promoter and terminate,
the agnal peptrde BIF3 wis fused to the syntheac hIL-10 gene When the expression
cassente wis higated in the serse of bla gene, nemed as pLRI, contrary 1o gene bla was
named us pLR2 (z00med image) pME1 represents the repison for Bsfidobacsermm, On,
E. coh orgeny bls, Ampecshin censtancs, cst, Cloramphenioot censtanos Taken from [14)
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Micmscopy Analvsis

Sample ! teals and p Iy for scanming and trausmission

L 4 4o i

in A dix

A

)

Experimental Design

Ilsree different types of CN'I's were used for B g tangformation: LMWN'Ts,
FONGMWNTs and £COX-MWNTs.

‘Ihe ¢IN'I's were functionilized in s sulfuric-nitne [3:1] acid salution for 2 and
24 howrs, which g | caboxel, hydmoxyl, cadronyl and sulfate groups [17].
The nanotube suspensions weze washed once with NaOH 1M and 1wice with
DI 1LO. The samples were then deied for 24 hours. The functionalized

b | icited in for 15 min i onder to obtam henhaned

wene

dispersions,

Theee CNTs rrpes were dispersed in stedle and disrilled warer with a
concentration of 50pug ml’

Plasmxi pLR-hI1L-10 gene was used to tensform Bilibivcdenson fongion ATCC
13707 striin, using theee dilfercal types of transformations B. bamges was
inoculated in 5 ml of AIRS (see appendix 1) medium with (105% cysteine,
incubared all night at 37°C. The culnire was diluted 1:23 in fresh medinm md
mcubvated o1 37°C foe 3 hours unul resching an approximately optical deasity

9



(01,5 of 0.3, The culture was then centrifiged st 8000 g for 15 minwtes at
490, {Seieyall, Modell Supes T21), and the sspeensisnt wes discended, The cell
peller was washed rwice in snorose 0.5 M a1 47CC In cold eppendorf mbes, we
mixed 3 g CNTs, 003 g of Plasmid pLR and 5 yl of competent B digow cells
s Kt Gz 15 miswnes und p led with the [ o I

Transformation

In ander tn achieve bactenal transformation we vsed three different methods:

) Electroporation as descrbed by Argnani et ol. [13], is hased on applying o
Ligh voltage pulse into bactenia, this weakening the membrane for foreygn
DNA mwrton

b) lleat shock transfomation [13], consists of o drastic morcase in the tntial
temperature [from 490 0 42 °C) of the B der DINA.CNTs solution
with the subsequent retum 1o stble tasperine (4°C), that enable
chinnels Tor plasmud mg; trough the i

g Mi pulse teunsformation, proposed by Fregel et al in Junusry
of 2008 |16, consists of ing; the temsformation efficiency of T
it nsing trpical Hear shock transformation. ‘|he use of  Microwave
pulse and CNTy was first proposed by Rojas-Chapanu ot al in 2005 {3}
using [Liod. The conditions in our experiment were s 115 warts and
2 puke, that ponds to the lowest mi power setnng,

These three transformation protocols are descabed in detail m Appeadix D

2



Bacterds wero then d i fresh MRS medivm without antibiotic,
Subsequently they wete diluted a0 11000000 sud plicd in MRS-Apar

comtaining 105 ml - Chlosamphenicol, and stored ar 37°C for 3 1o 5 days
Characterization

The oxidatk i ncid solotion for 2 and 24 hours result i different
lengths of the bes. We 1 the be lengths from SEM

microgriphs and then caracd oul 4 statistic analysis.
Cnlomies weee connted in order 1o determine the teansformanion efficiency

In onder (o visualize the inteniction btwen CNTs und 8, bige we carricd out
SOM and STEM. The preparanon for STTM or TEM was the same used in
human cells (see previous chapter), Bacterin preparation for SEM was similsr,
but the g 1 i stopped before the addition of propglenc oxide; the samples
in akobol are dropped o sibicon substrate and kit them al oom lemperatune
until the solvenr evapanites,

To confinn the insertion of pLR-MILIV plosmid imto B by, plssmid
teansformants were obtained snd the TL-10 fragment was amplified by the PCR
haique, using a thermocyclor (Bio-Rad, Tt weler, mod. 382BR), Ngure

4.2 shaws a time versus semperature diagram wied for the PCR.




v

(L] [L2g L] AL LR =

Figure 4.2 Ve versus Irmnperature cdhagran PCR for h11L-10,

Results and Discussion

Dillerent types snd sizey of CNTs are dllustrated m Figore 4.3, The kopth
slutistic graphy are ploticd bolow cach CNT wpe, snd we van soe a deczease m
lengrh when CNT's ave treated for 24 hours in companison with the 2 hour
treatment. The mnages were sclected m zones showmy, a good dispersion amd o
wide vanety of CNTs lengths
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FCNx-MWNT FCOx-MWNT f-MWNT

2 Hour acid reatrmant

..nIIJI “IM.h:J ﬂlihl ul |||I|h”!nm..

24 Hour acd treatment

Pig. 4.3, SHM imuage of fUNGARNT, SO MWNT and SAOVNY treated o ecid for 2 and 24

distrbuton shows an sveesge kength of the nanonsbes teeated for 2 hours i acek

hoars. Sze

L5jun e LONMWN ), LB e SOCS-MONT andd L1 ine S WNTL Nanotues taeasesd fne

- MWNC and 30m for £

biars decrease in T 07hn Sor SUNGCMWN'Y, O
MWK 2yl of marotbes e sl ware dropped oo sdeon sulistmtes and were allowed 10

dry. All barseadrs am 2 e



The first result of bactena trans fonmation s a
wival dchamctenaation, and ocommist o
counting colomes of MRS-Agar plates. The
number of colorse: promide unportant data
regarchng the transfommation effiaemcy Table
41 descobes transformation rate of B dwgeow
transformed anth our techruque In contrast
table 42 summanzes the most mmportant

repocts of B fwgew trans foomation

Figure 44 Photograph of MRS-
Apgas plate usth colonies of B. legpen
The l.m'i-lgu plate  contmns
chiotmnphemca, i 5 trasfoenabon
T e ¢

Table 40 Tonsfomubon tste of B boww wsth thoee diffecent

trm fomion methods and CHTh

W ohube LY £l EMiciency
itrans ormants
per g of DNA)

E letropor ateon X0
M- MW T Heam ok 11 1a°
W i Toreay 08 14x10°
E lectropor atean 1ITX 10"
0 O - MWNT Hea® thock 2K 10°
M i ForeaEy 88 3% 10°
EBctropor san EX W0
EWVWINT Hea shock 10% 10°
M i Toray 85 ax 10
_C-Hlnl )
E Bclroporaeon 12
B iongumATCC
Y5707 Heath ehock 0
M o Y &S B
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Table 4.2 Treosfoomannn e mpored doc three diffencnt groogs, sl wess mado by
ekectruponation and used high voltages, with exception of LeBlau:,

(ransfomants
Batena DHA__ Trestiment of DA
B Kangum MEZ1D Exscraparation (12 Skvem-1 & 1t
Momatatel a2 m W=|am‘; 5307
Leflane = al augm:m PRMZ  Flecrapatation {2 Kviom.1) AExI0t
Argrenieta) B POEUNUZ POG7  Eecroporation 124vem 1) 26x10
B lngunWiesby  pDG7  Elearaporslion [124Vorm 1] 717

The dectoporstion of Mateuza (1] sad Asgnani [13] were carded oul using
125kV. Lelilanc [12] reported high efficiency when applving low voltages, but
this ssmple prepanition is moee comples. We therefore propose theee stmple

efficient ways for schicving an cfficicnt tasfonmation,

PCR confirms that hI1-10 & mtegrated 1o the bactena genome, the Agar-gel is
shown in figure 45. 'Ihe first band corresponds 1o the molecular size marker;
cach of the bunds m thiy place ponds 10 a dillk locular sico. The
arrow indicates a moleculsr size of 500 base pairs (bp): note thar the soe of DNA
synthesizer of protein 11107 490 bp




There are few reports regarding the mreraction of bacredia and CN'Ta. Smce
bacteria are the most pumcrous onganism over the planct, it is important 1o catry
oul inleractions studics with nmosystems. Howeyver, most of the papers deserbe
bactencidal propernies of CNTs

tn dhis contest, Liu et al, i 2007 [1] published the bactericidal propertics of
costed CNTs, and found a hogh rte of death baciena, Esheribia o and
Siaphyiocas amiec 1o the same vear Kang et al [2] exposed SWNK'T' 1o . of
and. found strong anfisiceobial activity. Subsequently Beady-Fsteves et al. [3)
developed a filter based on SWNTs to remove viruses (MS2 bactediophage, as
virus model) snd bactens (E @) from waler, and Savastava of al [4] built «
filker bused on SWR'Ts to retan E, o8 snd poliovirus.

In aur knowledge there is only ane report about hactenal trnsfarmation with
CNTs. This wepor, by Rujes-Chupans ¢t al [3], desenbes the behavior off £, of



Figure 48 PCR amplification of gene frapments cloned onto plR-AIL-10 plasmid The
arrow shows the 490 pb correspanding fo a hil 10 gene amplificd fragment. Fane |, DNA
Isdder (Invitrogen, 10bp DNA Laddery, Lane 2, poaitive smphification conteod; lane 3,
egalive transformation control. Lanes 4.9 ponds 1o diflerens Bifidob Tongum

colonies transformed with plR-hIL10 with different transformation methads {lane 4-5:
electroporarion, lanes 6-Te: heat shock, lanes 8-9: microwave ),

SEM lmages were taken in order to understand how and which nnotubes have a
better intersction with bacteris. Sample preparation may  mtroduce  some
undesimble elfects, thus making interpretstion more difficult. Pigure 4.6 shows
same joined hactena thmugh a unionhadge and when flis join breaks, a small

o

CNT appears artached o the b + mav be ¢

by smmple preparstion caused by gl Or ovmi ade, An
whemanve reason 1% that when bactena ﬁnshm it mitoss phase, it may exhibat




Little protuberances ou it “ex jeamed” parts; these pmitubceances may be

confused with small CNTs,

Figure 4.6, SEM s o |

worme promabuninees {ser urnren). T o Bt may be dis

w peepaslion. When we dadied the vutiples; de observe !

» saciaon [T st sty
Vrewrsks whiile thie shoctisan bt ks e sstaple, tws ntsmgrs e Lol durieg A oo C wal 1,

shiosies thant tee ahinectionss i3 ot due 0 N

With STM charpcterization we can clearly see iF small Jasw eer ONTy are
adhered or pmned n w0 the membrane. Fagure 4.7 5

MWNT2 (A ind B) with g

hows smull damerer FONx-

wffinity for bacteria, memawhile bager CNT do i

show thar affimty due to ite ngdsty; FOO-MWNTs (C and 1) shorws o greater
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oS 0f CNTa. A aosd B are -
CNEAIWNTY € and D are tacrens mesed with £CO%-MWNTs and 1 and ¥ are foe bactesia
reaned with 2NIWNT'. Images cormesponid w0 the negarmve of the onginals.






Larger dinmeter CNTa do nof pin ar penerrate the membrane, but bacteria seems
1o hike 1o be with CNTx Figure 4.9 chsplayy large dismeter CNTs with buciena,

somchow ahgned and using them as templates {or enhancing bactenal growth.

Figure 49. SEM imagos of large dismcier CNTs with B, fongaore. Taree diameter CNTY

apparcrlly docs nol cross the cell membeanc. In A baclaria arc jomed o 2 bandle of £C0x-
MWXTs which serves as templatos, Stme ACNx-MWNTs tightly joined in bacteria, and thoy
do not penetrate, diameter is 35nm and length 1-1. 5y, Bacseria length and diameter are 208
pim and 24om respactively; in C we find AMWNT aligned wirh a bacteria. some CNTs with
smaller diameter s2ems 10 be inserrad mto the membranes. Finslly FON-MWNTs follows

he same direetion of fh boctorin axis, and this indicabes that CRTs act as lemplates, o0 D
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I W - " ' v - . B = -
By SEM charecterization we noted a hupe bactena It 1= noteworthy that the

averape length of bacteria is ca. 2 um, and the one observed in Figure 4.8, 12 13

1 ,.’.E'.g'.": (=5 1in)

l‘i‘ﬂ' 400 5EM s sl 3 |'|.-1._J-w bactens, whuch tould be mmousm o a nanclubes wuh actes = a

".I-'IIIFl].ﬂI

Images like those depicted in Figure 4.10 were found several imes, but we were
abso FMWNT crossmg cell membnine Figure 4,11, Bactena are not damaged and

spparently thes to envelop it



Figurr 4.11. ;E‘}-'! irmiage O & thack ,"h;},t{'_kl'.i'" mierted = the batena _.' type 1

nnages Sere not cormmon i observed

n order to venfy & CNTs attach or penetrate the cellular membrane, we used

STEM chamctenzation. With this techmique we can wsualise cross-sections of
bactenia. T he shoes have an averape thickness of &0nm. Fipuce 4.12 illusteates that

larpe nanotubes attach to the cell membranes but do not penetrate the cell, Dack

hgh contrast cegions comespond to won particies encapsulated nside nanotubes
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Figure 412, STOM asuge of D Jwggew and fCNx MWNTy. Sangle wis
fixed, dohycdestrd, sowned and conbedded in epoxy s It can be observed
onlv twu bactetia videred wasversally,

Figuro 4.13 shows a possible scquence on bow CNTs could poncirate the el
branc. Possibly by opening or cnsbling channck by which geacue mutenal
goes mta the hacternam,




Figue 413, 5
mmore © <313 sy e v snchsn,
e

N g of ACNUATUNTS with B g, 1o A the s bndicars &
R —

cocapmld il CNT. I C el e CNTo

o) sppesrs comsing he

Itis cvident that CNT enhance by two onders of magrinule the transformation
e of B bagum The exact process is sl fx from clese, but we beleve that
CNTy debilre the membrane e 1o surfice interactions occurring among.

proteng, thus subjecting the cell to sress and faciliaing the entrance of
ncormang of gencr matensl
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Conclusions

N bes wore syathesiecd fully wsng the CVD process. The twbes we
brained are multiwalled carhon Les and could he finetionalizated using
un cid teeatment in onder to disperse the tubes i water or o madiom for cell
cultuire,

We were able ro duce the results d by diffe groups, ohservmg

thar MWN'T can ¢ te Iruman cell i s vy thar repors

deabing with the micractions betwern nunostrsctures and baciena arc very scarce,

In this thesis we demanatrated that cells exhibit different behavior depending on
the nanotube concentration, dispersion, time of mteraction, and cell type,
Therclore, for different cells not only cancer exlls, the intoraction is very
different. In addition, when adding MWNTs into cell cultuse the cell apoptotic
percentage increases. In fact, we can abserve drastic changes in all the cell cyeles

11



In the same context, apparcathy it is possible o achicve some phise arrcst due
the mieeaction with CNTs, of curse, it depends on sanotube type, concentrtion,
time of mteraction and cell type. We ohserve an mcrease in the apoptosis rate for
almonl al the cases. The FONMWNTy exhibil the lesn apoploss index in
wancer cells, bul in HEK cell it presents the Juwer spoptosts ate, this when the
cell are trested for 24 hours,

In this work, we were uwho able to increase the Bobyfidaderinn bayon
transformation rate by two onders ol magnitede, only by making a pre-mixing of
DNA and MWCNTS in conjunciion with traditional fi won technigques:
electroparation,  heat  shock  and  microwave  mdision.  The  efficient
trnsformation of BL coukd have » lage impoct in novel oncology (reatments.

Interachions with different MWNTs mres were observed, small dismeter
MWNTs can usually penetrate mio the bactera membrme without mouble.
Mareover, thick dimneter CNTs soem 10 act 2= u guideline for bactena growth.
Ouly in fow cases, thick diuncier CNTs wen found pined inio baclens. Prolably
CNTs are able to form nannchannels or pores by which plasmid could pass.

The trnsformation tte becomes liges when short CNTs e used. This is due
the presence of shont nanotubes and becawse they are more flexible and have a
greater contact with bactens. Thicker nanotubes sct as pins, and, in some cases,
may perforate cell membnme, thus facilitaing the plasmid 1o puss trough.
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Future work

I may be v Lo venly the sesponse of dilferent funcionnbration process,
in MWCNTSs, such as the non lent I ionali These may
ecsult in nuespected sesults when iterscting with biological systems.

A full characlonestion of CNTs using Scunning-Tonsmission X-Ray {STXR}

py. This ch izalion may provide us with a better sdea of how the
functionalization  of cwban  nanotubes  takes  place. The degree of
funcuonabzaton for different tmes m ocids sppears (o be mn mmportant fctor
when interntng with bic-systems.

‘Ihe nse of different sizes of nanombes will provide vs a better ides of nanotube
roxicity. However other carbon sanostrectures such as nano-cones, nano-homs,
lullesenes, graphene or sngle walled carhon nanotubes aced 1o be stwbicd with

human cells and bacrena.

We need to look up for the best conditions foe bactenn transformation. These

are o number of vanables including ihe length, be i degree
of functionah ome of on with bactena before transformation
hnent, on of hes, | in electroshock apparars,

condifions m micmwave, that appear o be very impartant i the process
doscribed i this thess,
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Appendix A

C

ell Culture maintenance.

All matexial must be sterle, and follow all steps carcfully.

To defrost cells fullow the next sieps:

1. Thaw the cells in 4 37°C water hath, warm quickly and keep shaking

2. As soon s the colls thaw, pipetie the cells into » b with medios
conlninmg 2% seom.

3. Change the medium & soon as the cells are adherent (the next day) so
thar the DMSO is pemoved,

When the densily eells ase high il i nécossan' 0 cemove some ol and
sulocate il a avw cell culture plate. To accomplish ths work follow the neat
stepa:

1. Remove the medinn carclully, the cells will ketp adhered 1o the fask

2. Add teypuin, n onder to detach the ecll from the fask. Put i
ncubation for § minutes

. Add seram and fresh medinm, serum will inhibir the reypsin effects.

. Pipette the medium with cells into the necexsary new flugks and store
1 ueubator.

B @

Some times is necessaey 1o refresh the medmm, m this case just omit the step

z



Appendix B

Flow Cytometry, nucleus staining for FACS

n

Once finished the ame of trestmeat with CNTs s nocessary 1o know how

the CINTs affect the coll eyele. The size of the nuckus (clls us in which

phase the cell «, Staning the nuclens with 4 proper finomphore we cany
menssan the size of the nudous and mdirccdy know about the cell phase.

The aext steps explan how 10 stain the el nucdeus for Jow cylometry

chasaclenzaton:

. Harvest, wash the cells aud adjust ocll suspension 1o a concentmtion of
1-3x 140 cells/ml i ice cold PBS. Cells can be stained i my contaimer
for which you have an approprstc. In goncnal, ells should be spun
down hard cnvugh that the supematant fuid cun be removed with Bude
Toss of cells, but not =0 hard that the cells see difficult to resuspend.

2. Add 01410 pg/iml of the primary labellod mmthody, Proprdivm iodsde is

added al this powi for dead cell exclusion

Incubate for at least 30 muin al mom twmperatute or 4°C. This step will

@

require oprimization.
Wash the cells 3X by cenrnfuganon st 400 g for 5 minofes md
eesuspend thom m $00ul o Lind of we cold PBS.
Keep the cells in the dark on ice or ut 4°C in 4 fridge until your scheduled
nime for analyss.

5, Analysis, For best results, mmalvze the cells on the flow eviometer as

(1] sheam, |irect Stming Protocol. www sheam .com /technical

1ne



Appendix C
Cell preparation for Scanning and

Transmission Flectron microscopy g

There arc 6 sleps for biological sample prepassibon for clectron microscopy
P

* Fuation

* Dehydrtion

* Infilation

*  Fmbedment

o Soctiogh

* Staning

Fixation:

The most common way of fixation 1 through chemacal Gxtives, There ure
some basic facrors that ean affect fixation {pli, oamolanity, rempemrure,
leugeh of Gxution and the wethod of fixation), Foution wedt be wnifor
thmagiuat e specinen

“Ihe final osmolality have different effects on the finsl appearsnce of the celis,
Osmolality can be adjusted by several methods;

uchjwsting non-vhetmolytes: sucrose, glcos, dextran or PYP

adjusting chectrolytes: NaCL CaCl. (before adjusting pH)



The mmmnabian tesues have an ideal osmolality iv the oge of 300 w 700

mCun A commonly [ixatives used are

Phosphate Buffer: Mor: physiological than. vther bullers, non losic, stable
in o witk mnge of empersluees, Cause some swellmg and bud polyvalest

Gl Idehvde: sinull molecular size, its two sdehyde groups con crosslink
compounds and act a2 2 molecular badge botween macromolecules. Do not
react with lipids. The temp and the xm arc cntical faclon,

(*C amd 15 - 4% ia recommended)

Osmium L'etroxide: can be used as o liquid fixative or o vapor fisative, 1t hus
a low mate of penctration, because of this 5 ased a5 w0 secondary fixative
Osnium serves as an electron stam. s most useful ability i 1o fix bpids, An

050, s necessary if we want 10| memb and Tipid T
bexbics. Typacally used al a concentabion of 1-2% m buflee It sknost wially
decrroys anfigenicity of reactive sites. Rutheni e s 5 imes used

a5 i less expensuve alternative.

There are basically four methods of fi
Viscular profusion

Inmersion

Diripping in fhie surface
Inpction,

¥l



The ounly technique applicable for cell fisalion is snmenion; crvofivation is
anather common technigue.

Dehydration:

The fustive must be smuosed, We can do i evplacing the fative with pure
Tuffer m the same concenteation and pll, twa or three changes of huffer in a
period of 10-20 mis.

115 necessary to remove prespituled salts dunng buller wash; the salt might
allect the polymenration. Water val m achicved banging the aample
thmugh & graded series of ethanol or scercme.

Afler reaching au othmol concantmtion of 1007 we bring the sample i
100%, propylene oxide (PO) twice, this s an optional step. The pmpylene
oxide is used because most epoxy mesims are more saluble m PO than
ethanol, but it has au ine i as the PO is Iy pood '3
bpals, wbo PO cin rost with cposy groups of the resin and inhibs
palymerization

Dehydetion times should be kept st mmimmn | hour. Some resins tolerate
small amounts of water and one can begin the infillration process before the
dehydration is comphete. The use of a slow rotator is eommendable to keep
the sample moving and alwaps in contact with flnd.

Embedding medium:
The only p of embeddi dium s 10 have o medium that permit cut

¥ "

thin slices, this medium must be non-reactive, muat keep unchanged dunng
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mictoscopy, sitach the biological ssmple and it shoold be transparent 10
passage of clecirons.

Epoxy Resins: the cposy ong reacts with victually any available hydrogen,
cpusy rosins meed bandoness, thee ane groups of dicadbosylic sods or

hydrides (dodecnyl bydede TIDSA and/or nadic methy]
anliydiide NMA). ot st be thomomghly mixed.

The ability lo pencirate tssues of cposy resins ix reduced, (o overcome this
factor we can we 2 ckeanng agent, for cposy wsins PO is wed between the
last dehydrarion step and the beginning of infiltearion

There aze another al cmbechling medimn: duscupan, squon, 109 of
polystyrene in acetone, LR With and Lowicryl

Sectioning:

Conventivnul mi used for prepunng bghl mi piv shdes an:
inadequate for cutring sections of the required thickness far TEM. For this
reason un ult 5 empoloved (A ultramicminme is an apy of

very high degree of scoueacy which allows cuts from 60 to 100 nm being
wselul in electronic micrascopy.

It has an operstion smilar to the mi ‘The hantical wdv: is
replaced by a thermal advance reguluted by an clectranic device, the stecl
kaife i replaced by o koafe of glass oz of diamond md the operations an
done undler the control of « binocular magnifving glass. The cuts are collected
on grds and not on blades[4])




There are some Emportant pomts that conld be a problem when shicing; the

mosl is improper resin polymerization, it could be sunbuted (o a
number of factors mcluding -wmrplme darq-dmm and for infilration,
uneven mixiog revin, mproper pol 1y L ele.

The largess dimensian of any block face should not exceed 11,5mm and
shoukd have a trapezoidal form, the bigger side goes in the battom of the
boat.

If the shide 13 up to 0.25um thick, for cpoxy resms, 3 can be used in TEM
apensting at 100KY

Staining of sections:
The mast commanly used stains in electran microscopy are made up of heayy
metale sabts,

080l seacts more mpidly with Bpids than il docs wilh protens,
Uranyl acetate (UTA) & tead citrate (LO): 1A reacts with phasphares and
amino groups, while lesd jons bind 1o negative chaned molecules such as
lusdroxil groups. UA bave the shility to stan different cellular components,

The stmn with UA can he applied bofore dehydeation; it is apphied (o the
apecinten a2 4 0.5 — 1% aqueons solurion after the inital fixatives. 1hen the
specimen is dehydrared and infiltrated a3 normally deme. ‘The dehydrmtion
shoukl not be long, the solvents can mmove UA. This siep helps with the
contrast of membranous stuctares such mitochondna, golgi PR, DNA and
other fine filaments.
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When the sample bas been dried it v be stained on the gad, this step is
done by floating the gnd on a deop of 1 — 4% UL foe 13min, then the gad i
rnted, dried and stamed with 1.0 or stored

The stuned of the geds shoubkd be within 24 bours of having cul the scvtons.
After the stain of 1A i common 10 stain with L0, [0 i very reactive with
CO, its necessary un stmosphere withow CO,. Sections are stained Goatig
the grids on drops of LE for 3 -5mim, Affer stemimg the sections are ansing m
NaOIT 1M and then dasen in d11.0.

2] ‘This & a4 resume of the text from Center of Ultmstructural Research
Bip:/ fwww uga.cdu/caur/

(SIHyL A D. (199) Domsengold wcbuigons, in cltron micniiepy in Wokogt @
practial apprnach (Hlareis, . 1L, ed) IRL. Press, oxford.

] werw wikipedia com
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Appendix D

Bacteria Transformation

Comy B, longuan preparat

Bagidobcteriam ingaer ATCC 15707 steain wies grown anacrobically for 8 hours
at 37°C in MRS medmum supplemented with 0.05% w/v L-cystean (Sigma).
The culmre was dituted 1:25 in fresh MRS and incubared again for 3 hours
upproximately, witil am O, of 0.240.4. Onee meached this O1 the culture
was centnfuged {Sosvall, Model Super T21) at 8000 fpm for 15 mumutes, the
sample was decanted and ansed twice with 0.5 M sucrose at 49C, the cellulsr
pckage were resuspended in 1/320 volime from ariginal culture n 050
aucrose buffer

Slowly were mixed 13 ug of plismid DNA with 15 gg of nanombes in
solution and mcubated on ice for 5 minwes, Then, wis added 80 pul of
competent B, dangum cells and incubated in we for 5 minutes,

Electroporation
‘I electmyporation method was curried our with a BIX FECM 830 pulser
oy At 2 capaci of 25 uk, resi af 10062, volrage of 2 kVem™

with a pubse of 21 milisconds, acconding (0 ReyewEscogido o al. (2007).
Cells were immediately recovered in 200 ul of MRS medium and incubated
for 3 hours at 37 Celcius degrees, subsequently the cell were diluted
11000000 and inoculated i the same medivm agar plates contuining
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chloramphenicol at 10 g ml® as selection mudker for tomsfonmais cells,
Plates were smeubated for 3-3 days at 37°C, under anaerubic conditions.

Heatshock

For the heat-shock method, the cldls were smeubated oa dee fur 10 mmotes,
changed 10 & warer bath a1 429C for 1 minutes and immediately changed the
mbe to ice for mother 15 minures. Cells were recovered with 20040 of MRS

mediim smd incubated for 3 houn at 37°C, subsequently the cells were
diluted 1:1 000 000 und invculated in medium sgar plates contuining 10ug ml'
hi L | and were incubated for 3-5 days al 37°C, under anacrobic

condinions.

Microwave

For microwave (mnsformmation the poteney of the machme was scl at 115
watts and the tme of treatment was 2 minutes, sccording with Cabiress ¢ al
(2007) |5} and immediately were recovered in 200 il of MRS medium, plating
and incubsfing were made in the ssme way as previous tnsfarmanions,

i

A comtml expeniment was | d wsing only

ooy i

process withont ibes, i onder to compare propased

5] AA. Chvedova, ¥, Castenova, TR, Kisin, ., Schwegler-Berey, AR,
Murray, V.7, Gandelsman, a, Maynand, ", Baron, [ ioval Frmr [ lsith
Part A (2003) 66, 19091926,



Appendix T2

MRS Meduim preparation g
Composition:

Ingredients Grams/ Liter
Pepone 100
Meat extracr a0
Yeast extract 5.0
D{+}-Glucose (Dextrose) 200
Dipotassium hydrmgen phosphate 20
Dismmoninm hydrogen citrare 20
Sodivm icetute 5.0
Magnesium sulfuie ol
Manganows sullate aos
“Agar 120

Finul pH 6.5 +/- 02w 37°C

Store prepared medium below 8°C, protecied from dimet light Store
dehsdrared powder, in a dry place, in tightly-sealed contuiners ar 2-25°C

Cystem bs stenlized by [ieion and sdded afler the modium s sienlized m
autnclave. (1,05 grams pee hter were nsed.

*Agar is added only for MRS agar plates, for liquid bacteria culture agar is
omitted.

Directions:



Divsolve 61 g i 1 Bter of distilled water md add | ml Tween 80 (Fluka No.
93780). Autoclave at 1219 for 135 munutes,

Principle and Interpretation:
The MRS awdium foamulation wes developed by de Man, Rogoss and Shurpe
to replace the tomato juice mediom and the mear extract tomato juice
fivnm MRS is o medi ppotting good growth of lactobacilli i geneel,
even those stirains which have shown poor growth i existing medimn, like
stouns of Lo bws und L. foeerti The MRS culture medium contan
polysorbate (Tween 80), scctate, migneium and mangancse which arc knowa
0 act as special growth factars for Incrohacili as well us & rich nurrdent base.
As these medivm show a very low degree of sclectivity, Pediococcss and
Lewounostoc species as well as other sccondary bacteris moy grow on them,
Maat of the panying miceflora can be anhibited by thallum acetate
[Hluka 88204}, sorbic scid (Fluka 855100, acetic acid (Fluka 457400, sodimn
mitrice (Muka 71759, cvclobeximide (Fluka 01810) and polymyxm(Fluka
B1334). Thow substmncs can be wsd sl varpng concenirstions  and
combinations, bur inevitably a compromise has to be reached between
selectivity and productivity of the organism sought.

161 . €. de Man, M. Rogusa and M. Elisabeth Sharpe, /¢ Buct, (1960} 23,
130135



	060203delRioCastillo_Page_001.jpg
	060203delRioCastillo_Page_002.jpg
	060203delRioCastillo_Page_003.jpg
	060203delRioCastillo_Page_004.jpg
	060203delRioCastillo_Page_005.jpg
	060203delRioCastillo_Page_006.jpg
	060203delRioCastillo_Page_007.jpg
	060203delRioCastillo_Page_008.jpg
	060203delRioCastillo_Page_009.jpg
	060203delRioCastillo_Page_010.jpg
	060203delRioCastillo_Page_011.jpg
	060203delRioCastillo_Page_012.jpg
	060203delRioCastillo_Page_013.jpg
	060203delRioCastillo_Page_014.jpg
	060203delRioCastillo_Page_015.jpg
	060203delRioCastillo_Page_016.jpg
	060203delRioCastillo_Page_017.jpg
	060203delRioCastillo_Page_018.jpg
	060203delRioCastillo_Page_019.jpg
	060203delRioCastillo_Page_020.jpg
	060203delRioCastillo_Page_021.jpg
	060203delRioCastillo_Page_022.jpg
	060203delRioCastillo_Page_023.jpg
	060203delRioCastillo_Page_024.jpg
	060203delRioCastillo_Page_025.jpg
	060203delRioCastillo_Page_026.jpg
	060203delRioCastillo_Page_027.jpg
	060203delRioCastillo_Page_028.jpg
	060203delRioCastillo_Page_029.jpg
	060203delRioCastillo_Page_030.jpg
	060203delRioCastillo_Page_031.jpg
	060203delRioCastillo_Page_032.jpg
	060203delRioCastillo_Page_033.jpg
	060203delRioCastillo_Page_034.jpg
	060203delRioCastillo_Page_035.jpg
	060203delRioCastillo_Page_036.jpg
	060203delRioCastillo_Page_037.jpg
	060203delRioCastillo_Page_038.jpg
	060203delRioCastillo_Page_039.jpg
	060203delRioCastillo_Page_040.jpg
	060203delRioCastillo_Page_041.jpg
	060203delRioCastillo_Page_042.jpg
	060203delRioCastillo_Page_043.jpg
	060203delRioCastillo_Page_044.jpg
	060203delRioCastillo_Page_045.jpg
	060203delRioCastillo_Page_046.jpg
	060203delRioCastillo_Page_047.jpg
	060203delRioCastillo_Page_048.jpg
	060203delRioCastillo_Page_049.jpg
	060203delRioCastillo_Page_050.jpg
	060203delRioCastillo_Page_051.jpg
	060203delRioCastillo_Page_052.jpg
	060203delRioCastillo_Page_053.jpg
	060203delRioCastillo_Page_054.jpg
	060203delRioCastillo_Page_055.jpg
	060203delRioCastillo_Page_056.jpg
	060203delRioCastillo_Page_057.jpg
	060203delRioCastillo_Page_058.jpg
	060203delRioCastillo_Page_059.jpg
	060203delRioCastillo_Page_060.jpg
	060203delRioCastillo_Page_061.jpg
	060203delRioCastillo_Page_062.jpg
	060203delRioCastillo_Page_063.jpg
	060203delRioCastillo_Page_064.jpg
	060203delRioCastillo_Page_065.jpg
	060203delRioCastillo_Page_066.jpg
	060203delRioCastillo_Page_067.jpg
	060203delRioCastillo_Page_068.jpg
	060203delRioCastillo_Page_069.jpg
	060203delRioCastillo_Page_070.jpg
	060203delRioCastillo_Page_071.jpg
	060203delRioCastillo_Page_072.jpg
	060203delRioCastillo_Page_073.jpg
	060203delRioCastillo_Page_074.jpg
	060203delRioCastillo_Page_075.jpg
	060203delRioCastillo_Page_076.jpg
	060203delRioCastillo_Page_077.jpg
	060203delRioCastillo_Page_078.jpg
	060203delRioCastillo_Page_079.jpg
	060203delRioCastillo_Page_080.jpg
	060203delRioCastillo_Page_081.jpg
	060203delRioCastillo_Page_082.jpg
	060203delRioCastillo_Page_083.jpg
	060203delRioCastillo_Page_084.jpg
	060203delRioCastillo_Page_085.jpg
	060203delRioCastillo_Page_086.jpg
	060203delRioCastillo_Page_087.jpg
	060203delRioCastillo_Page_088.jpg
	060203delRioCastillo_Page_089.jpg
	060203delRioCastillo_Page_090.jpg
	060203delRioCastillo_Page_091.jpg
	060203delRioCastillo_Page_092.jpg
	060203delRioCastillo_Page_093.jpg
	060203delRioCastillo_Page_094.jpg
	060203delRioCastillo_Page_095.jpg
	060203delRioCastillo_Page_096.jpg
	060203delRioCastillo_Page_097.jpg
	060203delRioCastillo_Page_098.jpg
	060203delRioCastillo_Page_099.jpg
	060203delRioCastillo_Page_100.jpg
	060203delRioCastillo_Page_101.jpg
	060203delRioCastillo_Page_102.jpg
	060203delRioCastillo_Page_103.jpg
	060203delRioCastillo_Page_104.jpg
	060203delRioCastillo_Page_105.jpg
	060203delRioCastillo_Page_106.jpg
	060203delRioCastillo_Page_107.jpg
	060203delRioCastillo_Page_108.jpg
	060203delRioCastillo_Page_109.jpg
	060203delRioCastillo_Page_110.jpg
	060203delRioCastillo_Page_111.jpg
	060203delRioCastillo_Page_112.jpg
	060203delRioCastillo_Page_113.jpg
	060203delRioCastillo_Page_114.jpg
	060203delRioCastillo_Page_115.jpg
	060203delRioCastillo_Page_116.jpg
	060203delRioCastillo_Page_117.jpg
	060203delRioCastillo_Page_118.jpg
	060203delRioCastillo_Page_119.jpg
	060203delRioCastillo_Page_120.jpg
	060203delRioCastillo_Page_121.jpg
	060203delRioCastillo_Page_122.jpg
	060203delRioCastillo_Page_123.jpg
	060203delRioCastillo_Page_124.jpg
	060203delRioCastillo_Page_125.jpg
	060203delRioCastillo_Page_126.jpg
	060203delRioCastillo_Page_127.jpg
	060203delRioCastillo_Page_128.jpg
	060203delRioCastillo_Page_129.jpg
	060203delRioCastillo_Page_130.jpg
	060203delRioCastillo_Page_131.jpg
	060203delRioCastillo_Page_132.jpg
	060203delRioCastillo_Page_133.jpg
	060203delRioCastillo_Page_134.jpg
	060203delRioCastillo_Page_135.jpg
	060203delRioCastillo_Page_136.jpg

