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ABSTRACT

HIGH RESOLUTION IMAG ING AND IMAGE ANALYSIS IN POROUS
MEDIA

Yal,¥egmge Hande
Master of SciengeChemical Engineering
SupervisorAssist. Prof. DrHarun Koku

September 201956 pages

Flow and mass transfer in porous media atienately coupled to their microstructure.
Advances in computational capabilities have brought about the possibility ofingode
these materials by employing the higésolution 3D topography in flow and mass
transfer simulations. This workvestigats and analyzes the microstructure and
adsorbate localization behavior of porous media. Specifically,- higbolution
microscopy techniques weilienplemented to obtain morphology information for
porous media. Gigacap-6560M and HALGOM were chosen as adsb ent s and
lactalbumin was used as staining protein. Microstructures of GigaeéOR and
HALO™ were imaged by using Scanning Electron Microscopy (SEM). The
crosslinking structure of Gigacap-6p0M was observed, and the caifeell structure

of HALO™ particle was also investigated by using SEM. Gigac&5QM with and
without adsorbed protein were characterized by Transmission Electron Microscopy
(TEM). Contrast in the proteilnpaded adsorbent was much better than the sample
without adsorbed proteitn TEM images, protein localization on the adsorbent was
investigatedIt can be surmised thtite protein on Gigacap-@60M remains confined

to polymethyl methacrylat§dPMMA) base and aldehyde fixation itself results in

extensive crosknking of proteins (and presumably functional groups), thus



potentially resulting in the contiguous septase observed. Characterizations of
Gigacap @650M and HALGM were also done by using Focus lon Beam (FIB).
HALO™ particle structure composed ofrecand the shell part was investigated and
2-D images ofHALO™ wereused to construct-B topography oft by using FIB
whereas FIB images of Gigacap630M could not baused to form & structure

because of the low resolution of images.

Keywords: Imaging techniques, lon exchange chromatography, Protein adsorption,

Coreshell particles, Polymer modified stationary phase
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G°zenekl i yapél ar daki bak énkaklazne med ek 4 tnl emi tk
derinlemesine bajlantéel eder . Bakgkkagave
k¢t e transfer bwi mallzseymerdlearienndwgn ¢ ks ek -
topografyal arénén kul |l anél aréalk r mo Bail | -eanln
g°zenekl i ortamlarén adsorbat yerlexkim d
ve inceler. Spesifik olarak plir-liun oy ¢ kasmd ki
-%zeéenegrl ¢kl ¢ mi kroskopi k tekkGigatap Q@ uygul
650M ve HALOM se-il mi ktir Ve | e k ddctalbumin pr ot e
kul | an &igacapk ®80M.ve HALOM mi kr oy 3préed maléé El ect
Mi kroskopu (SEM) kul | anél antaeekGiggcapr @ nt ¢ | er
650M- apraz bagail émlyap@is¥parc4iH Ale® kkalolk

yagpé&a ayr éca SHMclkulelMfransndyan Elakkron Mikroskobu

( TEM) kulylcazregpmoeki n tutunan ve-650Mut unma
karakteri.zePredtidim kytgaméenkorRt aastoé& bpr ot el
°rneje g°re -ok daha 1ivyi ol duju g°zl eml
czerindeki protein yerlexki mi650Kt (;péarad

bulunan proteinleripolimetil metakrilatf PMMA) bazépseoebkmugi rdii h
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bulunmasé ve aldehit ile sabitlenmes:i protei
sajl ar (mMmuht emel en fonksi ybinteil Kigkr ulpd taé iae
g°zIl eml enmesi rGoacapl@a50M and BAAGMkaarr .akt eri zasyonl a
Oda k1 anmeéek Ky on | Kéneé (FI B) kull anél ar ak d
késéml ar éHAUG™p aorl -uxaénk | aré g°zlemlenmiktir ve

el de edil mik olup 3D topografya ol-uktur mak |
650M FI B d%Ikérkt ¢-1°%zrgneéerl ¢kte ol duju 1 -in 3D
kull anél amaméxkt ér .

Anahtar KelimelerrG° r ¢nt ¢l eme tekni kl er i, Kyon deji Ki
adsorpsiyokabukepgkar da&kekI| ar &, Pol i mer modi fi
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CHAPTER 1

INTRODUCTION

Recovery and purifation of biosynthetic products are important to get high yield
products.Compared to conventional chemical syntheaisextremely high level of

purity from complex mixtures may be desired for medical applicatilaseover,

mild operation conditions areequired since the targeted products are lafile

various processes to purify these products are composed of cascade unit operation
processes called downstream processkay. instance, about 500 % of total
manufacturing cost is related to the cosl@ivnstream processing due to the complex
methods employe(Dttens, Wesselingh, and van &féielen 2006)As a result of this,

innovations and optimizations of downstream processing are crucial.

There are many purification methods in downstream processing. Chromatography is
one of the most common purification methods used since it has verggegliicity,

very good reproducibilityawide range of options for separations and it requires mild
operation conditions(Kaphingst, Persky, and Lachance 2010) large scale
purification of proteins, ion exchange chromatography is a very significant method.
Chromatography typically involves an adsorbent, called the stationary phase and the
mobile phase which is a solution composed of the solute mixture withitlvenso
Chromatographic separations are based on selectivity which means that as the solute
mixture is moved by solvent (mobile phase) through the stationary phase, each
component irthe solute mixture interacts with the stationary phase, and the extent of
retention of each component is determined by its interaction strength. There are many
interaction types between components and the stationary phase for separation such as
charge, affinity and size. These properties are used in different types of
chromatogaphy.lon exchange chromatography is extensively usdbeseparation

of charged molecules based on proteins, amino acids, peptides that posttuely



and negatively charged chemical grogpgVe 20L5) The separation of components

can be described using a pulse injection as an illustrative case example: After
injection,the sample band is separated into individuradlye bandsin Figure 1.1, at

time zerothesample is injected and begins torfoa band. After a while, individual

dyes are in separated bands at different speed. This is because the affinity differences,
for examplethe purple dye in the figure has greater speed than others sincaiit has
lower affinity to the stationaryphase. On the other hand, the red dye &dmgher

affinity to the stationary phase, which is why it has lower spard is the most

retained compound ithe mixture.

[A]
Time Zero
[B] Analyte Bands

Time + X Minutes
Mobile Phase (==
—

Figure 1.1. Separation ofinalyte usingchromatography

Since each dye band moves at a different speedpossibleto separate the mixture
chromatographicallyThe separated band from the column goes to the appropriate
detector which sends electrical signals to the computer, and the elataumiized as
peaks.

Thed ficiency of a separation i%ofpeaka.sur ed
Figure 1.2 shows the peaks of the components of a hypothetical mixture of A and B.
Well separated peaks are proof of good separation. Figure 1.2.a shows an @kample
good sepation, whereas a case where overlapping of peaks and mixing of the

fractions are observed can be seen in Figure 1.2.b.
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Figure 1.2. Separation of two components which are A and B. Successful resoh)tmmdpeak overlapping
(b )(Koku 2011)

As efficiency of separation increases, variance will decreasel in ideal
chromatography it is zero. However, in reaparation systems variance depends on
the kinetics of flow and mass transfer phenomeammely axial diffusion, velocity
profile effects, diffusion from bulk to film, diffusion through the film, diffusion
through pores and surface diffusiétegarding massansfer several factors increase
band broadening he first step otheseparation process is molecular transport to the
boundary layer of the particle by convection or diffusig@eideltMorgenstern,
Schulte, and Epping 2013)The second step is diffusive transport of solute through
the film layer called film diffusion. The third steptigetransport of solute molecules
toward the adsorption centers inside the pore system of the adsorbent {&eicleks
Morgenstern, Schulte, and Epping 201B)mass transportakes place by surface
diffusion, a solute molecule is adsorkettl transported deeper into the pore system
by movement a@ng the pore surfac®ore diffusion is driven by restricted Fickia
diffusion of the solute moteies within the free pore volum@&eidetMorgenstern,
Schulte, and Eppg 2013) During the trasport process, the solute molées are
outside the attraction forces of the adsorbent surfAieof these steps can be

represented by a total varianééeight of an equivalent theoretical plate (HETP) is



well-recognized in clamatography and it can be ugedjuantify mass transfer effects

and to capture deviations fraeal behavior within packed be(squation 1.1):
"00"Y0 — (1.1)

Where;

Lc: Column length

N: Plate number

The van Deemter Curve (Fi donsysteniparanmetesshows t he

like fluid velocity, particle diameter.

Each constant parameter in equatiod (A, B, and C) corresponds to an aspect of
band broadeningFok and Cheah 1987ppecifically, parameter A correspads to
eddy diffusion, B to axial diffusigrand C to mass transfer inside and in the close
vicinity of the adsorbent. The mobile phase linear velocity through the
chromatographi c (Fokand€heahil®d7)s hown as O

HETP = A+E+C‘ U
u
1.2
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H=A+B/u+Cu

HETP

molecular B
diffusion . = .
e, resistance to mass transfer

Eddy diffusion

Mobile phase linear velocity y

Figure 1.3. Vandeemtercurve considering physical, kinetic, and thermodynamic properties of a separation

Eddy diffusion results packingnperfections as well as adsorbents wetttensive
particle size distributions. The mean particle diametg@roportional to the absolute
height of theeddy diffusion (A termjSeidetMorgenstern, Schulte, and Epping 2Q13)

Therefore, the plate height can be decreasediby smaller particles.

B term is related only in preparative systemth large adsorbent particles operated
at meagerflow rates. The dffusion coefficient of solute affects thiengitudinal
diffusion. Diffusion coefficientcan be affected by clmging the mobile phase
composition To achieve higher diffugn coefficients, lowviscositysolvents should
be chosen which will, besides result in lower column pressure droffSeide}
Morgenstern, Schulte, and Epping 2Q13)

At higher flow velocitiestheeffect of mass transfer resistance increases. The slope of
the C term belongs tihe nature of the packing materi@he lower the contribution

of the C ermcan be provided by using& more optimized an adsorbémtterms of

pore accessibility andhinimal diffusion path length&SeidetMorgenstern, Schulte,
andEpping 2013)



In industrial scale, proteins, polypeptides and for larger molecules adsorbent particle
diameter can be about800 0 Om, and -500 cim/b(Caatdy Ohieta, and0 0
Pabst 2005)in this case, mass transfer kinetics dominate the sepaedticiency. To
enhance resolution, high temperatures may be applied to improve the diffusivity of
the analyte(Thompson, Bown, and Carr 2001)However, extreme operating
conditions such as elevated temperatures are not feasible due to the fragile nature of
biological analytes. Therefore, research is done to increase adsorbent material

performance at mild operation condits.

To improve separation performance, different types of adsorbents are used. For
instance, to increase separation with low back pressure, porous monoliths with
interconnected pores have been u@dtmpson, Brown, and Carr 200However,
reproducing the pore structures of the columinsluding porousmonoliths is
difficult (Thompson, Brown, and Carr 200By using norporous materials, band
broadening could be decreased by usarghort diffusion path because separation
occurs orthe particle surfacéThompson, Brown, and Carr 200However, capacity

and resolution is limited because of the low retmtselectivity and surface area
(Fornstedt, For ss @uworesheallsilta parécked aeeralsowsedfor2 0 1 5)
effective separation with fastoflv rate and low back pressui@uiochon and Gritti

2017). Recently, tentacle type of adsorbent materials in which linear polyacrylamide
chains were grafted onto commercially on hand support matrices have been used in
chromatographic separatiofentacle structure makeeasier access to solute
molecules by fuational groupgBowes et al. 2009)Vith the help ofatentacle type

of materials, static binding capacity is increa@owes et al. 2009)

Even if stationary phases are improved to increase efficiency of separation, still the
mass transfer kinetics dominate the separatificiezicy as mentioned. To investigate

flow and mass transfer behavior of these novel stationary phases theoretically,
intensive analysis of the velocity distribution and dispersion is required. There are

many studiesexamining flow and dispen®n behaviors of stationary phases to



estimate their convective transport and to understand the logic of improved

permeability and efficiency. To illustrate, for silica particles Darcy equation,

<

A

C

(1.2)

where;

P: The pressure drop
L: The column length

O: Dynamic viscosity

0 : Superficial velocity

o»

: Permeability

~_ was found the linear function tiie superficial velocity othe mobile phaseThe

relationship between velocity and pressure drop was found experimédtzgbauer

2005) While Darcy equation (equation 1.2) is sufficient to reprepeassure drop
behavior, sometimes studies to relate permeabilities to structural parameters such as
porosity or an estimated equivalent particle size have not yielded successful results
(Koku 2011) Furthermoretheefficiency of separation of novel stationary phases may

be dominated by convection, which means that dispersion is highly controlled by
velocity distribution. Therefore idepth analyses dhegeonetry of stationary phases

are highlyessentiato investigate the mass transport. However, these materials have
very complex structuresnd their dispersion behavior cannot be explained by the
continuum descriptiaT hus,while modding, mesoscopic methods such as the lattice
Boltzmann simulation for flowand random walk algorithms for mass transfer can be
used, in which complex geometries can be represented precisely on the pore scale
(Koku 2011)

The porescalemodelng tediniques for a given application are highly related with

governing equatins, assumption®r the porescale flow and traport equations, as



well as thdengthscales of the (computational) domafXiong, Baychev, and Jivkov
2016) To constructa pore network model, topology and geometry of pores are
needed. Thas why, by using imaging techniques, obtainindgpZtructurs of the real
samples are highlgssentiato reconstruct ® images accurately by using statistical
methods or simulationst depends on reliable methods of higfsolution imaging

and image analysis.

Accordingly, the present research was focused on obtaining and comp&ri(end
with one particular technique;3) images,and highresolution imaging techniques
to investigate andnalyze the microstructurand adsorbate locaktion behavior of

various porous media.

Specifically, highresolution microsapy techniques were implemented to obtain
morphology information for porous mediBeveral studies exist about microstructure
analyses of polymemodified adsorbent materials, such as Gigac&»®M (Koku
2011)and Sepharose X({Bowes et al. 2009)Thus,Gigacap @50M as a polymer
modified adsorbentvas chosen as a case study to verify applied sample preparation
method for imaging Severallargescale simulation studies havwexamined the
microscopic details of solute transport through a packed bed of porous @hetire
particles(\Wagner et al. 2017 hese simulations are based on model partstlek as
coreshell that computationally formg&chure et al. 2017However, imaged based
simulations over the corghell particles such asAHL O Fhave not been studied yet.
HALO particles having a coreshell structurewas also studiedo analyses the
microstructure of it. Besides, ébestudiesmay enable to simulateaimsport kinetics
of these adsorbents by using imdgesed methods.

Chapter 2 iyes information about ion exchange and its principles. Types of stationary
phases used in chromatography separatioralsiee descbed in chapter 2. Lastly,
previous literature related to imaging techniques of separation phases is swdmariz

Chapter 3 provides physical and chemical information about the case study adsorbents

Gigacap @650M and HALGM particles, and staining proteins which used for getting



contrast images. This chapter also mergtiabout sample preparation methods and

imagng techniques for electron microscopy.

Results and discussion are presented in Chapter 4. TEM, &&MFIB results as
imaging analyses are given for both stationary phases. Both stationary phase
structures were compared with each atheerd applied imaging methods were

discussed. Finally, recommendations and conclusions are presented.






CHAPTER 2

LIT ERATURE SURVEY

2.1. Stationary Phases in Chromatography

For chromatographic separations, many adsorbent resin have been improved. Most
commonly, silica and polymer are two basic resin materials for chromatographic
separationThe selection of adsorbents varies acawgdp resin physical properties.
They provide high surface areas for adsorptsuch as 100 to 1500%fy (Harrison

et al. 2003) Additionally, the path length is alsanessentiaparameterdr diffusion.

It is defined as the radius of the resin, which is the maximum length a molecule will
diffuse to gain access to the internal surface area of the(kairison et al. 2003)
Therefore the internal surface area and the diameter of the adsorbent are important

for resin performare

There are many types ofiromatography modesuch as ion exchange, resephase,
hydrophobic interaction, affinity sizexclusion According to separation principles of
chromatography, different types of resins are used. For examplexchange resins
areused as adsorbent in ion exchange chromatography, or derivatized polymer resins,

with phenyl, butyl are used in hydrophotiiteraction chromatography.

As mentionedbove there are many different types of matrix materials. Characteristic
of the matrixaffects chromatographic properties such as efficiency and capacity. In

theupcoming section, structures of stationary phask®e detailed.
2.1.1.Porous Stationary Phases iifChromatography

Chromatographic stationary phases can be classified according to their structures such
as nonporous, superficially porous or totally porous. Recently, chromatographic
analyses have been improvdy using small stationary phase particles having
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di ameters appr oxi mévelor yand LJorgedsom 2@04)n | e s s
monodispersed batches, these particles could be produced easily, and they have high

mechaical strength to resist high pressu(dtellors and Jorgenson 2004pn the

particle surface separation occurs. Because of the relatively sliastatifpath, faster

mass transfer occurglowever, dueto the hck of surfacearea,there is limited

capacity. For i nst an capprous diaDeter sfildnmbave par t i cl e
asurface area approximately 308/mg , wh e r e-posouys sillc@articleshave

2.7 nt/g (Mellors and Jorgenson 2004Jhis increased surface area is the primary

reason why porous stationary phases are preferred.

Besides the advantagesf ®eparation, porous stationary phasalso have
disadvantages. Transport in porous medieoimplicatedbecause of the disordered
pore structure. Pores tend to have irregular surfaces, and some of the poreatave d
ends (Xiong, Baychev, and Jivkov 2016)ransport action and flow are affected
considerably. Selectivity and efficiency (optimum resolutioah beobtained by
decreasing nospecific binding with the sudce, improving theacceswility of
adsorption sites, enhancing the specifigitgynd decreasinghe effect of diffision
within the chromatographiced. Because of the complexity of pore structure, many
approaches have been studiedttmmtransport process through porous media in the
past(Xiong, Baychev, and Jivkov 2016By using norporous small particlesnass
transfer may be enhanced. Pore diffusion is oftenliaited in porous materials.

Figure 2.1shows the structure of sphere stationary phases.
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(d)

Figure 2.1. Stationary phases having different configurations of fatgite) and solid (black). (a) A traditional
porous particle, (b) @ore-shellparticle, (c) a perfusive particle, (@ monolithic adsorberdtructural
representation afpheiical stationary phaseqKoku 2011)

To increase flow velocity, continuous magooous media having quite large internal

channels have been developge&onard 1997)Binding capacity istte maximum

amount of protein bound to a chromatography resigigen solvent and protein
concentration conditionslt should be kept in mind that larger pore size may cause

| ower binding capacity. Thatdés why alterr
transfer without decreasing the binding aapatoo much by using gigaporous

particles such as perfusive materials which composed of continuous pipe and pore
matrix composites in which convection dominates on diffusional trandpEohard

1997)

Separation performance increases by using enhanced adsorbent types. Thus, to reduce
average diffusive distancky increasing the contriltion of bulk flow to whole
transport modified poresolid structure of adsorbents are produdgecause of the

flexible polymer chains inhie porous matrix, movement is easier. That is why mass

transfer resistance within the stationary phase decreases while capacity is kept high.

13



Coreshell particles shown iRigure 21.b are also quite popular for ion exchanger. In

the upcoming sectigit will be described in detalil.
2.1.2.Corei Shell Stationary Phases in lon Chromatography

Fast separation requires high operagmgssureHigh flow rate can be achieved by
operating at high pressutdowever the combination of both high inlet pressure and
high flow rate generates local heand it results in changintdpe temperature ofhe

col umn. That 6 s wh yisbnptedr Ta obtain lygpaformdancegh pr es s u
separation, monodispersed particles having small dianve¢eestarted tdoe used to
decrease local heatifigayes et al. 2014Higher pressures can be used than originally
anticipated. However, using small partide increase bagkessure. Separation
performance may be doubled by decreasing the diamettireqdarticle by half.
However, at the same tipthis will quadruplehe back pressui@nger, Skudas, and
Schulte 2008)Recently,core-shell particles which have solid core and porous shell
have been investigatedCoreshell particles are also knowas fuseecore or
superficially porous particles. These particles provide fast separation with low
pressure for small and large molecules. The solid core results in a larger particle, and
therefore a lower operating pressure whereas the porous shellgardngth surface

area for better separation. Contribution of C term in Van Deemter Equation is reduced
because of the short diffusion path due to the fast mass trgmaferDeemter,
Zuiderweg, and Klinkenberg 1956)

There are many corghell particles commerdlg available such as HALO (Advande
Materiak Technology), Poroshell (Agilent), Cortecs (Waters), Kinetex (Phenomenex)
and Accucore (Thermo Fisher Scientific). Tbere and the shell can consist of
different materials or the same materials. Differentrasentations are shown

Figure 2.2
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Figure 2.2 Different types of corshell particles adapted froifiHayes et al. 2014)

The core can be a single sphere (Figure 2.2.a) or composed of small spheres (Figure
2.2.b). Figure 2.2.c showa hollow shell witha sphere inside. The core may be
surrounded by small spheres (Figure 2&),abr there may be aggregated core spheres
(Figure 2.2.f). More complex structures can be utiljzeath as small spheres placed

into the shell (Figure 2.2.g) or multiple shells (Figure 2.23gnerally the coreand

shell particles used in chromatography @@mposed othe same material, silica, but

with a solid core and a porowshell (Figure 2.2)i According to chromatographic
applcations, the shell thickness, porosity, and the core particle size are chosen.
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Figure 2.3. Changing oflate height vsmobile phase velocity according mre diameter of HAL@DeStefano

DeStefancet al. 2012jnvestigatedhe effect ofHALO diameter on plate heighas
shown in Figure 2.3. HALO particle range size was changing from 2.Dto 5vi t h
same shell thickness. They have fred that smaller particle size results in reducing
the plate heighwhich is a measure of the peak dispersionloematography column
that reflects the column performana¥hile using HALO havinga diameter of 2.2

O mthe minimum plate height was n@ached because of pressure limitatiginse

1 2 3 4 5 [+] 7 8
Mobile Phase Yealacly, mmisec

et al. 2012)

HALO particles were limited to 600 béDeStefano et al. 2012)

2.1.3.Polymer-Modified Stationary Phases in lon Chromatography

Polymermodified partcles as stationary phase are produced with proper porosity, and
are stable overa wide range ofpH. These particles can be formed from
polysaccharides including cellulose, agarose, dinked dextran etc. These

materials also have available hydrayl groups for activation and derivatization

(Leonard 1997)

Commercially, first ion eghangers were based on dex{rahich is Sephadex, it was
followed by agaroséased ion exchangers such as SepharoseBZhnd crosslinked

cellulose (DEAE SephacelfAmersham 1991) These iorexchange matrices
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combined spherical form and high porosity to develop flow properties and to enhance
capacity for macnmolecules. Later improvements have allowed the npacosity to

be increased by the extremelpsslinked agarose based media like Sepharose High
Performance, Sepharose Fast Flgvmersham 1991)These media provided good
capacity, fast separatiprand high resolution in icexchange chromatography.

Several cation and anion exchangarshaving the same matrix but different ligands.

There are different types of polymerodified media shown iRigure 2.4

(c) (d)

Figure 2.4. Different structure of polymer derivatives in pores of base m@r&nhoff 2011)

Figure 24.a s.ows ovalently attached polymdraving multi-point attachment per
chain;grafted polymer having single point of attachment per chairdesmonstrated

by Figure 24.b; Figure 2.4.c reflects polymer brush where grafted polymer chains are

too short tdform anordinary coil andFigure 2.4.d show8 g-mdas hel | 0 hydr og
Sepharose XL and Capto resins examples of covalently attached polymer shown

in Figure 24.a. UNOsphereandHyperDM gr oups are some of the
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media.Table 2.1 bowsthatseveral suppliers provide the same matrix with different

particle diameters.

Table2.1. Cationexchangersroper forprotein separation(Jungbauer and Hahn 2009)

Name of Mean _
Stationary Rartlcle Mass Typlca}l
Phase _ | Diameter | transport application
Supplier | Base Matrix ( Om)| mechanism |and features
SP Sepharose GE Crosslinked Pore Preparthe
90 e protein
Fast Flow Healthcare  agarose diffusion
capure
nghly cross Preparative
linked :
. Unknown protein
agarose with ; _
GE ) Mechanism(| capture; sali
Capto S flexible 90
Healthcare) d Accelerated| tolerant,
extran :
Transport) | very high
surface capacit
extender pacity
Toyopearl SP Tosoh | Polymethacry 65 Pore Prerp())?;?rt]lve
650M Bioscience) late diffusion P
capture
Polymethacry, Preparative
late with Unknown protein
GigaCap S _Tos_oh erX|bIe_ 65 mechanismg capture; s.alt
Bioscience| polymeric (accelerateq tolerant;
surface transport) | very high
extender capacity
Polymethacry Preparative
late with Unknown protein
Gigacap Q Tosoh flexible 75 mechanismg capture; sall
gacap Bioscience| polymeric (accelerateq tolerant;
surface transport | very high
extender capacity

Functional groups in ion exchangers are very important. The typgewbs specify

the type and strength of ion exchanger. The presence and nature of functional groups

affectthe capacity otheion exchanger. Some of these sihewn in Table 2.2.
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Table2.2. Functionalgroups used ipolymermodifiedion exchange(Amersham 1991)

Anion exchangers Functional group

Diethylaminoethyl (DEAE) -0-CHy-CHo-N*H(CH,CHa)s

Quaternary aminoethyl (QAE) -0-CHy-CHy-N*(C4Hz)3-CHa-CHOH-CHa
Quaternary ammonium (Q) -0-CHy-CHOH-CH4-0-CH5-CHOH-CHo-N¥(CH3)y
Cation exchangers Functional group

Carboxymethyl (CM) -0-CH;-COO"

Sulphopropyl (SP) -0-CHy-CHOH-CH4-0-CHy-CH,-CHo S04

Methyl sulphonate (S) -0-CHy-CHOH-CH4-0-CH,-CHOH-CH, S04

Bowes et al2009,worked with the strong cation exchangers SP Sepharose Fast Flow
and the dextramodified resins SP Sepharose XL and Capto S obtained from GE
HealthcargBowes et al. 2009'hey aimedo characterize the protein adsorption on
the raditional SP Sepharose Fast Flo@aptoS andthe dextrarmodified resins SP
Sepharose XL

There are several types of stationary phases according to chromatographic
applications as mentioned in previous sections. In this research, anion exchanger
(Gigacap Q650M) havingaquaternary ammonium functional grougsibeen used to
investigate structure. Additionally, several modeshmiagusedin chromatographic
separation. However, in this study, it is focused on one case, sthilsh is the
microstuucture ofthe Gigacap @650M anion exchangeaxtensively. Therefore it is

useful to review some of the basic principles oféxchange chromatography.
2.2.lon Exchange Chromatography and Principles

lon exchange chromatography is generally used to sepheatged proteins, peptides,
amino acids or nucleotides. Amieids which form the backbone of proteinave

both positively and negatively charged chemical groups. The isoelectric point (pl) is
highly important(Brooks 1986)The isoelectric point of a peptide is the pH at which
its nd charge is zerdBrooks 1986) Depending on the pH level of environment,

proteins may have positive, negatige zero net charge.
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The d value can be calculated based on the primary sequence of the molecule. The
choice of buffer pH then determines the net charge of the proteiredshin a buffer

with a pH greater than thd pf the protein of interest, the protein will carry a net
negative chargesonsequentlya positively chargednion exchangeesinshould be
chosen to capture this protein.

In a uffer with a pH lower than thel pf the protein of interest, the protein will carry

a positive net charge; thua negativelychargedcation exchangeesin should be

chosenFigure 2.5 shows protein chargencerningoH value of buffer.

Met
Protein |2 10
Charge

Figure 2.5. Protein net charge&pends on pH level

Most ionexchange separations consist of five main stages as shown in Figure 2.6
(Amersham 1991)
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Figure 2.6. The principle of ion exchange chromatography

Figure 2.6 shows the ion exchange chromatography prin&igtelibration is the first
stage in terms opH and ionic strengttallowing the binding of desiredolute

molecules. The exchger has the exchangeable cowbers.

Sample adsorption is the second stage. Irsthige, solute molecules that carharge
displace counteions andbind reversibly. Unbounded substances can be eliminated
from the exchanger by washing with startindgfbu

In the third stage, by changing to elution conditionspreferable for ionic bonding

of solute moleculessubstance are removed from the columnThis can be done
typically byincreasing the ionic strength of thkiting buffer or changing its pH
Removing of substances from the column whiwve not beeneluted and re
equilibration at the starting conditions are the fourth and fifth stages.

There are positively and negatively charged ion exchangers. Positively charged ion
exchangers have negatiyalharged counter ions which are mobile and available for
exchange. These are called anion exchangers. In contrast, negatively charged ion

exchangers have positively charged mobile counter ions which can exchange with
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other cations and these are called tmn exchangers. Figure 2.7 illustrates the

principles of cation exchangers.

Initial State Equilibrium

£ Matrix with fixed charges @OB Counter ions @ Co-ions

Figure 2.7 Cation exchanger containing counter ions A is placed in a solution containing counter
ions B (left). The counter ions are redistributed by diffusion until equilibrium is attarggd)(
(Helfferich 1995)

There are many alternatives for matrix eva&ls such as synthetic resins,
polysaccharides or organic compounds. Chromatographic properties such as
efficiency, capacity, recovery, mechanical strength, chemical stallitftow are

affected by characteristics of the maifmersham 1991)

lon exchanges consistof a base matrix generalip the form of porous beads to
increase the surface area for adsorpfilungbauer and Hahn 200®ositively or
negatively charged stationary ligands are on this base matrix. To increase adsorption
capacity, charged polymer can be grafted onto the matrix instead of using small

charged ligand§&Jungbauer and Hahn 2009)

Dependhg on protein net charge, anion or cation exchangers are used for separation
of proteins. In a buffer solutiopH is greater thampl, protein is negatively charged
therefore anion exchange resin is chosenddsorkthe poteins. If the buffer solution

pH is lower than thelp protein is positively charge@nd cation exchange resin is

used to capture the proteins.
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2.3.Ilmaging Modes in Electron Microscopy Techiques

In this study, TEM, SEMand FIB imaging techniques were used to obtaih &d

3-D structural information of stationary phases. There are several differences between
TEM, SEM and FIB techniques. In general, it is possible to obtain higher resolutio
images using TEM compared to SEM. Additionally, for TEM imaging thin section
samples are needed (under 100nm), but for SEM imaging this is not nEed&&M
technique provides-P images, whereas the secondalgctron (SE) mode of SEM
can provide infamation on topography. Bas&atter electron mode (BSE) of SEM can
provide twedimensional projection images. FIB is used to obtain genuibe 3
topography thanks to its property of capturinD 3eriatsection images. The imaging
technique of FIB is donby using SEM, which is called FIBEM imaging. While
gallium ions are directed on the surfacel® specimenanelectron beam (from the

inbuilt SEM) is used to form-B images.

Imaging formation principles of TEM and SEM altastratedin Figure 28.

TEM a) @ b)

decwons |
elactrons i
sample i
Coating
« i
n

transmitted electrons

Figure 2.8. TEM and SEM electron microscopy principle

As illustrated in Figure 2.8, images can be obtained twe helpof abeam composed
of high-energy electrons. In TEM, Images canfoened due to the various degrees
of transmittance of electrons over the samplee dark region shows the scattered
electron beam over the surfacettod specimenwhereas the areas whehe electron

beam passs through fromthe surface of the specimeralled electrontransparent
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region seemas bright. Light and dark phases occur because of the density or atomic
number differences of material. The more scattered electron beams may facesbstacle
because of the heavier eleme(®ku 2011) For resinsthe variability of atomic
numbers along the surfasenot enough to get contrast or to specify the structure of
thesample by scattering or transmittinfelectron beantEgerton 2006)Therefore,
artificial contrast is implemented to investigate the structur¢hefspecimen by
staining using heavgnetals(Koku 2011) Generally, efbloc staining method is used

to obtain contradby usinglead citrateanduranyl acetateDetailed methods will be

described irsection 3.3.

SEM imaging is aother mode of electron microscopy. There are two common types
of modes of SEM imaging. Davison and Germer (194f)erimented witlSEM
imaging and they have seen that tfede primary beam can be reflected
(backscattered) from the buipecimen(Egerton 2006) The gimary beam which
supplies energy to the atomic electrons which are present in a solid can be released
asa secondary electron(SEEgerton 2006) Electrons are emitted with a range of
energiesand it makes hard timcus them into an image by electron lend&gerton

2006) Neverthelessalternative mode is iplemented for image formatiavhich uses
different principle. By usingan electron probe having small diameter which is
scanned over the specimemaking use of the fact that electrostatic or magnetic fields
performed at accurate angles to the beam,bmoperated to change its direction,
primary electrons are focused into iThe rectangular region ahe specimen called

as raster(Figure 2.8.b)can be covered by scannimgynchronouslyin two
perpendicular directions. Bigehelp of it, an image adsquare region can be obtained

by pick up secondary electrons from each point on the sample. Images formed by
using the SE mode are highly dependent on structural or geometry properties of
sample, i.e., alignment and form of surface elemé¢ktsku 2011) That is why
obtained contrast using the SE mode is mainly because of the topography of the
specimen. Contrarily, in BSE mode, an image is obtained by theogidaams which

is reflected back from the sample. Structure and the atomic composition of the
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specimen highly affect the backscattered electrons amount.igkdty one can
conclude that bright regions are formed because of the dense materials whéan caus
large amount of backscatter, whereas, dark regions are displayed because of the low

dense areas in BSE mode.

If thesample to be imaged is electrically roonducting, while imaging by S&nd

BSE based SEMhesample may be destroyed because of tlaegihg caused bhe

primary beam. For this reason, coating by conductive layer such apatadium

over the surface may be necessary in SE mode. However, If BSE mode ithased,
primary beam can be dissipated by coating and identify the structuneanbg easy.

Thus, coating having low atomic numbers such as carbon should be used when needed
(Krinsley, D. H., Pye, K., Boggs, S., and Tovey 1998)

Specimen thickness is one of the important factorobtaina good resolution for
TEM imaging mode. To eliminate this obstackecombination of an imaging and
precision manipulation tdaallows stripping the material with gallium beam and
imaging the milled section faces by scanning with the electron l§Bagort and
Plitzko 2015)This approach is called #&8B/SEM tomography. FIESEM mode of
electron microscopy hdkeadvantage of imagingwide range of volume of sampgle
(Hagita, Higuchi, and Jinnai 2018jigure 2.9 shows the SEM and the FIB directions
roughly concerningone another.The ion beam works over thedirection which
means thathe ion beam cuts the sample perpendicularly over the sudbatiee
specimenMeanwhile the crosssectional surface of the specimen is imaged by SEM
(Hagita, Hguchi, and Jinnai 2018)Beam current and the voltage are important
operating parameters for FIB. Generally, beam energy is arou8d k€V, and beam
currents can be changed from 1pA to 1dR4égort and Plitzko 2015)f needed2-D
images formed by SEM can be used to construbt iBnageswith the help of

simulation tools such as ImageJ.
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Figure 2.9. 3-D reconstruction priciple using FIBSEM.

Large specimen thickness can cause lower resolutionidivay it is useful to work

with stained samples while imaging by FIB.

Extraction of the specimen occurs by the impact of high energy Ga+ ions. However,
it may cause somdamage to the specimen. The transfer of thermal energy to the
specimen causing local heating and placing of Ga+ ions into a superficial layer of the
specimen are two damage mechanisaml these mechanisms highly depend on
increasing in voltage, ion cumeand theangle of incidencéRigort and Plitzko 2015)

To decrease milling damages over the sangbdéinum deposition may be performed

on the specimens.

Summary of imagig methods and modesegivenin Table 2.3However, resolution
highly depends otheworking parameter of microscopy, atomic number of specimen
andthe structure ofthe specimen. Thais why accurate resolution degree cannot be

specified.
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Table2.3. Imaging methods and the principles

2D/3 Resolution

Method | D Principle (Koku 2011)| Comments

Electron For imaging, thin and
TEM 2D transmission 0.2- 0.3 nm |conducted surface needed

Releasing of 10-20 nm
SEM- secondary for Coating by conductive layer i
SE 2D electron insulators | needed
SEM- Backscattered |10 nm for |Low atomic number coatg is
BSE 2D electron gold needed

Milling with

gallium beam an

imaging by

scanning electrot Only platinum deposition is
FIB 3D beam <15 nm needed

2.4.Investigation of Chromatographic Stationary Phases ¥ using Electron

Microscopy Techniques

Different types of ion exchangers have been investigated to understand the
chromatographic performance in past studies. Mostly, previous studies having the
SEM, TEM and FIB imaging techniqgues were analyzed. Addilipne3-D

reconstruction from the-B images were reviewed.

To get an idea fointernal pore properties in microporous chromatographic media,
electron tomography using Atomic Force Microsc@dp¥¥M) and TEMwas applied

by Yao et al(Yao et al. 2006)Their studies mainly includenaging techniques and

the 3D reconstruction using-P images. They used three cation exchangers which
are Toyopearl SIB50 C and S®B50 C (Tosoh BiosepontgomeryvillePA) and CM
Sepharose FF (GE Heladtre, PiscatawayNJ). Toyopedr SPs have sulfmated
propyl functional groups on a methacrylate copolymeric base matrix. Whereas,
Sepharose FF is composed of criisked agarose matrix derivative with weak
carboxylate groups. To get high resolution in Electron Microscopy, lysozyme solution
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wasusedto let the protein molecules bind to the adsorbEné sme method is used

in this thesis to increase the contrast under Electron Microsdmyinstead of

| y s o z yactalbumirDwas used. Sincthe proteirs which are adsorbed hiie
stationary phasean improve the electron density of the pore region. To obtain some
information on the extent of artifacts by sample preparation in"BH\/}, and AFM
technique wreused.

500 nm

Figure 2.10. Tomographic reconstruction of a)Toyopearl-580 C,b) Toyopearl S50 C, c) CM Sepharose
FF. Each setfrom 1 to 4 are the slices 50 nm apart along-&xis of the sampl€Y'ao et al. 2006)
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Light areas irFigure 2.10aandb showthe methacryla base matriXThe darker lines
showpore walls which aredundby protein. InFigure 2.10.ccrosslinked agarose
base matrix is stated asdark region, and light regions are pore spaseshown in
Figure 2.1Qc. The Toyopearl materialaclude pore channels, and along the channels
proteins are adsorbed. Toyopearl adsorbents have similar pore gednae8{r650

C has bigger pores than the-S50-C. There are voids in CM Sepharose between
crosslinked agarose bundles, and it causegdaporosity than the otheBeside2-

D imagng by using electron microscopy techniqgu¥ao et al. 200éhave done D

reconstruction.

(b) (©)

13x15x03pm’ 12x15x03pm’

Figure 2.11. 3-D reconstruction of Toyopearl S850 C (al and a2), Toyopearl S50 C (b), and CM
Sepharose FF (d)Yao et al. 2006)
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3-D reconstruction providesformation on the internal structure. In Figure 2.11,
bright regions corresporid solid.Larger pores exist in S650 C (Figure 2.11.b), and

it hasasimple struatre, SP550 C(Figure 2.11.al and aBas small pores aggregated
into the discrete pore sides.-SB0O C has more accessible surface area for adsorption,
and it results in high binding capacity. Voids occur among the entangled agarose
bundles in Sepharo$d- (Figure 2.11.c).

In the same manner, Trilisky et &009 have studied anieaxchangers with
monolithic and perfusi structures to compare permeability, porgstyd binding
capacity(Trilisky et al. 2009) Electron microscopy techniques were used to observe

pore structure of monoliths which are commercially named as DEAE CIM disks,

Proswift WAX-1S, and UNO @1, and perfusive material PRAX 4000; 10 Om.

using Adobe Photoshop, Ekeon images were binarized, and to predict porosity and
binding capacity Matlab version 7.1 with the Image Processing Toolbox was used
(Trilisky et al. 2009)

Figure 2.12. SEM image of CIM diskalculation of porosity using the binarized SEM imadeft image)
binding capacity predictiofrom the random placement algghm using the binarized SEM im&ggght image)
(Trilisky et al. 2009)

Solidpolymer matrix which is polymethacrylatsrepresenteds lighter areass seen
in Figure 2.17left image) darker areas are the pore sp&jyeusingthe SEM images
of CIM disk andbinarized image of itporosity calculationpore size distributions

ard capacity predictionsereobtained by applying basic operations of mathematical

30

By



morphology (Trilisky et al. 2009)In Figure 2.12right image, the black areas are
the solid polymer matrix, grey areas are the pore space, and the white disks are the
probes with 0.66 Om.

Bowes and his colleaguesvearesearcheadsorption of protein on traditionally SP
Sepharose Fast FlowRS3-F) and dextran modified resin SP Sepharose XL and Capto
S (Bowes et al. 2009)n this researchprotein size effects on adsorptionvhdeen
worked. Used proteins were lysozyme having 1.6 nm radiudavide lactoferrin
having 2.8 nm radius. TEM and SEM analyses were done to investigate the differences
in protein adsorptionral localization behavior in ion exchangers. Figure 2.13 shows
TEM images of Q Sepharose FFigure 2.13.apnd XL (Figure 2.13.b)with low
adsorbed protejnrwhereas Figure 2.14 shows TEM images of the same adsorbents

with high adsorbed protein.

Figure 2.13. TEM images of Q Sepharose FF(a) and Q Sepharose XL (b) with low adsorbed (Boteds et
al. 2009)
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Figure 2.14. TEM images of Q Sepharose FF(a) and Q Semeaii (b) with high adsorbed proteiBowes et
al. 2009)

In Figures 2.13 and 2.14,tained proteins are shown as dark regiwhereas light
regions reflect as voids. When compared low and high protein adsorption on
Sepharose FF and Sepharose XL, darker areas ate mgleer when used high

protein amountWhile comparing low proteitoaded Sepharose FF & XL, proteins

have been attached over the dextran layer in Sepharose FF. However, it seems that

proteins aralsolinked into the dextran layers.

To investigée the protein adsorption behavior, SEM analyses were also done by

Bowes and his colleagu@609

Figure 2.15. SEM images of Sepharose FF (a) and Sepharose XL(b) with high adsorbed (Bovteds et al.
2009)
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As seenin Figure 2.15, proteins have been localized over the agarose fibers surface
in Sepharose FF, but proteins are also divided into the dextran layer in Sepharose XL
(Figure 2.15.h) Proteins cover higher volume fraction in Sepharose XL than the

Sepharose FF.

To investigate the retention and transport of protein along the adsorbent, polymer and
the pore structures were highly research@dnventional and polymanodified

media exhibit differences in properties and mechamsncernilg chromatography

such as binding capacity, and interphase transport, which was researched by Lenhoff
(Lenhoff 2011) The aim of chrmatographic operation is partitioning of protein into

the layer of polymer. Driving force for sorption is electrostatic on conventional media,
butthe space ready for absorption mayrestricted(Lenhoff 2011) This space ian
accessible surface area for conventional media, whereas for patyoadied media,

it is the volume ofthe polymer. Generally, analyses based on predictarghly
suggest that volume is limiting on dextran modified agarbsevever, available
ligand charge may be limiting for proteins having high charged de(istiyhoff

2011) Still, Lenhoff could not reach the mechanistic basis for reterggpecially the

proteinsurface interaction.

To characterize the structure of packed beds of small particles, there are also
nondestructive anduantitative approach which isC3 reconstruction by using their

2-D images. Tallerek et ak0l1lh ave been sizad&idetexcorésheth
particles in their studiegBruns and Tallarek 2011)hey have obtained valuable
experimental benchmark for researches of morphelagysport relationships in
chromatographic media by using the reconstructed pacKBigss and Tallarek
2011) For instancethey allow the evaluation of differeralgorithms for computer
geneated packings for their ability ensuremore realistic model packings, and also

for simulations of hydrodynamic flond mass transport, they are able to serve as

true packing microstructures.
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Guiochon and Gritti have compared column propepseked with fully porous, shell
and pellicular particlesThe wlume fraction of superficibl porous particleis much
lower than the coreshell particle Thus, retention on column packed with porous
particle is much lower than with ceshell particles. Column packed with pellicular
particles had diameters between®3®  &rmeability is greater than new cexled|
particles havingd i amet er a(Guwochordad Gritti72@Li)

Guiochon has also discuss#abut Pore Size Distribution (PSD) and SEM imaging of
nonporous silica cores usedéBguedlegphasoduce t he
illustrated SEM images oHALO particles SEM images ofKinetex coreshell

paricles having 1.70m d i ahave tbeem shown in Figure 2.1Giend 2. 6 Om

Kinetex coreshell particlesvas statedn Figure2.16.b Shell average thickness are

600 nm for HALO partiineltex 2ahe mmO0of om T.o070m. 16

¥

Figure 2.16. SEM cus. 2.70m HALO corei shell particles(a); 2.60m Kinetex coréshell particlegh), 1.70m
Kinetex coréshellparticles(c) (Guiochon and Gritti 2011)
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Different coreshell particles have been analyzszhcerningtheir chromatographic
performance. Wagner et 2017have been studied on HALO having very large pore
(1000 j) to separ(\Wagrerelah POJd7Ahep aintedoodesege ul e s
coreshell particles having different pore sizes to find the best for analytical separatio
They have characterized the HAb® using SEM and also to obta3-D image thg

have used the FIB. Figure Z.4hows the HALO particle microscopic imagegure
2.17.ashows the SEM image, wheretie FIB image have been shown in Figure

2.17.b. From the SEM images$he porous side of the HALO is visible but core and

the shell side of the particle is much clearer in FIB images. Wagner2é&tiglhave

been used these images to obtain parsides andghell thickness.

Figure 2.17. SEM ofsuperficially porous particlesith 1000; pores.(a) . FI' B SEM of 1000
superficially porous particles with a porous shell thickness of aboOtig(1) (Wagner et al. 2017)

Reconstruction of 2D images have been highly used for flow and mass transfer
modelng. Koku et al2011modekdtheflow of the polymeric monolittfConvective
Interaction MediaCIM) by using reconstructed SEM images of monolith. They have
usedtheLattice-Boltzmann method to obtain velocity distributiamdeflow properties

such as permeability and average velofitgku et al. 2011)
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Figure 2.18. Raw section of CIM by backscattered SEM (aionstructed image of CIM (b)

2D (Figure 2.8.a) and 3D (Figure 28lb) images of CIM were obtawd by
backscattered SEM and 3D image of it. Black areas in FiguBédridicates the solid
matrix. Pore size distribution of the raw sample blag&s obtained from image
analysigKoku et al. 2011)

After obtaining velocity distribution byhe Lattice-Boltzmann method, Koku et al.
2012have modedd mass transfer by usinige randomwalk algorithm(Koku et al.
2012)

Schure et al2017have used FIB and ti#EM images of HALO patrticles to analyze
flow near into and out of the particle. Figure2alandb showthe SEM and the FIB
images of HALQexperimentally. Figure 29c andd showthe simulated view ahe
HALO patrticle. They haveancludel that simulated and the experimentally imaged
particles are similar to each othdiherefore,they have used HALO images after
reconstruction while simulating the flow in the pore by using Latt®atzmam
method(Schure et al. 2017)
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Experimental

Simulated

Figure 2.19. Visualization of the experimentad,(b) and smulated(c, d). Different external views
showing the synthetic partic(Schure et al. 2017)

Up to now, mentioned findings of previous researches were related to imaging
analyses and the reconstruction d) 2nages. However, there are also researches on

stationary phasesoncerningother properties such as binding capacities, static
capacities, and permeability and so on.

Tallarek et al.2002have studied18silica monolith to derive characteristic lengths
with regard to its hydraulipermeability and dispersiofTallarek, Leinweber, and

SeidelMorgenstern 2002)They have obtained longitudinal dispersivityncerning
Pe number.

Kaphingst et al201Q have worked on binding capacities of Q Sepharose XL,dCapt
Q, andSource 30Q by using test proteins which are Bovine Serum Albumin, lipolase
andlysozyme(Kaphingst, Persky, and Lachance 2018¢cording to their findings,
Capto Q binding strength is in between Q Sepharose XL and Source/Béf@as Q
Sepharose XL resin h#ise highest binding strength.
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Pore structure characistics have effects on static capacity and transport properties.
Dynamic binding capacity data from the point of structural information like pore size
distribution is useful to investigate adsorbent selection. iBhahy Yao et al. have
researcheccharacterization of anion exchangers by using inverseesiadesion

chromatography analyses.

In my study, we focused on mostly electron microscopy imaging of anion exchanger
which is Gigacap €50M (polymer modified exchanger) as a case study, andalso
340m and 5 U ooreshallp@ticlesnicrostructures.

As mentioned before, it is not enough to use continuum equations to model flow and
mass transfer for the materials having complex geometry. In thisagaseg rigorous
mechanisti@analysis of the complex interaction of flow and mass transfer with core
shell or polymemodified stationary phases should inclualdescription of actual

pore structures. Mesoscopic approach is needed. In the long term, these microscopic
analysis of Gigeap Q650M and HALO can be used while mdidg of flow and mass

transfer using simulating algorithms.
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CHAPTER 3

MATERIALS AND EXPERI MENTAL METHODS

3.1. Materials
3.1.1.Stationary Phases and Staining Proteins

In this study, two adsorbent particle types, namely tli@igacap Q650M
(TOYOPEARL having stragly anion exchanger grodQuaternary amineand
HALO™ coreshell particleswhich wasprovided as a gift via Mari§churefrom
Advanced Materiks Technologywere used.To investigate the similar characteristics
of Gigacap resins produced the same manfacturer, Gigacap-850M which is the
cation exchanger in unpublished research of Kaku 2011)were compared with
GigacapQ-650M.

Gigacap @650M is anion exchange resin havireghigh binding capacity for the
capture and purification of proteins, and ithe poymermodified anion exchanger
of TOYOPEARL HW65 resin.The resinconsistof a base material of hydroxylated
methacrylic polymer beadshich have been chemically modified to provide a higher
number of anionic binding sites and functionalized with quatgramine Q) strong
anion exchange groug¥osoh Bioscience LLC. 2019} has a 100 nm pore size and
a 75 Om Thensadufastirer leas not éamed the secondary polymeric phase
of Gigacap @50M, polysaccharide like dextran may be the secondary polymeric
phase (Koku 2011) Gigacap @Q650M resin chemical structure is similar to
TOYOPEARL HW-65 resin. That is whyhe chemical structure of TOYOPEARL
HW (H=Hydrophilic, W=Watefcompatible)esin was illustrated in Figure 3.1.
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Figure 3.1. Resin chemistry of TOYOPEARHW resins(HydroxylatedAcrylic) (Tosoh Bioscience
2014)

GigacapQ-650M chemicaktructures stated as (HW65) -O-R éN+-(CHg)s
(Bioscience 2014)

Gigacap $650M is cation exchange resim has the same base matwkich is the
hydroxylated methacrylic polymer aéslike Gigacap @650M. It is also chemically
modified to supplya higher number of cationic binding sitesdit is functionalized
with sulfopropyl (S) strong cation exchange gro(iissoh Bioscience LLC 2019)

HALO particles having the corghell structure have been developied high

resoldion analysis of large protein¥hey providetight peak widths ané&nhanced

resolution for characterization of bimolecules in comparison to fully porous

partices Two di fferent HALO particles having 3.
They have highstability at high temperatures and low pBeparations are due

primarily to hydrophobic interactions and differences in hydrophobicity among
analytesChemi cal structure of HALO 3.4 Om was sh
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Figure 3.2. Chemical structure of HALG . 4 (A@wanced Materials Technology 2019)

Li gand of HAlits6butgl octadebytsilanasshown in Figure 3.2.

HALO 5 Om provides very high resolution &
(Advanced Materials Technology 201&jgure 3.3 shows the chemical structure of
HALO 5 Om.

Figure33.Chemi cal st r uct gAdvancedMatétidld Techr®logy 200N

Li gand of HAdoliityl®ctaBenylsilases illustrated in Figure 3.3.

Detailed properties of adsorbents are tabulated in Table 3.1.
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Table3.1. Physical andchemicalpropertiesof adsorbents

Adsorbent | Base | Pore Particle Bonded | Dynamic pH
Bead | Size Si z e (| Phase |Binding Stability
Capacityg/L)

Gigacap Q| Hw- |1 00 O| 75 c4 175for BSA | 3-13
650M 65
Gigacap S|Hw- [100 O|75 C4 156 for human| 2-13
650M 65 lgG
3.40m - |[400;[30Om HESC18 |- 2-9
HALO™ Core,
CoreShell 0.20m
Partide Porous

shell
50m |- 160 [3.30m |- 1-8
HALO™ Fuse Core
CoreShell 0.60m
Particle Porous

shell

All data stated in Table 3.1 have been obtained from HAb® Gigacap €50M
technical data sh&s(Advanced Materials Technology Inc. 2018psoh Bioscience

LLC. 2019)

ULactalbumin forboth Gigacap @650M & HALO core-shell particle, bovine serum

albumin and chicken egg lysozyme HRALO particle were used as staining proteins.
These proteins are arbitrary substrates just used as marking or staining proteins due to

their simple structures and small sizes O nllagtalblmin was selected to attach to
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functional group in Gigacap -950M since U-Lactalbuminis positively charged in

phosphate buffer solution at pH 7Hbwever al three proteins are used to investigate

the adsorption performanoé HALO patrticle.

Properties of proteins are statadlrable 3.2

Table3.2. Characteristicproperties ofproteins

Protein Manufacturer| Molecular | PR | Hydrodynamic | Estimated | Lot No

weight Radius charge at

H7

(kDa) (nm) P
U SIGMA 14.2 45 |21 +5° SLBM146
Lactalbumin 6V
Bovine SIGMA 66.8 4.7- |3.3473 -13F M12177P
Serum 4.9 6155
Albumin
Chicken egg SIGMA 14.3 11.3 | 1.9 -9° SLBT516
lysozyme 0

aSupplier data sheet

b Estimated using diffusivities and the Stokg&isstein equatin (Aragon and Hahn 2006)

¢Estimated from sequence d@Rutnam 2013)

9 Radius estimated by Stokési nst ei n

2011)

€ Estimated net charged of BBarbosa et al. 2010)
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3.2.UV-Visible Spectrometry Analysis

In the upcoming sections, sample preparation methotlsbeigiven for imaging

analysis. However, before imaging the sample, it should be known adsorption

performance of stationary phases. To obtain protein adsorption amoua¥jsUV

spectrometer was usedy Bsing the UVSpectrophotometexbsorbance values of

lactalboumin were obtain in different concentrations. At three different protein
concentrations, wavelength scan was perforniedobtainac al i br ation cur ve o
lactalbumin at different concentrations, absorbance values were ebtana

specified waelength.The inal concentration of protein within ti@igacap Q650M

wasobtained by using U\Spectrophotometdmanufacturer is Shimadzu which has

the serial number UA2550)at a specified wavelength.

Adsorption performance of HALO particle is alsogortant.Thus, lysozyme and
BSA absorbance values were obtained at different concentration values by using UV

Vis Spectrometer.

HALO particles are novel stationary phaseand binding capacity of HALGor
different proteins could not be fourmliterature That is whyseveral staining proteins
were used to find out the higher adsorption amount over the HAd8brbed protein
amount in bulk solution as found by using UWis Spectrometer by usinthe

calibration curves of the proteins.

To investigate adsorption performancetbALO 3.4 Om on Lysozyme, firstly initial
protein concentration iIHALO -Phosphate buffer solutiomixture wasmeasured as
7.93 mg /ml.Mixture has beenotated in each 10 mérfor an hour.Meanwhik, to
obtain absorbandeconcentration calibration curve of Lysozyme, absorbance values
of different concentration of Lysozyme were found by using -\Mil/
Spectrophotometer.

Second trial vasdone with BSA. 50 mgf BSA was mixed with 10 nPBS and 30
mg HALO particles. Initial protein concentration was 5 mgbhBSA. BSA, PBS

andHALO mixture wasrotated for an hour in each 10 mimmincreasehe adsorption
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of protein onHALO particle The @sorbance valuef the mixture was measurely

using W-Vis Spectophotometer.

L a s t-lacyalbumih adsorption performance was testeHARO particle. 50 mg of
UHactalbumin was mixed with 10 ml PBS and 30 m¢iaiLO solution. Mixture was

shaken in each 10 mfor an hour.The nitial concentréion of protein was 5 mg/ml.
Absorbance value of proteiconcentration which was the final concentration of

protein in bulk solutionwere obtainedBy usingthec al i br ati o-n cur v
lactalbumin thefinal concentratiorof proteinwascalculatedDetailed findings were

stated in section 4 and the calibration curves of proteins were stated in appendix B, C,

D, E

3.3.Sample Preparation Methods

Methods of sample preparation vary depending on the type of imaging. Hofegver
the general point of viewsample preparation methods were summarized below
depending on imagintypes such as TEM, SEMnd FIB. Several different sample
preparation protocols were tested, depending on prdyiaaed method@aphingst,
Persky, and Lachan@910)to maximizethe contrast and resolution, anttain good

quality images.
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Figure 3.4. Electronmicroscopyproceduresummary. T: EMimaging, S: EM imaging, F: Focus lon Beam
imaging

Summary of sample preparation for each electron microscopy technique has been
stated in Figure 8. Both TEM and FIB sample preparation protocol are identical. For
SEM imaging, critical point drier and coating stepsr@applied if neededrixation

is the most crucial step for preparative procedure. The specimen has to be immobilized
to avoid any changes in ultrastructure. Moreover, fixation should be strong to prevent
any negative effects of dehydration and embedding proceadesiectron em All

sample fixation steps wesalapted from Glauert et al., 2014 bd@auert, Audrey

M., Lewis 2014)and Haya{Hayat 1973)Mostly, to fix the specimemlutaraldehyde

and pardormaldehydemixtures are used. Glutaraldehyde is highly reactive and
powerlul fixatives of proteins. It stabilizes the structuretlod specimen by forming

crosslinking. Paraformaldehyde is gentle fixative than glutaraldehyde. The advantage
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of using paraformaldehyde is the higher speed of penetration into the specimen. It can
fix the specimen by forminmethylene crosbridge between free amino groups on

the protein. However, paraformaldehyde can fix the sample temponahije
glutaraldehyde stabilizes the sample more permanemtiat is why using the
aldehyde mixture includdsothwould be thgroper choicdor primary fixation step.
Osmium tetroxid€éOsQy) is mainly useds a posfixative after aldehyde fixation step.

It has two main effects ahesample: excellent cellular preservative and heavy metal
capable of scatteringlectrons(Ganguly Bhaskar 2011)t hasa high affinity for
nitrogenous compounds. It penetrates the specimen so slowly but gives better
preservation of structure than other fixativiegst fixation step follows by dehydration
step. Afterthedehydration stegheembeddingtepis applied Mostly, resins are ude

for embedding materiaEmbed812 resin was used in this studyey are chemically

inert concerningthe samples. They dissolve in dehydrating agents. They should be
electron transparent and stable under the electron beam.

3.3.1.Gigacap Q650M Preparation Method for TEM and FIB Analyses

In this sectionthe preparation procedure of Gigacap6Q0M will be introduced.
Preparation methods for both TEM and FIB are identical. That is why the prepared
samples can be used for TEM and FIB imaging analysegicrease the contrast and
resolution of imagesproteins were loaded oBigacap Q650M. In the upcoming
sections, TEM and FIB preparation procedures of Gigac&p@ with and without

protein loadingwill be described.

3.3.1.1.Gigacap Q-650M without Adsorbed Protein Preparation Method for
TEM

The first trialwasdone without marking protein&irst, a particleslurry volume of

8 0 0 Odsmeasuredising Wiretrolcalibrated tubesThe smple was washed three
times bydistilled waterand shake slowly to remove the storage soluti@thanol in
Gigacap @50M. Then,the sample vas washed three times by Phosphate buffer
solution(PBS) atpH 7. The reason of using buffer is to maintain the pH stable while
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fixing the sample.Preparation receipt of PBS was based on Liverpool buffer
calculation toolCalculator for pH buffers 2018T0 make 1000nl of 0.02M PBS at

pH 7, preparation steps were stated below.
Recipe:

{1 Dissolve 00096 mol of aciKH2PQy)
! Dissolve 00103 mol of baséK2HPQy)
1 Make up to 1000n! with pure water.

1.79 gr ofKoHPQu (molecular weight1742 g/mol) and 131 gr of KH2PQy (molecular
weight: 1361 g/mol) were mixed and maclip to 1000ml with pure water.

For fixing, embeddig, and staining steps, tlihemicals were used from Electron

Microscopy Science Detailed informations tabulatedn Table 3.3

Table3.3. Details of the chemicals used for fixing and embedding

Chemcals Manufacturer Used for Lot No
Paraformaldehydeé% | Electron Prefixation 151123
Aqueous Solution Microscopy
Science
Glutaraldehyde 8% | Electron Prefixation 8150508
Aqueous Solution Microscopy
Science
Embed 812 RESIN | Electron Embedling 150610
Microscopy
Science
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Osmium Tetroxide 2% Electron Post Fixation 151216
Microscopy
Science
Lead Electron Post Fixation 17810
Citrate, Trihydrate Microscopy
Science
Uranyless Electron Post Fixation 16090703
Microscopy
Science
DDSA-Dodecenyl Electron Embedding 13710
Succinic  Anhydride Microscopy
Specially Distilled Science
NMA Electron Embedding 150424
Microscopy
Science
DMP-30 Electron Accelerator 13600
Microscopy
Science
SeaPlaque GT( Lonza Fixation 0000566893
Agarcse

For TEMand FIBimaging, standard sample preparation meth{bidsyat 1973were

used.

In the first fixation step Glutaraldehyde (8% concentration) and Paraformaldehyde
(8% concentration) were used &he finalconcentration othealdehydemixture was

1%. After that;the samples were washed three timby PBS, and then washed three
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times by distilled water. The reasfor washing by water is to avoid reaction between
osmium tetroxidgOsQ;) andPBS.A mass of 1.5 gr. adgamsewas added to 50 ml.
of distilled water mixture to form a 3 % agaemixture.Agatosemixture washeated

in amicrowaveovenuntil the agardissolved completely in water and th@wured into

a petri dish The fixed Gigacap €50M particles were etredded intahe slightly
cooled but still liuidagarosesolution, and then the agee was allowed to gel
completely Then, solidagarose layewascut into 2 mm strips anglacedin small
vials. After that theywerefixed by OsQfor 2 hours. Threarhes washing by distilled
water came nexsince the embedding resin quality is severely affected by even slight
moisture samples were dehydrated by graduatigreasing concentration of distilled
acetonein water (25%, 50%, 75%, 95%, and 100%).The reasn of gradually
dehydration othe sample is to avoid any extreme dimensional changes dtiring
dehydration stefGlauert, Audrey M., Lewis 2014)Detailed acetongvater mixture

calculations are showin Table 3.4

Table3.4. Acetonewater mixture amount

Acetonéml) Wate(ml)
25% 15 4.5
50% 3 3
75% 4.5 15
95% 5.7 0.3
100% 6 0

The dehydration times in acetone werelB0minutes each. For the last dehydration
step (100% acetone) amopened bottle of acetoneaswsed. The resin infiltration

steps were carried out by a medium hardf@ssula of Embed 812 resin kit mixture
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in increasing ratio. Table 3.5 shows the medium hardness formulation of Embed 812

resin kit.
Table3.5. Mediumformula ofembed 812 esinkit
Medium Concentration
Embed 812 20 ml
DDSA 16 ml
NMA 8 ml
DMP-30 0.66-0.88ml

Samples wereénfiltrated with resinby graduallyincreasing concentration &mbed
812in acetoneFirst, the sample was infiltrated with resin i25% concentrationn
acetone After, infiltrated in 33% concentration of resin. Thethe sample was
infiltrated in 50% and 66.6% 75%, and10®% concentrationof resin. The last
infiltration step by 100% resin concentration weperformed using DMR
30(Hardener)Hardener can form crodmkages between resin monomebsetailed

calculation of regi-acetone mixturés givenin Table 3.6
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Table3.6. Resinracetonemixture concentrationcalculation

Resin/SolvenRatio | Resin(ml) Acetone(ml) Infiltration time
(resin vol %) (hr)
1/3 15 4.5 1
(25%)

| 2 4 1
(33.3%)

1/1 3 3 15
(50%)

2/1 4 2 15
(66.6%)

3/1 4.5 1.5 2
(75%)

100% 6 0 2

Whentheinfiltration stepwasfinished, samplewere placed intgiliconemoldsand
placedinaf ume hood at @sBhAr@niigor 48 hours f
Prepared samples for TEM imaging were split approximately 70nm in size by using
microtome Sections were located 200 mesh formvacarbon supported copper
grids Whereas some of the samples were imagetdowt exposing any further
staining,some sectioned samples westained withUranylessSamples were imaged

by the FEI 120kV HCTEM device in MERLAB, METU.
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3.3.1.2.Gigacap Q650M with Adsorbed Protein Preparation Method for TEM
and FIB Analyses

Section 3.3.11 has described the sample preparation method for TEM analyses. In
this section, sample preparation protocol is the same for both TEM and FIB.

Protein adsorptionmay enhancethe crosslinkingbetweenfixatives as well as the

functional groups exist in Gigacap-6€b0M, and crosslinking may increase the

contrast of imagedn this sectionthe preparation method for Gigacap830M with

adsorbed protein will be described. Different profe@ded samples we prepared.
Ulactalbumin was used as the marking prot#iiis a low molecular weight protein

which enables it t&cigacap @50M all accessible pores and is negatively charged so

it can attach the functional groyguaternary amine) of anioexchanger at pH 7.

Firstly, Gigacap @50M particlev ol ume o f 8 0 0 O The waatisle me a s u
suspensiowas addedb 15 ml of 8 mg/ml protein solutioio achieve the adsorption,

the adsorbenprotein mixturewasrotated ineach10 minfor an hour.

Fixing procedure by aldehydewere the same a&ection 3.3.1L. Fixed samples were

left into the agarose layeland solidified agarossamplelayers were cut to different

sizes. Thicker stripes have approximately 3 mm thickiiéss other stripes hatbe

same thicknessvhich is 1.5 mm All stripes were put in differentials, and each vials

were labded as A, B and Chavinga thickness of 1.5 mm, 1.5 mm, and 3 mm
respectively. Then, all the samples were fixed by OdOehydration and the
embedding steps were the same as section 3.3.1.1. After embedding, samples were left
for curing afume hoodat 65AC for 48 hours

To analyzehe effect othe protein adsorbed amounttte contrast of TEM and FIB
images Gigacap @50M particles having higlprotein adsorbed amount were

prepared.

The preparat i olnvolume bffGmacap f@SOM addedot@®120 mg
protein solutiorwere described above. Thday, changinghevolumeof GigacapQ-

650M and the protein amourd new sample solution asprepared.
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The wlume of Gigacap @50M has been chged from 800Lto4 0 0 TRelsmple
waswashed three times by distilled water, then washed three times bAR&Shat

130 mgUlactalbumin was added to 15 wfl PBS solution. Gigaca@-650M were
added in prote#’BS solution. Mixture were shaken for an hour to achieve adsorption
of protein on sampléshake it in every 10 minAfter washing stepgifferentfixation

and staning protocols were tried according to literatUfixing by paraformaldehyde
and glutaraldehyde were done as mentionethémprevious sectior8.3.11. Then,
washing stepvith PBS and watecame nextThe rest steps were different frahe

previoussecton (33.1.1).

After fixing and washingteps as mentioned aboyeotein adsorbed sample soluson
were put ortheagapselayer, and thersamples were put ithreevials. Eachsamples
in different vials were exposed to the different treatment method.

In the 18'treatment methadfter fixing with OsQ,, thesample vaswashed bylistilled
water for three times to eliminate any phosphate ions to not reacOaf@hand to
prevent precipitation of Uranyless with phosphate iokiger washingthesample vas
fixed by Uranylesgnethanol mixture for one howat room temperature or sample
could alsobepreservd at 4 th&@rk fon2 hours to prevent precipitation of
Uranyless In previous researchedranyl acetatenethanolsolutionwas useds a
staining solutior(Stempak and Ward 1964%olubility of uranyl acetate in methanol
is higher tharthat of water or ethano(Stempak and Ward 1964)hat is why to
compare the Uranylesaethanol solution staining performance with Uranyl acetate
methant solution, methanolUranyless solution was used for fixing. Then,
dehydration and infiltratin steps were performed.

In the 2" treatment the preparation method was the same as se@&@i8ri1 that

consists ofOsQ; fixation step washiry, dehydrating, and embeddistggps.

In the 39 treatment, afte©sQ, fixation and washing stephe sample wastained by

only Uranyless for an hour to investigate the differences in between methanol
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Uranyless staining and only Uranyless stainiiger stainingthesample preparation

protocol follows by dehydrating and embedding steps.

As mentioned in section 3.3, TEM and FIB sample preparation methods were

identical. For FIB analyses, onlg 0 O

OfLGigacap Q650M was used aftethe

embedding ste@Bummary okamplepreparation methadfor TEM and FIB analyses

weregiven in Figure 3.
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Figure 3.5. Summary of sample preparation method
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As seenin Figure 35, after embedding step &000L of Gigacap Q650M, the

samples were used for FIB and TEM imaging.

Before FIB imaging, geviously,by using Leica EM FC6 ultramicrotome, the tip of
theembeddedample8 0 0 OL G i-65GM veapcut.Right before imagingthe
sample has been covered &gacrificial protective layer of platinunsample was
milled with a thickness of 100 nm slices at 5 kV by gallium jarsl then cross
sectional images were taken by SEM at BSE mode in UNAM, Billkegure ofthe
focused ion beam instrumeREl Nova NanoLab 600placed in UNAMwasgiven

in appendixH.

However, some of them were exposed to thanyless stainingfter embedding

section

Uranyless stainingnethod is commonly used for embedded samplranyless
staining method was applied according to Electron Microscopy Science protocol.
(Electron Microscopy Sciences 2018000L of Gigacap @50M having low
adsorbed proteinwere used for the Uranyless staing technique (Electron

Microscopy Sciences 201%taining protocglasdescribed below.
Staining ProtocdqElectron Microscopy Sciences 2019)

One drop of Uanyless was poured onto parafilm
Hardened resin blocks were cutA® nm slices by using Microtome
Grids were put on Uranyless drop feR Ininutes.

Then, blot the grids on filter paper, washing step by distilled water comes next.

=4 =4 4 A4 -

Finally, samples were dried.
After Uranyless staininglEM analyses oémbeddedanpleswere performed

Prepared samples for TEM imaging were split approximately 70nm in size by using
microtome Sections were located 200 mesh formvacarbon supported copper

grids andsome samples westainedby UranylessPrepared samples mentioned in
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Section 3.3.1, 3.3.2, and 3.3.3 were imagedh®fFEI 120kV HCTEM device in
MERLAB, METU.

3.3.2.Gigacap Q650M Preparation Method for SEM Imaging

Samplepreparation method is simpler for SEM analysagure 32 has showrthe

preparation method flow chadr TEM and FIBshortly. In this section, Gigacap-Q

650M preparation procedure will be introduced for SEM imaghugtordingly, the

Gigacap @50M part i cl e vol ume of figty.0rkeh thexsanple me a s u |
was washed three times Histilled waterand shake slowly to remove the storage
solutionethanol in Gigacap @50M. After that, 15 ml of 8 mg/ml protein solution

were added to particle susp@msthen shaken for each 10 nfiam an hour. No fixation

with aldehydes wredone.Gigacap @50Mshould be driedirst to avoidinterference

in the SEM vacuum chamber just befareaging.

To improve conductivityand resolution, samgs were covered larbon layerThen
images were takerBilkent UNAM facilities have been used for SEM analyses.
Secondary electromode was used for SEM imaging witie 5 kV of accelerating
voltageby usingQUANTA 200EFdevice produced by FEI.

3.3.3.HALO Preparation Method for FIB and TEM Imaging

HALO particlehaving 3.4 Om and 5 Om diameters
Technology weraisedin this gudy. Specifications of HALQwvere stated in section

3.1. Howeverthe embedding procedure mentioned below was only applied to the

HALO 3.40m p a rAs a mearkiag. protein{}actalbuminwas chosenPrepared

samples were used for both FIB and TEM analyses.

Firstly, 10 mlof PBS was mixed with 33.6 mglALO particles.Then, 52 megp f- U
lactalbumin was added tbe solution. Mixtures were rotated for an hour enhance
themass transfer of protein. Thahg absorbance value of protein was measured by
using W-Vis Spectrophotometer. After that, by usiagnaterial balance equation

(detailed calculations were stated in result sectipntein concentration in bulk
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solution was foundAfter washing step by water and PBSe UlactalbuminHALO

mixture was fixed by 1% concentration of paraformaldehyde and glutaraldehyde
mixture. After, samples were washed by PBS, then washed by water by three times.
Meanwhile,3% Agansesolution wasprepared. Heatedyarosewas pouredn petri
dish,andthen fixed samples were put tre agarose layer. After that, samples were

cut to 23 mm slicesand they were put into three different viddéncethree different
treatment methalwill be used to increase the contrast of samplad samplevas

fixed by 2% OsQyand fadbeen waing for a night.

Figure 3.6. HALO particles in agaroseppearanceafter OsQfixation

After fixation, sample appeararec@reshown in kgure 36. After OsQ; fixation,
different staining protocsiwere performedrigure 37 illustrates the summary tie

preparation steps.
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Figure 3.7. Summary chart of HALO sample preparation metfard-IB

For the samplglaced into viall, standard protocol was followgds mentioned in
section 3.3.1After Os( fixation, the samplewaswashedhree times by wateand
then dehydration ®p was performed.astly embedding step ag followed. These
sequences wer e wrdi titnenmFiagsurdéeTr3eat ment

For thesample in vial2, after washing step by water-bloc staining was performed
by Uranylessmethanol mixture. 6 ml thAnyless was med by 2 mlof mehanol. Let
the sample wait in khnylessmethanol solution for two hourdhis method was

mentionedn Figure37as O Tr-2@t ment
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The sample placed into vi8lwere fixed by lead citrate for two houafter washing
step by waterBeddes Uranyless or uranyl acetatead citrate is also common
staining materialisedn electron microscopyl.o make 10 ml of stain, it wageighted
out Q034 grof lead citrate, addeitito 10 mlof distilled water, then drop inOml of
10 N NaOH. The ®lution was shaken appnoxately 5 min to dissolve leaditrate
(Leica Microsystems 2013)

After performing different eibloc staining and fixingnethod each sample was
washed by distilled water three times. Samples were dehydrated by acetone after that
according to protocol stated iection3.3.1. After dehydrationthe infiltration step

was performed by using Emb&412 Resin. Resin preparation method was described

in section3.3.1 Then, Samples were placed istlicone flat moldsand samples were
leftinaf ume hood ahbursGoshadening r 4 8

Embedded samples will be imaged by using &8l TEM HALO particles caralso
beimaged without embeddingfowever to obtain highquality images, embedty
sample preparation protocol was chosen.

The imaging of two different kinds of samples was carried out using FIB: The first
sample had HALO particles embedded in resin as was done previously described
above and the second had free particles placed roradhesive surface. For the
embedded samples, firdghe embedded samples were trimmed and faced using the

Leica EM FC6 ultramicrotome at UNAM, Bilkent as showrappendix i.

Samples were put on aluminum stub for coating. Stub images were shown in Figure
3.8. Then, they were covered with 2di by forming plasma by using Argon gas.
Thickness of Péhu layer was approximately 30nfhefigure of coatig device was

given in appendix j.
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Figure 3.8. Aluminum stub used for coating

Additionally, HALO patrticles which were not embedded in resin were coated-by Pd
Au layer. Leica EM ACE200 instrumentasused for coating in the Central Chemical

Engineering Laboratory, METU.

HALO particles have been coated approximately 10nm thickness for 125 s. Coating

instrument is illustrated iappendix K

HALO particles havinga diameter of 3.4 and ®©m were imaged by usinthe
TESCAN GAIA3 Trigla/M instrument in HUNITEK, Hacettepe University gisen
in appendixH.

FIB imagesesults ofboth embedded andee HALO will be given in action 4.3.2

For TEM imaging, embedded samples which were treated by lead citrate (treatment
3) were triifmed approximately 90 nm in size by using microto®ections were
located in300 mesh formvacarbon supported copper griddter that, TEM imaging

was performed.

3.3.4. HALO Preparation Method for SEM Imaging

For SEM analyses, HALO was not fixed or embedded in resin. Besides, the particles
were used as it iSwo types ofHALO particles vere imagedvhich have dferent
di ameters which are 3.40m and 5 Om. Fi
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Figure 39. Then, HALOparticles have been covered Bg-Au alloy approximately
6 nmto increase the conductivilyy using Polaron Range Sger Coater device in
MERLAB, METU. Sputter coater deviogas given in appendix J

Figure 3.9. HALO particles for SEMmaging

Edward Oil Mist Filter EMF10 has been worked at 7 pascal.

Images were taken by a Quanta FEG 400 device produced by FEI. Secondary electron
mode was used with theeccelerating voltage from0 kV to 3kV.
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CHAPTER 4

RESULTS AND DISCUSSIONS

4.1.Calculation of Adsorbed Amount of Staining Proteins

Before obtaininghec a |l i br at i dactalburniry teemaximfum &bsorbance

value was found by doing wavelength scan at different prioteconcentrations.

Maximum absorbance value walstainedat 280 nmDetailed wavelength scan figure

is shownin appendixasectionCal i br at i dactalburaim wae obtaified by

using absorbance and concentration values at 280wdn. f f er ent cencentr
lactalbumin, absorbance values were obtained by using/idNble Spectrometer

Tabulated resultareshownin Table 4.1

Table4.1. Absorbance vsoncentrationva | u e dactalfumirtat 280 nm

Concentratiofmg/ml) Absorbance
0.25 0.44
0.5 0.93
1 1.82
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Figure4l.Cal i br at i dactalbumimat 280nmf U

By using the obtained calibration curyevhich wasillustratedin Figure 4.1.0
lactalbumin adsorbed amount of protein was found for both 400 ad#l &Bigacap
Q-650M.

Theinitial protein concentration & 8 mg/ml in 800L of Gigacap Q650M.
Cinitial proteir=8 mg/ml

Cfinal,protein:4-92 mg/ml
Q=——(Cinitial,proteirr Cfinal,proteir) (4.1.1)

V is the volume of the bulk solutioW,agsis the volume of the particle suspensi@n.
initial and final indicates the protein concentratiortha final and initial state. By

using equation 4.1.1, adsorbed protein amount found 8srig¥ml was found.

The nitial concentration of pttein in solution was 8.7mg/ml n 4 Gigatap Q
650M. The final concentration of protein within the particlasfound by using UV
Vis Spectrophotometer at 280 nm. By applying material balance on the bulk solution,

adsorbed protaiamount by paicle were found by using equatidiil.l

Ci,proteir=8.7 mg/ml
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Cf,protein:3.36 mg/ml

It was found tha®7.1 mg of protein adsorbday Gigacap @650M. Low (578 mg/ml)
and high (97.1 mignl) protein adsorbed @Gacap @650M was imaged.

For HALO particles three types of protein which were BSA, lysozyraen ¢ U
lactalbumin were investigated according to adsorption performance. For each protein
wavelength scan was performed to investigate the maximum absorbaneemalld

be obtaied at which wavelength. It was found that maximum absorbance value for
lysozyme and BSA was obtained at 280nm. Detailed wavelength scan ersults

attached in append®, and D

To obtainthe calibration curve of lysozyme, absorbangalues of lysozyme at
different concentrations were obtained angllistedn Table 4.2. Therthecalibration

curve of lysozyme asobtained ands displayedn appendix BC, and F.

Table4.2. Concentration vsabsorbance value dfsozymet 280 nm

Absorbancs
Concentration of Lyzosyme (mg/ml) Values
0.25 0.408
0.5 0.801
0.75 1.168
1.0 1.523

By usingthecalibration curve of lysozyménal protein concentration was fodif.01

mg/ml.
Ci,protein:7.93mg/m|
Cf,protein:8.01 mg/ml

According to calculatios, final concentration has been found greater tinnitial

concentration of lysozyme. However, there are small differences between them. Small
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deviation may come frorthe experimental error. Thestwhy it can be concludkthat

no alsomptionwas seen when using lysozyme as staining protein. Final and the initial
protein concentrations were very similar to each othesozymeadsorption kinetics

on the hydrophloic surface are invariant with pan der Veen, Stuart, and Norde
2007) That is whythe net charge of lysozyme denot affect the adsorption on
hydrophobic surfacdt can be concluded that hydrophobic interaction is the major
driving force for protein adsorption at the hgghobic surfacévan der Veen, Stuart,
and Norde 2007)Maybe adsorption did not occur because of the lack of hydrophobic
interaction between HALO and lysozyme. Hengspkyme was nat proper choice

for staining protein.

At different concentrations, BSA absorbance values were obtained byau$irwyis

spectrometer. Tabulated reswdtgin Table 4.3.

Table4.3. Absorbance values of BSA at different concentratir&30 nm

Concentratiorl Absorbance Valu
0.05 0.041
0.25 0.150
0.5 0.415

It was found thathefinal concentration of BSA ithebulk solution was 3.9 mg/ml
Ci proteir= 5 mg/ml
Ci proteir=3.9 mg/ml

L a s t -lagtalpumh adsorption amount dne HALO particle was calculated by
usingthec al i br at i-kagtalbaeminin Figured.1. U

Ci,protein:7.93mg/m|
Cf,protein:3.78 mg/ml

Summaryof the experimental resudtareshown in Table 4.4.
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Table4.4. Adsorption amount of proteins on stationary phastgsH 7

Initial Final Adsorbed
concentratiorl Concentrépn | @mount of
Stationary Phase | Staining Proteir ( mg/ml) (mg/ml) protein
8000 L Qighcap 57.8 mg/ml
Q-650M Ulactalbumin |8.0 4.92
4000L Gighcap 97.1mg/ml
Q-650M Ulactalbumin |8.70 3.36
HALO Ulactalbumin |7.93 3.78 2306mg/ml*
HALO BSA 5.0 3.9 611 mg/ml*
HALO Lysozyme 7.93 8.0 0

*Calculations were stated in appendix N heeaof the nonsense result

According to tabulated results in Table 4.4, B&Ad UHactalbuminadsorted to

HALO patrticles were calculated 230é8nd 611mg/ml. Theseresuls seem that they

arenotrealistic.

HALO particleshave hydrophdic interaction.Protein absorption is driven by the

attraction of the nospolar parts ofBSA moleculestoward thesurface onthe

hydrophobic surfagewhich is HALO. However, according to research done by

Jeyachandran et al. 20afie BSA molecules adsotb the hydrophilic surface with

more significantnteraction strength than to thedrgphobic surfacé€leyachandraet

al. 2009) Thus, it was decided to uHactalbumin as the staining protein.

5. 2

spectrometera n d

cal i

brati on

lactalbuminwill be given in section 4.3.

m g flaotalburoiri wad)present in a bulk solution. THBnusing the UWis
c ur v e-Jactatblmren wasi

found as 2.86 mg/miMicrostructure analyses H ALO particl es with

4.2.Microstructure Analyses of Gigacap Q650M by Electron Microscopy

Techniques

Several imagingtechniques and thstaining treatmentswill be evaluatd in this

section Summary of imaging techniques and treatment tgpesummarized in Table
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4.5. In the following sections, imaging run numbers will be used to refer to the

corresponding imagmexperiments.

Table4.5. Performed imaging techniques and applied treatments

Imaging| Imaged Imaging
Run Material Method/Mode Sample Preparatiofreatment
Gigacap Q
1 650M TEM only fixation
Gigacap Q
2 650M TEM 57.8 mg Protein loading
Gigacap Q 57.8 mg Protein loading and
3 650M TEM Uranyless Post Staining
97.1 mg Protein loading and
Gigacap Q applied Uranylessnethanol en
4 650M TEM bloc staning
Gigacap Q
5 650M TEM 97.1 mg Protein loading
Gigacap Q 97.1 mg Protein loading and
6 650M TEM applied Uranyless en bloc stainin
Gigacap Q 97.1 mg Protein loading and
7 650M SEM/BSE without applying any fixation
Gigacap Q
8 650M FIB-SEM/BSE 57.75 mg Protein loading

In total, eight imaging runs were performedlo obtain better resolution and
microstructure analyseJEM techniques wereised.SEM analyses were done to
understand the morphology of Gigacap6&M. Lastly, FIBBSEM combination
technique was used to reconstruct the sample structure lgy2Birmages. However,
FIB results were not satisfactocgncerningcontrast and resolution.

4.2.1. TEM Analyses ofGigacap Q650M Structure

GigacapQ-650M samplesvith and without protein loading were imaged in this part
of the studyGigacap @50M has functional groupBixative and sample functional
groups can form crosslinkingvhich can provide contrast evarhen protein is not
present(Glauert, Audrey M., Lewis 2014Yhus,for the first trial, protein was not

used.Sample without protedpaded bloks were sectioned at &% nm thicknesby
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microtome (Image runl in Table 4.5) These sections were placed on 2@6sh
formvarcarbon supportedopper grids.Digital images were taken bysing FEI
120kV HCTEM device.Imageis shownin Figure 42.

Imaging Runl

Figure 4.2. TEM imagesof GigacapQ650M without protein loadg

As seen fronfrigure 42, no contrast wasbtained in image rut. Aldehydes used for
fixatives react with @mine moieties exist in Gigacap@30M, and they form cross
linking. Besidespsmium tetroxidémprovesthe contrast. It acts adfixative as well
asa promoterof contrast during posttaining(Pandithage 2013Yherefore thefirst
imaging run was done withousing proteinsProbably,Q-amine moietiesvere not

denseenough to get high contrast.

To improve contrast, Gigac&gp6 50 M was | o a d elactallaumin)hthepr ot e i
fixed, embeddedand imagedThe adsorbed protein contetion wasfoundas 57.8
mg/ml in the particles. No posdtaining was appliedThere werethree types of
samples labded as A, B and C as mentioned in section 3.3.1Hbwever, when
imaged there were no contrast of sangphe and B.Either no staining onon-proper
sectioning of amplesmay lead the poor resolutioBample number C was th@cker

one.Compared to the other samplésg contrastof sample Gvasbetter.lt may be
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because of théigher OsO4 penetration ample clumpsimagesare shown in
Figure4.3.

Imaging Runr2

Figure 43. TEMima g e s-lactafbbuminadsorbed(57.8 mgml) GigacapQ-650M (Scale bar 500
nm)

It was seen that dark regionser the surface of pores shgwotein localization.
Lighter phase seems adids. It can be concludghat adsorbed proteins were placed
around the surface of poreand they could not penetratbe solid. Although
knowledge ofchemical reaction of staining sill limited or absenfor many stains
(Belazi et al. 2009)the reasorf obtaining more contrasiompared to image rdh
may be thdunctiond groups of Gigacap @50M bindthe protein As a result of it,
protein and functional groups exist in Gigacaf6®DM form thecrosslinking The
presence of protein probably resultadmore extensive crosslinking and stainilg
has alsdeen introduced that osmium tetroxide singthaches to aliphatic side chains
and proteins by hydrogdmonds in the tissuéBelazi et al. 2009)Therefore, Os©
may r e ac t-lactalumim byt higdeoget) bonds and provides rise to strong
electron scattering from electron donor ligands a result of this, the contrast is

increased.
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To increase the contrast level of samplenGre postfixation by Uranyless was

applied on the grids just fm¥e imaging the samplg@nage run3).

Imaging Rur3

Figure 4.4. TEM images obranylessstained and protein loaded Gigacdp650M

UranyLess is a proprietary mix of multiple lanthanidesd it isready to us@equeous
solution(Electron Microscopy Sciences 2018)hasa higheraffinity for biological
material UranyLess staining solution is ideal for uHfrae sectionslt was seen that
Uranyless post staining (staining of sectioned sample) have worked on contrast.
Protein localizatiorcorresponds teeen as dier areas near the edges of p@gseen

from Figure 44. Besides, there are dark spots onitieges perhaps these are because

of the norhomogeneous staining by Uranyless.
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Comparison of Imaging Ru&(a)andRun 3(b)
e = 5 v 7 =
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p——— 500 nm

Figure 4.5. TEM images ofdsorbed p o t e-lactalbymih) GigacapQ650M samples withost
stained (b)and without poststained (a)

Figure 45.billustrates thattsining protocollmage rur3) enhanceaontrassslightly

better than the sample without pasdined (Figure 4.5.a)t was seen that dark layers

and accumulated darkgions on stained samples because of the Uranyless.

Protein loaded sample number C were sectioned about 70 nm in sizes&xioeed
samples were imaged without staining, whereas some of them were infieg@odst

staining by UranylesS.EM images are showm Figure 46.
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Figure 4.6. TEMimaging ofpoststained (a) and unstained (b) samples 70 nm in size

Somestainedpartswere seefn Figure 46.aas dark spotsSince Uranylesbinds the
proteins moreijt gives darker appearances locallyamples which are applied post
staining by UranylesgFigure 4.6.ahave higher contrastthan the sample without
applied post staining (Figure 4.6.Better contrast may be obtainleyg loadng more
protein on adsorbenthus, protein loading amount was increased to see the effects

on contrast.

To obtain TEM imageshaving higher contrasprotein loading amount was increased
from 578 mg/ml to 97.1 m@gml. Moreover,TEM sample preparation methods were

changed to see the effects of fixation methods on TEM images.

After OsQ fixation, Uranylessnethanol fixation step was performed to understand
the effect of fixation methods on contrast. TEM images are sholigure4.7 (image

run- 4).
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Imaging Rurd

Figure4.7. TEMimages of Gigaca@650M (97.1mgnl protein loaded) Uranylesmethanol mixture
for en bloc staining methaat different magnifications

Figure 47.a shows Gjacap @ 50 M i mage at 1Om magni ficati on
were taken at 500 nm magnification in Figur@.W. It was seen that by using
Uranylessmethanol efbloc fixation method, more contrastchbeen obtainedlhe

contrast enhancement observedha ampleis mairly due to the high affinity of

Uranylessfor proteins, and hydroxyl groups (gigacap @650M. By using en bloc

staining with Uranylessnethanol mixture, without necessity to further post staining,

samples could be ready directly to the TEM ging. However, it should be noted that

more protein loading givdsgh contrast. Since proteins are attached to the functional

group of Gigacap €50 M, and iis visible in Figure 47, proteinswverelocated along

the pores of the ioaxchanger.

Thesecond sample was prepared by using the protocol mentiosedtion 33. The
procedure wasollowed by using only Os@¥ixation after aldehyde pfigation. After
increasing protein loading amount by Gigaca%PM from 57.75 ménl to 97.1
mg/ml obtained TEM images (image &) hadhigh contrast, and higher resolution
compaedto sample having low protein loading. It was understood from the images,
proteins were seen over the edges of Gigac&ib@. When protein loading was
high, crosslinkformation between @mine moieties and protein were increasing.
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Lighter phases were solids, and darker phases have been shown adsorbed proteins and

Imaging Rurb

Gigacap Q650M sample.

Figure 4.8. Comparison ofhe TEMimages of Gigaca@650M samples with 5 mgml (a) and
97.1 mgml (b) adsorbed protein

It can be concludethat protein locations over the edge of Gigacap3PM (Figure
4.8.b) provided more contrast compatedess adsorbed protein of Gigag@p50M.
Because of the protein localization over the porous layer of ion exchangethesin,
light phase appears smaller compareHigure 48.a. Most voids were covered by the

protein.

Other imaged Gigaca@650M wereprepared by using only Uranyless after @sO

fixation.
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Imaging Rurnt

Figure 4.9. Representative exampdbtained for Uranylesen bloc staining ethod
Uranyless produces high image contrast (image6jland elegon densityas stated
in Figure 49. Moreover, Proteingere bound by the Uranylesmdit results in higher

contrast that one can get.

To getabetter idea about the effects of different staining methodsiage contrast
of TEM, comparison of imges having different staining method are illustrated
Figure 4.D.
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Imaging Rurd Imaging Rurb

Figure 4.10. Comparison of TEM images of Gigac@®50M prepared by different fixation method
(a) prepared byranylessmethanol mixture en bloc staining method; b) prepared by onlys0sO
fixation; c)Uranyless en bloc staining used

Research shosvthat after aldeyde fixation step, fixing with osmiumetraoxide
followed by Uranyl acetate providbetter contragiGlauert, Audrey M., Lewis 2014)
Usingtheuranyl acetate solution with methanol increases the penetration into samples
(Stempak and Ward 1964)0 observe the effects of fixation methods on contrast,
both methods were usedJranyless(instead of Uranyl Acetatapethanol mixture

was used for en bloc staining to prepdwefirst sample imagerun-4) whichis shown

in Figure4.10.a. However,the last samplgFigure 4.10.F was prepared by using
Uranyless instead afsingUranylessMethanol mixturegor en bloc staining method.
Other sampleRigure 4.10.pwas prepared bypalying the default protocol mentioned

in section 3.3.1. Uranyless mayail deeper penetration by usingethanol into the
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sample. Denser staining of certain components may occur. However, the sample
image obtained by usirtbeenbloc staining method witbnly Uranyless (image run

6) has more contrast compared to the image prepared by Uramgd#ésanol mixture
(image rurb). It was seen thahe addition of methanol into the Uranyless solution
had no positive effect on contrast. Maybe there was not ertougto penetrate the
sample, or methanol concentration within the Uranyless solution was not enough to
obtain more contrast. TEM image contrast of sample whislhé@an exposed to only
OsQ: (image rund) is lower than the sample images exposed to Ueasyen bloc
staining (image rur6). Uranyless hashe advantage of producing higher electron
densi ty a nlattaldumim prateing. As aWesult of this, contrast increased.
While comparing tB methods which are diloc staning protocol usig Uranyless
methanol (image ruB) mixture and Osgpostfixation (image rurd) only, it can be

said that more contrast was achieved when used Uramyietssnol erbloc staining
method.

To investigate the effect of dsloc staining and post staining bging Uranyless on
contrastacomparison of these metheasillustratedin Figure 4.1.

Comparison of Imaging & 3(a)andRun6(b)

Figure 4.11. Comparison of post staining (a) and en bloc staining (b) method by using Uraogless
GigacapQ650M sample
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It is seen in Figure 411 contrast is better usingeenbloc staining methodhown in
Figure 4.11.lrather than usinghe post staining methoiflustratedin Figure 4.11.a
Gigacg Q-650M structure is clearémn Figure4.11.b. However it may be due to the
protein loading application for staining or method differences. Gigac&pOni
samples were adsorbed 97.1/mbof protein while applying ebloc staining method

by Uranyless. In image rdB(Figure 4.11.3)the adsorbed prein amountwas 57.8
mg/ml. Because of the increasing of adsorbed protein on Gigae@pON], the
contrast of the image may be higlmencerninghe post staining method. Normally,
the post staining method is more effective tharbéot staining method. Buh this
case, it seems that-&foc staining method together with increasing protein amount is

useful to get higher contrast.

Koku,2011 studied Gigacap -850M and Toyopearl SB50M (Koku 2011). Both
resins have the same base matrix beweghacrylateHowever, while Toyopearl SP
650M isatraditional ion exchanger, GigacapsSOM isthe polymermodified resin.
Figure 4.12shows the TEM images of Gigacap650M and Toyopearl SBSOM
which are cation exchangers, and of Gigacap5QM, which is anion exchanger.
Gigacp S-650M and Gigacap ®50M hawe similar properties.However, while
Gigacap @650M is anion exchanger, Gigacaf®S0M is cation exchanger.
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Koku, 2011 Koku, 2011 Present study

High protein loading

Figure 4.12. Sample TEM images of Toyopearl-680M GigaCap $650M, and Gigacap @50M
sectionsat low @,b,g and high @,e,) protein loadings. (a) SB50M, low protein load, final
concentration in particles 33 mglth) GigaCap S50M, low load, concentration 83 md/(a)
Gigacap Q650M,low load, concentration 58. mg/ml(d) SP650M, high load58 mg/nh (e) GigaCap
S650M, high load, 211mg/n{f) Gigacap Q650M, high load, 97.1 mg/ml.

While comparingthe structures according to Figure 2.All ion exchangers have
similar structural characterisicdue tohaving the same base matrix. However,
Gigacap S650M, which is the polymemodified resin of traditional SB50M, have
asecondary polymeric phasand it binds the protein marAs a result of this, pores

of Gigacap $50M covered by proteins more. Kqk2011 has observed fully dark
regionsfor solids. It may be due to the more protein adsorbed on resin (higl2lidad:
mg/ml) or better staining. Loading more protein to the resins results in more contrast
as seen Figure £% . The situation confirms the dynamic binding capacities of both
resins (Gigacap -850M binding capacities:150 Igfor human inmunoglobulin G
Toyopearl SF650M binding capacities:50g/L for lysozyjn@ osoh Bioscieoe LLC.
2019) For high protein load of Gigacap-€»0M and Gigacap-850M, it seems that
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proteins have covered the pores of Gigac&b@®M mostly than Gigacap-@60M. It
is because of the adsorption of protein is higher than Giga«€gD§.

4.2.2.SEM Analysesof Gigacap Q650M Structure

Firstly, SEM images of Gigacap-@bOM were captured isecondary electromode
with a voltage of kV. All images were taken by UNAMB K L K EAllimages refer

to imaging run7 in Table 45.

Figure 4.13. Gigacap Q650M &M images by having lower magnificatigwhich are 10087 left
image& 1500x-righ image)

Figure 4.14. Obtained SEM images of Gigacap830M particlesat increased magndation left:
30.000x, Right50.000x
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The images shouhe fibrous natureof Gigacap @650M. Figure 4.13 displays the
Gigacap @650M images by using lower magnificatiomhereag-igure4.14 shows
images taken by using higher magnificatiofslymer features can be shown better
by taking high magnification imageSecondey electron mode in SEM analyses
generatesontrast bythe help of releasing secondary electrons over the surface.
Images formed by using the SE mode are highly dependent on structural or geometry
properties Thereforetopography and the atomicroposition of the specimen can be
determined byhe amount of secondamlectrongKoku 2011) Better images can be
captured by increasing beam voltag@wever it may result in radiationathage
leading toirreversiblebreakdownof structural propertyBesides, imaged samples
were airdried instead of usingritical point drier apparatusSince microporous
specimen capsules for sample stordiganot exist, therefore critical point drier could

not be usedust before SEM analysesHowever, water evaporation may cause
artifactsresulting from surface tension effects in dried samples bikaku 2011)
Maybe, it affects the structure dhe sample,and accurate structure may obtain if

critical point drier would be used.

Bowes and his colleague009have also investigated the structure of SP Sepharose
XL dextran modified particles whereasthre presentesarch Gigacap €650M was
used.SP Sepharose XL ia cation exchanger, whereas Gigacai%PM is anion

exchamger.
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Present Study Bowes et al.2009

Figure 4.15. SEM images of Gigacap-60M(a) and SP Sepharose X} (Bowes et al. 2009)

Figure 4.15 illustrates the microstructures of Gigacg&bQM and Sepharose XLhe
base matrix of Sepharose XEigure 4.15.b)s crosslinked agase and it is polymer
modified with dextran moleculewhile Gigacap &50M (Figure 4.15.ahas the
hydroxylated methacrylic polyméeads chemically modifie®owes, 2009 has used
different sample preparation metlsodifter protein loading, they have fixed the
sample chemically by aldehydes &BdQ; (Bowes et al. 2009)That is why applied
procedure for SEM analysis is different from thisdy. Although polymermodified
media of Gigacap @50M is unknown, it isseenthat both exchangers exhibit
similarities. It seems thaBP Sepharose XL has bigger pores than Gigac&pOM.
Besides, protein has partitioned into dextran layesepharose XLHowever, it is
difficult to reacha conclusion on structure comparison due to the used SEM,mode

focusing magnification differenceand differences in preparation method

Structural analyss of Gigacap $50M by using SEMvith secondary electron mode

has been investigatdadn Ko k ud s u n p ultbwouldsbe endaninmgfaldoe ar ¢ h .
compare Gigacap-®50M and S650M. Both ion exchangers have similar properties

and preparation methods are the same. Thus, to verifgsh#s of the SEM analysis

of Gigacap @50M, structural comparison should be done. Figuké itustrates the
comparison ofsigacap @50M and Gigacap-850M.
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Present Study Koku, unpublished researc

'y <8
& & 4

' 35 b0 x| £TD| 108 | 0 S4700.3,0kV 4. 9mm x] 3.0k SEM) G 4/08 Lo

Figure 4.16. SEM Analyses of Gigaca@Q650M by using secondary electron mode(a) and Gig&&§0OM by
using secondary electron mode(Kpku 2011)

The only differences between Gigacap6§M (anion eghanger) and -$50M
(cation exchanger) are secondary polymeric phases. They have thestraerylate

base matrix.Because of having the same base matrix, structures of both ion
exchangers seem similar, as seen in Figure 4.16. Sample preparation metifeods w
the same for both Gigacap&0M and Gigacap-850M. However, protein loading
amount was 211 mg/ml for GigacagS0M, whereas 57.8 mg/ml protein was loaded

to Gigacap @50M. Thus, higher resolution was obtained in Figure 4.16.b because
of the highemrotein loading amount. Nevertheless, both adsorbents exhibit similar
microstructures. Gigacap-@b0 M (Figure 4.16.a) images have been captured by SE
mode, black regions reflect the voids, whereas grey or white regions represent the
polymermodified samfe. Resolution is limited when using secondary electron mode
of SEM since image formed related to at least partly on the backscattered electrons.
After protein loading, if Gigacap ®50M particles would be exposed to fixation by
aldehydes, contrast may better than it is.
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4.2.3.FIB Analyses of Gigacap Q650M Structure

Gigacap @50M (having 58 mg/ml adsorbed protein) were imaged by using-FIB

SEM combination technique. Images were taken at BSE mode of SEM by UNAM,
BILKENT.

mag | mode| WD tilt | HFW
5.00 kV [6.3 12000x BSE [5.1 mm |53 °[21.3 ym

Figure 4.17. Crosssectional view of Gigacap-Q50M after milling

As shown in Figue 4.17, at 5 kV voltage, 6.3 nA current, contrastl the resolution

was not good enough to observe the structure of GigaedO®. The white layer

over the sample was platinum coating. To prevent any damage on the sample because
of the gallium ions, Here the imagingplatinum has been coated. Nevertheless,
images were taken after each 100nm milling.
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Figure 4.18. Crosssectional view of Gigacap-@50M after several milling

Figure 4.18 indicates taken images at BSE mode of SEM. All images024c884

8 bit. Dark grey areas were stated as resin, and darker grey areas were Gigacap
650M particles. However, as mentioned befaentrast is so lovtha is why we
cannot comment on the structurmweverusing ImageJ software, contrast is obtained
by tuning up on brightness/contrast level as stated with red arf@iaim was tase

FIB images for reconstructiorowever,in this case, it can be conclutthat these
resolutions and the contrast were not good enough to reconstruct the images. Contrast
level could be increased by loading more protein on Gigac&b0¥ or by
performing enbloc staining by Lead acetate, Uranyl acetateUranyless contrast
may be increasedMostly, if images are taken at low magnification levels, higher
beam current may be chosérherefore resolution may be incread by using low

spot size and higher beam current
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4.3.Microstructure analyses of HALO Particles by Electron Microscopy

Techniques

In this section, several imaging techniques were applied to investigate the
microstructure ofthe HALO particles. Summary ofimaging runs were tabulated

below.

Table4.6. Summary of sample treatments methods and imaging modes

g?;gmg Imaged Material Imaging Method/Mode | Sample Preparation Treatment

1 HALO- 34O m | SEM/SE Free particles

2 HALO-50m |SEM/SE Free particles

3 HALO- 3.40 m | FIB/SEM HALO with adsorbed
protein,embedding protocol

N HALO with adsorbed protein,dsloc

4 HALO-3.40 m | FIB/SEM staining by Uranyless methanol
mixture

5 HALO-3.48 m | EIB/SEM HA_LQ with adsorb_ed protein,einloc
staining by Lead citrate

6 HALO-50m |FIB/SEM-SE at 800 pA|Free particles

7 HALO-50m |FIB/SEM-SE at 470 pA|Free particles

8 HALO-50 m ELB/SEM'IH SEat470 | oo particles

4.3.1.SEM Analyses of HALO Particle Structure

SEM images were captured of HALO cegleell particles from Advanced Materials
Technologyhavi ng a di ameter of 3ecdatebhyBdAus Om.
alloy, SEM images were taken at 20 kV in secondary electron mode. However, to
avoid any damage on samples because of the high level of voltage, images were taken

at 10 kV firstly, then beam voltage was increased gradually.
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Imaging runl

Figure 4.19. Comparison of SEM images of HALO particles in different sizes (lefhsidag
di amet e-beamvoltage@rA0kV; rightsideavi ng parti cl eeathivoltagpeis er of 3. 4
10 kV)

It can be sen from Figure 4.19 that HALO particles are spherical. It was seen that

images contrast is better while running the device having voltage beam is 10kV.

Actually, image resolution was lower at 10 kV, whereas the contrast was increased.

Optimum working panaeter should be found since higher voltage can cause damages

of feature of HALO particles. Even though the theoretical HALO particle diameters

are 5 and 3.4 Om as specified by the manufac
analyses are somewhat belove ttheoretical diameters. For HAL® O mparticles,

measured diameters were changing from 4 to @.67For HALO 3.40 mdiameters

vary from 2.97 to 3.4 mMaybe some regions of particles could be split due to the

mobilization.

Additionally, all measuremesit were taken manually over the imagesd
measurement errors are also possible. Besides, HALO particles may have diameter
tolerances. However, there was not any information about it in the technical data sheet
of HALO.
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Imaging run2

Figure4200Compari son of SEM i mages of sample having 5

By decreasing the beam voltage from 20kV to 10 kV better contrast was obtained seen

in Figure 4.20. However, working with higher voltageas help to get high resolution.

Comparison of Imaging Run 1 and 2

400 nm ———

METU CENTRAL LAB

Figure421 HALO particles sections having diameter

HALO particle features (displayed in Figure 4.21) reflect core and shell geometry.
Lighter regions in the images (magnification x 240.000) show the poroysiarite
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areass how the core side of the samples. Captur
the magnification of 240.000 have lower contrast than the particle having a diameter

of 3.5 Om (Figure 4.21.a). Focusing may be
low. By increasing the working distance, it may be obtaiabdtter depth of focys

however in this caseresolution may be poorer. Moreover, pore diameter of HALO

3. 4 @ems greater than HALOOm particles, and it support
diameters of HALO particles which are different in particle size (HEO0 4 Om. por e

di ameter i S5m0 poHAL i a (Advaneed Matesials1 6 0 )
Technology Inc. 2018)

Maier and his colleagues, 2018 workedasuperficially porous particle bed model

and the model particles are composed of solid spherical core which is surrounded by
porous shell. They have assumed the porous shell as small ph&isrsand Schure

2018) Additionally, Hatipoglu et al. 2017, has improved mathematical ihhaygle.e.,

a randomwalk based algorithm, to simulate diffusion in a eshell particle
geometry. Diffusion simulations were carried out on a randomly packed geometry
formed from these pacles( Ha t i gpdoKjoku @2017) To support it, SEM images

of HALO patrticles were taken in secondary electron mode to see the microstructure
of shell part of the HALO.
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Imaging runl

FOENE N
mag |spot| WD |
) [30.00 kV| 200 000 x | 3.0 |10.7. mm

Shell paricles

Core

det HV [EL] WD 500 nm
M| ETD|30.00 kV| 200 000 x | 3.0 [10.7 mm METU CENTRAL LAB

Figure 4.22. SEM images of Shellpaatf 3 . 4 O mpastitle HAL O
Figure 4.22.a shows that the HALO particle shell side is composed of spheres and
diameters that vary from 34 nm to 61.5 nm. Maier et al. 2018, assumeidnmneter
of the spheralong the shell side of HALO as 57.5 iiimaier and Schure 2018)hile
modeling the HALO particles. I n this stui
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Due to the movement of samples, shell particles seem tarbhaged and split apart
from the core sideas illustrated in Figure 4.22.b. The reason for this, the core side of
the HALO can be seen partly. Figure 4.23 demonstrates the microstructure of the shell

side of HALO and the approximate shell thickness ofstmaple.

2pm

METU CENTRAL LAB gAJ1 JAATU3D UT3M

Figure423SEM i mages of 3.40m HALO particles

It was measured approximately shell thickness of the sample as 211nm as seen in
Figure 4.23.The heoretical shell thickness of HALO ¢ is 0.20m (Advanced
Materials Technology Inc. 2018Accordingly, theoretical shell thickness and the

measured shell thickness by SEM is nearly the same.
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Figure 4.24. GigacapQ650M (top left) and HAL@articles (top right & bottom) SEM images

Gigacap @50M and HALO adsorbents have different microstructuassseen in
Figure 4.24 Fibers and pores of Gigac&650M (Figure 4.24top left image)are
quietly visible. Gigacap @50M may have tentacle struceé with polymer
modification. On the other hand, HALgarticles(Figure 4.24top right and bottom
image)have coreshell structures, and it can be seen porous patrticles in the shell side
is quite visible. At low magnification levels, HALO patrticles seamspherical in
shapeand shell and core region cannot be seen distinctly visible. The darker region
in HALO patrticle seems as core side.
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4.3.2.FIB and TEM Analyses of HALO Particle Structure

As mentionedin section 3.3, two HALO sampleswere preparedwhich were
embedded and free particles. While prepatimgembedded HALO sample, three
different treatmerstwere used to obtain stained particles. Figur® 4lfbws sample

appearances after being exposedifferent treatments.

Image run3 Image rurd Image rur5

Figure 4.25. Sample ppearances after fationby OsO4 (image rur3); fixed by Wanylessmehanol
solution {mage rurd); En-bloc staining by Lead Citrai@mage rurb).

Image rur3 in Figure 4.3.awascaptured after podtxation by OsQ.It can be said
that OsQ fixation did not provide staining on the HALO. Miag adsorbed protein
amount was not high to interagith O904 or HALO dcesnot have enough functional

group to form a crosslink.

Image rurd wasillustratedin Figure 425.b shows the HALO sample after Osmium
tetroxide follaved by Uranylessnethanol solution. Uranylesaethanol solution did

not provide any staining on the sample. Uranyl acetate has the highest solubility in
alcoholic solution such as metharfbkica Microsystems 2013Thatis why even if
Uranyless desnot have any uramyon, to test whether or nafranyless behage
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similarly like Urany acetate, methanol solution was used. However, it seems that
Uranyless methanol solution failed according to staining performantteesample.

Maybe Uranyless conotation was not enough to gestain.

The last teatment was done with lead citraés shown in Figure 45X (image run

5). By usinglead citrate, stainingzasobtained. The enhancement of the contrasting
effect depends on the interaction w@sQ; sinceit allows the attachment of lead ions
to the polar groups of moleculeBhatis why Lead citrate etloc staining method

seems to work better.

Hardened sampleseshown in Figurel.26

Image run-3

Image run-4

Image run-5

Figure 4.26. Hardened sample® silicone flat moldafter taking oubf fume hood. Upper samples
(image run3) were exposed to OsO4 fixation, Middle sanfptege run4) were exposed to
UranylessMethanol en bloc staining method, Bottom samfifeage run5) were eposed to lead
citrate en-bloc staining method.

Eachrow of hardened sample in Figure 4.26rresponds to a different sample
treatment as mentioned above. After triatstieatmenmethod, embedded particles

treated by Lead citraf@gmage rurb in Figure 4.26yvas used for imaging.

Before imaging,platinum deposition on sample were done to improve imaging

quality. Then, embedded HALO particles were imaged.

Firstly, 200mx200m areawas chosen for imaging over the saml#ustratedin

Figure 4.27) Slice thickness was set to 200 nm.
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FIB HV: 30 kV GAIA3 TESCAN|  FIB HV: 30 kv | L GAIA3 TESCAN|

View field: 63.0 ym Det: SE 20 pm r@ View field: 129 pm et: [Al

Date(midly): 07/12119 supervisor HUNITEK ||} Date(midly): 07/12/19 HUNITEKLFU)

Figure 4.27. Chosen sample area for milling

SEM secondary electron mode was used for imaging beam voltage wak'.

After each milling, polishing was done to obtain higlality images.

96



Image run-5

SEM HV: 5.0 kV WD: 4.89 mm SEM HV: 5.0 kV WD: 4.89 mm GAIA3 TESCA:
View field: 48.7 ym Det: SE 10 pm View field: 23.7 ym Det: SE 5pm
SEM MAG: 4.26 kx  Date(m/dly): 07/12/19 SEM MAG: 8.77 kx  Date(m/dly): 07/12/19 HUNITEKL 19

SEM HV: 5.0 kV WD: 4.89 mm GAIA3 TESCAN

View field: 38.0 pm Det: SE 10 pm
SEM MAG: 5.46 kx | Date(m/dly): 07/12/19 HuniTex |7

Figure4.28. FIB images otheHALO during milling

Figure 4.28 (a) shows the first section of the sample afternfilihg by 200nm

thickness. Dark Black area shows the resin. In Figure 4.28 (b) and (c) bright top layer
seems like a platinurooated layer. After three milling steps, the last milling section

was 20Om thickness, and the HKligblepraa t i cl e
was the resin. Embedded sample imaging (image)ly FIB was not successful.

The reason for this, the chosen area for imaging may not have an embedded sample.
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Actually, byusingthemicrotome theembeddedHALO sample wasrimmed tobring
outaround the surface of resiMaybe the sample cannot be taken to surface by using
microtome because of lack of visibilitfhus, even if marking protein and dsloc

staining method by lead citrate wensed to increase the contrast le@&M images
cannot detect the sample structure.

As embedded HALO particles could not be imaged, Hé&O particles coated by
Pd-Au were imageas an alternative
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SEM HV: 2.0 kV WD: 4.95 mm | WD: 5.13 mm
View field: 24.2 ym Det: SE 5um

View field: 388 ym Det: SE 100 pm
SEMMAG: 535 x  Date(m/dly): 07/12/19 HuNITEK| 7]

SEM MAG: 8.58 kx Date(m/dly): 07/12/19

Figure 4.29. SEM images of HALO particles before the milling,

Figure 429 shows the HALO particle images before the milling by using secondary
electron mode at 2kV. Figure2@.(a) hasahigher magnification than Figure28.(b).

Section hickness for milling was ZDnm. Images were taken at(BA current
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Image run-6

GAIA3 TESCAN

m

!
SEMMAG: 16.7 ke Date{midiy): 0712119 wonmex |

Det: SE 2um

Figure 4.30. Milled images of HALO particles at 800 pAurrent

The applied current was 800 pA. However, due to the high current amount, in each
milling step,theHALO sample hamoved slightly from the previous location. Indeed,

in each sectioninghecore parof the HALO particles henotbeenseenThe dameter

of the HALO particle was measured as 466 as seen from Figure A3b). It is

quite close to the theoretical diametahich is 50m. The differences magccur
because ofthe abrasion of the samples due to the transportat@nmanual

measurement.

Applied current was changed from 800 pA to the 470 pA to decrease the htdren on
sample because of the curreBesides,to see the effect of current on sample

resolution,current was decreased from 800 pA to 470 pA.
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scale bar: 2 ym

Image run-7

scale bar: 2 pm
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Figure 4.31. Milled images of HALO particles at 449A current

Figure 4.31 shows the milled view of the HALID.total, 14 sectioretimages were
taken At 470 pA current, sample movement was decreased. Howeveit st hard

to cut the samples slice by slice without causingranvement othesample because
thesample was not fixed in resin. Thatwhy embedding technique may give better
results concerningrigidity. Besides,when decreased the applied current, clearer
images were takerThe approxmate core diameter of HALO was measured as
3.150m as seen from Figure 4.3f). Measured core particle size is quite close to the
size mentioned irthe technical data sheet of HALQvhich is 33 Om (Advanced
Materials Technology Inc. 2018)Small size difference may come from the
measurement error. All images wéa&enby using secondary electron mode of SEM.
Then, imaging mode was changed from SE to Immersion lens. The aim was to obtain
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higher resaltion images that can be seen clearer boundary layer betiwedrell and

the core.

Image run-8

SEM HV: 2.0 kV WD: 4.97 mm | | GA]A(; TESCAN SEM HV: 2.0 kV WD: 4.90 mm GAIA3 TESCAN
View field: 8.96 ym Det: In-Beam SE 2um @ View field: 11.8 ym Det: In-Beam SE @

SEM MAG: 23.2 kx Date(m/dly): 07/12/19 HUNITEK|\ |/ )] SEMMAG: 17.6 kx Date(m/dly): 07/12/19 HUNITEK |\

Figure 4.32. HALO patrticle coreshell section image by using FIB-Beam SE

As seen from Figure 423 crosssectional surface reflects the core and the shell area
of the particle. There are some light and bright areas over the shelbsidais is
becaus of the imaging working parameters to get higbolution imagesMaybe

bright areas exist because of the gallium ions used for millind it causedhe
charging othesample Dark circle shows the core side of the particle. Over the-cross
sectionalarea, overall and the core side diameters of the particle has been tried to
measure. Core diameter was found as@®BWhereas overall diameter was found as
4.770m.

In Figure 4.2.a, brightening effects substantialand it affects theesolution of the
image. To decrease bright surfaces, immergos configuratiorparametersvere
changedto obtain higher resolutionDetailed imaging parameters are stated in
appendixH.
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Image run-8
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HunTek | 7]

Figure 4.33. Captured HALO FIB images by using Immersion lens

Figure 4.3 shows the FIB images of HALO particle slice by slieach slice witla
thickness of 200 nm, and in totaineteenimages were takem.he spot size was 4
nm. Image resolution iBigher when compared teigure 4.2. Core and the porous
side of the HALO particle iseen from the Figure 423 Before milling the sample,
HALO particle seems embedded on carbon tape. In each miiegample seems
embedded more because of the beam intersitig may harm the carbon tapad

the tape may flake away over thuly and they may cover the sample surface. To
form an image, immersion lenses generally combine with energy filtering of
secondary electronfEgerton 2006) The signal from an immersion lens detect
corresponds to secondaries emitted almost perpendicular to the specimen auface
by the help of thisthe SE image shows no directional or shadowing efféaerton
2006)
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TEM imaging was examed onthe HALO particles were treated by lead citrate.
However, due to the rupture of samples while trimming by microtome, TEM images
did not give any detailed results on microstructuelSM images of the HALO

particles are found in appendix M.

Simulatingof mass and fluid transfer along the complex is hard to obtain by using
continuum equations. By obtaining microstructures of these stationary phases,
imagedbased, direct physical reconstructions of these geometries are good options to
simulate masgrander or flow. To achieve this, 2D imagesolutions are highly
important for 3D reconstruction. First, it should be noted that the resolution is a
function ofthelocation of osmium clusters and also proteiretare adsorbed on the
sampleBesides, treatments by heavy metals also give cottrée samples. If high
resolution images can be obtained, mesoscopic analysis can be done by using direct

imagebased methods
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CHAPTER 5

CONCLUSIONS AND RECOMMENDATIONS

The main aim of this study was to analyze the microstructures of novel
chromatographic adsorbents by using higbolution imaging techniques. lon
exchangers which ra Gigacap @50M and HALO particles were used for

microstructure analysis.

Electron microscopy analyses were done for both Gigac&b0¥ and HALO
particles. The structure of Gigacaps®0M was imaged. Previous research also shows

the structural studiesf Gigacap $50M, which has a similar structure with Gigacap
Q-650M except that secondary polymeric phases. It was found that Gigsaa@v)

andS6 50M reflect similar topography. HALO
and 50m wer e algSHEM. AccoaliggetaSEM imagess thenshell side

of the HALO particles was seen clearly, whereas the core side of the HALO could not
be observed. While increasing the imaging magnification such as 240.000x, the porous
structure of the HALO was observed clgaiAdditionally, the splitting of porous
particles from the surface of the core side enabled to see some part of the core side of
HALO.

Polymer modified ion exchanger Gigacap6OM was also imaged by TEM.
However, without applying any staining protocabntrast cannot be achieved.
Therefore, to get highesolution imaging, positaining, erbloc staining methods and
staining proteins were applied. Protein localization was mapped. Since proteins were
adsorbed by Gigacap-6b0M, they were seen as darkeeas. Besides, the more
protein attached to the ion exchanger, the more contrast was obtaif#dcEtaining

and poststaining method by using Uranyless were compared. While using-thle@n
staining method, higher contrast images were gathered. Thedps to get an idea
about the structure of the Gigacap6Q0M more.To obtain 3D topography of the
Gigacap @650M and HALO particles, FIB technology was used. Each slice of
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Gigacap Q650M was 100nm and after each milling images werenthgeising SEM
backscatter electron mode. However, obtained images have no excellent resolution
and contrast. Each image has 1024x884 pixel. That is why-Boretonstruction,

taken images were not good enough. HALO particles structure analyses were also
done by using FIB. Different staining methods were used, such as Uranyless staining,
lead citrate staining, and OsO4 staining. Lead citrate staining gave the most contrast
on the sample. Embedded HALO patrticles could not be imaged even if they are stained
by lead citrate. This may be due to the sample orientation along the resin in such a
way that the sample may not be close to the surface of the resin. That is why free
HALO particles have been tried to be analyzed. Core and shell side of the HALO
particlewere imaged by taking slices around 200 nm. After each milling, images were
captured just after the polishing steps to get better resolution. Moreover, the effects of
current were noted on the resolution of images. At 480 pA HALO particle
microstructures more visible and resolution was better than the images taken at 800
pA. Additionally, SEM modes have been changed to obtain better images. When using
an immersion lens, obtained images have more contrast and higher resolution than
secondary electron moda&pproximately 20 slices were imaged then by using ImageJ
analysis software. Eachl2 slices were reunited and finally generated ishage of

HALO particle.

Mostly, in this study, qualitative analysis was studied. However, by using obtained 2D
images, gantitative analysis can also be analyzed. Pore size distribution and static
capacity estimations can be examined by using irb@aged toolbox such as Matlab

imaging toolbox and ImageJ.

For similar imaging researches, several recommendations could be itdaken

consideration.

71 In this work, the critical point drier method could not be applied before the

SEM imaging for dehydrating of the sample. By using CPD, the sample can
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be imaged without surface tension effect, which deface structure and the
morphology.

Gigacap @50M has a functional group. That is why it is easy to bind staining
proteins, even if it is big enough, such as BSA. However, to stain HALO
particle, smal/l protei n -ladalbeminudbes s ho
adsorbed. Hale O h a sctiomab grdupy and staining by protein was not a
successful method.

Lead citrate was used for staining of HALO particle. However, to obtain more
staining on sample, lead citrate and uranyl acetate can be used together.
Embedding of sample in resin is hlg important to get better images for FIB.
Since, because of the gallium ion density, after each milling, the sample was
moved backward more, and it affects milling. FIB imaging of embedded
HALO particle was unsuccessful since the sample was not theswufahe

resin. It should be noted that the sample should be as close as possible to the
resin surface to enable imaging.

While imaging of not embedded sample by using FIB, applied current should
be lower not to dislocate the sample. Since the parsatet fixed, applying

high current may cause the dislocation of the sample, and it affects the

resolution and the image quality.
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APPENDICES

A. UlLactalbumin Wavelength Scan at 0.25 mg/ml, 0.5 nigl and 1 mgml

LA
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Rt
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Figure0.1. Wa v e | e n g t -lactadbonannat ddférentitoncentrations which are
0.25 mg/ml,0.5mg/ml and 1 mg/ml
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B. Lysozyme Wavelength Scan at 0.25 mg/ml and 0.5 mg/mi
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Figure 0.2. Wavelength scan of lysozyme
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C. Calibration Curve of Lysosome
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Figure 0.3. Calibration curve ofysozyme
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D. Wavelength Scan of Bovine Serum Albumin at 0.05 mg/ml, 0.25 mg/ml,
0.5mg/mland 0.75 mg/mi
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E. Calibration Curve of Bovine Serum Albumin
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Figure 0.4. Calibrationcurve of BSA
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F. Wavelength Scan of Lysozyme

Wavelength scan q0.25 0.5

lysozyne mg/ml mg/ml | Imgmi
200 3,738 3,437 |3,738
201 3,738 3,738 [3,738
202 3,738 3,914 (3,914
203 3,703 3,914 (3,914
204 3,914 3,914 (3,914
205 3,864 3,864 |3,864
206 3,864 4,215 |3,864
207 4,215 3,864 (4,215
208 4,215 3,864 |3,864
209 4,215 3,864 (4,215
210 3,864 4,215 [4,215
211 3,864 4,215 [4,215
212 3,864 4,215 [4,215
213 3,641 3,818 (3,818
214 3,641 4,119 [4,119
215 3,641 4,119 (4,119
216 3,641 4,119 [4,119
217 3,517 3,818 (3,818
218 3,385 4,119 (4,119
219 3,517 3,818 (4,119
220 3,385 3,818 [4,119
221 3,385 3,818 [4,119
222 3,238 4,119 (4,119
223 3,174 4,119 |3,818
224 3,024 3,914 (3,914
225 2,858 3,776 4,119
226 2,678 3,914 (4,516
227 2,472 3,67 3,914
228 2,229 3,312 (3,914
229 1,973 3,024 (3,914
230 1,703 2,687 |3,914
231 1,421 2,283 |3,517
232 1,172 1,924 3,053
233 0,927 1,576 |2,587
234 0,715 1,274 2,16
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235 0,536 1,016 |1,789
236 0,378 0,792 |1,463
237 0,258 0,617 |1,202
238 0,156 0,47 0,982
239 0,069 0,342 0,794
240 -0,004 0,236 |0,638
241 -0,065 0,148 0,508
242 -0,119 0,069 |0,391
243 -0,162 0,007 0,299
244 -0,199 -0,043 |0,223
245 -0,228 -0,085 |0,159
246 -0,25 -0,119 |0,11

247 -0,267 -0,143 |0,074
248 -0,279 -0,161 |0,047
249 -0,288 -0,173 |0,028
250 -0,293 -0,181 |0,018
251 -0,294 -0,183 /0,014
252 -0,293 -0,181 |0,017
253 -0,288 -0,175 10,025
254 -0,283 -0,167 |0,037
255 -0,275 -0,154 0,054
256 -0,265 -0,14 10,075
257 -0,253 -0,122 |0,102
258 -0,241 -0,103 |0,13

259 -0,226 -0,082 |0,161
260 -0,212 -0,06 0,192
261 -0,198 -0,041 |0,222
262 -0,181 -0,018 |0,256
263 -0,164 0,006 |0,291
264 -0,148 0,029 |0,327
265 -0,131 0,055 0,363
266 -0,114 0,079 ]0,399
267 -0,098 0,102 0,433
268 -0,08 0,126 |0,471
269 -0,065 0,15 0,505
270 -0,052 0,169 |0,532
271 -0,04 0,186 |0,558
272 -0,029 0,202 0,582
273 -0,019 0,217 0,602
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274 -0,012 0,229 ]0,62
275 -0,007 0,237 0,631
276 -0,004 0,238 |0,636
277 -0,002 0,241 |0,637
278 0 0,246 0,645
279 0,007 0,254 ]0,658
280 0,013 0,263 |0,671
281 0,016 0,269 |0,676
282 0,015 0,266 0,674
283 0,009 0,258 0,663
284 -0,004 0,238 |0,631
285 -0,028 0,202 0,58
286 -0,059 0,157 |0,511
287 -0,09 0,111 0,445
288 -0,109 0,083 |0,401
289 -0,115 0,073 0,392
290 -0,112 0,08 0,396
291 -0,116 0,073 0,387
292 -0,143 0,035 |0,33
293 -0,193 -0,037 |0,225
294 -0,253 -0,122 |0,096
295 -0,304 -0,2 -0,018
296 -0,349 -0,266 |-0,116
297 -0,38 -0,322 |-0,2
298 -0,418 -0,365 |-0,266
299 -0,443 -0,401 |-0,316
300 -0,465 -0,431 |-0,36
301 -0,481 -0,456 |-0,396
302 -0,495 -0,477 |-0,427
303 -0,506 -0,492 |-0,451
304 -0,516 -0,506 |-0,47
305 -0,523 -0,516 |-0,487
306 -0,53 -0,526 |-0,5
307 -0,533 -0,532 |-0,507
308 -0,535 -0,536 |-0,513
309 -0,538 -0,539 |-0,519
310 -0,539 -0,541 |-0,522
311 -0,54 -0,543 |-0,525
312 -0,54 -0,544 1-0,526
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313 -0,542 -0,546 |-0,527
314 -0,541 -0,546 |-0,528
315 -0,542 -0,545 |-0,528
316 -0,543 -0,546 |-0,53

317 -0,543 -0,547 |-0,531
318 -0,542 -0,547 |-0,53

319 -0,543 -0,548 |-0,531
320 -0,543 -0,547 |-0,531
321 -0,542 -0,547 |-0,531
322 -0,542 -0,547 |-0,531
323 -0,543 -0,548 |-0,531
324 -0,545 -0,547 |-0,531
325 -0,545 -0,547 |-0,532
326 -0,544 -0,548 |-0,533
327 -0,%43 -0,548 |-0,532
328 -0,545 -0,548 |-0,531
329 -0,543 -0,547 |-0,531
330 -0,544 -0,548 |-0,531
331 -0,544 -0,548 |-0,532
332 -0,544 -0,548 |-0,532
333 -0,544 -0,548 |-0,533
334 -0,544 -0,548 |-0,531
335 -0,544 -0,548 |-0,532
336 -0,544 -0,548 |-0,532
337 -0,544 -0,548 |-0,533
338 -0,544 -0,548 |-0,533
339 -0,545 -0,548 |-0,534
340 -0,544 -0,548 |-0,534
341 -0,544 -0,548 |-0,534
342 -0,544 -0,549 |-0,534
343 -0,545 -0,549 |-0,534
344 -0,545 -0,55 |-0,535
345 -0,544 -0,549 |-0,534
346 -0,544 -0,549 |-0,533
347 -0,544 -0,549 |-0,536
348 -0,545 -0,549 |-0,535
349 -0,544 -0,55 |-0,534
350 -0,543 -0,548 |-0,533
351 -0,544 -0,549 |-0,534
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352 -0,545 -0,55 |-0,536
353 -0,545 -0,55 |-0,535
354 -0,544 -0,549 |-0,535
355 -0,544 -0,549 |-0,535
356 -0,544 -0,549 |-0,534
357 -0,543 -0,549 |-0,535
358 -0,542 -0,549 |-0,534
359 -0,544 -0,549 |-0,535
360 -0,544 -0,551 |-0,535
361 -0,544 -0,549 |-0,536
362 -0,544 -0,55 |-0,534
363 -0,544 -0,548 |-0,534
364 -0,544 -0,548 |-0,534
365 -0,543 -0,548 |-0,535
366 -0,544 -0,548 |-0,5#
367 -0,544 -0,55 |-0,536
368 -0,545 -0,551 |-0,536
369 -0,544 -0,55 |-0,537
370 -0,544 -0,549 |-0,534
371 -0,544 -0,55 |-0,535
372 -0,543 -0,55 |-0,535
373 -0,543 -0,55 |-0,536
374 -0,544 -0,551 |-0,536
375 -0,544 -0,551 |-0,536
376 -0,543 -0,551 |-0,536
377 -0,544 -0,551 |-0,536
378 -0,543 -0,55 |-0,536
379 -0,544 -0,551 |-0,536
380 -0,544 -0,551 |-0,537
381 -0,544 -0,551 |-0,536
382 -0,544 -0,55 |-0,536
383 -0,544 -0,551 |-0,536
384 -0,544 -0,551 |-0,536
385 -0,544 -0,55 |-0,536
386 -0,544 -0,551 |-0,53%
387 -0,544 -0,551 |-0,536
388 -0,544 -0,551 |-0,536
389 -0,543 -0,551 |-0,536
390 -0,544 -0,55 |-0,536
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391 -0,544 -0,551 |-0,536
392 -0,545 -0,552 |-0,537
393 -0,544 -0,551 |-0,537
394 -0,544 -0,551 |-0,537
395 -0,544 -0,552 |-0,538
396 -0,544 -0,551 |-0,538
397 -0,544 -0,552 |-0,537
398 -0,544 -0,551 |-0,537
399 -0,544 -0,551 |-0,537
400 -0,544 -0,552 |-0,538
401 -0,544 -0,551 |-0,537
402 -0,544 -0,551 |-0,538
403 -0,544 -0,551 |-0,538
404 -0,544 -0,552 |-0,538
405 -0,545 -0,552 |-0,539
406 -0,545 -0,5582 |-0,539
407 -0,545 -0,552 |-0,539
408 -0,544 -0,551 |-0,538
409 -0,544 -0,552 |-0,539
410 -0,545 -0,551 |-0,539
411 -0,544 -0,552 |-0,539
412 -0,544 -0,552 |-0,539
413 -0,545 -0,552 |-0,539
414 -0,545 -0,552 |-0,54

415 -0,544 -0,552 |-0,539
416 -0,544 -0,552 |-0,54

417 -0,544 -0,553 |-0,54

418 -0,544 -0,552 |-0,54

419 -0,544 -0,552 |-0,539
420 -0,544 -0,552 |-0,538
421 -0,545 -0,552 |-0,539
422 -0,544 -0,552 |-0,539
423 -0,545 -0,552 |-0,538
424 -0,544 -0,552 |-0,538
425 -0,544 -0,552 |-0,538
426 -0,544 -0,552 |-0,538
427 -0,544 -0,552 |-0,537
428 -0,544 -0,552 |-0,537
429 -0,544 -0,552 |-0,538
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430 -0,544 -0,552 |-0,538
431 -0,544 -0,552 |-0,537
432 -0,544 -0,552 |-0,538
433 -0,544 -0,552 |-0,538
434 -0,544 -0,552 |-0,538
435 -0,544 -0,552 |-0,538
436 -0,45 -0,553 |-0,538
437 -0,545 -0,552 |-0,538
438 -0,544 -0,552 |-0,538
439 -0,544 -0,552 |-0,538
440 -0,545 -0,552 |-0,538
441 -0,545 -0,553 |-0,538
442 -0,544 -0,553 |-0,539
443 -0,545 -0,552 |-0,539
444 -0,545 -0,553 |-0,539
445 -0,545 -0,553 |-0,539
446 -0,545 -0,553 |-0,539
447 -0,545 -0,553 |-0,539
448 -0,545 -0,552 |-0,539
449 -0,545 -0,553 |-0,539
450 -0,545 -0,553 |-0,539
451 -0,545 -0,553 |-0,539
452 -0,545 -0,553 |-0,539
453 -0,545 -0,553 |-0,539
454 -0,545 -0,553 |-0,54

455 -0,545 -0,553 |-0,539
456 -0,545 -0,553 |-0,539
457 -0,545 -0,553 |-0,539
458 -0,544 -0,553 |-0,539
459 -0,545 -0,553 |-0,539
460 -0,545 -0,554 |-0,539
461 -0,545 -0,553 |-0,539
462 -0,545 -0,553 |-0,539
463 -0,545 -0,553 |-0,539
464 -0,545 -0,553 |-0,539
465 -0,545 -0,553 |-0,53
466 -0,544 -0,552 |-0,538
467 -0,544 -0,552 |-0,538
468 -0,545 -0,552 |-0,538
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469 -0,544 -0,552 |-0,538
470 -0,545 -0,552 |-0,538
471 -0,545 -0,552 |-0,539
472 -0,545 -0,552 |-0,538
473 -0,545 -0,553 |-0,539
474 -0,545 -0,552 |-0,539
475 -0,545 -0,552 |-0,539
476 -0,545 -0,553 |-0,54
477 -0,545 -0,553 |-0,54
478 -0,544 -0,553 |-0,54
479 -0,545 -0,553 |-0,54
480 -0,545 -0,553 |-0,54
481 -0,545 -0,553 |-0,54
482 -0,545 -0,553 |-0,54
483 -0,545 -0,552 |-0,54
484 -0,545 -0,553 |-0,54
485 -0,546 -0,553 |-0,541
486 -0,545 -0,553 |-0,541
487 -0,545 -0,554 |-0,541
488 -0,546 -0,554 |-0,541
489 -0,545 -0,553 |-0,541
490 -0,545 -0,553 |-0,541
491 -0,545 -0,554 |-0,541
492 -0,545 -0,553 |-0,541
493 -0,545 -0,553 |-0,541
494 -0,545 -0,553 |-0,541
495 -0,545 -0,554 |-0,541
496 -0,545 -0,553 |-0,541
497 -0,545 -0,553 |-0,541
498 -0,545 -0,554 |-0,541
499 -0,544 -0,553 |-0,54
500 -0,545 -0,553 |-0,54
501 -0,545 -0,554 |-0,54
502 -0,545 -0,554 |-0,54
503 -0,545 -0,554 |-0,541
504 -0,546 -0,553 |-0,541
505 -0,545 -0,554 |-0,54
506 -0,545 -0,554 |-0,54
507 -0,545 -0,553 |-0,54
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508 -0,545 -0,553 |-0,54
509 -0,546 -0,553 |-0,541
510 -0,545 -0,553 |-0,54
511 -0,545 -0,553 |-0,54
512 -0,545 -0,553 |-0,54
513 -0,545 -0,553 |-0,54
514 -0,545 -0,553 |-0,541
515 -0,545 -0,553 |-0,541
516 -0,546 -0,553 |-0,54
517 -0,545 -0,553 |-0,54
518 -0,545 -0,553 |-0,54
519 -0,545 -0,553 |-0,54
520 -0,545 -0,553 |-0,54
521 -0,545 -0,553 |-0,54
522 -0,545 -0,553 |-0,54
523 -0,545 -0,553 |-0,54
524 -0,545 -0,553 |-0,54
525 -0,545 -0,553 |-0,54
526 -0,545 -0,553 |-0,54
527 -0,546 -0,553 |-0,541
528 -0,545 -0,554 |-0,54
529 -0,545 -0,553 |-0,54
530 -0,545 -0,553 |-0,54
531 -0,545 -0,554 |-0,541
532 -0,545 -0,554 |-0,541
533 -0,545 -0,553 |-0,541
534 -0,545 -0,553 |-0,541
535 -0,545 -0,553 |-0,541
536 -0,545 -0,553 |-0,541
537 -0,545 -0,554 |-0,541
538 -0,545 -0,554 |-0,541
539 -0,545 -0,554 |-0,541
540 -0,545 -0,554 |-0,541
541 -0,545 -0,553 |-0,541
542 -0,546 -0,554 |-0,542
543 -0,545 -0,554 |-0,542
544 -0,545 -0,553 |-0,541
545 -0,545 -0,554 |-0,541
546 -0,545 -0,553 |-0,541
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547 -0,545 -0,553 |-0,541
548 -0,545 -0,554 |-0,541
549 -0,545 -0,554 |-0,541
550 -0,545 -0,553 |-0,541
551 -0,545 -0,553 |-0,541
552 -0,545 -0,553 |-0,54
553 -0,545 -0,553 |-0,541
554 -0,545 -0,553 |-0,541
555 -0,545 -0,553 |-0,54
556 -0,545 -0,553 |-0,54
557 -0,545 -0,553 |-0,54
558 -0,545 -0,553 |-0,54
559 -0,546 -0,554 |-0,541
560 -0,546 -0,553 |-0,54
561 -0,545 -0,553 |-0,54
562 -0,545 -0,553 |-0,54
563 -0,545 -0,553 |-0,54
564 -0,545 -0,553 |-0,54
565 -0,545 -0,553 |-0,54
566 -0,545 -0,552 |-0,539
567 -0,545 -0,552 |-0,54
568 -0,545 -0,553 |-0,539
569 -0,545 -0,552 |-0,539
570 -0,545 -0,553 |-0,539
571 -0,545 -0,552 |-0,539
572 -0,545 -0,552 |-0,539
573 -0,545 -0,552 |-0,539
574 -0,545 -0,552 |-0,539
575 -0,545 -0,552 |-0,539
576 -0,545 -0,552 |-0,539
577 -0,545 -0,552 |-0,539
578 -0,545 -0,552 |-0,539
579 -0,545 -0,553 |-0,539
580 -0,545 -0,552 |-0,539
581 -0,545 -0,552 |-0,539
582 -0,545 -0,552 |-0,539
583 -0,545 -0,552 |-0,539
584 -0,545 -0,552 |-0,539
585 -0,545 -0,552 |-0,539
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586 -0,545 -0,552 |-0,538
587 -0,545 -0,552 |-0,538
588 -0,546 -0,551 |-0,538
589 -0,545 -0,552 |-0,538
590 -0,545 -0,552 |-0,538
591 -0,545 -0,552 |-0,538
592 -0,545 -0,552 |-0,538
593 -0,545 -0,552 |-0,538
594 -0,545 -0,552 |-0,538
595 -0,545 -0,552 |-0,537
596 -0,545 -0,552 |-0,538
597 -0,545 -0,552 |-0,538
598 -0,545 -0,552 |-0,538
599 -0,545 -0,552 |-0,538
600 -0,545 -0,551 |-0,537
601 -0,545 -0,552 |-0,538
602 -0,545 -0,552 |-0,538
603 -0,545 -0,552 |-0,538
604 -0,545 -0,552 |-0,538
605 -0,545 -0,553 |-0,538
606 -0,545 -0,552 |-0,538
607 -0,545 -0,552 |-0,538
608 -0,545 -0,552 |-0,538
609 -0,545 -0,552 |-0,538
610 -0,545 -0,552 |-0,538
611 -0,545 -0,552 |-0,538
612 -0,545 -0,552 |-0,539
613 -0,545 -0,552 |-0,538
614 -0,545 -0,552 |-0,539
615 -0,545 -0,552 |-0,539
616 -0,545 -0,552 |-0,539
617 -0,545 -0,552 |-0,539
618 -0,545 -0,551 |-0,539
619 -0,545 -0,552 |-0,539
620 -0,545 -0,552 |-0,539
621 -0,545 -0,552 |-0,539
622 -0,545 -0,552 |-0,539
623 -0,545 -0,552 |-0,54

624 -0,545 -0,552 |-0,539
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625 -0,545 -0,552 |-0,54

626 -0,546 -0,552 |-0,539
627 -0,545 -0,551 |-0,539
628 -0,545 -0,552 |-0,539
629 -0,545 -0,552 |-0,539
630 -0,545 -0,552 |-0,539
631 -0,545 -0,552 |-0,54

632 -0,545 -0,552 |-0,54

633 -0,545 -0,551 |-0,539
634 -0,545 -0,552 |-0,54

635 -0,545 -0,552 |-0,539
636 -0,545 -0,552 |-0,54

637 -0,545 -0,552 |-0,539
638 -0,545 -0,551 |-0,539
639 -0,545 -0,551 |-0,539
640 -0,545 -0,551 |-0,539
641 -0,545 -0,551 |-0,539
642 -0,545 -0,551 |-0,539
643 -0,545 -0,551 |-0,539
644 -0,545 -0,551 |-0,539
645 -0,545 -0,551 |-0,539
646 -0,545 -0,551 |-0,539
647 -0,545 -0,551 |-0,539
648 -0,546 -0,551 |-0,539
649 -0,545 -0,551 |-0,539
650 -0,545 -0,551 |-0,539
651 -0,544 -0,55 |-0,539
652 -0,545 -0,551 |-0,539
653 -0,545 -0,551 |-0,539
654 -0,545 -0,551 |-0,539
655 -0,545 -0,551 |-0,538
656 -0,546 -0,551 |-0,539
657 -0,545 -0,551 |-0,539
658 -0,545 -0,551 |-0,539
659 -0,545 -0,551 |-0,538
660 -0,545 -0,551 |-0,538
661 -0,545 -0,551 |-0,538
662 -0,545 -0,551 |-0,538
663 -0,545 -0,551 |-0,538
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664 -0,546 -0,551 |-0,53
665 -0,545 -0,551 |-0,538
666 -0,546 -0,551 |-0,538
667 -0,545 -0,551 |-0,537
668 -0,545 -0,551 |-0,537
669 -0,545 -0,551 |-0,538
670 -0,545 -0,55 |-0,537
671 -0,545 -0,551 |-0,537
672 -0,545 -0,551 |-0,538
673 -0,545 -0,551 |-0,537
674 -0,545 -0,551 |-0,537
675 -0,546 -0,55 |-0,537
676 -0,546 -0,551 |-0,538
677 -0,546 -0,551 |-0,538
678 -0,545 -0,551 |-0,537
679 -0,545 -0,551 |-0,537
680 -0,545 -0,551 |-0,538
681 -0,546 -0,551 |-0,537
682 -0,545 -0,551 |-0,538
683 -0,545 -0,551 |-0,538
684 -0,546 -0,551 |-0,538
685 -0,545 -0,55 |-0,537
686 -0,546 -0,551 |-0,537
687 -0,545 -0,55 |-0,538
688 -0,545 -0,55 |-0,538
689 -0,545 -0,55 |-0,539
690 -0,546 -0,55 |-0,538
691 -0,546 -0,551 |-0,538
692 -0,546 -0,551 |-0,538
693 -0,546 -0,55 |-0,538
694 -0,546 -0,55 |-0,538
695 -0,546 -0,55 |-0,538
696 -0,546 -0,55 |-0,538
697 -0,546 -0,55 |-0,538
698 -0,545 -0,55 |-0,538
699 -0,545 -0,55 |-0,538
700 -0,545 -0,55 |-0,539
701 -0,545 -0,549 |-0,538
702 -0,545 -0,55 |-0,538
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703 -0,545 -0,55 |-0,539
704 -0,546 -0,55 |-0,538
705 -0,546 -0,549 |-0,538
706 -0,545 -0,549 |-0,539
707 -0,545 -0,55 |-0,538
708 -0,545 -0,549 |-0,538
709 -0,545 -0,549 |-0,538
710 -0,545 -0,549 |-0,538
711 -0,545 -0,549 |-0,538
712 -0,546 -0,55 |-0,538
713 -0,545 -0,549 |-0,538
714 -0,545 -0,549 |-0,53
715 -0,545 -0,549 |-0,539
716 -0,545 -0,55 |-0,539
717 -0,545 -0,549 |-0,538
718 -0,545 -0,549 |-0,538
719 -0,546 -0,55 |-0,538
720 -0,546 -0,55 |-0,539
721 -0,545 -0,549 |-0,538
722 -0,545 -0,549 |-0,537
723 -0,545 -0,549 |-0,539
724 -0,546 -0,549 |-0,538
725 -0,545 -0,549 |-0,539
726 -0,546 -0,55 |-0,54

727 -0,545 -0,55 |-0,539
728 -0,545 -0,549 |-0,538
729 -0,545 -0,549 |-0,539
730 -0,545 -0,549 |-0,539
731 -0,545 -0,548 |-0,539
732 -0,545 -0,549 |-0,538
733 -0,544 -0,548 |-0,538
734 -0,546 -0,549 |-0,539
735 -0,545 -0,55 |-0,539
736 -0,546 -0,549 |-0,539
737 -0,545 -0,549 |-0,539
738 -0,545 -0,549 |-0,538
739 -0,545 -0,549 |-0,539
740 -0,545 -0,55 |-0,538
741 -0,545 -0,55 |-0,538
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742 -0,545 -0,549 |-0,538
743 -0,545 -0,549 |-0,539
744 -0,545 -0,549 |-0,539
745 -0,546 -0,55 |-0,539
746 -0,545 -0,55 |-0,539
747 -0,545 -0,551 |-0,539
748 -0,546 -0,55 |-0,539
749 -0,545 -0,55 |-0,539
750 -0,545 -0,55 |-0,539
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G. Embed 812 Kit Preparation Formula

Soft(ml) Medium(ml) Hard(ml)
Embed 812 20 20 20
DDSA 22 16 9
NMA 5 8 12
DPM-30 0.7-0.94 0.66:0.88 0.620.82
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H. Focused lon Beam Instrument

Focused lon Beam Instrument,Nova Nanolab 600i,Unam,Bilkent
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K . Ultramicrotome Instrument

Leica Ulramicrotome Instrument
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J. Au-Pd Coating Instrument

Conductive Coating Instrument,Gatan Mod&26

Plasma Sputter Coater
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