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The growth of the multibillion dollar bionanoparticle industry has rgaurthe
development of new physical characterization methods. One sudhodneglectrospray-
differential mobility analysis (ES-DMA) constitutes an @étespray for aerosolization of
bionanoparticles (such as viruses, gold-nanoparticles, proteins, nanegadtein complexes)
and an ion mobility method that operates at atmospheric conditions, andategpa
bionanoparticles spatially. This dissertation identifies somevaet “problem” areas for ES-
DMA by reviewing selected applications.

Some such problems are: proteins while passing through ES cepilEe found to
interact with it and thus produce time dependent size distributiontheFuit is thought that
adsorbed proteins may subsequently desorb and influence size dmtsbwith the ES-DMA
which may concomitantly affect quantification of aggregateses€é artifacts are studied
systematically and it is demonstrated that ES-DMA can quaiatifyorption-desorption of
complex protein mixtures at high shear rates. Further, it is shmtmdesorbing proteins do not

have a significant effect on size distributions. Another attifh the ES takes place during the



aersolization process. Two units (called monomers) of a bionanopamaglget encapsulated in
the same ES droplet and upon drying of the droplet create altificreers thus affecting
guantification with ES-DMA. Assuming Poisson distribution, this thestides a systematic
approach that can be undertaken to eliminate this artifact. A ttifdcaarises from the low
sensitivity of the DMA to size increase. When a ligand (for. agptein) adsorbs to a
bionanoparticle it creates an increase in the size of the Veltezth can be used to quantify the
amount of ligand adsorbed per bionanoparticle. As ligands can changentaindns upon
adsorption, using ES-DMA for such applications may be flawed. Téigibas been identified
and a solution has been provided by integrating a mass analyzer after the ES-DMA

After correcting for these artifacts, this dissertationvel®l into characterization of
different types of bionanoparticles and demonstrates that ES-D&dAseveral advantages over
other traditional techniques such as transmission electron micros®py exclusion
chromatography, analytical ultracentrifugation, dynamic liglattering and plaque assay and
thus has immense potential to become a process analytical techmiduiemanufacturing

environments.
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Chapter 1: INTRODUCTION

1.1 Growth trends of the bionanoparticle industry

The nanoparticle industry is growing at a steady rate aemvirom Figure 1.1
(primary Y-axis) below [1]. Curiously, the biopharmaceutical indust giant by its
own right (Figure 1.1, secondary Y-axis), although presumably unretatdtie
nanoparticle industry is also showing a steady growth [2]. As theetsabetween
conventional fields of science and engineering break down it becoiffiesltdio
segregate these two areas. For example, the most important pafdbhetbiopharma
industry are different drugs, such as proteins. These proteinsdhvas are roughly
several nanometers in size and thus strictly speaking are aréiolgs or
nanomaterials. In this dissertation the pharma and nanomaterialrynthgsther will
be considered as the bionanoparticle industry. In this context, bionaniegasie
being defined as nano-sized particles that are either biolggicalsynthetically-
derived (examples, viruses and proteins) or are functionalized tgratgeinto a
biological context (example, nanoparticle-protein complexes). Althosigth a
definition should include non-functionalized (also referred to as uncongl)gate
inorganic nanoparticles such as gold, silver, etc, this dissertat@mds the discussion
of such particles. Also, the words particles, nanoparticles and biontolgsaare

going to be used interchangeably throughout this dissertation.
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Figure 1.1: Global growth trends of the nanomaterial and pharmaceutical yndustr

Given the growth potential of the bionanoparticle industry, it is intpperéhat
it would be perhaps the most sought after and researched amecémles to come.
The growth of this industry also has spurred the development of sewveigtical
tools that can characterize bionanoparticles. This is becauséi@labols act as the

“eyes” necessary for efficient development and production of bionanoparticles.

1.2 Necessity of multiple analytical tools

Broadly speaking, bionanoparticle characterization can be eithgsicph or
chemical. Of the different physical properties of interest,igarsize is perhaps of
foremost importance. The need for better characterization of bionéictgsain the
last decade has either seen a resurgence of old techniquesdtatifaddressing the
nano-size regime or the development of completely new techniqussdyond the

scope of this dissertation to make a comprehensive list obiehl gechniques. Thus



only a few of the most routinely used tools are shown in Figure 1028t bf these
techniques provide a relative measure of size such as electrophsias exclusion
chromatography (SEC), analytical ultracentrifugation (AUG)uigr counter (CC),
laser diffraction (LD) etc. Some, such as transmission eleatricroscopy (TEM)
and scanning electron microscopy (SEM) on the other hand can provdeca
measure of size and more importantly provide visual images. Although ea
technique has its own pros and cons almost all techniques have somanyr m
operational disadvantages. For example, SEC is the workhorse of theapbatical
industry for protein characterization [3] but does not provide a dineetsure of size.
Inside a SEC a heterogeneous mixture of protein is passed throogima @and as
the extent of interaction for different proteins with the columdifferent, hence they
elute at different times. Usually, the smaller species é¢astest and the bigger ones
elute later, thus providing a measure of the different types oéipsotn solution.
Another cheap-easy-to-use popular technique, dynamic light raogttéOLS) is
regularly used by the nanomaterial industry for obtaining the hydesdic size of
nanoparticles and correlates it with the hydrodynamic diametethe particle.
Although it is accurate for monodispersed systems, for a polydispsyséem size
distributions are skewed towards larger sizes because of ¢ing stependence of the
scattered light on size [4]. Alhough TEM provides high resolution imaiges
expensive, relatively slow, and artifacts can be introduced fraratreh beam
damage, sample preparation, and biases in particle selection foitajivenanalysis.
Some more discussion about the disadvantages of other analytivattess is also
discussed briefly in chapter 3. It is evident that one analytbcdhlcannot give all the
answers and thus there is a need for characterization of bionarlepatsing

multiple techniques [3, 5].
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Perhaps driven by the necessity to develop new techniques to tehiaeac
bionanoparticles, Stanley Kaufman, a scientist at TSI Inc., ptéshto put together
electrosprays (ESs) with a special type of ion mobility spewtters called
differential mobility analyzer (DMA) in the 1990s. In this refjaESs were used in
1960s and 1970s for applications involving surface coatings, agriculteaanents,
emulsions and as colloid micro-thrusters [6]. In the 1980s it waswiised that ES
could also be used for aerosolizing bio-macromolecules allowing dhalysis with
mass spectrometers (MS) [7]. On the other hand, DMA is just otfe feveral ion
mobility techniques and its conceptualization can be traced totehe@da— early 26
century [8]. In general, all ion mobility techniques measure howafagbn moves in
a viscous medium under the influence of an electrical field, and diegead the
design can probe particle sizes from sub-nanometer to several humdrecheters.
The predecessor of present day DMA was developed in 1957 to investigaging

of small particles. This DMA, further modified in 1970s, was subseqguentl



commercialized [8]. Although, exploratory experiments were undeevag in 1994

[9], Kaufmanet al. published a seminal paper integrating the ES and DMA in 1996,
when he used this technique to determine the size of globular prdie€hs
Subsequently, researchers have used ES-DMA to characterizebimth@noparticles
including polymers, viruses, bacteriophages, nanoparticles-bionanopaaintle
bionanoparticle-bionanoparticle conjugates, leading to an exponentiehsecin the
number of publications reporting the use of ES-DMA. A detailedevewof the

bionanoparticles characterized using ES-DMA will appear in Chapter 3.

1.3 Growth of ESDMA

Although relatively new, ES-DMA is showing an increasing growinly
for research purposes as evident from Figure 1.3 below. These plasbhan
generated using the key words “Electrospray” and “DiffereMiability analysis” in
Web of Knowledge (version 5.3). As mentioned in the previous section,r¢he f
reported application of ES-DMA to biological molecules was laufihan et al in
1996 for characterizing proteins. This work was followed over the nedddeby
several reports from Allmaiest al [11], Wick et al. [12] and de la Morat al. [13]
related to characterization of several other proteins, virusgpaymers. Starting in
2006 as seen in Figures 1.3A and 1.3B a dramatic increase in the number of
publications and citations related to ES-DMA occurred with camiobs from
Biswaset al. [14], Zachariatet al. [15], Loo et al [16], Hoganet al [17], Pergantist

al [18], Peaset al [19] and Hackleet al [20].
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Although developed primarily for size determination, with an iasirgg pool of
users, several orthogonal utilities have been found for this techniqietaded

discussion of which will be appear later in Chapter 3.

1.4 Structure and organization of this dissertation

Having introduced the necessity of ES-DMA in this chapter itiferént
components will be reviewed in the next chapter (chapter 2). In eth&pta
comprehensive literature survey of applications of ES-DMA (in ¢batext of
bionanoparticles) is going to be performed. Based on this surveill ibecome
evident that this technique has certain artifacts and issues.eCHa and 6 will
delve into these artifacts and try to eliminate and/or underskemd. tSubsequently,
in chapter 7, 8 and 9 several applications of the ES-DMA are goibg tiscussed
after accounting for the above mentioned artifacts. Chapter 1O0cwnitlude by
identifying the areas where further research can be dawtie It should be pointed
out that non-spherical bionanoparticles with high values of lengthatoeder ratios
are beyond the scope of this dissertation the reasons for whicheatime evident

later.



Chapter 22 ESSDMA: PRINCIPLES AND OPERATION

The ES-DMA constitutes of four components: the ES for aerosiolizaf
particles, the neutralizer for charge reduction, the DMA for sizetsmleand finally a

condensation particle counter (CPC) for counting the size selected particles

2.1 Electrospray

The first unit of ES-DMA is the electrospray. Usually thelgieasolution is
housed inside a chamber under pressure (Figure 2.1), which enables Ithe ana
solution to be pushed through a silica capillary. For reliable amdest@eration of
the ES the solution needs to be conductive. The flow inside the ffamgacan be
changed by changing the pressure dmdp.iiany) that can be manually controlled
externally and is given by the equation below:

_ 1284404 L.

A capillarchapiIIary
poapillary - 7Z'D4

capillary (21)

Here [iquia IS the viscosity of the solution passing through the liquighitkry Qcapillary
and Duapilary are the lengths, flow rates and inner diameters of the capillar
respectively. For simplicity, it is going to be assumed thavibeosity of the buffer
used in ES is equal to water. The conductive solution disassocidtasnt@ositive
and negative ions. As ammonium acetate is used as the solutios distartation the
respective positive and negative ions formed are ammonium ions aadeaoas.
When a positive voltage is applied with a Platinum wire, the polsitalearged ions
migrate away from the wire. The voltage is then manually nextlifo create a Taylor
cone [21, 22] at the tip of the ES capillary. At the tip Columbpulston forces the
liquid out to form multiple charged droplets. The governing equatimnthé droplet

generation are slightly complex and beyond the scope of this dissertation.
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Figure 2.1: A schematic of the section of the ES that aerosdheeanalytes into the

gas phase.

After an ES droplet is emitted from the ES silica capillary tippltls a charge
that is 0.4 — 0.5 times the Rayleigh limit and thus does not disatéegmmediately
[23]. The maximum amount of charggagthat an ES droplet of volume R can hold is

given by:

Omax = 87 (76, R )% (2.2)
wherey is the surface tension of the solvent agd 8.854x10° C?/Nm’ is the
permittivity of free space. Although for cone stability ammoniumtate is added in
small proportions with water for ES operations, for simpliciey,it be assumed that
the properties of the resultant solution are same as that of ptee and thusy =

7.28x10° N/m.



Typically the droplet size at the moment of formation underaojperating
conditions of the ES used here is 150 nm. A detailed discussion about thgngpe
conditions that produces this droplet size is provided later in sectiomM2e6ES
droplet moves away from the capillary towards the orifice pdatshown in Figure
2.2 because of the electric field as well as a source dodrair ¢r CQ). The later also
aids in the evaporation of the ES droplet. Further based on force balarase ES
droplet of mass m(= 4/3tpR*wherep is the density of water and is equal to 1000

kg/m®) one could write:

mea=F.+F, 2.3)

Here & = gE where q=0.5q,=2x10' C and E=V/h where h is the distance from the
ES capillary tip to the orifice plate and ks the drag force. This is a simplistic
assumption as the electrical field, denoted by the blue bold lingyumeF2.2 would
vary in the direction perpendicular to the direction of the movemehedES droplet.
Further assuming the equation of drag force to follow Stokes Lawf¢g24lich small
objects, one can writé, =67, VR. Here v is the velocity of the ES droplet ang p

is the viscosity of air. The voltage V is assumed to be 2k is reasonable as the

ES is operated between 1.5 kV to 3 kV. Thus combining the expresdone one

could write:
av_ 3aV 9,V
dt 472-10 water Rsh 2R2pwater (2 4)

For simplicity assuming that the acceleration anES$ droplet is equal to zero
and the ES radius is not changing as a functiaimud the velocity of the ES droplet
can be determined to be ~ 16 m/s from equatioraBaVve. Given that the distance
where the neutralization chamber begins and the@S located is ~ 1 mm, it takes a

ES droplet to traverse this distance in 62



On the other hand, the time taken for the ES dtdplevaporate to the size
such that it reaches the Rayleigh limit can also itmependently ascertained.
Considering solvent evaporation it can be shownttietime taken to reach a droplet

size Ris given by the equation below [25],

a'v' p’M ¢

R -R-
ApRT (2.5)

Wherea” is assumed to be ~ 0.04 and is a measure of neatien and is assumed to
be almost equal to water, v’ is the thermal vejoaitd is assumed to be 4.5%10/s,
p° is the partial vapor pressure = 2.3 kPa at T 3 R9M = 0.018 kg/mol and &
8.314 J/mol/K.

The ES droplet would continue to evaporate till Regyleigh limit is reached

at which point it will disintegrate into smalleraghiets. Thus,

1

87 (re,R,*)? = 0.5x 87 =, R° ¥ (2.6)

Thus for a 150 nm ES droplet, 2R ~ 95 nm. Now substituting this value of R
equation 2.5 above, one will get t = 362 As it takes 62 s for an ES to reach the
orifice plate, it implies that a droplet will readhe orifice plate and enter the
neutralization chamber much before it starts tonthgrate by Columbic repulsion. In
this regard, the 150 nm droplet becomes ~ 140 roplelr in 62 ps (obtained by

replacing 62 us in equation 2.5).

10
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Figure 2.2: The journey of the ES droplet fromtipeof the ES capillary to the orifice

plate.

This analysis has a very important consequendmglies that from the time
of formation of the ES droplet to the time it reastihe neutralizer, the nanoparticle
residing inside the ES droplet will stay intact andperturbed by the electro-
hydrodynamic forces. In the context of this disaus<ertain operational parameters
of the ES are discussed for clarity. A more dethitiscussion about the ES
operational conditions is further provided in sectR.6 and a detailed descriptions of
the mechanism of how ES droplets evaporate andyehartransferred to the analyte

are provided elsewhere [23, 26].

2.2 Neutralization chamber

The neutralizer is the second component of the EB[@nd is the primary
way of charging the analytes in ES-DMA unlike mapgctrometry (MS) [23, 26].

Inside the neutralization chamber there is an ingisource that continuously ionizes

11



the the N, G,and CQ to create a bipolar atmosphere of ions as showigare
2.3(A). The alpha particles at first collide withet individual gas molecules to
generate positive ions. The electrons emitted ftbese positive ions then may
generate negative ions thus creating a bipolar shere. These ions themselves can
collide with each other and create more ions or @mgglomerate presumably by
electrostatic interactions and form very large ioms. As the 140 nm electrospray
droplet passes through, these ions collide withB8edroplet to reduce the charge on
the droplets. Thus, the ES droplets can no longantdgrate by Columbic repulsion.

Given the flow rate of the air that drives the EBplets and the neutralizer
volume, it takes about a few seconds for the ESletroto transit through the
neutralizer and thus the droplet continues to enapolf it is assumed that there is an
analyte inside that itself has a diameter of 10 tivan the minimum Ris > 5 nm.
Using, this value in equation 2.5 above, it takesud ~ 1 ms for the ES droplet to
completely evaporate. As the transition time thtotige neutralizer for the droplet
volume is much more, thus one can assume thatShadr@plet completely evaporates
before exiting the neutralizer. It should be painteit though that some nanoparticles
may have more affinity towards water and becausatean 2.5 above does not take
into account the interaction of the nanopartickida the ES droplet with the solvent
thus it may be possible that some water may $éll bound to the nanoparticle before
it reaches the DMA.

Figure 2.3B shows a few of the several possibleswaapanoparticle can end
up acquiring a neutral, +2, +1 or -1 charge. Intesnhof this dissertation, the ES-
DMA'’s resolution is significantly less comparedadViS and it cannot differentiate
between the different charges. Say for examplanatyte acquires a +1 charge either

through a N ion or through a Nif-O2-N2",all the DMA “sees” is a particle which

12



is charged with +1 charge .Further, as ammoniuntategvater as a solvent is not
very common amongst the ES-MS users, it is notr oM@t is the most prevalent
chemical composition of the charges. However, estten studies have been
conducted on the fraction of charges (irrespeativéhe chemical nature) [24, 27]
generated by such a diffusion mechanism and thescan collect either the positive
or negatively charged particles using a techniggeudsed in the next section to

calculate back the actual gas phase concentraifdhe particles.
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Figure 2.3: (A) An alpha source, typically Po-2i9used in commercial ES-DMA
for neutralizing the charges on the electrospfay.The journey of the ES droplet and

the analyte inside the neutralization chamber.

Combining the neutralizer with the ES opens upadlyrénteresting avenue for
ES units that are usually not applicable to ES-MStesns. Although it is usually
believed that an ES does not break up non-covalends, it is possible that as the
droplets disintegrate by Columbic repulsion once Bayleigh's limit is reached
during evaporation, the stresses on the non-covaanoparticle systems residing

inside a ES droplet could be significant (cons@elimer or trimer of protein getting

13



disintegrated by stresses generated during disatieg of the ES droplet). As the ES
droplet is not allowed to disintegrate by Columfurces in a ES-neutralizer system,
such a unit can potentially sample intrinsic aggtegpopulations of different
nanoparticles more accurately which will becomelent in chapters 5 and 8.

The combination of the ES-neutralizer also allows b measure and monitor
the ES droplet size. As the ES droplet does nantdigrate, it implies that if known
concentration of a non-volatile salt is ESed arttiefdroplet residue size (Bqu9 can
somehow be measured then the ES droplet size camttacted from it. Assuming
CsucroselS @ known concentration of sucrose being ESexlitiir such a system and the
droplet upon complete or near complete evaporaionbe measured then:

1

Cs%crose (2 . 7)

residue

Further, it has been experimentally observed thatré¢sidue particle size is strongly

correlated with the capillary flow rate [28]:

1
D escve ~ Qpitary (2.8)
Further as the pressure drop through the capikacgrrelated with the capillary flow
rate (equation 2.1), thus, changing the pressunp dr the ES can enable one to
change the ES droplet volume. The consequence isfdiémonstration will be
illustrated later in chapter 5 and 8.

Figure 2.4A shows the residue size of sucrose at dvfferent capillary
pressure drops of 3 PSI and 3.7 PSI using 0.67 %meaivolume sucrose
concentration. Figure 2.4B shows the correspondifgdroplet sizes determined
using equation 2.7. The sucrose residue size asvnshabove can be most

conveniently measured using a differential mob#ihalyzer which is discussed in the

next section.

14
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Figure 2.4: (A) Size distribution of the sucrossidee size. (B) Size distribution of

the ES droplet size for the same sucrose residee si

2.3 Differential Mobility Analysis

The DMA which is a mobility analyzer is the thirdmponent of the ES-DMA
system. There are many types of analyzers for miphilassification, which fall
broadly into two classes; time-of-flight and dietial mobility. While the former
separates particles temporally, the later sepapsegles spatially. There are other
available varieties of mobility classifiers such dsft tube — ion mobility, high field
asymmetric ion mobility, and travelling voltage weavon mobility, but these
techniques are beyond the scope of this dissentafior a brief overview of these
techniques the reader can refer elsewhere [27].

Irrespective of the type of classifier the mobihitglocity () of a charged particle is
proportional to the electrical fieldE):

v=ZE (2.9)
whereZ is the proportionality constant and is called e¢hextrical mobility [27]. This
equation is valid for low electric fields as at Imgy field strengths charged particles
may exhibit preferential orientations and thus telegl mobility may not remain

constant [21]. This is especially true for non-spta particles (especially particles

15



with large values of length to diameter ratios) asdpointed out in chapter 1, these
particles won'’t be dealt with in this dissertation.

Within the class of DMA'’s, the cylindrical configation is the most
widespread, primarily because its electrodes cammbeufactured with exacting
spatial specifications, and thus, electric fielde &ighly uniform and precisely
controlled. The cylindrical DMA consists of two eteodes, one that is held at a high
voltage (usually the inner electrode), and anothat is grounded (usually the outer
cylinder) as shown in Figure 2.5.

Once the analyte enters the DMA, it almost immedyatrelaxes” under the
new conditions of forces. The expression for treakation time” of a particle is
given by [24]:

neCV
37z;umedium Danalyteh (2 . 10)

Where, Rnayteis the analyte diametersydiumis the viscosity of the medium and C
is the Cunningham slip factor that takes into aotothe variation in the
experimentally determined values of drag forceha different flow domains (free
molecular flow, transition flow and continuum flowYhe expression for Cis
provided later. Further, V is the voltage appliedan electrode and the h is the
spacing inbetween the two electrodes (assumingmgatar electrode configuration
for simplicity). Assuming different values of V amhnaye it can be shown that the
residence time of an analyte inside the DMA is isicgntly greater (typically few

seconds) than the relaxation time (< 1 sec).
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Figure 2.5: Force balance on a charged analytdariee DMA.

If a negative voltage is applied to the inner elmde as shown in Figure 2.5, a
positively charged analyte upon entering the DMA get attracted towards the inner
electrode. As a result a drag force also acts erattalyte in the direction opposite to
its motion. The neutral and negatively chargedigad are lost to the electrodes by
diffusion. The governing equation can then be emiths:

v
Mo - = Fe —F
Pead o F P 2.11)

Where mnayte IS the mass of the analyte, i8 the velocity of the analyte in the r-
direction and 5 and F are the drag and electrical forces respectivedyth® particle

is non-accelerating, thus gt = 0 and hence:

(2.12)

The equation for electrical force would be samprasented for ES droplet i.e:

(2.13)
Here g=ne, where n is the number of charges asdheicharge of 1 electron. In this

dissertation, most bionanoparticles dealt with Wil singly charged. Note that the
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electric field here is inside the DMA and should be confused with the electric field
inside the ES. The expression of drag force is8ligcomplicated. It is developed by
modifying Stokes’ Law for very small particles aisdjiven by:

e’r

_ 372'/Jair Danalyt \"

D
Cc(Danalyte) (214)
Cunningham slip correction factor is dependentlengarticle size and is given by

A

D
C. =1+ [2.34+ 1.05expf 0.39% . Here ) is the mean free path of the

analyte
medium used. For air, this is ~ 66 nm at standamtperature and pressure. Although
strictly speaking, a similar correction should hémeen employed for the ES droplets
in section 2.1, usually {becomes constant and ~ 1 for large particles amdehit
was not intentionally used in the analysis. In tlegard, as discussed before in the
context of ES droplets, Stokes Law is used hetb@®eynolds number of aerosols is
typically less than 1.

Combining equations 2.9, 2.12, 2.13 and 2.14 teetrtal mobility is defined
by:

7 = ch(Danalyte)
37[;uajr Danalyte

(2.15)

The variation of this slip factor as a functionparticle diameter is well established
[20]. For particles smaller than the mean free dthas (~ 66 nm at 293 K and 100
kPa) it is inversely proportional Danaye, and for larger particles it decreases linearly
with increasing particle diameter. Thus, for vemyadl particles (say 10 nm or 20 nm),
DMA separates particles based on the differencprgfected area, while for larger
particles (say 100 nm or above) it separates bais¢le difference of diameter.

As shown in Figure 2.5, a laminar sheath fl&y,) also enters the DMA. The

spatial resolution of analyte is achieved by usirggsheath flow in the z-direction.
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The velocity of a particle in the z-direction i¥gn by

_ Qsheath

v, = 2 2
(R —R() (2.16)
Further if the amount of time taken for the analygeraverse the gap between the

electrodes is &nd using equation 2.9:

& 2 P2
t=_|'dr In(Rl)(RZ RD)

v 22V (2.17)

and in that same time the analyte traverses aldndgecause of the sheath flow then,
t _5_ LS7[(R22—R[2)
V% Quen (2.18)

Combining the above two equations such thattt

L(R-RY) 1'”%
- R (2.19)

Thus, for a given applied voltag¥)( andQs, , a given mobility Z) can be extracted
[20]:

)

Qsheath l n

27VL, (2.20)

Above equation implies that a particular voltageresponds to a particular mobility
of a particle. The bold dotted red line in Figutd 8hows the specific trajectory of a
particular particle for a specific voltage V. Thong scanning the DMA voltage from
low to high voltages, mobility of particles fromiBwanometer size to several hundred
nanometers can be obtained, depending on DMA dedigen, by substituting
equation 2.20 in equation 2.1Bga.aye Of a particle can be determined. One major

constraint is that the sheath flow must remain temisuch that the only force acting
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on the particles is in the radial direction becanfsthe applied electric field and flow

effects are negligible.

Usually the analyte flow that enters the DMA isereéd to as polydispersed
flow, and the mobility size selected aerosol flewveferred to as monodispersed flow.
Typically, the DMA is operated under balanced ctiadi which implies that the
polydispersed flow is equal to the monodispersea fland thus the sheath air

becomes equal to the excess flow.

2.4 Condensation particle counter (CPC)

The CPC, the last component of the ES-DMA is thetrsensitive detector available,
and is about a thousand times more sensitive thammercially available
electrometers. The high counting sensitivity of RQCis based on condensation of a
working fluid (alcohol or water) on the particlehieh increases in size to form ~ 10
um almost uniform droplets (irrespective of the gtealksize) so that it can be easily
counted optically (Figure 2.6). However, while extrely sensitive, the CPC suffers
from a lower size limit of detection of ~ 2.5 nmchase the droplet activation
efficiency is size dependent (i.e. smaller analyes more difficult to activate at a
given supersaturation of the working fluid). Thizesdependence is usually accounted
for by calibrating CPCs against electrometers amdcalled the CPC collection
efficiency ficpg [30]. It should be pointed out that modificatipmscluding use of
different working fluids and operating temperatucas lower the size limit to ~ 1 nm
[31]. Further discussion about the operating ppleciof the CPC can be found

elsewhere [29].
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Figure 2.6 Schematic of the operating principléhef CPC

2.5 Data Interpretation

The raw data obtained with ES-DMA is correctedhvite response of each of
the intermediate components for obtaining the aajaa phase distribution (Figure
2.7). For the neutralizer, the charge distributborthe analyte is a function of particle
size and is an absolutely essential correctionméstioned earlier, upon applying a
negative DMA voltage only the positively chargedtigées are collected. As the
actual gas phase particles have positive, neutchhagatively charged particles, one
needs to implement a correction to get back thgirai concentration. The fraction of
positive, neutral and negatively charged partigeserate by diffusion as a function

of size is well-studied and this correction matheoadly is given by:
25: a/[log(d, /d, ))}I

n.=10" (2.21)
whered, represents the diameter of the analgites 1 nm,j is the number of charges
on a particle, and," throughas™ are given by empirically fitted values of -2.3484,
0.6044, 0.4800, 0.0013, -0.1553, and 0.0320, waifethroughas® are given by
empirically fitted values of -44.4756, 79.3772, 4800, 26.4492, -5.7480, and
0.5049, respectively.

The next correction is for the transfer functioh the DMA usually

represented by. Because of the finite width of the region whdre analyte enters
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the DMA, trajectories of different analyte may vaifhis means that particles with
slightly different trajectory may also enter thefor a particular DMA voltage. For
example, depending on the operating condition®DMA, a 10 nm and a 10.2 nm
particle may get collected by the CPC for a paldéiclDMA voltage. Thus, even
though these two particle sizes are different ar wsould think they are the same.
Qualitatively these two sized particles are thethwithe resolution of the DMA.
Thus the ultimate resolution and throughput of BMA can be described by the
transfer function and the resolution and transterction always go hand in hand.
Under balanced flow conditions, (i.e. when shedtlhw fequals excess flow and
analyte or aerosol flow in, equals monodispersed selected flow out) the ratio of
the sheath to the analyte flow in provides an wtemmeasure of the theoretical
resolution [20]. The transfer function can be ferthroadened by Brownian diffusion
and the equations can get extremely complicatedhig dissertation, the effect of
diffusion has been neglected for simplicity. Fol tle bionanoparticles that are
discussed in this dissertation, the transfer fomcis assumed to be equal to 1 as
under the operating conditions the influence afigfar function on size distributions
was found to be insignificant. In other words, thstribution obtained with DMA
reflects the intrinsic distribution width.

Finally, the collection efficiency of the CPC isadyte size dependent and thus
needs to be accounted for by the following expogssi

- Danalyte
a3

TNcpe = 1-e (2.22)

D -D . .
and g, = — X% VS Here QnayeoiS the diameter of an

Where 0‘1 = Danalyte0 In(2)

analyte for which the collection efficiency is Y®and QnaytesolS the diameter of an

analyte for which the collection efficiency is 50%ypically most CPCs can collect

22



particle sizes of 5 nm with 50 % efficiency andtdes of around 7 nm with ~ 90 %
efficiency. In the context of this dissertatione tltollection efficiency of most
bionanoparticles will be 100 % as they will be Erthan or equal to 7 nm.

Incorporating all the responses from the neutrgli8A and the CPC, and
neglecting the effects of the transfer functiooaih be shown that the raw datgW)
from the CPC at a particular voltage {¢orresponding to mobility £ and diameter
Dp1) and the size distributions are related by:
N,(V) = s (D) (D) - 0D,

pL (2.23)

Where dB: is the increment of size frompbto Dy+ dD,; under balanced flow
conditions, i.e. the polydispersed flow equals thenodispersed flow and also

assuming that the aerosol flow is equal to the fiow the CPC.

£
(8]
< 7. Q Tcpc
S - —
= Charge Correction Transfer function R Collection Efficiency | _,  Raw data
g (For lonizer) (For DMA) (For CPC) obtained
[
§ Mobility Diameter
o ¢ dN . N, (V
_[ dD,, Rawdata obtaine V)
dD, o
] 7122 cpe

Figure 2.7: Steps for converting the raw data &oattual gas phase distribution.

2.6 Oper ating parameters of the ESSDMA

Twenty mmol/L ammonium acetatauffer is prepared by adding 0.77 g of
ammonium acetate (Sigma Aldrich, St Louis, MO, #6318) to 0.5 L of deionized
water (18 M2/cm, Barnestead nanopure UV system) and adjusbiniget desired pH
using ammonium hydroxide (Baker, Phillipsburg, B9721-01).The concentration
of acetate buffer used can also be as low as 2 fbhraphs high as 80 mmol/L. If the

conductivity is too low then the Taylor cone is ©tgarly visible and it results in big
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unstable ES droplets. On the other hand, if thelgotivity is too high then the Taylor
cone is not stable which results in small droplets with higher polydispersity.
Further details about the “window” of operationtbé ES can be found elsewhere
[30].

Typically the ES chamber pressure (Figure 2.1 agdré 2.8A) is maintained
at 3.7 PSI which for a capillary with 25 pm innéardeter and 24 cm length gives the
liquid flow rate of ~ 70 nL/min and the Reynoldsmmer for this flow is < 1. These
capillaries have an outer diameter of 150 um. Tdmllaries from TSI Inc also come
with an inner diameter of 40 um but for most of ¥hark in this dissertation 25 pm
capillaries were used unless otherwise statedh&uyrit should be pointed out that the
chamber pressure is also operated at 3.0 PSI #sone for which will become
evident in chapter 4 and 8.

A 5 mCi Po-210 is used as the neutralizer. In FBguBB it is not visible as it
resides in the enclosed chamber inside the ES Timg.arrowhead in Figure 2.7B is
barely indicative of its position. Although Po-2t8s a half-life of ~ 138 days, it can
be used upto one year after which the proportiodonibly charged particles even at
small sizes (say 20 nm) starts to become significan

The next component is the DMA (Figure 2.8C). At thighest sheath flow
rates (30 L/min) used in this dissertation the Ré&y®: number inside the DMA is <
1000 and thus the flow is laminar. For calculating Reynolds number the hydraulic
diameter of the concentric cylindrical configuratiof the DMA was assumed. In a
slightly different context, an example calculatisnprovided in Appendix A. The
inner diameter of the electrode for the DMA useé i94 cm and the outer diameter
is ~ 1.905 cm. The model used in this dissertatias length of ~ 5 cm which is

considerably lesser than a longer model with atkemd 44 cm (referred to as the
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long-DMA), and is thus often referred to as a n&A (NDMA, Figure 2.8C). The
polydispersed flow, sheath flow and monodiserpded fare shown in Figure 2.8.
The polydispersed and monodispersed flow connexioa made with tygon tubings
(from ES to DMA and DMA to CPC, respectively) whilee sheath flow connection
(from a high pressure dewar set at 40 PSI to theApM through a plastic tubing.
The DMA back pressure would vary from ~ 5 mm ofoH3 L/min) to ~ 30 mm of
H,O (30 L/min) depending on the sheath flow rate. €keess flow outlet is behind
the NDMA and thus cannot be seen in this pictutee Tast component used for
counting the particles size selected by the DM#esCPC (Figure 2.8D). The model
used in this dissertation is 3025A. For all casethis dissertation, it was operated at
high flow mode (1.5 L/min) to reduce the depositiosses of the bionanopatrticles the
tubing that connects the DMA size selected moneugsgul outlet to the CPC.

As the operating conditions can slightly vary frexperiment to experiment
hence, each chapter (or section) will provide therating conditions of the ES-DMA
pertaining to that chapter (or section).

Polydispersed Aerosol Flow (PDAF)
ES Pressure Gauge

DMA back pressure reading

Cco,
Controller

Air Flow
Controlle

PDAF reading

-u .
NDMA voltage power supply
Control used for ES Taylor Cone mode

Monodispersed Aerosol Inlet

Figure 2.8: Actual ES-DMA experimental set up.
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2.7 Summary

To summarize the above sections a schematic adiffegent components of
the ES-DMA system is provided in Figure 2.9. In &8 (Figure 2.9A) the analyte,
typically dissolved in a volatile buffer solutiors ipassed through a fused silica
capillary under pressure and then electrospraygdaduce multiply charged droplets
containing the analyte. The ES in this figure isvgh operating in the positive ion
mode. The analyte containing droplets are then dnw&h air (sometimes also
supplemented with C{pand are passed through the neutralizer (Figl#B)avhere
solvent from droplets continue to evaporate, amésedual charge on the particles
results from diffusion charging from positivelydamegatively charged ions. Only
positively (or negatively) charged particles arentltlassified by applying a negative
(or positive) bias in the DMA (Figure 2.9C). Thestr®f the particles with zero or
negative (or positive) charges will collide witheoaf the electrodes of the DMA and
be lost. Finally analyte particles are eventua#yedted (Figure 2.9D) by either using
a condensation particle counter or an electromater thus a size distribution is
obtained. Figure 2.9E below shows the size digiobs of human serum albumin
and MS2 virus (after charge correction) in ammoniacetate buffer. Size
distributions adapted with permission from [10]pgoght 1996 (American Chemical

Society) and [14], copyright 2006 (American Cherhigaciety).
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Chapter 3: LITERATURE SURVEY

Although a few groups of researchers use ES-DMAckaracterizing AUNPs,
silver nanoparticles (AgNPs) routinely the scopéhid dissertation is only limited to
nanoparticles in the biological context and thusthis chapter the most relevant

examples are discussed.

3.1 Viruses and bacteriophages

Over the last decade, ES-DMA has been applied bydaatharacterize phage
and virus-like particles. For example, a numbestoflies measured the size of both
large and small viruses as evident from Table 3lovb. Using ES-DMA size
distributions Peaset al. [31] determined the symmetry and number of pnstgier
capsid for PR772 (Familyectiviridae, GenusTectivirus), a biosafety level 1 (BSL1)
simulant of adenovirus. Lutet al. [32] extended ES-DMA analyses to viruses of
particular interest to biomanufacturers and filfems by characterizing the size
distributions of several viruses used in virusrdiion studies and in the Parenteral
Drug Association’s (PDA) new nomenclature standaatssmall and large virus
retentive filters. Wicket al., [33] demonstrated that ES-DMA is sufficientlyngje to
enveloped viruses such as alphavirus (Faifolgaviridae) although there was some
loss of structure in murine hepatitis virus (Famifyoronaviridae, Genus
Coronavirus), and sendai rodent virus (FamilyParamyxoviridae, Genus
Respirovirus). Using a novel recombinant virus-like particleaatest article, Peast
al., [34] recently compared ES-DMA size distributiobs those of TEM and
asymmetric flow field-flow fractionation and foungood agreement among the
techniques for particle quantitation. Furthermotrdias been shown that icosahedra

viruses remain infectious following electrospray,[B5] though long tubular viruses
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appear to lose structural integrity and infectivity the electrospray. Overall, this

technigue has the potential to analyze many tygdesirases.

Table 3.1 below

provides a comprehensive list of all viruses treatehbeen studied till date.

Table 3.1: Summary of reported virus identities amobility sizes. (Adapted from

reference [36])

Capsid
Virus
Author and Ref ~ Diameter Virus
Classification

(nm)
Wick 2005 [33] 22.5 Kilham rat virus (KRV) Parvoidae
Lute 2008 [37] 23.2 PP7 Leviviridae

Kuzmanovic 2008
23.3 MS2 Leviviridae
[38]

Wick 2005 [33] 23.3 MS2 Leviviridae
Cole 2009 [39] 234 MS2 Leviviridae

Thomas 2004 [35] 23.6 MS2 Leviviridae
Cole 2009 [39] 24.0 PP7 Leviviridae
Hogan 2006 [14] 24.1 MS2 Leviviridae
Wick 1999 [12] 25.0 MS2 Leviviridae

Cowpea chlorotic mottle virus
Kaddis 2007 [40] 25.4 Bromoviridae
(CCMV)

Thomas 2004 [35] 25.9 Cowpea mosaic virus (CPMV) mGaridae
Lute 2008 [41] 26.5 X174 Microviridae
Wick 2005 [33] 26.9 MVM parvovirus Parvoviridae
Cole 2009 [39] 27.0 [1X173 Microviridae

Rice yellow mottle virus
Wick 2005 [33] 28.0 Sobemovirus

(RYMV)
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Thomas 2004 [35] 28.5 RYMV Sobemovirus

Wick 2005 [33] 28.9 Sendai Rodent Virus Paramyxdeie
Laschober 2008
29.8 Human Rhinovirus (HRV) Picornaviridae
[42]
Bacher 2001 [11] 29.8 HRV Types 2 & 14 Picornaaed
Wick 2005 [33] 31.1 GD7 picornavirus Picornaviridae
Bacher 2001 [11] 31.1 HRV Types 2 & 14 Picornaaaed
Pease 2009 [34] 38.1 VLP Polyomaviridae
Hogan 2006 [14] 43.9 "I-phage Siphoviridae
Pease 2010 [31] 59.6 PR772 Techtiviridae
Wick 2005 [33] 70.0 Alpha virus Togaviridae
Wick 2005 [33] 73.7 Murine hepatitis virus (MHV) @maviridae
Wick 2005 [33] 79.1 Reo-3 (rheovirus) Reoviridae
Thomas 2004 [35] 79.7 Adenovirus Adenoviridae
Wick 2005 [33] 82.0 Adenovirus Adenoviridae
Hogan 2006 [14] 87.0 T2 Myoviridae
Hogan 2006 [14] 88.3 T4 Myoviridae
300.0 x
Allmaier 2008 [43] 10, T™MV Tobravirus

By collecting viruses post-ES [14] and post-ES-DM®@] it has been
established that some viruses (e.g., M§2emain viable after the ES process while
some others do not (e.g.,T2, T4, [14] and TMV [@]e latter also appear at mobility
diameters smaller than expected, especially if Efedroplet sizes are smaller or

comparable to these viruses. It has been specuthtddelectrical or mechanical
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perturbation during the ES evaporation process ohagupt the integrity of these
viruses. That some viruses indeed break up duhageS process has also recently
been corroborated with TMV [6].

Evaluating the titer (concentration) of viral pretkli as part of a lot release
protocol is a key quality control step essentiaktsuring their efficacy and safety
[44]. Although the specific tests comprising tlo¢ telease protocol are prescribed
individually for each product as appropriate focleaase, the assays and instruments
used to evaluate the identity, composition and mxyteof viral products must meet
standards established by the International Comeniite Harmonisation (ICH) (ICH
Expert Working Group, 2005). Specifically, “ICH Q%alidation of Analytical
Procedures: Text and Methodology” indicates thatjuantitative assay must be
evaluated based on seven criterion, namely; spggifilinearity, range, accuracy,
precision, robustness, and system suitabilityriggé4]. Although routinely used by
several labs, such a systematic study for virusdacking in the literature and thus

will be systematically studied in chapter 7.

3.2Polymers and proteins

Almost all polymers and proteins of interest areenable to characterization
by ES-DMA, which offers faster characterization égn over size exclusion
chromatography (SEC), analytical ultracentrifugat{&UC), flow-field fractionation
(FFF), and gel electrophoresis, in addition to g a direct measure of size. ES-
MS methods have difficulty measuring high molecuweeight proteins and the
presence of more than one charge state can comeptiata interpretation [45].

The first application of ES-DMA to nucleic acidsnche traced back to 1997
when it was used for determining the mobility diaenef single stranded and double

stranded DNA from size range 6 kDa to 900 kDa [#&]lyethylene glycols (PEGS)
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in the size range of 4k to 700 kDa were used tabéish that molecular weight and
mobility diameter could be correlated by a oneetlmower law [47] a correlation that
had already been established for proteins threes ywaor [11]. Similar behavior has
been reported for water insoluble polymers [48]ingghis correlation, ES-DMA can

also been used to determine density of polymerpr(eins) [11, 49].

6MW

P="" 1 3
Navg”dDMA3

(3.1)

Herep is the density of the polymer (or proteibW is the molecular weighNayg is
the Avagadro’s number amdhya is the analyte diameter determined by DMA [46,
50]. It should be pointed out that for a known ghase density of a particle, equation
3.1 can conversely also be used to determine thecolar weight. Such a correlation
is obvious for any globular particle as it reseraldesphere. However, it arises for any
non-spherical particle such as a PEG probably Isec&$ droplet evaporation causes
it to dry up to a near spherical shape. It shoddobinted out that unlike proteins,
equation 4 cannot be used to correlate the molewdaght of viruses with mobility
diameter most likely because the density of théewiht internal constituents of
viruses can vary [11].

ES-DMA has been used to determine polydispersi®l®ss, although, in this
study, the density of PEGs were assumed to be dhee sas proteins with no
justification whatsoever [51]. It was also foundait2 kDa PEG monomers are too
small for analysis by ES-DMA. This result is exgetbecause a CPC'’s sensitivity is
nearly zero at particles sizes of ~ 2 nm to 3 n&j fihd the mobility diameter of 2
kDa PEG falls in this range. This limitation canwewver be overcome by using an
electrometer instead of a CPC. Another group has attempted determining the

density of PEGs and there appears to be a significariation amongst different
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groups (0.52 gm/cc to 1.3 gm/cc) [47, 51]. The oea®r this variation is discussed
later.

ES-DMA has been used to characterize different rgeio@s of poly(amido-
)Jamine dendrimers (G2 to G10) and size distribtiobtained were found to be in
reasonable agreement with atomic force microscopgnsmission electron
microscopy, and small angle X-ray or neutron scatye[53]. In this study, using
equation 3.1, the densities of the dendrimers wletermined to be ~ 0.54 gm/cc. It
should be pointed out that for some generationshese dendrimers, the density
values obtained using ES-DMA were about a factd tEsser than rated densities of
the manufacturer. Silk-elastin-like protein polyse(SELP) are a new class of
materials that potentially can be used for genevelgl applications. Recently it has
been demonstrated with the ES-DMA that such polgnoan be electrosprayed to
produce finely-tunable, potentially non-toxic naadples either by changing
concentration of the SELPs in solution or by chaggolution viscosities [54].

Another potentially valuable application of ES-DM# characterizing and
guantifying proteins and protein aggregates, thterladbeing a common problem
during therapeutic protein development or stordsfs.[ES-DMA possesses some
distinct advantages relative to other more poptdehniques such as SEC, dynamic
light scattering (DLS) and field-flow fractionatiqiFF). Although not demonstrated
before, it is presumed that ES-DMA has a betteologion than SEC. In DLS the
intensity of light scattering scales as the sixthver of the hydrodynamic diameter.
Thus it cannot characterize heterogeneous popofatimless the size difference
between the particles is at least more than 3:1tl@nother hand, ES-DMA size
selects either on the basis of the inverse of ptejearea (e.g. 10 nm particles) or

equivalent diameter (e.g. 100 nm particles) and thas no such constraint. Further,
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ES-DMA should also have a limit of detection whishabout a thousand fold lower
compared to techniques that use UV detectors su8E&, AUC and FFF because of
the sensitivity of CPC [9]. The first reported udeES-DMA [10] employed several
different globular proteins from molecular weight 5.7 kDa (bovine pancreas
insulin) to 669 kDa (bovine thyroglobulin). It wdemonstrated that the monomers of
different proteins can be differentiated from theaspective oligomers (dimers,
trimers) and that there was a strong correlatidwéen the molecular weight and the
mobility diameter determined using ES-DMA. Sincerththe molecular weight —
mobility diameter empirical correlation plotted kiigure 3.1 has been confirmed by
several groups of researchers for both globularwal as non-globular proteins
ranging from a few kDa [11, 19, 56, 57] to sevé&@la [56]. The actual expression is
later going to be used in Chapter 8. Recalling thatDMA does not measure mass
directly, but rather projected area (for very sm@adirticles), the validity of this
correlation implies that the proteins (esp. nonbglar proteins) undergo structural
changes and become spherical during the evaporefisghe ES droplet. A recent
study with GroEL, a 14-mer complex suggested dactibapse of the structure in the
gas phase after the ES-DMA thus strengtheninghypethesis although it should be
pointed out that a “neutralizer” was not used foarge reduction in this study [58].
ES-DMA has been used to resolve protein aggregdt@Nase [59], insulin
[30], and various immunoglobulins [19]. It has alsen used to gain insight into the
function of a number of protein complexes such asiltvproteins [56], 20S
proteasome [16], ErbB3 [60], hemoglobin (Hb), Hemn@p(a crosslinked Hb) [49],
and for correlating heart disease risks with thee 2f lipoproteins [61]. A brief

review of some of these results is available elsze/f49].
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The quantification of different oligomers of pratsihas been reported for
human antibodies [19], bovine serum albumin [10dmbglobin [59] and 20-S
proteasome complex [16]. One potentially confougdfactor in these studies is
adsorption of proteins to the ES capillary whichoduces time variant size
distributions. However, since the development of[B\®A this effect has never been
systematically studied. Furthermore, studies sugtes proteins aggregate upon
adsorption to different surfaces [48], thus one meynder how adsorbed proteins
may effect size distributions when desorbing.

Another potentially significant problem is the qtiication of aggregates
using ES-DMA. Two or more monomers of a bionanagiaritnay get encapsulated in
the same ES droplet that upon evaporation of tbplelr will be incorrectly measured
as an intrinsic aggregate in MS or DMA. This adifaan be minimized either by
conducting measurements of proteins at low conagoir or by reducing the ES
droplet volume [10, 62]. However, no quantitatiypeoach is available to correct this
artifact.

ES-DMA can be used to determine the density ofgmme. However, density
determined using equation 3.1 has been found tp alanost by a factor of two by
different groups. The earliest findings of 1 — @/&nT were close to values reported
for the liquid phase density [10, 57]. However, coencial ES-DMAs used later
yielded densities close to 0.6 gfffrl, 49]. To explain this difference, it has been
hypothesized that the mobility diameters are depehdn the geometric features of
DMAs [63]. It has been independently seen thatrtiobility diameter obtained for
same particles but with different DMAs can vary bpout 15% [64]. Using
uncertainty analysis, it can be shown that a 15%@atran in mobility diameter results

in a 45% variation in density which partially exipigthis wide scatter of densities in
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the literature and strengthens the above hypoth&sis same rationale may also
explain the scatter of densities found in PEGs $41, Curiously, the lower density in
all cases have been reported only with TSI Incgiee=si DMAs and this perhaps is

because of inaccurate or imprecise DMA geometrygdes and manufactured by

them.
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Figure 3.1: Molecular weight and mobility diameterrelation.

3.3 Nanoparticle-biomolecule conjugates

Gold nanoparticles (AuNPs) are being intensely istidor bio-sensing and
health diagnostic applications in part becausehef éase with which they can be
surface functionalized. The adsorption of biomolacligands, such as nucleic acids
and proteins, to AuNPs often leads to an increasmability diameter that can be
measured using ES-DMA.. This principle has been dhetnated with several different

examples [15, 20, 42, 65, 66]. For example, ES-DIM& been used to characterize

36



and quantify surface coverage of single strand Diélecules on 10 nm gold

nanoparticles [65]. Similar studies have been tepoior self-assembled alkane thiol
monolayers (SAMs) on 10 and 60 nm AuNPs [15]. Bhigly found that the coverage
of SAMs was independent of the size of the AuUNPSABvas recently used as a
model protein to study AuNP-protein interactionsaasinction of concentration and
pH [20]. To further model the complexity inside ham plasma where

multicomponent species may be present, competagorption — desorption of
SAMs and PEGs on AuNPs has been successfully st{gle 67].

ES-DMA has also been used to characterize a vamétybimolecular
complexes, such as oligomerization of subunitsilmbnucleotide reductase in the
presence of different functional groups [68] anghosphates [69], PEGylated-Von
Willebrand factor (VWF) protein [70], quantificaticof coverage of antibodies (8F5)
on human common cold virus [42], and quantum d@iBg) on bacteriophages [71,
72].

Two approaches are used to quantify adsorbed ligasuhlly peptides and or
proteins) on a primary particle (such as AuNP, sjiror protein). One approach for
guantification is based on the increase in profesi@face area due to adsorption of

ligand [15, 20, 65] (AB approach):

d2 . —d?
72'( conjugate pnmary)z (32)

Nligand = 4A
igand

Niigana is defined as the number of ligands per primaryigear deonjugate aNddgrimaryare
the mobility diameters of the conjugates and prnmparticles, respectively, and
Aligand 1S the projected area of the ligand in liquid ghakhe above equation has been

employed for quantifying surface coverage of polsgnand proteins on AuNPs, as
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well as QDs on phages. The other approach is tatdydased on the increase in

volume due to adsorption of ligand [42] (VB approac

3 3
_ d conjugate d
ligand — d3

ligand (33)

primary

N

where @gand is the mobility diameter of the ligand. This haeb used for quantifying
the number of 8F5 antibodies that bind to humanmomcold virus, and has also
been corroborated with cryo-miscroscopy [42]. Fbe tsame mobility diameter
increase of a primary particle, each of these ambres gives different ligand
coverages, with equation 3.3 always yielding higtererages (for ligand size greater
than 2 nm or more). This is evident from differexamples shown in Table 3.2
below. Further, these values obtained only rar@igear to corroborate with other
independent measurements (column 7, Table 3.2)s Tthis evident that further
systematic studies and comparison with severalrotrhogonal techniques is
required to determine which approach provides nao@irate values. It should also
be pointed out that both equations assume thajamd, upon adsorption, does not

change in size (or conformation); this assumpti@y mot always hold.
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Table 3.2 List of bionanopatrticle conjugates areldifferences in results depending on equationd.use

Ligand Primary Conjugate
Complex Size Particle Size AB approach VB approach Independent
HRV2 + mAb-8F5 (1:60)[42] 8.8 30.0 35.8 8 28 30
MS2 + mAb (1:69) [73] 9.0 23.2 31.8 11 27 NA
MS2 + pAb (1:35) [73] 9.0 23.2 24.0 0 2 NA
A Phage + Strp + QD [71, 72] 14.1 48.4 55.8 5 21 7,13
10 nm Au + BSA [20] 7.1 13.0 19.3 12 27 3
30 nm Au + BSA [20] 7.1 31.1 37.2 52 116 30
30 nm Au + BSA [20] 7.1 59.0 64.9 161 367 87
60 nm Au + TNF [74] 6.0 60.0 66.4 161 355 1018

30 nm Au + higG(Chapter9) 8.8 32.8 39.2 11 37 140

39



3.4 Advantages and limitations of ESSDMA

3.4.1 Advantages

a) ES-DMA characterization is independent of phatitype and thus, no prior
information about the particle type, is requiretheTuse of charge neutralizers result
in a reduction of the number of charges stategpdicle compared to ES-MS, and
thus makes the data interpretation and the mobdpgctra relatively simple to
analyze. ES-DMA operates under ambient pressurdittons, and does not require
sophisticated pumping. This latter operational abtaristic also makes its interface to
other instruments (such as counters, substratemasd spectrometry) much easier.
b) ES-DMA’s have been routinely used to characteparticles over a broad size
range (~ 3 nm to several hundred nanometers), asdalso been validated with
several independent liquid and gas phase techn[Gde80, 34, 75]. Indeed ES-DMA
was one of the primary tools in the recent develmpmof NIST traceable
nanoparticle size standards [76]. Although the cenwmlized ES-DMA has been
used up to several hundred nanometers, it candx fos characterizing particles up
to ~ 2um, and thus its operational size-range is sigmtigagreater than both SEC
and MS. It should be pointed out however, thatnfiiccron sized particles, multiple
charging, and a decrease in resolution (at fixeavffate) can pose difficulties.
Multiple charging can be deconvoluted by using EBEneDMA methods, analogous
to MS-MS studies.

c) ES-DMA can be operated in a scanning mode [ti¢hghat the total time of
analysis is 2 - 4 minutes, and significantly shoc@mpared to several other methods.

(e.g. SEC and FFF ~ 30 minutes; AUC ~ 3 — 6 hours)
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d) ES-DMA requires small sample volumes (a few pt$ess depending on time of
analysis).

e) Relative to other methods, ES-DMA has high d$emityi The lower limit of
detection of CPC is a thousand fold less than W/based detectors typically used in
SEC, AUC and FFF [9]. A more detailed study of iwer limit of ES-DMA will
also be provided in chapter 7 (in context of vig)sand chapter 8 (in context of

proteins).

3.4.2 Limitations

a) Liquid phase techniques such as SEC, AUC, FlaFRArs are widely used by the
biopharmaceutical industry for characterizing pirotestability and aggregate
formation. Most of these techniques are capablenatyzing high concentrations of
proteins (10 — 100 mg/mL), in non-volatile buffensd at high ionic strengths (100 —
1000 mM). In contrast, ES artifacts that are gdam@pe discussed in chapter 4 and 5,
and instability, limits the solution conditions tmncentrations of a few hundred
pg/mL (protein and ES droplet volume specific), lmmic strength (<100 mM), and
volatile buffers. Furthermore, characterizationpobteins from cell media require
some preprocessing, such as dialysis, to prevamlatrinduced coagulation of the
analyte and heterogeneous media and a methodaogyetcome it will be provided
in Chapter 4.4.

b) The uncertainty in measurements of ES-DMA isdgily £ 0.3 nm from a size
range of a few nanometers to at least ~ 100 nm ] appears to be independent of
resolution [78]. However, this uncertainty sometsmmay not be adequate to
distinguish proteins with slight differences in mallar weight. For example, two
proteins with molecular weights of 145 kDa and 1@a would have predicted

mobility diameters of 9.3 nm and 9.4 nm, respedbfiv€hese values are within the
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uncertainty, and thus, ES-DMA cannot distinguishneen these two proteins. This
limitation has been reported for certain cases.[@8] the other hand, a typical ES-
MS can easily distinguish differences in molecwarghts of a few Daltons.

c) A typical commercially available ES-DMA and CRIgtection system will cost
~$100 K (USD) and thus is a greater financial impesht relative to gel
electrophoresis, capillary electrophoresis, SECSRInd FFF [55]. However, recent

developments in DMA technology may potentially reelthe price [80].

3.5 Summary and Motivation

Based on the extensive literature survey in prexgections it is evident that ES-
DMA can be used for several different subclassebi@fianoparticles. Besides size
determination it can also be used for i) measugag phase concentrations and
correlating with liquid phase concentrations, igasuring the density of proteins and
polymers, iii) quantifying ligand adsorption and kinetics of aggregation.

However, there are several outstanding questiotissanes. These can broadly be
divided into two categories: research oriented emlistry oriented. The first one
addresses some of the artifacts of ES-DMA fromrad&umental standpoint and tries
to study them systematically, understand them apdssible eliminate them. Under
this category questions are as follows:

1. As proteins can interact with ES capillary wall®qucing a response that varies
as a function of time, can this interaction be djified?

2. Does the above interaction influence the aggredjatebution?

3. Can quantitative theories be developed for quangfynintentional non-specific

aggregation caused by ES?
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4. The two models (AB and VB approaches) developed dgioantifying ligand
adsorption to bionanoparticles can vary drasticallan a more acccurate
methodology be adapted?

Questions 1 and 2 are addressed in chapter 4,ou@ésis addressed in chapter 5 and

guestion 4 is addressed in chapter 6.

To address the second category, different typeiafadmoparticles such as
viruses (chapter 7), proteins (Chapter 8) and narticfe-protein complexes (chapter
9) are going to be taken up and analyzed with tlestmoutinely used analytical
methods and then compared to ES-DMA to see howlates fares against these
techniques. It should also be pointed out that yama bionanoparticles often
requires analysis with several orthogonal methdthsis, in all subsequent chapters

other analytical methods are going to be invokedraswhen necessary.
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Chapter 4: ESARTIFACTS: ADSORPTION AND

DESORPTION OF PROTEINSAND ITSEFFECTS

Depending on the pH of the solution and the typethe protein being
electrosprayed, there can be a time variant siggilalition obtained with the ES-
DMA. The objective of this chapter is three-fold:t0 demonstrate that this time
variant size distribution can be harnessed to dfyahe adsorption and desorption of
a) monomeric and b) oligomeric proteins to ES aibapillaries , ii) to study whether
the adsorption and subsequent desorption of psotmnthe capillaries influence
aggregate distributions and iii) to demonstrat®ufgh an exploratory example that
ES-DMA can be used for characterizing complex logfeneous protein mixtures by
first adsorbing the mixture to the ES capillary atiebn characterizing during

desorption.
4.1 Monomeric protein adsor ption-desor ption to ES silica capillaries

4.1.1 Introduction

Protein adsorption is important to many fields unlthg biomaterials and
bioprocessing, which has led to many studies tontifyait. The characterization
methods employed can be broadly characterized sotation depletion, optical,
spectroscopic, imaging and surface force measuretaenniques [81, 82]. Most of
these techniques operate at stagnant conditions8&Bor at low shear [85, 86]
(typically 17 sec¢* to 10° sec’) and have only rarely [87-89] been used for stuglyi
competitive adsorption of protein oligomers (i.eomamers, dimers, trimers etc. of
same protein). An understanding of both the effemttsshear and competitive
adsorption is relatively unexplored problem. It hmeen reported for example that

shear flows increase protein adsorption [86], whiglobviously of interest in the
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context of the human circulatory system where sha@s can vary from 1 séto
10° sec¢' [90]. However, while protein aggregation has bsardied at high shear
flow rates (16 sec¢') [91, 92] adsorption to surfaces is yet to be ptbbnder these
conditions. Further, it is generally believed thatnulti-component systems, smaller
proteins adsorb fastest, which are then displageldrger ones [83, 85]. This effect
has been observed in both stagnant [83, 84] andhmar flow conditionsy(500 sec

1 225 sed to 2700 sed) [85, 86]. However, with a few exceptions, [87-8Bfre
seems to be an overall lack of tools that can sag$prption-desorption of oligomers
of same protein other than a few exceptions. Furtbee, it is common to label
proteins while studying multi-protein systems agugential adsorption [92-94] despite
the fact that labeling may change conformationabitity of proteins and also affect
adsorption patterns [95-97].

The objective of this section is to demonstrate actrospray-differential
mobility analysis (ES-DMA) can also be used fordging protein adsorption. As
mentioned in chapter 3 it was pointed out that sis&ributions of proteins are time
dependent implying interaction of proteins with 68 capillary. As ES-DMA can
resolve oligomers of the same protein it offers ghssibility to study competitive or
sequential adsorption of oligomers of the sameemobr a mixture of different
proteins or both (as long as their sizes are diffgrwithout the need for labeling.
Because of the ES, particles (proteins in this edhtpass through a silica capillary
under high shear (typically 1@ec") thus offering the possibility of studying the

effects of protein adsorption at high shear.
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412 Materialsand Methods

4.1.2.1 Sample preparation

A monoclonal antibody (IgG1) Rituxamab (RmAb), wasified using Protein A
affinity column (GE Healthcare) and stored at °20n 0.025 mol/L Tris buffer at pH
7.4 and 1x18 mol/L of NaN; was added as a preservative. To desalt the protein
sample, a millipore centrifuge filter (30 kDa maléar weight cut off) was used
immediately prior to ES-DMA analysis at 13,200 rjpon 12 minutes. For ES-DMA
experiments, RmAb was prepared at a concentrafidnOomg/ml as determined by
UV-vis absorption measurements in 0.020 mol/L amiomonacetate at pH 7, and
further diluted to 0.01 mg/mL, 0.02 mg/mL, 0.05 mg/and 0.1 mg/mL. For the
“proof of principle” experiment described in sectid.1.2, a solution of 0.001%
sucrose and 0.01 mg/mL RmAb was prepared at 0.080_rammonium acetate at
pH 7.0.

Bovine IgM (Sigma Aldrich, St Louis, MO, 078K477%btained in
concentrations of 1 mg/mL was desalted as descfidre®@mAb and diluted 10x to a
concentration of 0.1 mg/mL for use in the ES-DMA.

Stock gelatin (KNOX, trade name: Gelatine, # 0-4:08500-5) solutions
were prepared by suspending 1 mg to 1.5 mg in 1tonll.5 mL of 20 mmol/L
ammonium acetate at the desired pH in low protedibg vials (Eppendorf). The 1
mg/mL solution was heated 50 °C for =5 minutes for dissolution. The samples
were then diluted to 0.1 mg/mL and used to passiv#tte capillaries. Solutions of
gelatin were prepared fresh each time the capBasiere passivated.

The capillaries referred to as unpassivated or laaeethose that did not

undergo any surface treatment before use. Passivapillaries are those that
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underwent surface treatment with gelatin or BSAe fiethodology of passivation is
described in great detail in chapter 4.3.
4.1.2.2 ES-DMA

About 1.0 M HSO, was made to flow through the 2&n capillaries for 20-30
minutes (equivalent to 11-16 capillary volumes, imd8bn of capillary volume
provided later), followed by nano-purel8(Ntm ultrapure water for another 10
minutes (5-6 capillary volumes). Prior to ES-DMApeximents, capillaries were
cleaned by flowing 0.020 mol/L ammonium acetatefdngolutions at pH 7.0 for 5 —
10 minutes before introduction of the desired sampCapillaries undergoing this
treatment are referred to as “bare”.

The ES-DMA was operated with a sheath flow rat&@®t/min using nitrogen
and an aerosol flow rate ofL.5 L/min using air except for the “proof of pript”
experiment for which the sheath flow used was 30/8ize distributions of RmAb
were obtained by scanning from 7.2 nm to 15.5 nhe TPC was operated at a high
flow mode of 1.5 L/min.

A typical adsorption-desorption experiment woulshstitute the following
steps: firstly, insertion of the sample was follal®y starting of data collection after
4 minutes, to allow for the sample to elute throtigh capillary, pass through DMA
and get counted by the CPC; mobility distributiovere obtained every 90 seconds
(unless otherwise mentioned) till steady-state aekieved (within experimental
variability) and finally the protein sample was leeged with buffer and further
mobility distributions obtained. The system washrated for size using 60 nm NIST
calibrated polystyrene latex particf&s

It should be noted that all experiments descrildéet #he proof of principle

experiment did not incorporate sucrose as a matkergas phase data were charge
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corrected and mobility distributions were obtairfesm 7.37 nm to 15.1 nm using
commercial TSI Inc. software (Aerosol Instrumentridger) that enables obtaining
size distributions more frequently (every 90 ses)rabmpared to the experiment in
“proof of principle” experiment. Also, because tB& community (especially mass
spectrometry) uses different capillary diameterd bence the flow volume [28, 53,
98] can vary significantly time was replaced witjueralent capillary volume, which
is defined by the product of time with capillarpwt rate, and divided by the total
volume within the capillary. In this regard, the ssa&pectrometry community
typically uses different passivations on silicafsces to reduce protein adsorption
which concomitantly reduces the long waiting tiroegore protein breakthrough [99].
4.1.2.3Shear rate calculation

For the 25um capillaries and the nominal flow rates used is gtudy, the
shear rate is calculated to k0" se¢' as calculated below. This value is about one
order of magnitude higher than techniques previouséd to study protein adsorption
under shear flow conditions such as total intemadlection fluorescence (TIRF)
[100], ellipsometer [86] and surface plasmon resae [101].
In laminar flow the velocity profile inside a tuisegiven by equation 1,

Y _op-ac " y) (4.1)

average capillary

U

WhereU is the velocity at any radius r abdapiiaryis the capillary inner diameter,

andJaverage IS defined as,

U _ 4Qcapi|lary (42)

average ~ 2
Dcapi llary

where Qcapiniary IS the flow rate inside the capillary.
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2xU
S L 4.3
D (4.3)

I =Deapiltary /2 capillary

The shear rate is then= ‘(Z—U

Using equation 3 the shear rate in a @b capillary at a capillary flow rate of 66

nL/min comes out to be 10756 ec

4.1.3 Proof of Principle Experiment

Sucrose was used as a reference marker in thisiexgre because it does not
significantly interact with the silica surface dfet capillary at pH 7. On the other
hand, any protein that interacts with the capillaily result in a mobility distribution
that should vary with time.

Figure 4.1A plots the size distributions from 3 tonl3 nm obtained at times
of 0, 99, 128, 137.5, and 175.5 minutes for a me&tof 0.001% sucrose (v/v) and
0.01 mg/mL RmADb. At t = 0 minutes and t = 99 mirsuéepeak for sucrose at 4.6 nm
is clearly observed, while no peak is observedRiorAb. At t = 128 minutes, a peak
for RmAb at~ 9nm is first observed that increases quickly iemsity to a steady-
state value with time. These results show that;csecdoes not bind to the capillary,
and protein adsorption occurs over a long periotiroé. The RmAb mobility size
needs to be corrected for sucrose that coats th&bRnolecule. The equation for this

correction is given by:

Qo = T o Do (4.9

Where Gmap is the size of RmAb monomergghp sucroselS the RmAb coated with

sucrose andsgkroselS the diameter of sucrose. Theng, value obtained is in excellent

agreement with mobility diameters of immunoglobslobtained by others [11].
Figure 4.1A also shows small quantities of RmAb elisnat 11.2 nm which

appears because of an electrospray artifact ofntimoomers in the same ES droplet

49



[102, 103] as discussed in the previous chapteneiOtime points have not been
shown for clarity. The data has been normalized tarthe sucrose peak. Figure 4.1B
includes the adsorption phase (upt®40 minutes), the steady state phase (si80

minutes) and the desorption phase (upt@30 minutes).

Sucrose coated RmAb

>
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Figure 4.1: Size distributions of 0.001% sucroge)(mixed with 0.01 mg/mL RmADb
at pH 7.0 using the ES-DMA as a function of timB. shows the integration of the

sucrose peak and RmAb peak plotted as a functitimet

After the protein signal has reached steady-statBB0 minutes), the protein
solution is replaced with a 20 mmol/L ammonium atetbuffer at pH 7. Upon
replacing the sample with buffer, the sucrose sigtecreases immediately, in
contrast the RmAD signal decays relatively slowllgis is evident from Figure 4.2B
that plots the integrated area under the RmAb antbse peak as a function of time
for the entire experiment. These results are sumathrand interpreted as follows.
The presence of sucrose signal together with tiserade of RmAb signal suggests
that RmADb adsorbs to the wall of the glass capillerom 0 tox 130 minutes RmAb
adsorbs until the RmAb surface coverage reachesasiain, at which point protein is
first observed and the signal rapidly reaches gtstate. Upon replacing the

protein/sucrose solution with pure ammonium acetauéfer the sucrose signal
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decreases rapidly, while the RmADb signal falls mele@vly. The slowly decaying

RmAD signal suggests slow desorption of RmAb framdlass capillary surface.

4.1.4 Surface cover age and adsor ption kineticsfor monomeric and multimeric
proteins

In this section the relationships necessary toaektkinetic parameters and
surface coverages from the mobility distributionse aformulated and then
demonstrated with a monomer protein (RmADb). Theleeas reminded that RmAb
does not elute from the ES capillary for many masutor capillary volumes) for all
experiments conducted for this work, hence it i¢ possible to determine the
adsorption rate constants for RmAb using ES-DMA.

To determine the surface covera@guing" is defined as the concentration of
protein in liquid phase eluting through the ES Htagy, a parameter that varies with
time where superscrigt denotes time. The DMA-CPC however measures the gas
phase concentration, which must be corrected fansport losses and particle
charging fraction. While the charge fraction is dzhon well known relationships
which allows one to make the appropriate quanigatorrections (defined Dynarge),
the transport losses must be empirically calibrat@tugh a parameterwhich takes
into account Brownian motion [24] and electrostatieposition losses and

electrospray efficiency [104] as shown in equaddn

t(i) QCPC

t(i) _
= anasphase

C

duting

(4.5)

Qcapillary
wheraz is an unknown at this point sin@uing" is unknown anee andQeapiiary
are the flow rates inside the CPC and capillarpeesvely. Cgaspnase"” is given by

equation 4.6 and is determined by charge cormgdtie CPC raw data and then
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integrating over the entire size range of obserpemtein species such as protein

monomer, dimer, or larger aggregates.

‘ d N0
C t(|):J‘ (acharge cpe )dD (46)

h
gasphase de p

WhereN," are the counts obtained by the CPC at a mobilitsndter ofDp, dDp is
the increment in mobility diameter anghage accounts for the charge correction
[105]. For RmAb the monomer and dimer counts wdriaed by integrating from
7.6 nmto 9.6 nm and 9.8 nm to 11.8 nm respectively

When the concentration of eluting protein reacsiesdy state (or in other
words assumingdsor ption reaches equilibrium) Ce.mmgt(ss) can be written as shown
below:
Cetuting ™ = Ceplution 4.7)
Where Coiuion iS the total concentration of the protein in solntmeasured by an
independent technique such as UV-vis and the starg(ss) denotes steady state.
Then combining equation 4.5 and 4.¢an be determined at steady state. Using this
approach a« was~= 4-5 for RmADb at all concentrations and pH valuesyevera is
dependent on system operating parameters suck asiibsol flow and sheath flow as
well as protein type. The assumption of equilibritias been addressed in greater
detail in section 4.2. For now assuming stead statresponds to equilibrium allows
one to evaluate the adsorption kinetics under muilibrium conditions, because
once evaluated at steady state can then be usédeatconditions assuming linearity.
Concomitantly, this also allows the amount of protadsorbed to the capillary
surface per unit areB,gsto be calculated. Because the amount of proteiorbdd

varies with time and DMA scans require a finite tviiene At, I is evaluated
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over a given time interval and summed over each pesiod as given by equation

4.8.

. Coution — Catuting ) Qeapitiary A
radszzradst(l):z( SOMIO;Z_D eluting )Qcaplllary (48)

capillarchapillary
WhereDecapinaryand Leaitiary are the diameter and length of the capillary, Agglis the
total coverage obtained.

When the protein is replaced with bufféfe is the amount of protein
desorbed

at time period(i) and is given by:

4 Coauing " Qo Al
_ t(i) _ eluting capillary
R Y

capillary —capillary (49)

wherel 4esis the total amount of desorbed protein.

Figure 4.2A presents data for 0.01 mg/mL RmAb a¥ mHectrosprayed through a
bare capillary for up te= 100 capillary volumes, while Figure 4.2B showsesiz
distributions for RmAb as a function of time whée tsample is replaced with buffer.
In this case, RmADb first appears~at72 capillary volumes consistent with results
obtained before when sucrose was used as a “mafkguire 4.2C displays the total
counts of RmAb as a function of time and the ptotdivided into four domains.
Domain | is characterized by zero signal intenditg to the adsorption of nearly all
protein to the glass capillary surface. Domainslicharacterized by a rapid rise in
counts following saturation of the RmAb surface @age. Domain Il is where
RmAD signal reaches steady state. Domain IV isndubuffer rinse where a rapid
decay in RmAb signal occurs. It should also beeddhat the mobility size of the
RmAb monomers and dimers obtained during desorgtiomain 1V) are equivalent

to that obtained during adsorption, and that theod®#ng species are primarily
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monomers, although from this measurement one camnaertain that the desorbed
monomer is in its native state. Figure 4.2D sholes riesulting surface coverage
(mg/nf) as a function of time, determined from equatioB. /A maximum steady-
state coverage of 4 mg/nf is determined, which only slightly decreases dyitime
desorption period. The dotted line in domain | esgnts no protein eluting and thus
the intial rate of protein adsorption is unknowrheTnext section compares the

coverages with previously reported values.
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Figure 4.2: (A) Size distributions of RmAb. (B) Sidistribution as a function of
time. (C) Sum of the monomer and twice the dimemt® as a function of time. (D)

Surface coverage as a function of time for RmADb.
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4.1.5 Concentration and pH dependent adsor ption-desor ption of RmAb

As the methodology for determining coverage, andogation-desorption
kinetics, is now established these parameters loan be determined at different
conditions. Experiments like those shown in Figdt2 were carried out at four
different concentrations of RmAb: 0.01 mg/mL, 0:82/mL, 0.05 mg/mL and 0.1
mg/mL at pH 7.0. The capillary volume at which Rimgtarted eluting was found to
be inversely proportional to solution concentrat@s shown in Figure 4.3A. For
example at 0.01 mg/mL the first evidence of RmApegys at 72 capillary volumes
as shown in Figure 4.2C before, likewise, RmAbtstatuting after~ 38 capillary
volumes,~ 13 capillary volumes and 7 capillary volumes for 0.02 mg/mL, 0.05
mg/mL and 0.1 mg/mL respectively. It is also evidigom Figure 4.3A that the total
gas phase counts is linearly correlated with theidi phase concentration, i.e. the gas
phase density of 0.02 mg/mL, 0.05 mg/mL and 0.1nmhgéolutions after steady state
are about two times, five times and ten times dhalhe steady state gas phase density
of 0.01 mg/mL solution implying that the recovenyall these cases are the same and
that the ES-DMA is linear in this concentration gan Size distributions were
obtained for 15 to 20 capillary volumes after stesidite had been attained for each of
the above cases after which, the RmAb samples reptaced with buffer and size
distributions obtained for 15 capillary volumes, to determine the desorptiaie.
The same methodology was adopted for the pH stildy.clarity only one set of

experiments have been shown in Figure 4.3A.

Using equation 4.5 and 4.6, the surface coverag&mfb on the glass
capillary surface and the amount desorbed areepl@ats a function of RmADb solution

concentration in Figure 4.3B. The error bars aaaddrd deviations determined from
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2-3 experiments. Within experimental uncertaintyg amounts of both absorbed and
desorbed RmADb appear to be relatively independgmitobein concentration.
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Figure 4.3: (A) The total gas phase density of Rna&ka function of time expressed
in equivalent capillary volumes at four differenbncentrations at pH 7.0. (B)
Adsorbed (open square) and desorbed amounts (dpaglé, dotted line) of RmAb
per unit area as a function of concentration.

Other groups have reported that protein adsorptioreases as a function of
concentration at both stagnant to high shear flowd@ions [106-109jvhich is in
direct contrast to what is shown in Figure 4.3BonBtheless, the coverages of 3.5 —
4.3 mg/nf determined here for concentrations ranging frof®lOmg/mL to 0.1
mg/mL fall within the range of 2 — 18 mg?meported in the literature for silica
surfaces [106-115]. The reasons for the breadtlvatdies may be attributed to
differences in surface properties [116], ionic sgth [106, 107, 117, 118] , pH [113,
114, 117, 119] and different immunoglobulins [113]

Using simple structural models for RmAb one canneste if adsorption is
monolayered or multilayered. For a typical 1gG, hmjected side (53 nfhand
frontal areas (94 nfj [19] give corresponding coverages of 4.6 nfgand 2.6
mg/nt,respectively. The experimental values of 3.5 —mdint in Figure 4.3B fall

within this range suggesting approximately monalageverage for RmAb on the
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glass capillary surface; however, one cannot excltlte possibilities of mixed
orientations or coverages, or surface induced gadjon or conformation changes
that would change the adsorbed area of the pr{ité# 119-122]. Many studies have
proposed monolayer adsorption even for coveragés G mg/m for IgG [119, 123,
124], although multilayer adsorption has been rggbby many others [117, 121,
125-127].

The effect of pH on adsorption of RmAb was alsareied. Figure 4.4 shows
the amount of RmAb adsorbed (primary axis) and degbper unit area (secondary
axis) of the capillary as a function of pH at a @amration of 0.1 mg/mL and error
bars are obtained by obtaining data at least itichtp. The highest surface coverage
was observed near the isoelectric point (pl) ofgtaein. These results are consistent
with the domed shaped profile commonly reportedothers [114, 118] suggesting
that intermolecular electrostatic repulsion effegtay be important in influencing
protein surface coverage. It should be pointedimaitthe pH study was limited to pH
9.0 since buffers at pH 10 start etching of the silica capillaries thabduced

significant noise in the size distributions makdsaga interpretation difficult.
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Figure 4.4: Adsorbed and desorbed RmAb per unih @® a function of pH at

concentration of 0.1 mg/mL.

The amount of RmAb desorbed was also quantifigaHat.75, 7.0, 8.5 and
9.0 to be 0.1% 0.02 mg/m2, 0.4& 0.26 mg/m, 0.44+ 0.13 mg/mM and 1.35t 0.16
mg/nt respectively which translates to 5.5 %, 15.3%] 24.and 47% of the amounts
adsorbed. Buijgt al [113] using reflectrometry fourrd 10% desorption of IgG from

silica consistent with the findings in this section

4.1.6 Desor ption rate constants

Based on the desorption data, one can also extraetic rate constants.
Assuming that desorption over the 90 sec scaniBmenstant, one can determine the
number of particles that desorBgebgs'’, by integrating the area under the
monomer peak. Then the number of particles desgibiNgesrbiqid " , such that
) _ N

N 0Q, At (4.10)

desorb,liquid desorb,gas
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At any time t(i), the amount of particles remaining on the surfabenoted by
Nsurfacet(i) is,

0 — N

surface

N total N t(i) (411)

surface desorb,liquid

where the total number of particles on the surfigga.."® is calculated from the
size distribution as determined by the DMA, theaané the capillary, and assuming
monolayer coverage.

The desorption rate is the change of surface caratem with time, which is

assumed to be a first order process, and is irtjjta give:
Nt

log(ﬁ) = =K sesorpiion (1(1) = 0) (4.12)
WhereKgesorption 1S the desorption rate constant

Using equation 4.12, the rate constants of desordbr the concentrations
studied are found to be10° se¢' and invariant of concentration. The desorptioe rat
constants at pH 4.75, 7.0 and 8.5 were determimée+t 10° sec¢’, whereas for pH 9
it was~ 10" se¢'. The higher desorption rate at pH 9.0 may be chhgelectrostatic
repulsion between the silica and adsorbed proféie. desorption rate constants are
listed in Table 4.1. Using X-ray photoelectron dpescopy, Ballet al [120] found
desorption rate constant for IgG to belO® se¢’, consistent with above results.
Because the experiments by Ball et al. were peddromder stagnant conditions, the

reasonable agreement of results implies that sdeas not considerably affect

desorption rate constant for RmAb on a glass eapiBurface.
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Table 4.1. Desorption rate constants at differententrations and pH.

Concentration Desorption rate pH varied at Desorption  rate
(mg/mL) varied af constants (S€Y concentration 0.1 constants (S€Y
pH 7.0 mg/mL

0.01 1.8x10+7.1x10° | 4.5 2.2x10+2.5x10°
0.02 1.9x10+1.0x10° | 7.0 2.7x10+4.2x10°
0.05 1.9x10+3.5x10° | 8.5 2.7x10+1.4x10°
0.1 1.7x10+2.4x10° | 9.0 1.2x10+5.8x10°
4.1.7 Summary

The ES-DMA method offers the possibility to studgbel-free’ competitive as
well as sequential adsorption of oligomers of tlane proteins and or multiple
proteins under high shear1(0* sec'). pH (4.75 to 9.0) and concentration based
studies were performed for RmAb (0.01 mg/mL to &.d/mL), on silica at pH 7.0.
Concentration does not seem to have an effect ®@mriount of protein adsorbed at
high shear flow conditions for RmAb. The pH studg®w maximum adsorption
around the pl of RmAb consistent with literaturéeTdesorption rate constants were
found to be consistent with other studies at stdmditions implying that shear may
not have a significant effect on desorption kiretit should be mentioned that this
methodology can also, in principle, be adaptedheyrhass spectrometry community
for studying protein adsorption-desorption on angh silica capillaries although
because the number of charges on proteins woustlbéon pH specific, quantitation
of adsorption-desorption would be more complicath an issue does not arise for
the ES-DMA since a Po-210 charge neutralizer isl.ukeshould also be pointed out

that as a tool ES-DMA cannot provide insights ithe thermodynamics of the protein
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adsorption process and the reader would have ¢o eédewhere for understanding it

better [112, 128-130].
4.2 Oligomeric protein adsor ption-desor ption to ES silica capillaries

4.2.1 Introduction

As already pointed out in chapter 4.1, protein gusan to surfaces is
ubiquitous and is of great importance to the biarpta industry and food processing.
Often times, to emulate the complexity inside hunp@sma, the adsorption of
multiple protein systems are studied on to diffesenfaces. For identifying different
proteins from such a system it is common to useydhliorescent or gold labeling
[85, 93, 131]. However, labeling may change thefamwonation stability of proteins,
and affect their adsorption behavior or even prenaggregation in proteins [87, 95,
96]. To avoid the adverse effects of labeling, otlabel-free” tools have been
employed such as size exclusion chromatography9B,796], electrophoresis [128],
ellipsometry [132, 133], spectroscopy [134], suefatasmon resonance [101], quartz
crystal microbalance [135], tensiometry [132], eeffometry [136], shear rheology
[125], surface force apparatus [137] and imagirghneques [138]. However, there
are only a few reports where these tools have bmmployed on oligomers
(monomers, dimers etc) of the same protein [87-8B8¢ objective of this section is to
demonstrate that ES-DMA is one such tool that canelmployed for routinely
studying adsorption-desorption of heterogenous eprot mixtures. This is
demonstrated by considering bovine IgM that costéange proportions of monomers

and dimers.
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4.2.2 Sample preparation
4.2.2.1 Protein sample preparation

Bovine IgM (Sigma Aldrich, St Louis, MO, 078K4779btained in
concentrations of 1 mg/mL was desalted using 10 kizdecular weight cut off
centrifuge filter from Amicon using the same metblody as adapted for RmAb and
described in Chapter 4.1. It was then diluted &8 to concentrations of 0.1 mg/mL
for use in the ES-DMA.
4.2.2.2 Capillary surface preparation and passiuati

For the electrospray source and adsorption stu@éscm long and 2um
internal diameter fused silica capillaries weredugeapillaries were treated with ~ 1.0
M H2S04 for 20-30 minutes, and then rinsed withodied (18 M2/cm) ultrapure
water for another 10 minutes. Prior to ES-DMA expents, capillaries were cleaned
by electrospraying with 20 mmol/L ammonium acetatéfer solutions for 5 — 10
minutes before insertion of the desired samplepillaaes undergoing this treatment
are referred to as “bare”.

Stock gelatin (Knox, trade name: Gelatine, # 0-4108500-5) solutions were
prepared by suspending 1 — 1.5 mg in 1 — 1.5 mhuéfer of 20 mmol/L ammonium
acetate at the pH 7.0 in low protein binding vi@ppendorf). The 1 mg/mL solution
was then heated to about’8D for approximately 5 minutes to dissolve the @imin
solution. The samples were then diluted to 0.1 mgdwmiution, and used to coat the
capillaries. Further details of the protocol foating the capillaries will be provided
in Chapter 4.3. Solutions of gelatin were prepdredhly each time the capillaries

were coated.
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4.2.2.3 ES-DMA
The experimental conditions were same as the prsvgection and thus are not

discussed here.

4.2.3 Resultsand Discussion

The mathematic modeling for determination of theetage of IgM onto ES
surface would essentially remain the same as befGrepter 4.1) with slight
modifications arising from the heterogeneity of #anple. For example, expression
for Ceuuting In €quation 4.5 above needs to be slightly modlife@ such an oligomeric
system. DefiningCs™ and Cy° as the measured monomer and dimer solution
concentration respectively such that the total eatrationCy is given by (assuming

higher order oligomers are negligible in conceirgt

Cgl + ZC;I = Ctot (4_13)

Then the respective monomer and dimer gas phasetscawan be obtained by
correlatingCe " and Cy°with Cgad and Cgasusing oand ° in equation 4.5, 4.6,
4.7. Further, different oligomers can have différprojected areas upon adsorption
depending on their orientation while approaching shrface as shown in Figure 4.5.
One needs to especially take this into accounestimating whether the coverage is
monolayered or multilayered. Although this aspest not addressed in this
dissertation, the possible orientations are shawfigure 4.5, nevertheless.

As the surface is a heterogenous mixture of the amems and dimers,
assuming that the heterogeneity is proportionaltte maximum coverages of

M, total

monomers and dimers, the total monomer on the ciNg,+ can be written as

below

Mo _p o Na pp (4.14)

surf illar illar
MW capiliary —capillary

N

63



A Configuration 1 Configuration 2
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Projected area =—" —ldy, Projected area = 2,
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4 dimers, 2 with 4 dimers create a projected area
equivalent to 6 monomers, i.e. the
number of dimers is 2/3 times that
of total number of projected
monomers

configuration 1 &
2 with configuration 2

Figure 4.5:(A) Two simplest possible configurations of dimexgaching to the
surface of ES capillary. (B) Projected area ocalidiy dimers assuming equal
probability of both configurations.
WhereIy" is the maximum (plateau) monomer coveragjgis the diameter of the
monomer determined by ES-DMA#8gapiiary@nd Leapitaryare the diameters and lengths
of the capillary, respectively and,Nis Avagadro’s number and MMynomer IS the
molecular weight of the monomers.

As the number of dimers on the surface is irrespedf the orientation, hence

the total number of dimers on the surface can berehned using:

NP0 Py Naop | (4.15)

surf capillary —capillary
Mvvdimer

Wherelp” is the maximum dimer coverage and MM, is the molecular weight of
the dimers.
Then, following the same methodology as outlinedegtion 4.1.6, the rate

constant for the monomek;es” and dimersKges can be determined by replacing
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Naesg™™® With Naesg™™®, Noes™® with Ngesi®'®, Neuer™® with N> and Ngy ™
with Ng,?®? in equations 4.10 to 4.12.

Figure 4.6A shows mobility size distributions ofdl@gm/mL of IgM in 20
mmol/L ammonium acetate buffer at pH 7.0 while Feggul.6B shows mobility
distributions for desorbing IgM when the proteidusion was replaced with buffer
after about 50 capillary volumes. Both Figure 4.&#d 4.6B consists of two major
peaks that can be identified as monomers and diofeigM based on an empirical
correlation between mobility size and molecular ghei It will be demonstrated in
chapter 5 that the size distribution of IgM is insic solution distribution. For now
the reader needs to just accept this informatianitAs clear from Figure 4.6A that
IgM has significant dimers along with monomers leeitds used as an example of a
polymeric protein in this section. In Figure 4.6Ae monomers and dimers of IgM
increased monotonically immediately after inserta@insample, and the mobility of
the monomers and dimers stayed constant at 15.@ninl9.2 nm throughout the
experiment. Using reasonable numbers for diffugi¢di0™ m?/s) for IgM monomers,
the characteristic diffusion time can be determiteede ~ 16 s to traverse the radius
of the capillary. This is approximately a factor 8fsmaller than the capillary
residence time, which in this regard«i€ min. This implies that the time dependent
mobility distributions cannot be ascribed to masmgfer effects, and must be

associated with the intrinsic kinetics of adsonptio

The area under the monomer and dimer peaks frorh eambility size
distribution are integrated and presented in FiguB€ as a function of time. Domain
| represents the initial phase of adsorption, feéld by a step change represented by
domain 1l (capillary volumes 15 onwards), and damidi which is the steady state

(capillary volume 33 onwards) condition. Domain ¥ when the protein was
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replaced with the buffer (capillary volume 52 ondst From this data, the coverage
of protein adsorbed onto ES capillary can also &erdhined as was demonstrated
with RmAb (usingCq," and Cg,with Cgs” andCyss’using and & in equations 4.4 to

4.9). Applying this approach the coverage of IgMnmmers and dimers to bare Silica

is shown in Figure 4.6D.

Further, by dividing the initial coverage with thetial time (first ~ 20 mins)
the initial rate of adsorption was determined toObke+ 0.02 mg/r/min and 0.18t
0.05 mg/m/min for monomers and dimers respectively. Thdahiate of adsorption
of IgM dimers is thus about 1.8 times that of IgMmomers. Buijst al [113]found
the initial rate of adsorption to be 1 - 2 mg/mM/min for IgG at near stagnant
conditions using reflectometry, implying that IgMdsha much lower affinity to silica

than IgG.

The maximum monomer and dimer coverage at steatly gtere 2.15 0.50
mg/nf and 3.75t 0.32 mg/m respectively. Tengvaét al determined IgM adsorption
to hydrophobic silica to be as much as 15 nid/t89]. On the other hand Let al
found submonolayer (34 %) coverage of murine IgNbamica surface using AFM
[140]. As already described in chapter 4.1, thigalrvariation in literature could be
because of several reasons, such as, different lgddd, the surfaces, characters of
the surfaces, buffers used, ionic strength of &wist pH etc. Nevertheless, the results
obtained here with ES-DMA are well within this bdoaange of values found in

literature.

The desorbed amounts of monomer and dimer perauedt were calculated to be
0.49 + 0.3 mg/m and 0.08+ 0.02 mg/m, respectively, i.e. 22.8% of monomers

desorb while only 2.1% of dimers desorb, implyiegd dimers come off the surface
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when flushed with buffer. This is also evident dguaéively by comparing Figure 4.6A
and Figure 4.6B. The dimer/monomer ratio in desonpis significantly smaller than
during adsorption that implies that the primary csge coming off the surface is
monomers. This could be attributed to the largenimer of binding sites for IgM

dimer compared to its monomer.
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In chapter 4.3 it will be demonstrated that gelgiassivated silica capillaries
prevent adsorption of different immunoglobulins eeffvely. However, upon
electrospraying IgM through such a gelatin paseivasurface it was found,
significant adsorption, and the adsorption-desorptpattern is also significantly
different from a bare surface as discussed hemstlyFno monomer or dimer of IgM
elution for= 4 capillary volumes were observed, implying tlmatontrast to IgG, IgM
has a greater affinity towards gelatin and thatkimetics of adsorption is not mass
transport limited This was followed by a sudden increase in monomtnsity
(Figure 4.7A) that also corresponds to the appearasf dimers. The monomer
intensity then decreased while the dimer intersatytinued to monotonically increase
till both reach a steady state at 11 capillary nwa significantly quicker than the
previous case with the bare capillary. During dpson, as shown in Figure 4.7B, the
concentration of dimers desorbing was higher thet ©6f monomers, and indeed
higher than dimers desorbing from IgM adsorbeda@ Isilica. Figure 4.7C shows the
integrated concentrations divided into three dostainwhere initially no protein
eluting was seen to elute, followed by preferergigdulsion of monomers, domain Ii
(11 capillary volume onwards) where both monomes dimers reached a steady
state, and domain IIl (53 capillary volume onwardsé)en the protein was replaced
with buffer. The increase in the monomer signallyean does not show any
concomitant temporal variation in the dimer adsorpin Figure 4.7C thus one may
gualitatively argue that the dimers were not expglthe monomers. It maybe that
higher molecular weight species such as trimetgrters and pentamers that were
present in small quantities (discussed later irptehab, Figure 5.1) were responsible

for the displacement of the monomers. This adsamppattern is also referred to as
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the “Vroman effect” after the seminal work of Vroman 1970s when it was shown
that low molecular weight proteins would adsorb aosurface first but would
subsequently be displaced by high molecular wepgbtieins [141, 142]. It is not clear
as to why such an adsorption pattern is not seanglthe adsorption of IgM to bare
silica. Qualitatively, this may be because of diffg affinities of IgM to bare silica
and to gelatin surfaces.

The maximum IgMmonomer and dimer coverages are determined tod8e-®.07
mg/n? and 2.65+ 0.4 mg/mi respectively, which is about a factor of five (for
monomer) and two (for dimer) smaller than on a leagllary. The amount of IgM
monomers and dimers desorbed are 0t28.2 mg/mi and 0.39+ 0.1 mg/m,
respectively, i.e. 57% of monomers and 17% of dané&hus it is found that IgM
adsorption on a gelatin surface is significanthlydo compared to a bare silica surface
and desorption of both monomers and dimers isfgignily increased.

There appear to be three major similarities for Igtisorption to bare silica
and gelatin coated silica: a) The amount of dinaelsorbed in both the cases is higher
than monomers as seen in Figures 4.6D and 4.70. iShnot surprising since the
dimer would have nominally twice as many antigamiig sites, b) the monomer and
dimer mobilities sizes obtained during desorptioa avariant of the two surfaces
which may either imply that the two surfaces do ceaise a significant change in the
protein at least within the uncertainty of the instent which in this regard is about ~
0.3 nm [15, 143], or that once the proteins desmin the surfaces they return to
their native state and c) the total protein eluting is the same irrespective of the
surface. The third similarity has an important @mgence as discussed here. If IgM
adsorption to bare silica and gelatin passivatethsels would have continued, then

the respective steady state size distributions dvdodhve been “steady state”
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distributions and not “equilibrium” size distribatis. Because, these gas phase size
distributions are same (implying the protein elgtis the same irrespective of surface
type), thus it is likely, that IgM adsorption reachthe same steady state for both the
surfaces. Thus in all likelihood the recovery o trotein from both the surfaces is
100% and thus “steady state” corresponds to “duyuiin”.

It has been qualitatively pointed out earlier, bynparing Figure 4.6B against
4.6A that dimers have a lower propensity to de$anm the surface. This can further
be gquantified and explored if one were to assunsorgéion to be a first order
process, using the monomer and dimer concentralemay as a function of time
during the buffer flush. The detailed analysis as/jgled above yields desorption rate
constants for IgM monomer and dimer of 0.065.001 mift and 0.001k 0.0002
min™, respectively, from gelatin surface. On the othend for IgM desorption from
bare silica is 0.004 0.0025 mift and 0.0003% 0.00007 mift for monomers and
dimers respectively. These values are well withie wide range of desorption rate
constants ¥10* min® to ~1 min?) found in the literature [120, 144-146]. Clearly,
there are two important inferences: the monomeortissfaster than the dimer for
both surfaces, and the propensity for both the mmame and dimers of IgM to stay

adsorbed on the gelatin-passivated surface is lower
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424 Summary

By selecting a multioligomeric protein, it was demtrated that ES-DMA can quantify

protein-adsorption for heterogenous protein mixduFer IgM adsorption to bare silica it

was found that IgM dimers a) adsorb at a rate faktn IgM monomers and b) have a
lesser propensity to desorb compared to IgM monsntarrther, changing the nature of
the ES surface showed significant variation of goson-desorption trends. For gelatin

passivated surface it was found that Vroman effexs observed. For both the surface
types, the desorption rate constants are consistémtliterature at low shear implying

shear does not affect the rate of desorption.

4.3 Influence of protein adsor ption-desor ption to aggregate distribution

4.3.1 Introduction

One potentially confounding effect in accuratelyasw@ing the size distribution
of protein oligomers by ES-DMA is the adsorption tbe protein to the bare silica
capillary. As demonstrated in the last two sectiand previously in literature [19, 30]
there is compelling evidence that proteinds addorithe glass capillary wall. To
minimize these effects and for studies were aggesgaere quantified measurements of
protein size distributions were considered onlerathe adsorption-desorption process
had reached steady-state. However, in these stutiesms assumed that the proteins
desorbing from the capillary walls did not influenthe size distributions. Recent
evidence suggests that proteins adsorbed to sartaggregate [147, 148]. Since these

aggregated proteins may then desorb, one mighbmahk/ wonder, how these desorbing
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proteins may impact size distributions obtainechvigS-DMA, an aspect that has never
been studied before.

To understand the effect of adsorbed proteinsdbsbrb, the following approach
is taken: Experiment |, involves obtaining sizetritisitions of a protein, denoted A, as a
function of time until the measured protein monosignal reaches steady state (which is
reached once the surface is saturated with préteitn experiment Il, another protein,
denoted B, is used as a blocking agent for passgratfresh silica capillary until surface
saturation. In this case, the size distributioproftein B is obtained again as a function of
time as in experiment I. The amount of protein Bated on the surface can be
estimated from the time taken for protein B’s girstributions to reach steady state and
by correlating the gas phase counts obtained \w#hkhown liquid phase concentration
of this protein at steady state. This determinaisothescribed in greater details in chapter
4.1. In experiment I, protein A is electrospraytedough the capillary passivated with B
and size distribution of A and its oligomers areaswged and compared to results of the

bare capillary (experiment I).
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Figure 4.8:Approach taken to study the affect of aggregateibiigion as a function of

surface passivation.

In this section, the size distributions of fourfeient proteins, bovine serum
albumin (BSA), polyclonal human immunoglobulin (B8 monoclonal human
immunoglobulin (RmADb), bovine immunoglobulin M (IghMre obtained with ES-DMA
using bare and passivated capillaries thus allowisgstematic comparison of the effect
of capillary passivation on the quantification obmomers and aggregates of proteins.
For surface passivation BSA [149-153] and gelftiv, 155] were used as blocking
agents, each of which can form monolayers or maltigyers on a surface and hence

reduce surface adsorption of other proteins.
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4.3.2 Materialsand Methods

The sample preparation for this samples are alrdadgribed in sections 4.1 and
4.2. It should be pointed out that in all subsetjueperiments in this chapter, upon
insertion of the different samples into the ES, amaild need to wait about 4 minutes
before starting to collect the data, since it wotdlkle a finite amount of time for any
sample to traverse the full length of the capilladifferent tubings and the DMA to
eventually reach the CPC. Thus time t = 0 minutders to 4 minutes after sample
insertion. The total monomer, dimer and trimer d¢swf the proteins were obtained by
integrating the size distributions from 8 nm to @, 9.6 nm to 11.4 nm, 11.6 nm to
12.8 nm for RmAb and higG, 6 nm to 7.6 nm, 8 nnd.® nm and from 9.4 nm to 10.2
nm for BSA, and 14.4 nm to 16.4 nm, 18.2 nm to Z2th¥and 20.6 nm to 22.8 nm for

IgM.

4.3.3 Results and Discussion

4.3.3.1 Adsorption of BSA to passivate capillaries

Sections 4.3.3.1 and 4.3.3.2 describe results gporeling to experiment Il of Figure 4.8,
where BSA and gelatin are used to passivate théargsurface.

BSA has been widely used as a blocking agentri hon-specific adsorption of
proteins [149-153]. In this section, the protofal passivating the ES capillaries with
BSA is described at pH conditions close to itseisotric point (pl) of 4.8 [156]. At
neutral conditions no significant variation in teee distribution was observed as a

function of time using the ES-DMA implying littledaorption.
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ES-DMA offers the opportunity to quantify the amowf BSA adsorbed as
already described in Chapter 4.1. For BSA passinat 0.05 mg/mL of BSA at pH 4.8
is electrosprayed for 1 hour (or approximately Z®ilkary volumes) through a new
capillary after its surface has been cleaned fatignthe procedure outlined in Section
2.2. In Figure 4.9A, no elution from the capillasyobserved for the first 16 capillary
volumes, after which the monomer and dimer coumtsease monotonically and reach
steady state at 27 capillary volumes. The Y-axis has been off$ighdy to show that
BSA is not eluting at 16 capillary volumes. Aftebocait 60 minutes (32 capillary
volumes) the protein sample was replaced with 2@itnrammonium acetate at pH 7.0
and the capillary flushed using this buffer whilengltaneously monitoring the size
distribution. Figure 4.9B displays mobility spectharing the flushing phase showing that
the mobility size of monomers and dimers remainedhanged and that there was a
monotonic decrease in the number density of desgnmionomers and dimers.

Figure 4.9C shows the resulting calculated coverdghe BSA as a function of
time. Region | in Figure 4.9C, corresponds to whkere was no protein eluting,
(represented by the dotted line), region Il coroesls to when the protein was first
observed eluting, and the concentration continoeithd¢rease, region Il corresponds to
steady state, and region IV corresponds to whepribtein was replaced with the pH 7.0
buffer. The dotted line represents when no proi®ieluting. The monomer, dimer and
trimer peaks for each protein are assigned andddte 2 and 3, respectively, based on

well-established empirical correlations betweeneauoolar weight and mobility size [11].
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Figure 4.9: (A) Size distributions of monomers, dis) and traces of trimers (not evident
from this figure) of BSA eluting through the capily as a function of capillary volumes.
(B) Size distribution of the desorbing species &sation of capillary volumes when the

protein sample is replaced with buffer. (C) CoverafiBSA adsorbed and desorbed as a

function of capillary volumes.

The calculated coverage at steady state is detechinbe 5.4 mg/f(region IlI).
Assuming that BSA is spherical and using the measdrameter of 6.6 nm obtained by
the ES-DMA, then the theoretical coverage of a nayey is 3.2 mg/m which suggests
that adsorption is multilayered. Such a multilageaglsorption scheme can be explained
as follows [157]: first a layer of protein adsortis the surface and denatures, this
promotes the exposure of hydrophobic residues effitst layer of protein which then
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attracts a second layer of protein; as the layeiid lon top of each other, the interaction
in between successive upper layers progressiveakeve (as the extent of denaturation
and exposure of hydrophobic residues are reduced) taus protein adsorption
eventually stops. The coverage obtained herevédlsn the range of previous studies of
BSA adsorption under a variety of conditions whexgorted coverage values range from
1.2 mg/nf to 10 mg/m[158-162]. After~ 30 capillary volumes of flushing, the amount
of BSA remaining on the surface is estimated tot28 mg/m, which is close to the
theoretical coverage of 3.2 md/fior a monolayer.
4.3.3.2 Adsorption of Gelatin to passivate capiisr

In this section gelatin adsorption is quantifiethgs€ES-DMA. The use of gelatin
layers to passivate surfaces against protein atiisorpas been previously reported [154,
155]. In the current study, gelatin was deposited glass capillary surfaces by
electrosprayings 31 capillary volumes of a gelatin solution throuwalireshly prepared
capillary. The passivation process was also assesseg the DMA. Figure 4.10A shows
the mobility distribution as a function of capiNavolumes during the passivation. The
size distributions are clearly wider than for thlees proteins in this paper, and reflect the
heterogeneity of gelatin. If the peak mobility ssamed to be 7 nm (Figure 4.10A), and
assuming the protein to be an equivalent sphere,thleoretical maximum surface

coverage is: 3.0 mg/n.
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Figure 4.10:(A) Mobility distribution of 0.10 mg/mL gelatin i20 mmol/L ammonium

acetate at pH7. (B) The coverage of gelatin ondssieca as a function of time.

As described above for BSA, one can estimate uhface coverage of gelatin by
monitoring the time course evolution of the gelasignal. Figure 4.10B plots the
experimentally determined surface coverage as atium of capillary volume for a
gelatin solution concentration of 0.1 mg/ml. Littelatin is observed initially (upto 5
capillary volumes, domain I). Then the gelatin siggradually increases and eventually
reaches steady state (5 to 20 capillary volumesadto Il), after which there is no
significant variation in the size distribution (it experimental variability) as shown in
Figure 4.10A (domain Ill). At steady state the galaurface coverage is estimated to be
4.2 mg/ni, which considering the theoretical estimate of #6/nf for monolayer
coverage, suggests a multilayer gelatin coatinige ialue of 4.2 mg/fris comparable to
coverages obtained for gelatin under different @tk using surface force apparatus,
calorimetry and ellipsometry on different typessaffaces [163-167]. An interesting
feature of gelatin adsorption is that it appeardeolargely irreversible, because little

desorption is observed over a wide range of flugleionditions (pH 4.8 to pH 9.0) (data
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not shown). It has been suggested that gelatimmgtinteraction with surfaces may be
due to its ability to form a gel at room temperathy physical entanglement [168]. This
behavior is in contrast to the other proteins exa&ai(BSA, RmAD, higG and IgM) all of
which show significant desorption from unpassivdtesl bare) capillaries.
4.3.3.3 Effect of size distribution on passivatpdrtially passivated and unpassivated
capillaries

For bare silica, i.e., for unpassivated surfateakes several capillary volumes
(10 to 30) for BSA, hlgG, RmAb and IgM size distrilons to reach steady state. When a
capillary is passivated with BSA the number of #apr volumes to reach steady state is
reduced for higG, RmAb and IgM (5 to 20 capillaglumes). Although passivation by
BSA reduces adsorption of these proteins, some peaifs&c adsorption still occurs
suggesting protein adsorption to the pre-adsorb8é Bayer thus a BSA passivated
capillary will act as a partially passivated suedor higG, RmAb and IgM. In contrast,
for a capillary passivated with gelatin, it is obh&sl that higG and RmAb size
distributions reach steady state immediately, wid@A and IgM take time before
reaching steady state (5 to 10 capillary volumé&bgrefore, one can conclude that the
gelatin passivated capillary nearly completely prés nonspecific adsorption of higG
and RmADb, while less so for BSA and IgM, i.e. aatjel passivated capillary is a
completely passivated surface for higG and RmAb apartially passivated surface for
BSA and IgM.

Because the size distributions of RmAb, higG, Ightl BSA were obtained at
steady state for unpassivated and gelatin pasdicaigllaries, and for RmAb, higG and

IgM steady state size distributions were obtainedd BSA passivated capillary, the
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effect of capillary passivation on size distribagocan be assessed, i.e. one can compare
size distributions obtained in experiment | (Figdr8) with those obtained in experiment
lIl (Figure 4.8). Figure 4.11 plots dimer/mononaed trimer/monomer peak area ratios
for steady state conditions for unpassivated, BS#ssivated, and gel passivated
capillaries. The uncertainties are from measuresnardde in triplicates. The different
surfaces appear to have no effect on the obsernweer/thonomer and trimer/monomer
ratio. Thus, one can conclude that for the protaimg the capillary surface passivation
conditions examined here, surface passivation doesilter size distributions measured
under steady state condition relative to that olehiusing a bare glass capillary (i.e.
unpassivated capillary).It should be pointed oat the dimer and trimers seen in these
size distributions may not necessarily be intriréution aggregates, as a portion of it
may get created by the artificial induction of two more monomers in the same ES
droplet, which is also refered to as “droplet ineldi@aggregation” which will be discussed
in the next chapter. This is especially true forAmnand higG as has been demonstrated
later. However, in this section the objective isystematically studying the difference in
the distributions before and after passivationthBre was any difference in instrinsic
aggregates because of desorbing proteins from sivp#sd surfaces, then one would
have also seen a difference in the observed disimiis as well. The fact that such a
difference in aggregate distribution is not seerditferent proteins using passivated and
unpassivated surfaces implies that the intrinsiotmm aggregate proportions for the

different proteins considered here also stay theesa
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Figure 4.11: (A) Dimer to monomer and (B) trimerntmnomer ratios of four different

proteins on unpassivated, gelatin passivated ad@@Ssivated surfaces.

It should be noted that RmAb and higG were obsert@delute nearly
immediately at several different concentrationsmfragyelatin passivated capillaries
implying little or no adsorption. These results icade that protein recovery from a
gelatin passivated surface is nearl§00 %. With an unpassivated or partially passivate
surface the eluting monomer, dimer and trimer cowft proteins at steady state are
found to be equal (within experimental variabilitg)the respective counts from a gelatin
passivated surface or in other wordeady state in an unpassivated surface also
corresponds to equilibrium.

There could be several possible scenarios for whigbassivated or partially
passivated capillaries do not influence the siatridutions. Proteins could be desorbing
either as monomers or aggregates such as dimersydretc., and could be desorbing in
their native form or in denatured state [129, 1B&]. Careful analysis of the mobility
spectra between the desorption and adsorption iexgets for all proteins indicate no

significant mobility size change in the monomergliners indicating that at least to the
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level of the instrument resolution, 0.3 nm in mipidiameter [15, 143], there is no
discernable changes in protein onformation. Furtherdesorbing species were primarily
monomers. This could either mean the proteins enstirface of the capillary elute as
monomers or as dimers or larger aggregates that dissociate to form monomers
during passage through the capillary or the laaggregates are irreversibly bound to the
ES capillary surface and do not desorb at all. Gitreat the upper limit of the DMA
range in its current configuration is 80 nm and the lower limit of detection is 0
particles/mL, it is also possible that large aggteg at low concentration desorb from the
surface and pass undetected as well. Irrespedtitheeanechanism of desorption and the
sizes of the desorbing aggregates, it is evideat the desorbing proteins do not
influence the aggregate distribution.
4.3.3.4 Efficacy of gelatin passivation in repdlidifferent protein monomers

The strong passivating behavior of gelatin agamiAb and higG and the limits
of the time resolution of the experiments condudte precludes one from determining
if any adsorption at all is taking place; howeveme can perform desorption
measurements to estimate the efficacy of passivatio these experiments, protein is
flowed through the capillary until the size distrilon reaches steady state and then the
capillary (unpassivated and gelatin passivatedjughed with 20 mmol/L ammonium
acetate buffer at pH 7.0. The temporal data for onwer desorption are presented in
Figure 4.12 for both unpassivated and gelatin passil surfaces.

It is evident from Figure 4.12, that desorption mbnomers observed from
unpassivated capillaries is significantly highearththat seen for gelatin passivated

capillaries for RmAb and hlgG. As a metric, a cogtefficacy parameteryis defined as:
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n- MONOMEY,,. .. aed — MONOMEN e (4.16)

Monomer

unpassivated

where Monomekssivated@Nd MONOMEkpassivated@le the desorbed total monomer counts
from passivated and unpassivated capillaries ah@ of when the buffer starts to elute
(at O capillary volumes). A value of unity wouldeth imply a perfectly passivating
coating or proteins that are adsorbed irreversibly:. Figures 4.12A and 4.12B, data
collection for the desorbing RmAb and higG fromajel passivated surfaces were
stopped after approximately 3 to 5 capillary volumes, since the amount of girsd
desorbing by then was too little to be quantifiablth the ES-DMA.

Table 4.2 presents the coating efficacy paramgterf, gelatin for the proteins
studied. The gelatin passivation seems to be espeeffective in reducing adsorption of
antibodies hlgG and RmAb. Gelatin has an isoelepwint (pl) of 4.7 to 5.3 [169] which
is close to the pl of BSA (pH 4.8). At pH 7.0, bgitoteins are negatively charged and
yet they show a propensity to adsorb, implying B8A’s affinity towards gelatin results
from hydrophobic interactions [113, 156]. On théest hand, higG (pl 6.3-9.3) and
RmAD (pl 8.5) are fairly neutral or positively clgad at pH 7.0, and yet, gelatin which is
negatively charged at this pH, repels both the imoglobulins, the reasons for which are
not clear. The pl of the IgM used here is unknosmit was not possible to determine if
the enhanced affinity is due to electrostatic é¢ffex simply because IgM #sfive times

larger than the hlgG proteins and, thus, has motenpial interactions sites per molecule.
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Figure 4.12: Desorption of monomers of RmAb (Ag@&I(B), IgM (C) and BSA (D) for
the gelatin passivated (solid circle, dotted liae)l unpassivated capillaries (open square,

solid line) at pH 7.0.

Table 4.2. Comparison of efficacy of gelatin paason for each of proteins

Proteins n

BSA 0.57
higG 0.95
RmAb 0.93
IgM 0.54
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4.3.3.5 Stability of gelatin passivation

The stability of gelatin passivation over three slasas studied by electrospraying
RmADb at 0.1 mg/mL at different times. It was fouthat the size distribution of RmAb
reached steady state almost immediately upon samtaduction, indicating that the
gelatin passivation was still intact.

Buffers at pH 2.1 to pH 9.0 were flowed through #® and size distributions
obtained with ES-DMA to determine if gelatin wassdiing from gelatin passivated
capillaries. No evidence of gelatin desorption ¥easd from pH 4.8 to pH 9.0 although
the passivation became unstable under acidic gondi{pH 2.1) and gelatin elution was
detected by ES-DMA. Unfortunately gelatin desonmpta pH 2.1 could not be quantified
directly because the “Taylor cone” at the ES capylitip was unstable at this pH for an
initial period of time, which likely resulted frorsignificant desorption of gelatin. In
addition, when RmADb solution (0.1 mg/mL solutiof) &xmoL/L ammonium acetate at
pH 7.0) was flowed through a gelatin passivatedlleap previously flushed with buffer
at pH 2.1 for one hour a significant amount of Rmhas found to adsorb with an
estimated coverage of 2.0 mg/m. A coverage of~ 3.4 mg/mi for RmAb on a
unpassivated glass capillary surface was previadstgrmined using ES-DMA (Chapter
4.1). Thus, it is evident that acid treatment leada capillary surface with some exposed

silica that act as sites for RmAb adsorption.

4.3.4 Summary
In this section size distributions of four protemere systematically compared
using passivated and unpassivated capillarieseatigtstate and it was found that size

distributions remain unchanged by passivation. &loee one can conclude, that at least
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for the proteins examined in this study, proteisagdtion does not influence aggregate
distributions measured at steady state by ES-DMAhodgh, size distributions of
different proteins in this study were obtained gsififferential mobility analyzer, these
findings apply to other techniques that use ES#rpsolization of proteins as well (e.g.
mass spectrometry). A simple method of passivatagillaries with BSA and gelatin
was presented a coverages of these proteins ontmagikaries were also quantified in
situ using the ES-DMA. Although in the ES-mass §pesetry community it is fairly
common to passivate capillaries with polyethylehe@s (PEGS) [48] this is the first
time that passivation for ES-DMA has been systeralyi explored. It was also found
that gelatin passivated capillaries are effectiveraducing non-specific adsorption of
immunoglobulins and are stable upto about 3 daykinvia pH range of 4.8 to 9.0
although gelatin desorption was observed at lowspR.1). In this regard, PEGylation of
ES capillaries (data not shown) with 5 kDa and P@ kilane PEGs was also undertaken
but it was found that gelatin performs significgriietter compared to these PEGs. In the
future, the coating efficiency of gelatin (or otHEGs or proteins) against several other

proteins can also be studied following the aboyE@gch.
4.4. Protein Adsor ption based Characterization: Preliminary results

4.4.1 Introduction

In the above sections it was shown that severdep® tend to adsorb to the ES
silica capillary. For a monomeric protein with higbncentration disseminating the size
distribution can often be problematic as the san$ dfoplet can harbor multiple
monomers as will be demonstrated in the next chapteadd further complexity to this

problem, if the sample is heterogeneous, constgudiifferent sized proteins then these
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proteins may also get encapsulated in the samdetréfigure 4.13 below demonstrates
this problem. Say there is a solution with a heggen@ous mixture of three proteins X, Y
and Z. While randomly sampling with ES two monoma&rsay Protein X or Y or Z may

get into the same droplet. If the concentratiomlbthe heterogeneous proteins is known
Poisson statistics can be employed to correct g artifact. This is going to be

discussed in further detail in the next chaptenweler, in real protein systems, like cell
extracts, the concentration of the different migtuis often very high and unknown.
Under such a scenario making sense of the sizebdigbn obtained can be extremely
difficult. One approach to overcome this problenoigmtentionally adsorb the proteins to

the ES columns and then characterize them duriagrgigon as demonstrated below.

® Protein X

@ Protein Y ES

Droplet
. Protein Z

Figure 4.13: (A) A colloidal solution with heteragmus mixture of Protein X, Y and Z.
(B) Random sampling with ES droplet might inducHedent proteins into the same ES

droplet.
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4.4.2 Materialsand Methods

Lyophilized Amelotin (Am) (concentration labeledB0ng) was suspended in 800
pL of 20 mmol/L ammonium actetate at pH 7.0 whicltodoced a 1 mg/mL
concentration in solution. It was then dilutedtitfes in the same buffer to obtain 0.1
mg/mL sample concentration. A typical experimemdadcted would be as follows: after
incubating the ES capillary for ~ 1 hour with tHeoee sample, size distributions would
be obtained multiple times to ensure that prot@lsogption had reached steady state.
Then the sample was replaced with 20 mmol/L ammmunacetate buffer and size
distributions were obtained every 6 minutes for tirtetein desorbing from the ES

capillary.

4.4.3 Results and Discussion
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Figure 4.14: (A) Size distribution of 0.1 mg/mL AfMm. (B) Size distribution of the same

sample during desorption.

Figure 4.14A shows the size distribution of the Asample at 0.1 mg/mL
concentration after steady state. The Am protesdanolecular weight of 25 kDa and
thus based on Bacher et al. correlation is expdotegpear at a size of ~ 5 nm. Besides
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the monomers, the sample was also expected tolagyer aggregates although it was
not clear what the size of these aggregates waellbcause of the situation explained
in Figure 4.13, it was not possible to definitivelgaracterize the sample based on the
above size distribution. Instead desorption studiess performed. Figure 4.14B shows
the size distribution of the Am desorbing from B8 capillary upon eluting buffer
through it. It shows four different peaks. Thetfpgak at size < 4 nm appears to decrease
quickly as a function of time implying this speciess a low binding strength to the ES
silica surface. As its size corresponds to < 20 kifdach is smaller than the Am
monomer thus this species is probably smaller prdtagments. The second peak at ~ 5
nm corresponds to the monomer of Am. Two more peaksdentified at ~ 7 nm and ~

8.5 nm that correspond to the trimers and tetrawfefsn.

4.4.4 Summary

Based on the example demonstrated above, it ieewitdat ES-DMA can be used
for highly heterogeneous samples or for sample Wigfhn concentrations of proteins by
first intentionally adsorbing the proteins to th® &ilica capillary and then characterizing
them while flushing buffer through the capillary.should be pointed out that such a
study intrinsically assumes that the monomers angel aggregates do not aggregate or
dis-aggregate upon adsorption or during desorptmnor from the surface. The
experiments shown in this section were exploratorg further experiments need to be

conducted in the future.

91



Chapter 5: ESARTIFACTS: DROPLET INDUCED

AGGREGATION

5.1 Introduction

Although the ES-DMA was primarily developed for esicharacterization, given
the correlation between liquid phase and gas pliasan also be used for quantification
of bionanopatrticles as discussed in chapter 3h®fseveral classes of bionanoparticles,
guantification of protein aggregates is perhapso$t importance (chapter 3). A concern
that has only been previously superficially addedsksy ES-DMA users is whether the
oligomer (or otherwise referred to as aggregatsjridutions observed by ES-DMA
reflects what is nascent to the liquid solution gked, or is the analyzed oligomers an
artifact of the ES process. It is reasonable tggim@a situation in which during random
sampling two or more analyte bionanoparticles ogcapvolume encompassing what
becomes an electrosprayed droplet (Figure 5.1)hiregard it should be pointed out
that particles in liquid follow a Poisson distritmut. Eventually as the ES droplet dries
up, two or more of these particles would clustgetber and would be detected as dimer
or trimers by the DMA. As these dimers and trimeese not originally existing in the
solution hence they are then artificially induckdthe rest of this dissertation this artifact

is going to be referred to as “droplet induced aggtion”.
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Colloidal solution ES droplet Sampling solution

RO @ kD

Figure 5.1: (A) Distribution of particles in a caiflal solution (B) Electrospray sampling

may create artificially induced dimers or largegiegates.

Lenggoroet al. [170] and Peaset al. [19] used a semi-quantitative equation to
provide an upper workable concentration above wttiehartifact described in Figure 5.1
become prominent. According to this criterion:

C<6

P 3
7D

(5.1)

Such an approach has some disadvantages. Fits#ies on total protein concentration
of the sample. If the intrinsic aggregate (say dsrend above) population was more,
then this effect would be considerably less. Thislecome evident from the examples
provided in subsequent sections. Secondly, as ianisinequality it is only semi-

guantitative. Thirdly, it also poses a limit to thgper range of concentration of

bionanoparticles. For example, for an ES droplete sof 140 nm the particle
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concentration has to be < 7*¥i@articles/mL. In real cases, especially in thepharma

industry the protein concentrations range in ¥ 100" particles/mL or more.

This chapter is devoted to discussing an experiatignterified theory that will
enable one to distinguish ES induced aggregates intrinsic aggregates. This theory

will eventually be applied in subsequent chaptsraral when necessary.
5.2 Materialsand Methods

5.2.1 Analytical Ultracentrifugation

In the process of establishing the theory in cantéES-DMA, it would be necessary to
validate it using at least one independent teclmityu this study such a validation was
performed using AUC. AUC is a versatile tool fortetenining hydrodynamic and
thermodynamic properties of proteins [5]. AUC aloowdirect observation of
sedimentation dynamics of proteins in solutionsaurttie influence of centrifugal field
without interaction with any substrate or matrixheT centrifugal force causes the
depletion of protein particles at the meniscus thd the concentration boundary moves
towards the bottom with time. The material boundawgition is recorded via absorbance
measurement at regular radial intervals and timetpavithin the sector shaped cell. The
sedimentation coefficient for a macromolecule iate®l to molecular parameters via the
Svedberg equation and thus size distributions eaobbained. AUC measurements were
made using Beckman-Coulter XL-I Proteomelab (Bi€4a). The temperature of the
centrifuge chamber was equilibrated to 20 °C. Tékerence cell was filled with a
sample solution equivalent ammonium acetate buffematching molarity. 400 pL

volumes of the same sample as prepared for ES-DMsevspun at 30000 RPM
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(3142.857 rad/s). Radial absorption measurements veeorded every 180 s at 280 nm
wavelength with a radial position step size of 6.8h. The protein particles in the
suspensions were subjected to a relative centtifogze (rcf, relative to gravity) ranging
from 62384 g to 72245 g, depending on their pasitiath respect to the rotor center in
the sector shaped cell. The radial scans were #malyzed using the Continuous
Sedimentation Coefficient Distribution method inCHHT [171, 172], fitting the baseline
with a resolution of 200. Confidence level af tvas used while fitting the AUC data
using SEDFIT. The peak values in the c(S) versusliSributions were then converted
to molecular weight using SEDFIT, correspondinglyhibiting the existence of
monomers, dimers and trimers. The monomer and domecentrations for higG were
determined by integrating from 6.3 to 7.8 Svedbeagsl 9.4 Svedbergs to 11.6
Svedbergs, respectively, while for IgM they werg¢edmined by integrating from 15.58

to 25.12 Svedbergs and 29.15 to 42.21 Svedbergs.

5.2.2 Sample preparation
The methodology adopted for preparing protein$is ¢thapter have already been

described in chapter 4.

5.3 Results

Using equation 5.1 one can ascertain the upperectration for different
proteins. Assuming that the ES droplet size is 8 A the corresponding upper limit of
concentration is ~ 7x1Bparticles/mL. Keeping this value in mind, one cotaéte up
two different examples, of 108g/mL higG (4.4x1#* particles/mL) and 10@g/mL of
IgM (6.4x1(Fparticles/mL). Both these concentrations satisky #bove criterion and

thus the size distribution obtained with the ES-DMAould in principle reflect the
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intrinsic aggregate population. Figure 5.2 compdhes intrinsic dimer and monomer
proportions obtained with ES-DMA and AUC for bovilgM and higG, respectively.
Integrating the area under the monomers and dioseng the two techniques it becomes
evident that for IgM both techniques quantify altibe same amount of aggregates such
that the dimer to monomer ratio is ~ 150% wherbéasdimer to monomer proportions
obtained for hlgG is ~ 35 % and ~ 10 % with ES-DMAd AUC, respectively. The
subsequent sections describe how the differencegebr ES-DMA and AUC can be

reconciled with the developed theory.
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Figure 5.2 (A) Size distribution of bovine IgM ugiieS-DMA. (B) Size distribution of
bovine IgM using AUC. (C) Size distribution of hig@sing ES-DMA. (D) Size

distribution of hlgG using AUC.
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5.3.1 Intrinsic monomers

Because the spatial distribution of analytes iutsmh is statistical, a theoretical
treatment was developed based on probabilisticysisallf a droplet generated at the tip
of a capillary in ES is a random sample of the oy and the particles in the solution
areidentical and independent, the probabilitykgbarticles in a given droplet obeys a
Poisson distribution and is given by

e Ak
k! (5.2)

P(k, 2) =

wherel = V4Cp, Vg is the droplet volume and,@s the concentration of the analyte in
solution andk is the order of aggregation. Hetghysically signifies number of particles

per droplet.

As mentioned previously in chapter 2 the dropleé $§ a function of size, i.e. it is not a
specific value but rather a distribution, thus aeeds to account for this distribution. For

a droplet size distribution f(f), the average value of parametas then given by

— 1 P

D) f(Dd,i)ﬁ:CpZE;de'i?’f(Dd,i):Cde 5.3)

Now if it is assumed that a solution only consatiiof monomers, then the Poisson
distribution of the monomers will be given by:

e*qt

P(LA )=
T (5.4)

And the Poisson distribution of the dimers willdieen by:

e*q’?

P(2,1 )=
4) 2! (5.5)
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Thus the probability of the dimers to monomers Wdlgiven by:

Dimer  P24) A2 CVu

Monomer  P(L4) 2 2 (5.6)

Assuming the average droplet volume to be ~ 140amd, for the known concentration
of bovine IgM, the dimer to monomer ratio was detieed to be 0.1, i.e if all particles
were monomers there would be 5 % dimers that wbalthduced by the ES droplets for
the given concentration. Because the proportiondimhers in Figure 5.2A were
significantly greater this implies that this profon was intrinsic and also explains the
reasons for similarity with AUC results. Followirthe same approach for higG, the
dimer/monomer proportion comes out to be ~ 30% ympgl most dimers and droplet
induced. Thus equation 5.6 above provides a searitgative approach that helps one to
decide how much effect “droplet induced aggregdti@as. Naturally, one may wonder if
there is a methodology that could be adopted toecbfor this artifact. This is described

in the next section.

5.3.2 Intrinsic monomersand dimers

For reconciling the results obtained with ES-DMAda®UC for higG let it be assumed
that there were monomers and dimers existing irstihation (based on the AUC data in
Figure 5.2D). This is not an unreasonable assumm AUC results in Figure 5.2B

suggested so.

A schematic description of how intrinsic and inddiceligomers may be
distributed within ES droplets is shown in Figur8.5Consider there arg,dmonomers

and G dimers in solution. Following ES,.,Nmonomers, bb dimers, and b trimers
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are observed with probabilities,F» and B. There is only one possible condition for
observation of monomers; that is, only one monamer single droplet generated by ES
has a probability of £ For observed dimers, there are two possibilitigse is that two
monomers are captured within a single droplet itbbability B1, creating an induced
dimer, and the other possibility is that thereng antrinsic dimer in a single droplet with

probability R».

Particles in solution Particles in Gas phase
Monomer (C i
o (Cp)| ES capillary Monomers
Dimer (C,y) D ¢ observed (Noy)
[ P
1
Dimers
LA | observed (Ng,)
I:)21 I:)22
Trimers

00 ® 00 observed (Ng3)

And so on

Figure 5.3. Physical representation of the proltgtadistribution of induced and intrinsic

aggregate distributions from electrospray
With this construct one can obtain the followingptrelationships:

N02 i: I:)214_ I:)22 (57)
N ol Pl Pl
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Similarly for trimers, there are two situationsye@ monomers captured into a droplet
with probability B; or one monomer and one dimer captured within #mesdroplet

with probability B,as shown in Figure 5.3. Thus,

N, P_P+P,
N, B R (5.9)

Likewise for tetramers, there are three situatiémsy monomers captured into a droplet
with probability B3, or two dimers with the probability of;f?or two monomers and one

dimer captured within the same droplet with probigi,1,. Thus,

m _B — P41+ P42+ P412
N, PP 5o

Similarly for pentamers, considering probability fofe pentamers, one monomer and

two dimers or one dimer and three monomers:

N, _R_R+FP.+P,

05 512

N, P P

ol 1 1 (5.10)

Further now that there are monomers and dimerlumisn the Poisson distribution

needs to be generalized for different aggregates:

k

_ &A7
Qk,4)= ° k,ﬂi (5.11)

Where,
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1
A4 =V4C, = E”Ddgcpi (5.12)

Cyiis the number concentration of monomers in solution

The Poisson distributions of monomers and dimezsratependent of each other. Thus:

Pl — Q(:I_,Z/1 )Q (O,Z/2 ): e—(hw‘.z)il

(5.13)
P, =QRA)A0L )=

2 (5.14)
P,=0Q(0,4)Q@A4,)=e“"4, (5.15)
P~ QBAQ(0, )= %

6 (5.16)
P,=QLA)Q@A,)=e"“"14, (5.17)
P, =Q(4,2)Q(0,2,)= " 22

4l (5.18)
P, =Q(0.4)Q(2.4,)="" % :

2! (5.19)
P =QERARQEA)=e 2

2! (5.20)
Then combining 5.7, 5.13 and 5.14,
Noo _ VaCo  Coo (5.21)
N, 2 C,,

And combining 5.8, 5.13 and 5.16 and 5.17 it cashmvn that:
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03

N N F)3|vd:\7d :Vd Ch +\7de2
Ny P2|Vd:\7d 6

(5.22)
Further combining 5.9, 5.13, 5.18, 5.19 and 5.2@uit be shown that:
—3 —2 —2
N04 ~ P4|vd:\7d :Vd Cp13+ d_Cp22+ d CplcpZ
No P, o 24 :Ch 2 (5.23)
Further for pentamers it can be shown followingghme approach,
R, - Vv,'c* Vv,c.? V,C C

N05 ~ 51vy=Vy __d ~pl + d “p2 n d “pl “p2
N Pl — 120 2 6

o 1|Vd:Vd (5.24)

Following the same approach the proportion of largeluced aggregates can be

determined.

Although this section laid down the equations @t be used for ascertaining the
extent of droplet induced aggregation the nextiseatliscusses the approach that is

required for correcting for this artifact.

5.4 Discussion

Although the objective of this chapter is to dentmate and quantify droplet
induced aggregation, it should emphasized thanhtbthodology adapted here open up
the avenue for measuring the absolute liquid pmaseber concentrations and the two
are interlinked. A key feature of this statistieglproach is that by measuring the relative
oligomer mobility size distributions, one is able work backwards to determine the
absolute number concentration in solution. Whapasticularly attractive about this

method is that by only measuring the relative ahigo concentrations, one eliminates the
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need for sample-specific calibration standards einittd analysis of transport losses.
For a solution constituting of monomers and diméngre are many approaches one
could take:

Approach 1

Recalling that in chapter 2 it was mentioned tha can use two different ES droplet
volumes at two ES capillary pressure drops, if weee to obtain the size distribution of
RmAb at both these capillary pressures, then ongldvobtain equation 5.21 at both
different pressure drops. Assuming equation 5.24t ian arbitrary ES pressure gfsp

then at another arbitrary pressure ggpne could write:

p2

PL (5.25)

Ny, _VaCn ,C
Nol' 2 C
Then solving 5.21 and 5.25 simultaneously one adarthine the absolute liquid phase
number concentrations of monomers and dimers amnd tltetermine the intrinsic

monomer and dimer proportions. This approach vélbbain invoked in chapter 8 where
Figure 5.2C and Figure 5.2D are going to be quatihtély discussed. It should be

pointed out that this is a time consuming experinasnit needs the size distributions and

droplet volumes to be obtained at two differenatins.
Approach 2

If one were to assume that the dimers were covalggregates and would not be affected
by dilution (irreversible aggregation), then one chlute the solution to say 50% and

then obtain the size distributions at this diluti®his would be given by:
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N V,C

N

/2 Cyol2
2 C, /2

02|2x _

01|2x

(5.26)

Then solving equation 5.21 and 5.26 simultaneouly,and G, can be obtained. This
also is a time consuming experiment as, like th@aach 1, it needs size distributions
and droplet volumes to be obtained at two diffeckluitions.

Approach 3

If the concentration of the solution (say by udifég-vis) is known then one can write:
C,=C,+2C,, (5.27)
Then solving equations 5.21 and 5.27 simultaneoosly can obtain &Zand G..

Approach 4

The easiest approach is to combine equations 51815822 above simultaneously to
obtain the intrinsic aggregates as this can beeseHi by carrying out two experiments:
one for size distribution and another for droplelinme. However, although theoretically
possible it poses two challenges. If the concentradf the induced trimer is low then

guantification may be inaccurate. Otherwise, if do@centration of the solution is too
high, then separation of trimers and larger aggesgiiom one another may be limited.
This second limitation and other limitations ofstmathematical approach is provided in

detail in the next section.

Although the same principle demonstrated in thetlas sections can be applied to a
solution with intrinsic monomers, dimers and trisjepne could imagine that the

mathematics can get extremely challenging. Furdaéidating such a model would be
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even more challenging because of certain experahdintitations as discussed in the

next section. Thus developing such an approachaialseen pursued.

5.4.1 Limitations

Although the above approach can be used for quaattdn of intrinsic
aggregates or for correction of non-specific amaggregation, it has certain limitations
that are mostly experimental.

Firstly, it becomes difficult to use the above skequations if the droplet size
varies from one experiment to another. As the d@topize is usually determined by a
separate experiment, any small fluctuation in thepkét size can also affect
guantification. This is even more true for the &rgnduced aggregates as the dependence
of these aggregates on the droplet size is momopreed. For example, an uncertainty
analysis on equation 5.22 above would show tha &olrun to run variation in the ES
droplet size would result in a 17% variation in thieserved trimer to monomer ratio
arbitarily assuming about 4xT0particles/mL of monomers and 2x¥@articles/mL of

dimers and a droplet volume corresponding to ~rirBMf ES droplet size.

L
AII:llc,g, V/,C, AV, - AVC.,
p
% x100=——
2
Vo3 V, Cp1 Ve
Not 6 e (5.28)

Secondly, the upper concentration regime wouldl lsillimited by the resolution
of the DMA. For example, the size distribution @M is shown at a concentration of 0.1
mg/mL (that corresponds to ~“¥@articles/mL) using 2 mmol/L ammonium acetate that
generates a droplet size much larger than 140 nra 8YMA resolution of 25:1.

Qualitatively this implies that most large aggregatvould be droplet induced (Figure
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5.4). For this size distribution because the sdjmsrdetween tetramers, pentamers and
larger aggregates is not good, thus trying to dfyatite induced aggregates would be
difficult. Thus the resolution of the DMA also pase restriction on the above approach

for relatively higher concentrations of particles.
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Figure 5.4 Size distribution of BSA at 0.1 mg/mlings2mmol/L ammonium acetate.
Thirdly, this approach inherently requires indueggregates. If the proportion of
these induced aggregates is low or absent, thémen&ian one quantify the proportion of
intrinsic aggregates nor can one use this appré@acmeasuring the absolute number
concentration. Often times the concentration ofnarmparticles can be low, and
concentrating them for quantification may be unddse. In such a case, a
bionanoparticle can be quantified by calibrating slystem with another bionanopatrticle
and then assuming the losses in the ES-DMA systerbet the same for both. This

approach will be discussed in detail in chapter 7.

106



Finally, the above analysis can be used for mopedied samples. In several real
applications, nanoparticles can be polydispersedfansuch cases this methodology is

difficult to implement.

5.5 Summary

“Droplet induced aggregation” in the past had beackled through semi
guantitative approach. This chapter described Hosvdrtifact can be eliminated using
Poisson statistics aradpriori knowledge of the ES droplet size. The developguicgeh
also allows one to determine the absolute liquidsphnumber concentration of different
oligomers. There are certain experimental limitagido this approach that are also
discussed in detail. In chapter 8 this methodol@yyoing to be adopted to obtain

intrinsic monomer and dimer populations of two eliéht immunoglobulins.
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Chapter 6: DMA ARTIFACTS: CONFORMATIONAL
CHANGES OF LIGANDSUPON ADSORPTION TO

NANOPARTICLES

6.1 Introduction

Gold - nanoparticles find regular use in the realrmanotechnology because of
its non-toxic nature, size dependent optical prigr high image contrast, high-yield
synthesis and easiness in conjugation with otheret,me for achieving desirable
properties [173]. Amongst several moieties that wsed, conjugation with proteins is
extremely important in the context of drug delivePyotein adsorbed to a nanoparticle
can act as a “corona” that then defines the ideofithe nanoparticle-protein conjugate,
allowing easy camouflaging and entry into the hurbady. At the later phase of its
journey inside the body, the nanoparticle can lggéred to release the protein at
affected region inside the body [174].

Quantifying protein adsorption to different bionpadicles is an important
subclass of problems in the context of nanopagitbe drug delivery. The nature of the
protein, its charge as well as the nature of thdase and its charge are important
parameters that drive protein adsorption to biopart@les [173]. To gain an
understanding of the relative importance of thesxols several methods are used for
guantification of the protein to the nanopartickkdew techniques that are routinely used
are: UV-vis [160], fluorescence spectroscopy [1#Bflectometry [113], quartz crystal
microbalance [176], surface plasmon resonance [&fd]bicinchoninic assay [178]. As

already mentioned in chapter 3, another techniqua ts gaining momentum in
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applications to quantifying protein adsorption amaparticles is electrospray-differential
mobility analysis. Although primarily developed faneasuring size of different
bionanoparticles such as nanoparticles, viruses pmatkins, it can also be used for
quantifying ligand adsorption to another bionantpk:. As this principle of ES-DMA is
independent of material property hence it has besed for a variety of different
nanoparticles [42, 65, 71, 72] that include nantgas-proteins, viruses-proteins,
protein-proteins and viruses-quantum dots and rsadl discussed in great detail in
Chapter 3. Thus although this chapter is goingotmu$ only on protein adsorbing to
nanoparticles, the principles employed here maybeolimited to such a case. Keeping
this in mind, any bionanoparticle adsorbing to alyte is defined as a ligand.

There are two different approaches that are regulaed for quantifying ligand
adsorbed to nanoparticles as already discussedhapt€ 3. One is the area based
approach (referred to as Adpproach, henceforth, equation 3.2) and anotheolisne
based approach (referred to as VB approach, hattteémuation 3.3). Both approaches
significantly deviate from each other. This is @rntifrom the results assimilated in Table
3.2 of chapter 3. One of the most significant disadiages of both these equations is that
it is assumed that the protein does not changeioomation upon adsorption to the
surface. Such an assumption is highly protein $ipetWhether a protein will change in
conformation after adsorption would depend on s®veactors such as: size of the
nanoparticle, type of protein and the relative gharon the protein and the surface.
Comparing case 1 and case 2 in Figure 6.1, itideav a situation might arise when a
ligand adsorbs to a nanoparticle, changes its cowaion and forms multiple layers. In

this case the increase in mobility size upon ad&orgo the surface (case 2) could be
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equal to a single layer of protein without any gigant conformational changes (case 1).
Conversely, if a protein adsorbs and denaturestautsly which results in a significant

increase in the size of the conjugate, the numbdigand adsorbed per nanoparticle
would be over predicted by ES-DMA. Secondly, mapitliameters of bionanopatrticles
determined can often be instrument specific. Asdfeations 3.2 and 3.3 rely on the
mobility diameter of the ligand, any inaccurateedetination of its size would also affect

the quantification as well.

@ djigana (N0 conformation change) ® d,,nq (conformation change upon

adsorption)
/AAA 2
dconjugate

dbare

Case 1

Figure 6.1: Mobility increase does not take intoamt changes in conformation changes

of protein upon adsorption to a nanoparticle.

Thus, measuring the mass is a more accurate appfoaguantifying ligand
adsorption using ES-DMA. As DMA cannot directly pide a measure of mass, hence it
is necessary to invoke another gas phase technitpeetechnique chosen in this context
is called aerosol particle mass analyzer (APM). A§tké selects particles by the balance
of electrical and centrifugal forces [179]. It cohges of two concentric rods much like
the DMA and patrticles are selected based on thenbalof drag and electrical forces.

The governing equation is as given below:

110



_ n particl eeVAPM

mparticle - s 2 r
@r,”In(-%)
r1

(6.1)

Here marice IS the mass of the particleyahce is the charge on the particles, e is the
elementary charge, ;¥w is the corresponding APM voltage,is the rotations speed of
the APM, pand § are the outer and inner radius of the APM cylindgis the average of

rpand b.

It can be easily hyphenated with DMAs to measuassrof particles preselected
by the DMA as has been demonstrated before [78]principle, depending on the
resolution of the APM it can also be used to meashe mass of ligand adsorbed to
nanoparticles and thus eliminates the shortcominigeoES-DMA that may arise because
of configuration changes in the protein.

The objective of this chapter is to demonstraté DiA-APM can be used in
tandem to quantify ligand adsorption to nanopasclThis is demonstrated with two
model examples: gold nanoparticles to bovine seallmamin at variable concentrations
and polystyrene latex beads to RmAb (a monoclonaldn immunoglobulin) at variable

pH.
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6.2 Materials and Methods

6.2.1 Sample preparation

Thirty nanometer citrate stabilized gold nanop&tiovere acquired from Ted pella
Inc. Bovine serum albumin was acquired from Sigmdrigh and suspended in 2
mmol/L ammonium acetate buffer at pH 7.0 prepargdatdding about 0.077 gm of
ammonium acetate to 500 mL of deionized water &t toy adding about 10 pL of
ammonium hydroxide to adjust the pH. Subsequen®ABvas added to the citrate
stabilized gold such that the concentration of B&#uld be 2 pmmol/L, 5 pmmol/L, 10
pmmol/L, 20 pmmol/L, 50 pmmol/L and 100 pmmol/Lspectively. The volume of
these samples were 500 pL. These samples areltberdto sit at £C overnight and
then spun down for 10 minutes at 10 krpm each afteich about 485 uL of the
supernatant would be removed and replaced with dlfhnammonium acetate buffer.
This step was subsequently repeated two times rwve the excess protein. The
unconjugated sample was only centrifuged once,tlasrnweise multiple centrifugations
would aggregate the sample.

About 35 pL of 60 nm polystyrene latex beads (NE&IM 1963) were added to 965
pL of 2 mmol/L ammonium acetate buffer to whichlgi@ad RmAb suspended in 2
mmol/L ammonium acetate buffer (pH varied) woulddoeled such that the total protein
concentration in the solution would be 1 mg/mL. Fswch samples were prepared at pH
values of 5.0, 7.0, 8.5 and 9.0. The methodologgptatl for dialyzing the RmAb
samples is available elsewhere. The samples whaldlie allowed to incubate overnight
at room temperature. As the density of PSL is atregsial to that of water, the excess

protein could not be removed by centrifugation. sThaises one artifact of multiple
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proteins getting encapsulated in the same dropiét tive conjugate and thus creating
non-specific adsorption to the conjugate (as maetioin chapter 5). This artifact is a
function of the concentration of the free proteinsoplution, the ES droplet size and the
concentrations of the conjugates in solution. Byasueing the size distributions of the
prepared samples at different dilutions no obsédevdiiference in mobility size were
found for the PSL-RmAb conjugates implying that teHect of this artifact was
negligible (data not shown). It should be pointegt ¢hat such an artifact was
insignificant even more so for the Au-BSA samplsegte excess protein was removed

through centrifugation.

6.2.2 ESDMA-APM

A 40 pm capillary (TSI Inc 3900126) was used in Efe (TSI Inc 3480). The ES
chamber pressure was maintained at 3.7 PSI. Tlos@ed nanoparticles were carried
from the ES towards the DMA using a supplement &frhin of air and 0.2 L/min of
CO, (referred to as the polydispersed flow henceforitme DMA was operated with a
polydispersed flow rate of 1.2 L/min and sheathvflaf 3 L/min. The CPC was operated
at a high flow mode of 1.5 L/min. A step size ofrh was used for obtaining each size
distribution. The APM (Model 3600, Kanomax, Japaal operated at 4500 RPM for all
samples and the aerosol flow in and out of it wasained at 1.5 L/min.

The methodology adapted for quantification using AKPM is demonstrated in
Figure 6.2 below. At first a size distribution bktbare sample (say Au or PSL) would be
obtained by varying the DMA voltage which can berelated to the mobility size and
thus would give a gas phase size distribution. Tthen peak mobility size of this

distribution would be obtained by fitting a Gaussitorough this distribution using
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Kaleidograph. This is shown in step 1 of Figur2. @hen the DMA voltage would be
fixed at the value that corresponds to the peakiliyobize and the APM voltage would
then be varied at conditions mentioned above taiola plot of voltage versus gas phase
concentration. This distribution would be obtairgdincreasing the voltage in steps of 2
V from 8 V to 30 V for the PSL and PSL-RmAb sampdes! in steps of 1 V from 22 V
to 40 V for the AuNP and AuNP-BSA samples and olitg the gas phase counts at
each of the voltages for about 30 to 60 s. Thesatpunts thus obtained would be first
averaged at each respective APM voltage and thugdtage corresponding to mass and
gas phase distribution would be obtained. Thisrilligion would then be again fit
through a Gaussian to determine the mass of thke giega. This step would then be
repeated for the conjugates to obtain the masiseopeak size of the conjugate (Step 3).
Then, for the known surface area of the bare natiolga the coverage can be

determined (Step 4).
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STEP 1.
dbare

ES-neutralizer =» DMA =—>{ CPC
Vary DMA voltage

Aerosol Conc.
(#/cm3)

Mobility Diameter (nm)
STEP 2:

mbare

ES-neutralizer =» DMA =>» APM => CPC

Aerosol Conc.
(#/cm?)

Fix DMA /\
voltage at dy ..
peak

Mass (femtograms)

End result: Obtain mass of the nanoparticle m,,.

STEP 3: Repeat 1 and 2 for conjugate to obtain M, gate

STEP 4. —
= rnconj ugate rnoare
zd?

bare

Figure 6.2: The different steps involved that eually provides the number of ligands

adsorbed/nanoparticle using a DMA-APM system.

6.3 Results and Discussion

Using the approach outlined in the previous sectibie amount of protein
adsorbed was calculated for AuUNP-BSA samples asnatibn of increasing BSA
concentration. The results obtained with DMA-APM ahown in Figure 6.3 below. It is
seen that the coverage of BSA to increase with exnation. This trend has been
consistently seen with several other proteins erdint surfaces as discussed in chapter
4.1. At low concentrations, adsorption-desorptibrih@ nanoparticle surface reaches a

steady state slowly, thus allowing time for theteno to spread on the nanoparticle
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surface. At higher concentrations, proteins redeh durface of the nanoparticle faster
thus allowing less time for proteins to spread. c@onitantly the nanoparticle surface
area available for protein adsorption is more. Taiglains the increase in BSA
adsorption as a function of concentration. Strikinghe values obtained with DMA-
APM are in excellent agreement with coverages oA BStained on planar Au surface
using QCM-D. This agreement of results between BSACand QCM-D also implies
that the adsorption coverage for 30 nm nanoparéink planar Au is the same. This is
not unreasonable as Teichroeb et al found thatrages are independent of particle size
from ~ 30 nm onwards.

Using the AB and VB approaches one could also oeter the coverages. Using
either of the approaches requires the mobility @mof BSA which can vary from 6.7
nm to 7.1 nm [11, 180]. Assuming the later valud &nowing the average mobility
diameters of the bare nanoparticles and the cotgsgallows quantification of the
ligands and are plotted in Figure 6.3 below. Conmgathe values obtained APM with
those obtained by using equation 3.2 and 3.3awident that: a) the AB approach fairs
poorly and consistently underreports compared toagproach and b) the volume based
approach works fairly well at low concentrationsl atarts to under report the amount of
ligand adsorbed significantly at larger concentrai of BSA. The agreement at low
concentrations for the VB approach is probably beeaat lower concentrations of added
BSA, the protein probably takes an expanded cordtiam closer to the assumed value
of 7.1 nm. As already mentioned this is not suimpgisas others have also reported that
different proteins can take expanded conformatiangower concentrations. As the

concentration increases, more BSA molecules cutdjether, creating a more compact
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conformation. For such a case the VB approachstifiibe used to better fit the coverage
obtained by DMA-APM and QCM-D by assuming a lowedue of ligand diameter,

although it would then need to be determined bgmotihthogonal techniques.

4 9 ODMA-APM ©QCM-D
3.5 A AB approach OVB approach
3 -
E25 1 %
o
E 2
| -
1.5 % % O O
1 {Eo
os 1
o
O [} 1 ] 1 L] 1
0 20 40 60 80 100
Cesa (“M)

Figure 6.3: Coverages of BSA on 30 nm AuNP as atfon of concentration obtained
with DMA-APM (square-black), on planar Au surfadetained with QCM-D (diamond-

red), using VB approach (circle-purple) and AB agmh (triangle-green).

Knowing the dimensions of BSA (5.5x5.5x9 hrfi81]) allows one could
estimate if the adsorption is monolayered. Depandim side-on (foot print area 5.5x5.5
nn) or end-on adsorption (5.5x9 Anthe coverage would be 2.2 md/or 3.6 mg/m,
respectively, under the simplest conditions (ieglecting electrostatic repulsions, solute
effects etc). As the maximum coverage lies in betwiese values, it is reasonable to
infer that the adsorption of BSA to the Au nanojples is monolayered and is a

heterogenous mixture of both these configurations.
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As a second application the coverages of RmAb dATNBRM PSLs were also
studied. As the pl's can vary significantly for féifent 1gGs, thus for conveniently
comparing the DMA-APM data with the selected litara, all the pH values have been
offset with respect to the pl of the respective .I§8r example, the adsorption coverage
of IgG 2B shown in Figure 6.4A below has an isoelepoint of ~ 5.0 and the pH values
at which it was studied [182] were pH 4, 4.5, 566, 7 and 8 . It is offset in a way such
that its isoelectric point appears at O units iguFé 6.4A below. Similarly, IgG 7B
(mouse IgG type 1), Mab-1 (mouse IgG type 1) andARrthuman IgG type 1) had pls
of ~ 5.5, ~ 5.4 and ~ 8.5, respectively. IgG 2B &@ 7B were adsorbed to negatively
charged 501 nm PSLs [159] and Mab-1 was adsorbeéddatively charged 297 nm PSLs
[183]. From Figure 6.4A it is evident that the agidimn of RmADb reaches a maximum at
the pl and decreases significantly away from theBalsed on the results obtained with
other immunoglobulins IgG 2B, IgG 7B and Mab -1sitevident that the dome shaped
adsorption pattern for RmAb corroborates with stddtonducted on other monoclonal
lgGs with different techniques. Further, the adBomppattern of RmAb on silica as a
function of pH in 20 mM ammonium acetate buffer Heeen studied previously as
discussed in chapter 4.1. 1t is evident that arh@airRmAb adsorbed to silica was
considerably smaller in that study. Others have atported increased adsorptions at
lower ionic strengths [106, 112, 118]. Thus itwsent that the results obtained with ES-
DMA-APM is consistent with literature [113, 144, 2,.8183] and implies that
electrostatic forces (between protein-protein amdgmn-sorbent) play the most dominant

role in influencing coverage.
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Based on the dimensions of an immunoglobulin, treximum monolayered
theoretical coverage that could be obtained is ®§/nf. Further, considering
electrostatic effects, this could be as low as @d/nf [184]. The experimental
maximum coverage obtained with DMA-APM is highemggesting multilayered
adsorption. Quantifying the amount adsorbed withAAPM also enables comparisons
with values predicted by VB and AB approaches. &tast, with the observations
discussed for BSA adsorbed to Au NPs, it is found AB approach under-reports
significantly at all pH values whereas VB appearsdrroborate well with DMA-APM at

low pH values (~ 5) but significantly deviates ajiter pH especially when adsorption is

multilayered.
BDMA-APM I9G 2B SlgG 7B 6 - SIDMA-APM ~AB approach ©VB approach
Mab-1 <RmADb on Silica
€ -
> f ‘¢ .
£ 5°
= S
C 3
2 -
1 1 1
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- B - 4.5 55 6.5 7.5 8.5 9.5

Relative units around pl pH

Figure 6.4: (A) RmADb adsorbed to on negatively gedr60 nm PSL (NIST SRM 1964)
guantified with DMA-APM (square, black) and compgams with literature: IgG 2B
(mouse 1gG type 1) (triangle, green), IgG 7B (molg® type 1) (circle, purple) and

Mab-1 (asterisk, blue) and RmAb on Silica (diamorat]). (B) Coverage of RmAb at
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different pH values obtained using DMA-APM (squataek), and predictions based on

VB (circle-purple) and AB approach (triangle-green)

It should be pointed out that the DMA-APM in the ntext of ligand
guantification also has certain limitations impod®dthe resolution and lower limit of
detection of the APM. Such examples are: a) NRs &ne very heavy (say 100 nm
AuNPs) or have a broad mass distribution for a dixeobility size (the relative
percentage increase in mass after protein adsorp#o often be < 0.2 % which is the
lower limit of detection for the APM), b) Bionanapales that are light (say 10 nm or 20
nm PSLs or 5 nm gold nanoparticles or differentggrocomplexes cannot be quantified
as the mass is below the detection limit) or djtligyeight polyethylene glycols and self
assembled monolayers (as the relative increaseass rafter ligand adsorption can be

small). Such limitations can however be eliminaigith higher resolution APMs.

6.4 Summary

By integrating an aerosol mass analyzer with theventional ES-DMA, a new
methodology for quantifying ligand adsorption t@rmnoparticles was developed that
allows for accurate quantification and eliminatbe intrinsic sensitivity issues with
DMA. This also permits systematic investigationstlué area based and volume based
approaches that are available for quantificatiomguEES-DMA. This investigation
suggested that both volume based and area basezhepgs are not accurate as ligands

can change conformation and adsorb in multiplerkage different bionanoparticles.
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Chapter 7: APPLICATIONS: VIRUSES

7.1 Introduction

Common tests used to identify the concentration emehposition of viruses
includes transmission electron microscopy (TEMansting electron microscope (SEM),
analytical ultracentrifugation and dynamic lightaiering. Although each of these
methods possesses particular strengths for evaduatiral products, they all have
disadvantages. Some of these disadvantages wesslaldiscussed in chapter 1. In the
context of characterizing viruses, resolving pétidhat are close in size is an important
criteria, as viral degradation often leads to miesuof intact and partially degraded
viruses that can differ in diameter by 10 nm oslegich are difficult to distinguish with
TEM and DLS (because of lack of contrast betweenptoteins and TEM grids and
because of the intrinsic principles of operatiobafs, respectively).

ES-DMA can be potentially used for analysis in bammfacturing environments
(e.g. evaluation of gene therapy produces, vacdoesoutine lot release, etc.) where
relatively concentrated solutions of particles 20 to 200 nm in size are measured. The
advantages of ES-DMA for characterizing vaccinesuite its ability to provide a direct
read-out of particle size distributions, to measuapidly statistically significant
populations of nanoparticles, and to detect chaimg@snoparticle diameter as small as
0.3 nm, far below the size of the smallest virydés 143]. In addition, viruses can be
identified based on particle size, thereby ruling contaminating adventitious agents
unless they are of the same size. Size measurdigeBS-DMA also does not rely on
chemical specificity between the host (say a begtand the virus. Given these salient

features of ES-DMA it is evident that it has thegmial to become an important tool in
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decision making in biomanufacturing environmentswdver, before ES-DMA can be
accepted as a tool it requires to demonstrateithaeets the ICH Q2 principles first

which is the objective of this chapter.
7.2 Materialsand Methods

7.2.1 Test article preparation

Phage PP7 and its hd&eudomonas aeruginosa were obtained from the ATCC
(Manassas, VA, accession numbers 15692-B4 and )5&diphage PR772 and hdst
coli strain K-12 J-53-1 were obtained from the Félixiérelle Reference Center for
Bacterial Viruses (Université Laval, Québec, Cajaddese bacteriophage models were
used instead of actual mammalian viruses becaeagectin be easily grown to high titer
and can be prepared and studied under BSL1 consliti®tocks were prepared by CsCl
gradient ultracentrifugation methods, and live éhphages were enumerated by plaque
assays using their respective hosts, as describedteere [37, 185]. The phages were
then dialyzed into 2.0 mmol/L ammonium acetate, pH, in preparation for the
electrospray. Studies showed that short term stofagionths) in this buffer system did
not significantly impact phage infectivity (result®t shown). For PR772 the dialyzed
sample at an initial concentration of 1.5¥1@laque forming units/mL (pfu/mL) was
diluted to prepare a serial dilution of 4%, 10x 5®00x and 5000x and have been
henceforth referred to as PR772a, PR772b, PR7RCE/RI and PR772e, respectively.
For PP7, dialysis a parent stock resulted in afinioncentration of 2.5xt8pfu/mL.
Then a fifty times dilution from the above stocksyaepared from which serial dilutions
of 2%, 5%, 50x, 500% and 1000x were prepared ane baen henceforth referred to as

PP7a, PP7b, PP7c, PP7d and PP7e, respectively.
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Analysis in this chapter was limited to viral pelds in solutions in which
nonvolatile salts, surfactants, or other matepaésent in formulation buffers had largely
been removed. The presence of these species were fto cause clogging of
electrospray capillaries, destabilizating the etmsgray and resulting in noisy size
distributions. Other factors that affect the siibf the electrospray include capillary
diameter, ionic strength outside of a specific aatigity window, and protein or buffer
species that affect the surface tension.

To create partially degraded test samples, dialyed72 and PP7 samples were
placed in 1.5 mL protein low binding centrifuge IsigEppendorf North, Westbury, NY,
USA, #022431081) and heated using a BLOK heateblifi& Instruments Inc, Melrose
Park, IL, USA, #2003) to temperatures from %Dto 80°C. The samples were heated
within 2 minutes to the desired temperature, anoht@aed within + 1.C as measured
by a type K thermocouple (Omega, Stamford, ConoetGtiUSA) inserted directly into
sample vials via holes punctured through their cafter 30 minutes the samples were
removed from the BLOK heater. Control samples famparison were held at ambient
temperature (28C) for 30 minutes.

For infectivity assays, dilutions of the virus ste@nd heat treated samples were
prepared and added to mid-log-phase host and legu&dp agar, which was spread over

tryptic soy agar plates.

7.2.2 Buffer Preparation
The protocol for buffer preparation for ES-DMA waame as that already

described in chapter 2.6.
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7.2.3 Gold nanoparticles Preparation

For quantitative number concentration calibratioh the ES-DMA, gold
nanoparticle reference standards were used. Otigtenibliquots of as received 20 nm
and 60 nm Ted Pella gold initially at particle centrations of 7.010" particles/mL and
2.6x10' particles/mL were centrifuged for 20 minutes afdnlinutes, respectively, at
13,200 rpm which were subsequently concentratedrépare stock concentrations of
3.4x10" particles/mL and 260" particles/mL for 20 nm and 60 nm samples
respectively. Two different sizes were selectedabse the sensitivity of ES-DMA
depends on size, with sensitivity increasing widntiple size. Serial dilutions of 2, 4, 8,
16, 32, and 64 times for the 20 nm and 2, 4, 8,l&uimes for 60 nm were then prepared

from this stock.

7.24 ES-DMA operation and data analysis

The ES was operated under the same conditionesasiloed in chapter 2.6. A 25
pm capillary was used. The DMA was operated wittha@ath flow of 30 L/min for PP7
or 10 L/min for PR772. By stepping through differetectric fields, a size distribution
was obtained, in increments of 0.2 nm. The CPC apasated in the high flow mode as
described in chapter 2.6.

Gold nanoparticles (Ted Pella) prepared in ammuonagcetate buffer or 60 nm
polystyrene latex particles (NIST SRM963) were used as system suitability standards

to confirm operation of the instrumentation [15, Z83].

7.2.5 Gold calibration approach
In order to correlate gas phase concentration kgthd phase, Colet al., [39]

used known concentrations of gold nanoparticlesaitbrate the ES-DMA system to
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determine the concentration of virus particles. e Thatio of particles in solution and
signal intensity from the DMA gave the responsecfiom of the DMA system. The
response function was then used to obtain viruscermation in solution. Virus
concentration values determined this way were fotmdbe in good agreement with
amino acid analysis [39]. A similar protocol wased in this article to determine
concentrations of PP7 and PR772.

Two different gold nanoparticles sizes of known @amtrations were selected,;
nominally 20 nm and 60 nm, to approximate partidiese in size to PP7 and PR772.
Serial dilutions of 20 nm citrate stabilized Tedl#gold nanoparticles, as mentioned in
section 2.3, were created to obtain a responseifinfor the ES-DMA of 6.2410° +
4.6x10° (particles/cr)/(particles/mL) for PP7 where the response fumctiodefined as
the ratio of the concentration measured in gas ephsing ES-DMA and the actual
particle concentration in solution. Similarly usiB@ nm particles, a response function of
9.15¢10° + 8.0x10° (particles/cr)/(particles/mL) for PR772 was obtained. The
difference in response functions for PP7 and PRv&2likely due to different ES-DMA

settings and operational parameters used (e.gclpasize dependent diffusional losses).

7.2.6 TEM Characterization

TEM analysis employed a standard negative staipingedure performed by JFE
Enterprise (Brookeville, MD). Briefly, a drop of @% of BSA was placed on a
formvar/carbon coated grid and wicked off withdilpaper. Then 2.0L of the virus was
applied on the coated grid and allowed to air-diye grid was washed with distilled

water twice and air dried. Subsequently,ulOof 1.0% uranyl acetate was placed on the
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grid, allowed to stain for 30 seconds, wicked aiffl adhen allowed to air dry again before

TEM imaging.

7.3 Results

Like any assay, ICH Q2 should be used to vali#&@eDMA for any particular
application, e.g., testing particle size distribng of vaccines or gene therapy vectors.
According to ICH Q2, “the objective of validatiorf an analytical procedure is to
demonstrate that it is suitable for its intendedppege.” This guidance recommends
evaluation of a quantitative assay along sevensliok inquiry; namely specificity,
linearity, range, accuracy, precision, robustneystem suitability, limit of detection
(LoD) and limit of quantitation (LoQ). In the renmaier of this chapter, the phages were
considered as though they were the models for tndlig relevant virus preparations of
interest and the performance of ES-DMA was evatlatea quantitative assay relative to

ICH Q2 criteria to measure the viral analyte présethe sample.

7.3.1 Specificity

Demonstration of specificity confirms the ability an assay to distinguish the
species of interest within a sample from extraneoaserial or closely related species
such as contaminating adventitious viruses. ICHs@#®es that specificity must “assess
unequivocally the analyte in the presence of corapts ... including impurities,
degradants, matrix, etc.” [44].

ES-DMA can differentiate intact virus particles frampurities associated with
degradation products, e.g., capsids that are partiacompletely degraded. To model
such impurities, virus particles were thermally @elgd for 30 minutes at temperatures

up to 70°C, and ES-DMA size distributions and TEM imagesevebtained for PR772
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and PP7 before and after thermal treatment (Figure ES-DMA size distributions for
PR772 (Figure 7.1A) showed two peaks corresponttimdegraded viruses: (650nm) at
70°C and intact viruses=(60 nm) at ambient temperature and €D The full size
distribution (Figure 7.1A) also included a thirdageat~ 8.0 nm which was assigned to
P3 trimers based on Bachatral’'s [11] molecular weight correlation. Larger stwes
that were likely aggregates of the capsid proteiss appeared between 10 nm and 20
nm and increased in intensity with increasing iratidm temperatures. The specificity of
ES-DMA was confirmed by comparing ES-DMA size dimitions to TEM micrographs.
The TEM micrographs showed a similar trend of infaarticles at ambient conditions,
partially degraded particles at 80D and then completely degraded particles &7 @ith
predominantly intact virus particles (Figure 7.18)d degraded particles (Fig. 7.1C and
Figure 7.1D). Some particles of size 100 nm to P@® were seen (Fig. 7.1D) but
possibly were below the limit of detection of th8-BMA, for only a few were found in
the TEM micrographs.

The ES-DMA size distribution of PP7 (Figure 7.1HEpwed putatively intact
virus particles£23 nm) and degraded capsid proteins or their agtgsat smaller sizes
(=*)10 nm) that increased in concentration with incidmatemperature. Similarly, the
TEM micrographs, at ambient conditions showed riteince from sample heated at
60°C (Figure 7.1F); however, in contrast to ES-DMAajahere was little evidence of
degraded capsids proteins. Nevertheless, the agreesonfirmed ES-DMA’s ability to
identify specifically intact and partially degrademhpsids or aggregates of capsid

proteins.
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Figure 7.1: (A) ES-DMA size distributions for PR7@2d TEM images of PR772 (B)
untreated and heated for 30 minutes to (CjCe6and (D) 76C. (E) ES-DMA size
distributions for PP7 and TEM images of PP7 (F)remted and (G) heated for 30

minutes to 6€C.

7.3.2 Precision, Linearity and Accuracy

The linearity, accuracy and precision of ES-DMA fieeasuring the concentration
of virus particles were determined. Five differdittitions each of PP7 and PR772 were
prepared and their concentrations were determined plaque-based assay and ES-
DMA. For virus particle concentration measuremém, PP7 peak included counts from
21.0 nm through 26.8 nm and the PR772 peak incledadts from 55.0 nm to 67.8 nm.

The mean mobility diameter of PR772 and PP7 weterahned to be 62.1 nm + 0.4 nm
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and 23.8 = 0.3 nm respectively for size distribagiobtained in triplicate. All linearity
studies were performed using the same capillaryl®out any differences arising from
different capillaries. ES-DMA gas phase number dgnas a function of solution
concentration of PR772 and PP7 was plotted overldien concentration range from
4.48<10° particles/mL to 5.1610" particles/mL and 1.2210™ particles/mL to 9.910"
particles/mL for PR772 and PP7, respectively (Feguar2). The linear fits were
log1o(N)=0.9774 logy(C)-5.6782 with R= 0.9995(denoted by long blue dash) for PR772
and logo(N)=1.09 logo(C)-6.1662 (denoted by short purple dash) witk@R9993 for
PP7. The linear fits for 60 nm and 20 nm Au wergd®)=0.9425 logy(C)+7.2533 with
R?= 0.9989 and log(N)=0.9439 logy(C)+7.4424 with B=0.9996 respectively. R
values in excess of 0.99 for both the cases inglictitat the fit was good. The error bars
in the Figure 7.2, if not visually apparent, weneafler than the symbols and were from
samples run in triplicate. The long (blue) and slgpurple) dashed lines guide the eyes.
ES-DMA characterizes two properties of particléze and number concentration.

The accuracy of ES-DMA for determination of sizeevestablished for spherical
and nearly spherical particles elsewhere [15, 148¢curacy of ES-DMA for
determination of concentration can be establish&ghlly by comparing results with
another orthogonal technique although methods atealways directly comparable as

given below.
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Figure 7.2: ES-DMA aerosol number density, N, versolution concentration, C, for

PP7 and PR772.

To relate ES-DMA counts to concentration of virumtgles in solution, ES-
DMA was calibrated by analyzing gold nanopartic&nown concentration as already
discussed. The absolute liquid phase virus corefgmir was also determined by ES-
DMA (column 4, Table 7.1). Particle measuremergsend1-15 fold (PR772) and 22-42
fold (PP7) greater than their infectivity (Tabld)/.showing that these preparations were

2-10% infectious in agreement with previous resi3€§.
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Table 7.1 ES-DMA as compared to plaque assay.

Plague Assay ES-DMA gas- ES-DMA Ratio
derived phase  particle (concentration (ES-DMA
concentration counts in solution particles/mL)/(pfu/mL)
(pfu/mL) (particles/crd)”  particles/mL)

PR772a 3.75¢<10" 471700496400 5.15¢10% 14

PR772b 1.5x<10" 154400+5100  1.69«10" 11

PR772c 3.00<10' 3830042300  4.18<10" 14

PR772d 3.00x10° 2504+200 4.13<10' 14

PR772e 3.00<10° 4004110 4.4810° 15

PP7a  2.50<10" 614800+7300  9.90<10% 40

PP7b  1.00<10" 258500+6600  4.16<10% 42

PP7c  1.00<10% 23700+330 3.81x10" 38

PP7d  1.00x10° 1700+110 2.69<10' 27

PP7e  5.0010° 700+20 1.12¢10 22

*Samplesrun at least in duplicate

In order to compare the inter-day precision witkrarday precision, samples
PR772c and PP7b were measured repeatedly on andunali day to determine the
repeatability and across several days to measarmtitrmediate precision. The data was
found to fall within relatively narrow bands (Talle2). It was observed that for both PP7
and PR772 the intra-day variations were smallem tha inter-day variation, as is typical
for precision studies. The larger inter-day vaoiativas expected because over this time
period, the ES-DMA system was shut down (which =iesof switching off the ES,
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sheath flow and the CPC) and restarted which mas ltcaused modest differences in
flow rates or may have affected the performanab®DMA or the CPC. In addition, the
effect of changing capillaries was also studied,issue addressed in greater detail in

section 7.3.5.

Table 7.2. Repeatability, intermediate precisiod eapillary variation statistics for ES-
DMA

Standard Confidence

**%
’

Average deviation  Coefficient interval

(particles/cc)(particles/cc)of variation (%)

Repeatability PR772c 38300 2300 0.064 6.0
Repeatability PP7b 269300 13500 0.050 4.8
Intermediate precision PR772c 33270 6950 0.209 17.5
Intermediate precision PP7b 265200 17400 0.065 5.5
Capillary variation PR772c 29920 3200 0.107 11.0
Capillary variation PP7b 271140 34750 0.128 13.1

* http: //www.itl .ni st.gov/div898/handbook/pr c/section1/prcl4.htm
** Calculations done at 90% confidence level for samplesrun in triplicate

7.3.3 Detection and Quantitation Limits

The limits of detection and quantitation were deiaed using the signal-to-noise
method indicated in ICH Q2. First, the CPC baseluas determined by electrospraying
ammonium acetate buffer through a capillary andbiaining size distributions of this
control buffer from 2 nm to 45 nm for PP7 or 2 non7 nm for PR772. Then, the
baseline where PP7 (21 nm to 26.8 nm) and PR778r(bt® 68 nm) would appear were

summed to obtain the limit of detection for thegeses, respectively. This was repeated
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in triplicate and the uncertainty in CPC countghia baseline was determined to be 45
particles/cc £ 14 particles/cc and 7 particles/c2 particles/cc for the measured size
range of PP7 and PR772, respectively (data not showhis then corresponded to the
noise in gas phase. Then by multiplying the aweraigthe gas phase noise with the
average response functions of 20 nm and 60 nm Awpaaticles respectively, the
corresponding noise in liquid phase was determfoed®P7 and PR772. Further, since
ICH Q2 specifications for LoD require a signal-toise ratio of 3:1, the liquid phase
noise was multiplied by three to obtain LoDs ofxA@ particles/mL for PP7 and
2.3x10° particles/mL for PR772 respectively. Expressingsthvalues as plaque assay
LoDs (pfu/ml) yielded 2.810" pfu/mL (assuming particle:infectivity ratio of 32) and
1.7x10" pfu/mL (assuming particle:infectivity ratiez 14) for PP7 and PR772,
respectively. These values were distinctly higtem the LoD of approximately 10
infectious virus/mL determined by Hogaet,al. [14] for bacteriophage viruses although
they did not report a baseline uncertainty.

The limit of quantitation (LoQ) was determined ngsia similar signal-to-noise
method. For the LoQ, all steps were similar td tescribed for LoD except the last one
where the liquid phase noise in the above datanmdsplied by ten instead of three as
per ICHQ2, resulting in LoQs of %80’ particles/mL and 7:8L.0° particles/mL for PP7
and PR772, respectively. Expressing the conceaitrati terms of pfu/mL, the LoQ were

determined to be 7x10" pfu/mL and 5.610" pfu/mL for PP7 and PR772 respectively.

7.3.4 Range
ICH Q2 also requires a determination of the dymamange of the instrument.
The LoQ as specified above defined the lower enth@frange. The instrument has an
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upper limit of 16 particles/cm (in the aerosol phase), but any highly concerdrate
solution can always be diluted to reduce the camaton to the linear region of the
instrument. Thus, the upper range can be defilyethd highest particle titer in a test

particle.

7.3.5 Robustness

For ES-DMA the primary factors that influence siaed concentrations are
ambient temperature variations; fluctuations of gfas flow in the electrospray, DMA
and CPC; performance of the neutralizer; and varian capillaries. ICH Q2 calls for
investigation of such parameters under the rubficobustness. Ambient temperature
variations may influence the gas flows in the Hf& DMA as well as the CPC. The
performance of the DMA depends on the relativesrafea carrier gas in the DMA and
the analyte carrying gas that arrives from the &8, changes in these flows can cause
apparent changes in size and concentration ofahecles of interest. Further, inside the
CPC, particles are counted by condensing butarmmrgaon them, which are also highly
sensitive to temperature. Additionally, the flowteisa may also vary slightly over time
even without temperature changes. Each change mee ovariation in counts and size
obtained by ES-DMA assay over several hours orséime day or over several days as
has been addressed under the rubric of “repeaydbénd “intermediate precision”.
Further, the neutralizing source used for chargeiggon (Po — 210) had a half-life of
138 days and produced enough alpha radiation t¢raliee the ionized partices for
several months. Had the experiments been condustedseveral years, the charging
efficiency would have varied in this time frame.iglwvould result in less singly charged

particles and concomitantly more doubly charged amly charged particles as the
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efficiency of the neutralizer would reduce. Sindleeaperiments were carried out in a
time frame (seven days) much smaller than thelifalbf the source, hence the source
would not have a significant effect on the resultapillaries in the electrospray, another
robustness parameter, often need to be changeddeecé clogging from either very
large impurities (micron sized) in the solution foom deposition of particles on the
electrospray tip with time, which affects ES-DMAnoentration measurements. To
study this variation, the PP7 and PR772 samples vkept the same and size
distributions of these samples were obtained usirge different capillaries on the same
day. In this regard, the PP7 and PR772 samplescbadentrations of 4:A0"
particles/mL and 410" particles/mL, respectively. For PP7 and PR772 theam
diameters obtained were 23.7 nm £ 0.1 nm and 6% 0.3 nm in conjunction with
linearity studies, which implied that changing tbapillaries did not affect the size.
However, concentrations determined by the ES-DMAewieund to vary with change of
capillaries (last two rows, Table 7.2). These \aies were found to be comparable to
the intermediate precision, i.e. changing cap#son one day had as much effect as did

other day-to-day factors (such as flow and tempesdtuctuations).

7.4. Discussion and Summary

Manufacturers routinely characterize vaccines agegdelivery products when
releasing lots or performing stability studies. t@mining the purity of final product and
assessing concentration at various stages of prpdocessing are of paramount interest.
While techniques such as TEM and dynamic lighttsgag can be used, drawbacks
include long analysis times (TEM), skewing of simm multimodal distributions

(dynamic light scattering) and dependence of resuitinfectivity (plaque assays). Other
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characterization techniques such as antigen deteeind nucleic acid detection and
amplification are also popular but they either riegjuspecific antibodies or high
concentrations [186]. Also, plaque-forming assegsnot distinguish between a single
virus or an aggregate of several viruses which ccquitentially disassociate upon
administration to humans and cause an over dosd.[1BIS is gaining popularity for
characterization [188], but has been primarily sggpto analysis of proteins of viruses
[189, 190] and rarely for entire capsids becaugbaeif large sizes (> 1 MDa) resulting in
high m/z ratios [191]. But, as mentioned in chapter 3, &ff@ctra can be complex and
size distributions can be difficult to interprechese of multiple charging of particles.

In contrast, ES-DMA is a near real time method tbpérates at atmospheric
pressure, and can resolve the whole size distobutom capsid proteins to the whole
virus as has been demonstrated in section 7.3StDMA can achieve this objective by
correlating identity with size. Thomas al., [35] has shown that the components of
mixtures of very similar sized viruses can be dgtished based on size by ES-DMA.
For example, they differentiated MS2 from RYMV bésen a 4.3 nm size difference.
Even though a database correlating size with ilehfis not yet been assembled using
ES-DMA vyet, a broad range of viruses can be disisiged based on their distinct
mobility diameters as discussed in the introduction

It is possible that two or more viruses may oveifagize such as MS2 and PP7
or HRV and GD7, making positive identification aodmplete discrimination difficult
despite the subnanometer resolution of ES-DMA. e&lmw, in the case of industrial
virus production, risk mitigating factors, suchsasck characterization and adventitious

agent testing, lower the risk of cross contamimatibthe widely different viruses.

136



To make the ES-DMA conducive to biomanufacturin§-BMA was evaluated
in the context of ICH Q2. The ratio of particles/mo pfu/mL for a given virus remained
approximately constant as a function of decreaging concentration (Table 7.1). This
suggested that the ES-DMA behaved linearly for ¢bacentration range examined.
However, the ES-DMA and plaque assay data did iedd yhe same counts (Table 7.1),
which implied that not all phage particles weresatious such that a direct comparison to
infectivity data led to a 10 to 40 fold disparity the measured values, a common
observation in virology when comparing the infeityivassay to methods that physically
count particles [192, 193]. This discrepancy betwthe plaque assay and the ES-DMA
measured concentrations presumably involves seVactdrs. ES-DMA is a physical
measurement and counts all virus particles whéethes” or “dead”, while the plaque
assay is infectivity count. To be infectious, agé must land on the bacteria, penetrate
the cell membrane, take over the cellular machinang then make copies of itself and
finally lyse the bacteria. Each of these procebassan efficiency of less than 100% thus
a 1:1 particle to infectivity ratio is rarely acthexl for any type of virion. This also
explains why the LoDs and LoQs had different lindespending on whether they were
expressed with respect to particles/mL or pfu/mChe plot of linearity (Figure 7.2)
showed that the data did not extrapolate throughaifigin, an observation consistent
with that of Hogan,et al., [14] for MS2, T2, and T4 viruses suggesting pmes
variability in the plaque assay measurements deréifices in depositional losses that
arise from particles sticking to surfaces (with Bemaparticles showing a greater
propensity to stick because Brownian diffusion isre) which may be size and species

specific. PP7 gas phase counts obtained with BéMA started to deviate from
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linearity at concentrations below 10" particles/mL perhaps because of imprecision at
the LoD.

Concentration measurements with ES-DMA yielded acettainty of~ 10-20%
(obtained by dividing the standard deviation whk aiverage in Table 7.2), a value close
to that reported in a previous study [39] and shiglower than that of the virus
infectivity assay, which has an uncertainty of op=t30% (unpublished observations,
FDA). Additional advantages of ES-DMA compared nifectivity assays include faster
analysis time (minutes compared to a day for plagsay) and that the genetic sequence
of the virus or a viral host is not required foabysis.

The LoD was found to be size dependent. As indecdty Hindset al. [24],
deposition losses due to particle diffusion inceestsongly as the particle size decreases.
These losses may occur in the neutralizer, DMAyagice to the CPC, or all the
intermediate connective tubings. Therefore, iumsurprising that the LoD for PP7
would modestly exceed that for PR772 solely dudiffasion deposition losses.

In summary, as the first step towards potentialgtiy use and acceptance, ES-
DMA was examined as a tool for vaccine and geneaghyeproduct characterization in
the context of ICH Q2 guidelines. The ES-DMA chéeazes both “alive” or inactivated
viruses, potentially tracks their degradation, aad resolve aggregated species. Further
ES-DMA is rapid, non-biologically based quantitati@ssay, effective for non-enveloped
viruses, with a lower detection limit ef 10° particles/mL, and was found to meet the

requirements set forth by ICH Q2.
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CHAPTER 8: APPLICATIONS: PROTEINS

8.1 Introduction

Detection and characterization of protein aggregate formulations is of prime
importance to the biopharmaceutical industry [198]1 A concentration-size chart
summarizing the most commonly used methods fongizaggregates is presented in
Figure 8.1 [197, 198]. The solid and dashed limgsasent boundaries for constant mass

of protein particles assuming a spherical denditly gm/cc.

Because protein aggregates span a wide range e$,sand quantification of
aggregates depends on the techniqgue employed, ithaceone analytical tool that can
measure all classes of aggregates [3, 199, 200]naitiple methods are typically used
for cross validation [5, 197, 199]. The objectifetos paper is to evaluate electrospray —
differential mobility analysis (ES-DMA) as anothmethod to add to the suite of protein

aggregate characterization tools.

The current configuration of the ES-DMA used instdissertation, can characterize
particles from approximately 3 nm up to approxirhate50 nm spherical equivalent
diameters. From prior work it has been determired the lower limit of detection of
ES-DMA is in picomolar range [14, 19, 30, 201]. \hithe upper limit of concentration
till recently, has been limited by the inabilityddferentiate between intrinsic aggregates,
from aggregates formed from different oligomersdieg in the same ES droplet, it was
demonstrated in chapter 5 that such an artifactoeaaliminated. As shown by Figure
8.1, ES-DMA, size exclusion chromatography (SEQ)algical ultra-centrifugation

(AUC) and field-flow fractionation (FFF), overlam ithe range of analyte sizes they
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characterize. However ES-DMA offers a limit of @eton that is at least two orders of

magnitude lower.
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Figure 8.1: The concentration and size landscapieofimost popular characterization
tools namely size exclusion chromatography (SE@Galydical ultra-centrifuge (AUC)

and field-flow fractionation (FFFjAdapted and modified from [198] )

In this study using SEC with ES-DMA two proteins,n@noclonal antibody
therapeutic of the IgG1 class, Rituxamab® (RmAb) anpolyclonal human antibody
(nlgG) are characterized. The proteins are sysieallgt heat stressed, to promote the

formation of aggregates, which are characteriza@tgusoth techniques.
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8.2 Sample Preparation

8.2.1 Protein Sample Preparation

RmADb and hlgG samples were prepared by the sanmmeguee as outlined in
chapter 4. All samples were subsequently dilutedotacentrations of about 0.1 mg/mL
in 20 mmol/L ammonium acetate buffer at pH 7 foalgsis with ES-DMA and SEC.
This diluted concentration was not verified by Ulg/gpectrometer as it was below the
limit of quantitation of the instrument in this gtar. Samples that were not heat treated
were used as controls. Aggregate formation wasleated by subjecting samples to 70
°C for 30, 60, 90, and 120 minutes for RmAb and1fay 20, 30, 60, 90 and 120 minutes
for 1IgG to monitor the time evolution of the aggaeg formation. The heat incubated
samples were preserved in the refrigerator 4C4before analysis. Because the heat
treated samples showed evidence of large aggregfaaescould potentially clog up
electrospray capillaries and size exclusion colyrhaace the samples were filtered using

0.22um filters (Millex GV — Catalogue #: SLGV004SL) prito characterization.

8.2.2 Size Exclusion Chromatography (SEC)

SEC was performed with a Agilent 1200 system usinigSK 3000 gel filtration
column at ambient temperature. Using 20 mmol/L amoma acetate buffer in the SEC
column caused the 1gGs to adsorb to the SEC colamghno protein would elute for
several hours. Thus 100 mmol/L potassium phosptgtel 7.0 along with 300 mmol/L
sodium chloride was used as reported in other etudi84, 202]. The injection volume

was 50puL at 0.5 mL/min flow rate with UV detection at 28im. Because the
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concentration of the protein injected and recovevede below the limit of quantitation
of the UV/vis spectrometer used in this study hetheerecovery could not be calculated
for higG and RmAb. However, several steps werenakeat qualitatively suggest that
protein adsorption (esp. the monomers) to the S&E@m was low. Before running the
actual heat treated samples for analysis the cdumamne pretreated with heat incubated
samples (t = 30 minutes sample for higG and t =ni@utes for RmADb) three times
(approximately 30 minutes each). SEC chromatogarteained for these samples did not
show any difference from run to run. Further, afteishing all experiments for the day,
the column would be flushed with buffer (100 mmaopatassium phosphate at pH 7.0
along with 300 mmol/L sodium chloride) for 1.5 hsuollowed by a 10% methanol
wash during which only nominal protein would desdrbm the column, implying
nominal adsorption to the column. For quantitatvalysis it was also assumed that the
recovery of monomers at different incubation tirates/ the same for the proteins.

The dimers and monomers were quantified by integyatom elution time of
14.33 minutes to 20.81 minutes and 11.62 minutes4t82 minutes respectively. The
fractional percentages of dimers were determinedirbyintegrating the area under the
monomer and dimer peaks at that particular incabatime, and then dividing dimer
peak area by the monomer peak area at the sammatimutime. The background noise
for the SEC was determined by integrating the arefer the monomer and dimer peaks
after running 20 mmol/L ammonium acetate buffetriplicates. The respective average

values obtained were 534 arbitrary units and 2BRrary units.
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8.2.3 ES-DMA

The voltage and current measured in the ES uni wpproximately in between 1.6
kV to 1.8 kV and — 170 nA to — 180 nA, respectiveigr all samples. To achieve
sufficient resolution from the DMA, the ratio ofesith-to-aerosol flow rates within the
DMA was set to 25, which provides a theoreticabhetson of ~0.4 nm for the antibodies.
Under these conditions, data were collected wittoltage scanning step size of 0.2 nm
and a dwell time of 10 seconds from 2 nm to 45 nen it would take approximately 36
minutes to obtain each ES-DMA size distributionmparable to SEC experiment. The

ES capillary was passivated using gelatin followamgapproach outlined in chapter 4.3.

From the size distribution (number concentration sige) the area under the
monomer, dimer, trimer, tetramer and pentamer pgak® determined by integrating
from 7.8 nm to 9.8nm, 10.0 nm to 11.6 nm, 11.8 art3.0 nm, 13.2 nm to 13.8 nm and
14.0 nm to 14.8 nm, respectively. Oligomers wesmnidied by an empirical correlation,
between mobility diameter and molecular weight ieadiscussed in greater detail later.
The average background noise in ES-DMA under theamer, dimer, trimer, tetramer
and pentamer peaks was found to be 241 particlés/d®5 particles/c) 54
particles/cm, 23 particles/crhand 18 particles/chirespectively.

About 20uLto 30 uL aliquots of samples were for used for analysig,dmly 2 —

3 puL was consumed during the course of an experimiest, the sample volume
requirement of ES-DMA is significantly less comphte SEC.

The reader should note that the signal produceithéd¥S-DMA can be material
dependent. Similar observations have been madéebynass spectrometry community

[203]. However, despite the material dependency;:DER\ size distributions (after
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correcting for ES artifacts) can reflect the ingin levels of aggregates of different
particles in solution, or in other words, ES-DMAnche used for determining absolute

liquid phase concentrations irrespective of maltgraperty [102, 103].

8.3 Results and Discussion

8.3.1 Size distributions obtained with ES-DMA

Figure 8.2A shows the size distributions of theARnobtained by ES-DMA for
unstressed (t= 0 minutes) sample and samples #ratincubated at 7T for increasing
incubation times. For peak identification the ctatien from Bachet al [11]between
mobility size (d) and molecular weight (MW) expredsn kDa:
MW =-22.033 +9.83d-1.247d +0.288 (8.1)
Using this correlation, the monomer, dimer, trintettamer and pentamer peaks for IgG
with a molecular weight of 150 kDa should appedd.atnm, 11.7 nm, 13.4 nm, 14.7 nm
and 15.8 nm, respectively. This correlation wassigeto their experimental set-up and
operating conditions, and can vary up to 1 nm ftiexbnt DMAs [64]. In this work the
monomer, dimer, trimer, tetramer and pentamer paareared at 8.8nm, 10.8nm,
12.6nm, 13.4nm and 14.4 nm, respectively, in reaslenagreement with the predicted
values. Peasst al. [19] have also shown that the sizes of IgG oligmras measured by
the ES-DMA are in excellent agreement with the dtmal dimensions obtained from
protein crystallographic database. Thus oligomakpdrom ES-DMA size distributions
can be identified with a high degree of confider®esides these, there are three peaks
that are characterized at sizes 3.6 nm, 6.2 nnva&adm. The proportion of these peaks
are insignificant (<< 1 %) compared to all otheakseand correspond to the non-volatile

solute that may still be present in the solutioterathe desalting step, doubly charged
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monomers of RmAb (not intrinsic to the solutionpgmced during neutralization in the
gas phase), and dimers of F-ab fragments of Rmelperctively.

The size distributions in Figure 8.2A, show a dasieg trend for monomers
(labeled 1), dimers (labeled 2) and trimers (lathe3§ with increasing incubation time,
while the tetramers (labeled 4) and pentamers |@db8) increase initially (t = 30
minutes and t = 60 minutes), but subsequently dserat later times. While larger
oligomers are clearly evident in the spectra theoltgion is insufficient to make a
definitive assignment. The maximum intensity of #ggregates for the sample incubated
for 120 minutes appear at mobility diameter of 18 to 20 nm. Assuming Bacher’s
correlation the molecular weight at this mobilitiaheter corresponds to approximately
1300 kDa to 1500 kDa i.e. the most of these aggesgae probably enneamers (9-mers)
and decamers (10-mers) of RmADb.

Figure 8.2B shows the size distributions for hig@Geve the oligomers are again
identified using Bacher’s correlation. Like RmAihe monomers (labeled 1), dimers
(labeled 2) and trimers (labeled 3) decrease withibation, however, unlike RmADb, the
larger aggregates do not increase with incubatroe.tThe size distribution also shows
two smaller peaks (<< 1% compared to other peaks).z22a nm and 7.8 nm which
correspond to the doubly charged monomers (noingitr to the solution, produced
during neutralization in the gas phase) and dimérs-ab fragments, respectively. It is
possible that larger aggregates of RmAb and hig&Enm) form with increasing
incubation time at concentrations below the linfitdetection of ES-DMA. In fact, at
longer incubation times, visible precipitation wabserved for both proteins. Flow

imaging methods indicated increasing concentratidrrticulates with incubation time
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ranging in size from 4m to 100um for both RmAb and higG (data not shown). For both
the Figures 8.2A and 8.2B the normalization has laeme with respect to the area under
the monomer peak at t = 0 minutes. All distribusi@me at an ES capillary pressure drop

of 3.7 PSI. Size distributions obtained at 3.0 p®ksure have not been shown but show

similar trend.
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Figure 8.2(A) Size distribution of RmADb for incréag incubation times at 78C. The
inset shows a magnification of different aggrega®s function of incubation time. (B)

Size distribution of IgG prepared at different ibation times at 76C.

Because of “droplet induced aggregation” introduredhapter 5, the data obtained
with ES-DMA needs to be corrected. For simplicityis being assumed that only
monomers and dimers exist in the solution. Thia ieasonable assumption based on
previous findings using other aggregate charaetoz techniques [103, 184, 202] and
by using SEC, as discussed in the next sectiorgférand RmADb. In all such cases, the
proportion of the intrinsic trimers was negligilfle 1%). Then equations 5.21 and 5.25

could be invoked at two different pressure dropsltain the intrinsic liquid phase
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monomer and dimer concentrations. The percentadgbeointrinsic dimers determined

following this approach is discussed later.

The larger aggregates, as measured by the ES-DMAquantified and plotted as a
percentage of all oligomers present at each incubdime in Figure 8.3 below. It is
evident that for RmAb the proportion of tetramensl darger oligomers increases as a
function of incubation time (Figure 8.3A) whereas igG the proportion remains
constant (Figure 8.3B). The percentages have betmrnined by first integrating the
area under the respective oligomer (trimer, tetrasmel pentamer) peak at the each
incubation time divided by the integrated area urtde monomer + 2xdimer + 3xtrimer

+ 4xtetramer + 5xpentamer peak.
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Figure 8.3 (A) Percentages of the trimers, tetramaed pentamers of RmAb and (B) IgG

as a function of incubation time as obtained byEBeDMA.
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8.3.2 SEC Chromatograms
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Figure 8.4(A) Chromatograms of RmAb obtained with the SECHeat treated samples
at increasing incubation times at %0. The inset shows a magnification of the aggregate
region (B) Chromatograms of higG obtained with 8C for heat treated samples at

different incubation times at 7C.

Figure 8.4A shows SEC chromatograms of RmADb foreasing incubation times
at 70°C. In SEC larger aggregates will elute first, se thst peak is assigned to the
monomer. Little evidence of dimers and trimersha t= 0 minutes and t = 30 minutes
samples are seen. Larger aggregates appear d@tentmutes that increase in intensity
with incubation time. Figure 8.4B shows SEC chrageams of higG. The mode of the
monomer peak for both RmAb and hlgG are at appratety 16.3 minutes, but the full
width at half max for higG is approximately 5.43 nuies compared to only
approximately 1.38 minutes for RmAb implying th#g@ interacts with the SEC column
longer. Evidence for larger aggregates are obseffeedshort incubation periods, but
drop below the background after 10 min of incubratibhe fact that the monomer peak is
dropping, with no observation of higher aggregagédong incubation times would

indicate that larger oligomers grow very rapidlypldting the system of intermediates
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(dimers, trimers etc). In Figure 8.4, for both Rmam higG, the acetate peak elutes first
(before 20 minutes) in all samples and has not Beewn for clarity. Also, for both the
plots (A) and (B) the normalization has been dorikh nespect to the area under the

monomer peak at t = 0 minutes.

8.3.3 Comparison of ESDMA with SEC

Table 8.1, compares the dimer proportions obtanye8EC and ES-DMA (before
and after correcting for “droplet induced aggreggtéor RmAb and hlgG. The standard
error bars are calculated from measurements oe gamples. For columns 2, 4, 5 and 7
of Table 8.1 the dimer to monomer proportions hibgen determined by dividing the
area under dimer peaks with the area under the menpeaks at that incubation time.
For columns 3 and 6, the dimer to monomer ratigesgtsC,,/C,: determined after
using equations 5.21 and 5.25 to solve@grandCy, respectively. It is evident from the
ES-DMA results that a major proportion of the dimeletected were droplet induced.
Even after correction for “droplet induced aggregat it was found that ES-DMA
indicates a higher fraction of dimers than SEC=a0tminutes. In order to understand the
possible sources for the discrepancy in betweeseth&o techniques AUC was used to
guantify the dimer to monomer proportions for the=t0 minute samples; the
dimer/monomer ratio for RmAb and higG were detesdito be 4.8%+0.8% [103] and
11.7%+1.9%, respectively (for higG refer ChapterB)us the dimer to monomer ratio
obtained using AUC and ES-DMA appear to be the sandeslightly greater than SEC.
Out of the three techniques, the error bars indiheer percentage measurement of ES-
DMA is highest perhaps because of the variabilitythe measurement of ES droplet

sizes. It was not possible to quantify the peragmtaf the dimers and larger oligomers
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for the heat incubated samples using AUC, as tirerdand other oligomer proportions
in these samples were below the limit of detectibthe AUC, but, as evident from Table
8.1, for all heat incubated samples the dimer tmonter proportion obtained with ES-
DMA was greater than SEC (except hlgG at t = O nairfar which the dimer/monomer
proportion obtained with ES-DMA and SEC are compiaa There are several possible
reasons for these differences. Firstly, both inBA%A and SEC protein is subject to
shear forces, which could potentially induce aggtieg or alternatively break small
oligomers apart. Secondly, high salt concentrationthe mobile phase of the SEC are
used to minimize adsorption of protein, but it own that high salt concentrations can
also break up aggregates [5]. Thirdly, prior woykadbhers has indicated that dimers may
preferentially absorb in the SEC colunfid00, 204]. Inaccuracies can also arise in
determining the dimer/monomer ratio using the ESAMTIhere could be two sources
for this: a) as mentioned in chapter 5 the coroecfor “droplet induced aggregation”
requires the droplet volumes of the ES and anycimacy in these measurements can
propagate in the determination of the dimers/momorago and b) for RmAb it was
initially assumed there are monomers and dimemsolation, however, with increasing
incubation time (after 60 minutes) there was ewdeaf trimers, tetramers and larger
aggregates that are intrinsic to the solution (Fedd13A) which was not accounted for in

the modeling.
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Table 8.1. Dimer/Monomer ratio for ES-DMA beforedaafter correcting for “droplet
induced aggregates” and SEC at different incubatinas at 70C.

Time RmAb higG
ES-DMA ES-DMA ES-DMA ES-DMA
before after SEC before after

correction correction Dimer | correction correction SEC

minutes Dimer % Dimer % % Dimer% Dimer% Dimer %

0 33.0+2.0 50+20 1.0+x0487.0+50 120+6.0 7.0+£20
10 - - - 250+10 7.0+x20 40x20

20 - - 18.0+2.0 7.0+2.0 NG

30 27020 50+x20 2. 16.0+2.0 8.0x4.0 ND

o
I+
o

60 150+1.0 2.0+1.0 13.0+20 7.0+x20 ND

90 11.0+20 3.0+x20 11.0+1.0 6.0+2.0 ND

& & &

120 6.0+1.0 20+£1.0 9.0+20 4.0x20 ND

ND* (not determined) For these samples the SEC waaht®to resolve the dimers from
the larger aggregates hence the dimers were natified

ND? (not determined) The signal-to-noise ratio for dirers for these samples were less
than 3

Based on the signal to noise (S/N) ratio of the omoers and larger aggregates for the
different samples obtained with SEC and ES-DMA de¢ection limits for these two
methods were compared. For ES-DMA, considering Rredthple at t = 120 minutes the
monomer, dimer, trimer, tetramer and pentamer @eergounts were 158961
particles/cmi (not corrected for droplet-induced artifacts), 83particles/cm (not
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corrected for droplet-induced artifacts), 13467tipkes/cn?, 18780 particles/cinand
25913 particles/cty respectively. Comparing these values to the backg noise
(provided in materials and methods section) itviglent that the S/N ratio was 2 to 3
orders of magnitude higher than the backgroundend@s the other hand for the same
sample the average monomer counts obtained with B&C5342 arbitrary units, and
thus the monomer S/N ratio was ~ 10 (the backgraumide for SEC monomers is
provided in materials and methods section) whetkasS/N ratio for dimer was < 3.

Thus, ES-DMA appears to have a lower limit of detec
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Figure 8.5: (A) Normalized monomer counts for Rmégba function of incubation time
at 70 °C obtained with SEC and ES-DMA (after correcting falroplet induced
aggregation”). (B) Normalized monomer counts fa@las a function of incubation time

70 °C obtained with SEC and ES-DMA (after correcting faroplet induced

aggregation”).

Despite the differences in the dimer fractionsretrappears to be good agreement in
the relative amount of monomer decay between ESR@RI SEC, as can be seen in the
normalized monomer plots of RmADb (Figure 8.5A) &mgiG (Figure 8.5B) as a function

of incubation time. The error bars are for measer@simade in triplicate. For the SEC
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normalization has been done with respect to thad goea under the monomer peak att =
0 minutes. For ES-DMA the normalization has beenedwith respect to the absolute

monomer concentration at t=0 minutes.
The monomer decay can be described by a genesagagtion:

LC_ e

it (8.2)

where C is the concentration of the monomer inlidned phase at time t, k is the rate

constant, and n is the reaction order.

For n=1, assuming Lis the initial monomer concentration, the concaran of
monomers, Cat time tis:
In(&) = —kt (83)

For n# 1, the general rate equation can be solved to get:

(%)1n =1-(n—1kC 't (8.4)

FurtherkC! can be replaced with an apparent rate constastith that

(%)1‘n =1-(n—-1kK't (8.5)

(o]

For IgGs a wide range of reaction orders have peeposed, n = 1.0 [205, 206], 1.2
[207], 1.5 [208, 209], 2.0 [210, 211] or 2.5 [21Zhe order of the reaction is typically
determined by fitting the experimental data usiiffgent reaction orders, and assigning

the order with highest¥alue.
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The reaction-order fitting results are presentedable 8.2. In the case of RmAD it

was found that both ES-DMA and SEC indicated atreaorder of approximately unity.

Physically, this may either imply that the aggrewatprocess is unfolding limited or

occurs via monomer addition to oligomers [21Bgspite being completely different

techniques, the difference in the decay rate catstre within 5% of each other and in

good agreement with those reported previously [214] for the temperature range, 55

°C to 70°C.

Table 8.2. Rate constants ant\VRlues obtained for RmAb and IgG using ES-DMA and
SEC by fitting different reaction orders.

RmAD higG

ES-DMA SEC ES-DMA SEC
n K(mnd) R k@mn) R k@mn) R k@mn) R
1 0.0073° 0.97 0.0069° 0.99 0.0096 0.84 0.0083 0.84
1.2 0.0210 0.94 0.0175 0.98 0.0235 0.89 0.0230 0.90
15 0.0292 0.88 0.0226 0.96 0.0316 0.95 0.0304 0.97
2 0.0540 0.77 0.0364 0.880.0549" 0.99 0.0517° 0.99
2.5 0.1095 0.66 0.0625 0.79 0.1023 0.98 0.0939 0.96
3 0.2430 0.57 0.1137 0.71 0.2024 0.95 0.1809 0.91

& The uncertainty in rate constant measurement $SDEIA and SEC were determined
to be +0.001 mifl and +0.0016 min, respectively, based on measurements on three

samples.

® The uncertainty in rate constant measurement $DEIA and SEC were determined
to be +0.003 mifl and +0.011 mil, respectively, based on measurements on three

samples.

For higG, a second order reaction yielded the fitefstr both SEC and ES-DMA.

This physically implies that the rate of dimer fatmon controls the rate of monomer
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depletion. The apparent rate constant k' obtailmechigG is in good agreement with
values obtained elsewhere [207, 210, 215] at°@5to 70°C. In addition, the rate

constants obtained by both methods agree welkrdifj by only~ 6%.

8.4 Summary

Using two heat incubated 1gGs the ability of ES-DMAd SEC to characterize
oligomers were compared. Results of this studyceted that ES-DMA can be a useful
method for monitoring protein stability and for cheterizing protein aggregates and its
capabilites are at par and in some cases (e.gluties, detection limit) better than those
of SEC. ES-DMA observes a higher fraction of dispend due to its inherent higher
resolving power, and lower limit of detection wableato characterize the larger
oligomers that were not apparent in SEC at theeamnations used in this chapter@.1
mg/mL). In addition ES-DMA generally has shorteralgsis time and lower sample
volume requirements than SEC. Although ES-DMA hexsain constrains as discussed in
chapter 3, it is anticipated that the above demmatish will make it a popular process

analytical tool in the future.
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CHAPTER 9: APPLICATIONS: NANOPARTICLE-

PROTEIN COMPLEXES

The objective of this chapter is two-fold: i) tondenstrate that ES-DMA can be
used to monitor nanoparticle-protein conjugateofberwise also referred to as complex)
stability and ii) to demonstrate through an expglomaexperiment that ES-DMA can also

be used for glycan analysis.

9.1. Nanoparticle-protein conjugate stability

9.1.1 Introduction

The importance of nanoparticle-protein conjugatess walready established in
chapter 6. One desirable property of conjugatésaisthey should be very stable [173]. If
not stable, conjugates may aggregate and thesegajgs can appear in sizes spanning
from few nanometers to several micrometers. Ttae sange is within the operational
range of both dynamic light scattering (DLS) andngmission electron microscopy
(TEM) and thus both these techniques are routinelgd for monitoring conjugate
stability [20, 67, 100, 173]. However, each of théschniques has certain disadvantages.
For example in DLS, the scattered light intensitgles as the sixth power of the
hydrodynamic diameter of particles, thus although sensitive to aggregation, it fails to
provide multimodal size distributions for highly Ipdispersed systems. Further, it is
difficult to correlate intensity obtained with DLt® the liquid phase concentration of
particles. TEM on the other hand is expensive and tonsuming. The objective of this
chapter is to demonstrate that ES-DMA can also dagirrely used for monitoring

conjugate stability.
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9.1.2 Materialsand Methods
9.1.2.1 Sample preparation

Ammonium acetate, a volatile buffer, at a conceimnaof 2 mmol/L, was
prepared in 0.5 L volumes by adding 0.077 g of amom acetate and the pH was
increased to 9.4 by adding about 250 pL of ammoriiydroxide. Polyclonal human IgG
(Sigma Aldrich, isoelectric point pH 4.8 — 9.3) wasspended in the above mentioned
buffer at pH 9.4 to prepare a protein solution @fiaentration 1 mg/mL. These pH and
lgG concentrations were intentionally chosen agi found that choosing a lower pH or
significantly lower concentration of IgG causesns#igantly more gold-nanopatrticle-
protein conjugate monomer loss as a function ofrigegation.

Commercial Tedpella 30 nm gold nanoparticles waker in 450 pL aliquots to
which about 2 pL of ammonium hydroxide was addethtoease the pH to ~ 10 after
which 50 pL of 1 mg/mL IgG solution was then added then allowed to interact for
0.5 hours (Figure 9.1B). This sample will be regdrto as 0x AuNP-IgG henceforth. For
removing the excess protein, another aliquot wasribeged for 10 minutes at 10,000
rpm (Figure 9.1C), then 450 pL of the supernataptaced with 450 pL ammonium
acetate buffer at pH 9.4 (Figure 9.1D and 9.1E)s Bample will be referred to as 1x
AuNP-IgG. Likewise, steps c to e were repeatedépgre samples that were centrifuged
twice and thrice and will be referred to as 2x AulgB and 3x AuNP-IgG respectively.
Control protein solutions were also prepared whinlolved centrifuging the samples
zero, one, two and three times and will be refeteeds 0x IgG, 1x IgG, 2xIgG and

3x1gG respectively.
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Figure 91: Demonstrates the steps involved in preparaifofuNP-IgG sample. Step
and e will be refered to as 0x Au -IgG and 1x Au NRgG samples respectively. Aft

Step e, c to e are repeated to prepare 2x A-IgG and 3x Au NAgG sample:

9.1.2.2 ESBDMA operatior

A 40 um capillary with an outer diameter of 1%@n and length of 24 cm w:
used to electrospray the conjugates and AuNP sanaglét is difficult to achieve stak
Taylor Cone with 25um capillary while using low ionic strength soluts (~ 2 mmol/L).
The ES chamber pressure was maintained at 3.7TREDMA was operated at 10 L/m
and the CPC was operated at high flow mode (1.5r)/

As mentioned in chapter 5, one of the artifactsusing the ES is if th
concentration of particli is high (say > 18 particles/mL or the ES droplet size is la
(say > 100 nm) then two or more particles (conjegain this context) can g
encapsulated in the same ES droplet and appedr@sét induced aggregates”. For t
particular study, theconcentration of the AuNPs was 2" #/m® (provided by
manufacturer), i.e., it was low enough such thabptet induced aggregation” did n

play any dominant role. It should be pointed ot tthis rationale applies to the bi
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AuNP particles as well as the conjugate samplesesthis artifact is independent of
material property.
9.1.2.3 TEM

A JEOL 2100 TEM was used for obtaining micrographshe AuNP, IgG and
AuUNP-IgG conjugates in the size range of 10 nm ®um. About 3 — 5uL of sample
volume would be applied on ultrathin carbon flmad00 mesh copper grids (Ted Pella
Inc.). The samples would then be dried in a vacabhamber (Thermo Scientific) for ~ 2
hours and then stored in the refrigerator & 4rior to analysis.
9.1.2.4 Fluid Imaging

FLOWCAM (Fluid Imaging Technologies Inc.) [216] wassed for for
determining size distributions of conjugate aggreg@ the size range ofidn to 50um.
A 10X Olympus lens was used for taking images ef dggregates. The flow cell used
had a cell depth of 100m and width of 200@um. The solution of interest was pumped
through the flow cell at the rate of 0.05 mL/mirrREhe given cell dimensions, this rate
were fast enough to eliminate the possibility optoaing the image of same aggregate
multiple times. A particle segmentation thresholbwiefined with dark pixels of 8.0 and
light pixels of 6.0. These parameters were usedlifferentiate particles from the
background. The distance to nearest aggregate bwriglvas selected as @m to
eliminate the possibility of counting smaller aggates within larger ones. An auto
image rate of 10 frames/sec was selected. Usuadiglition would be run until 5000
particles had been imaged which ensured repeagablejood statistical data. Increasing

the data acquisition time further had no influeondhe size distributions.
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9.1.3 Results and Discussion

The conjugate samples were centrifuged upto thneestand their stability was
monitored and compared against the uncentrifugagugate as well as bare gold
nanoparticles using DLS, ES-DMA, TEM and FLOWCAMiglre 9.2A shows the
hydrodynamic diameter of the bare gold and conpgyaamples as a function of
centrifugation. The bare AuUNP appeared at size Bm3n reasonable agreement with
the labeled size of 33.2 nm of the parent stockitgwml. After addition of 1IgG and
subsequent incubation for 30 minutes, the sizeeas®s to 52.0 nm implying successful
conjugation of AUNP with IgG. The 17 nm increaséwhe DLS is more than the 10 nm
size of IgG and seems to indicates that IgG formétipte layers on AuNP surface. In
order to accurately quantify the number of layefdgé adsorbed a fluorometer was
used. For a typical IgG the projected side, endfeontal areas are 53 68 nnf and
94 nnf respectively. This implies that depending on tbafermation of IgG, upon
adsorption about 40 to 70 IgG monomers can adsogbsingle 33 nm AuNP to form a
complete monolayer. The results with fluorometeggasted that about 14040 IgG
monomers adsorbed per AuNP (i.e. 2 to 3 layersraBpg on conformation). This could
either imply that 1gG undergoes significant struatuchange upon adsorption to the
AuNP so that the surface can accommodate more memsomhan the theoretical
estimates above or that IgG adsorbs to form maltipyers on to AuNP. As already
discussed, DLS results appear to suggest the I8teh multilayered adsorption of
proteins to AuNPs or planar surfaces has also bbserved before as already mentioned

in chapters 4 and 6.
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Upon centrifuging the conjugate samples, the hyglamic diameter was found
to increase almost linearly as shown in Figure 9.ZA&e error bars are from
measurements on three samples and if not visugfigrant are smaller than the symbols
used. This can either imply that more IgG is adsgriito the AuNP as a function of
centrifugation or that centrifugation is creatinggeegates that is biasing the DLS
hydrodynamic diameter to larger sizes as has bemorted in previous studies [20, 66,
67]. The former explanation is unlikely, as witlclkeaentrifugation step significant 1gG
was removed from the solution and was replaced Witfier (for example, after®1
centrifuge about 10% free IgG is left in solutiafter 2 centrifuge about 1% free IgG is
left in solution and so on), which means that theant of free 1gG left in the solution
after each centrifugation step is lesser so thaifikod of more protein adsorbing to the
AuNP is also reduced. Further, there is furthedence with ES-DMA, TEM and
FLOWCAM that supports the samples were indeed aggireg and is discussed below.

Figure 9.2B shows size distributions of the baraNR samples and the
conjugated samples as a function of centrifugatisimg ES-DMA. Like DLS, the ES-
DMA for AuNP-IgG 0X shows an increase in mobilitges compared to the bare AUNP
sample implying successful conjugation. The ineeem size with the ES-DMA is just
about 7 nm from 33 nm to 40 nm. This is a factotwad lower than the increase seen in
DLS. This contradiction is not unreasonable as DA gas phase technique and the
measurements are not done under the same hyd@tddians unlike DLS. In fact, a
systematic comparison of size measurements obtauitedDLS and DMA previously
has shown that mobility size increase measuredigands adsorbed to nanoparticles

always comes out to be lesser than increase inotlydamic size [20, 66, 67]. The
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increase of mobility size obtained for AuNP-IgG-GGample can also be used for
guantifying the amount of protein adsorbed per N&wever, ES-DMA can under-report
protein adsorbed especially for multilayered protadsorption to NP, as has already
been discussed in Chapter 6 and was thus not as#édsi study for quantifying the
proteins adsorbed.

From the size distributions of centrifuged sample&igure 9.2B, it is evident
that unlike DLS, the mobility size of the conjugat®nomers stayed the same with
subsequent centrifugations although the monomentsodecreased along with the
appearance of small quantities of aggregates as$ siz50 nm and ~ 60 nm. It has been
shown using ES-DMA, that dimers of particles appsasize ~ 1.26 times that of the
monomer while trimers appear at size ~ 1.5 timas ¢fithe monomers [217]. Based on
this information, the aggregates at ~ 50 nm an@ nré are identified to be dimers and
trimers of the conjugates. For quantifying the ekt#f aggregation, one can integrate the
area under the monomer, dimer and trimer peaks phod them as a function of
centrifugation (Figure 9.2C). It is evident fromgkre 9.2C that the total monomer
concentration decreases to ~ 50 % whereas the gavermbility diameter remains
invariant of centrifugation. The decrease of monaaad concomitant increase of larger
aggregates appears to qualitatively explain theease in hydrodynamic size obtained
with DLS. Although trimers are the largest aggregateen with ES-DMA, there could
also be larger aggregates existing in the soluti@t were not detected by ES-DMA
because they were below the detection limit ofiiserument, which in this regard is®.0

particles/mL as pointed out in chapter 7. Inféat,samples that were centrifuged twice
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and thrice, aggregates were visually confirmed a#l. in order to characterize and

validate the existence of larger aggregates TEMugas.
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Figure 9.2: (A) The hydrodynamic diameter of Aufi®t centrifuged) and AuNP-IgG
samples as a function of centrifugation. (B) ES-DMi&e distributions of the same
samples. (C) The total gas phase counts (primagki¥)} of monomers, dimers and

trimers and mobility diameter (secondary Y-axispdanction of centrifugation.

Figure 9.3A shows 0x AuNP-IgG conjugate samplsesn under the TEM. The
commercial AuNP solution had non-volatile citrasdt shat dried up on the TEM grids
and created background with dark patches makingdificult to discern the
monodispersed AuNP-IgG conjugates. The fact thegeldark patches indeed are from

citrate was validated by taking TEM images of umckiged AuNP samples (in citrate
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buffer) and IgG samples (in acetate buffer). AuNdmgles clearly had the same
characteristic as Figure 9.3A (data not shown) evhilch dark patches were not evident
from IgG samples in acetate buffer (data not showppn zooming up of Figure 9.3A
the conjugates become visible (Figure 9.3D) anceappo be monodispersed. Further
zooming even upto 10 nm (data not shown) does hotvsany evidence of protein
adsorbed to the conjugates. This is not surprigiagt is known from studies in literature
[173], proteins adsorbed to nanoparticles are diitees not clearly evident even with
high resolution TEM, although independent eviderfoen DLS, ES-DMA and
fluorometer suggests otherwise. Figures 9.3B al€ learly showed a mixture of
conjugates monomers along with structures that edng size from few hundred
nanometers to more than a micrometer. A zoom upnef of these larger structures
(Figure 9.3E) confirmed that these structures waesle up of individual AuNP-1gG
conjugates and were thus aggregates of these etegudJsually AUNP aggregates (that
are not functionalized) fuse at the grain boundadg], whereas the individual AuNP
particles in these aggregates appear to be sligigrt from neighbouring AuNP
particles. This implies that these individual unitsre AuNP-IgG particles and not bare
AuNP particles. This aggregation also appears fwaéx the conjugate monomer loss

observed with ES-DMA and the increasing hydrodyragiimeter seen using DLS.
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Figure 9.3: TEM images of (A) AuNP-IgG 0X, the Wtadots represet the individual
AuNP-IgG conjugates, the dark grey color patchesfaym citrate, and the light grey
color is from the carbon background of TEM grid8) AuNP-IgG 1X, (C) AuNP-IgG

3X, (D) zoom up AuNP-IgG 0OX (also showing patchéglark grey citrate background

along with light gray carbon background) and (E)raaup AuNP-1gG 1X.

From the TEM data, it would be possible to obtaintimodal size distribution
over the size range of a few nanometers to sewei@bmeters. However, such a task
would be extremely time consuming to the extent thevould be impractical from the
industrial perspective to use it. On the other haRHOWCAM which is fairly
inexpensive (~ $20k USD) can provide size distidng of micrometer sized particles in

the order of few minutes and thus can be convdgieised for monitoring stability. A
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FLOWCAM constitutes of a flow cell (Figure 9.4A)rttugh which the sample passes at
a known flow rate. As the aggregates pass throhgh &re counted and photographed.
For a known sample analysis time (usually 3 to Butds, but can be longer for better
statistics if aggregate concentration is low), thggregate concentration can be
determined. The photographed images are then athlgnd the equivalent spherical
diameter of particles determined. Figure 9.4B sheeme of aggregates that were
photographed for the AuNP-IgG 3X sample. As seefkigure 9.4B some aggregates
appear to be spherical, while others appear fbriThus, even for the same sample, the
morphological characteristics for the aggregatesvadely vary. Most particles shown in
the Figure 9.4B were greater than i@ although majority of the aggregates in solution
were less than 10m as is evident from the size distributions obtdirem FLOWCAM
(Figure 9.4C). As the smaller aggregates were closehe lower size limit of the
instrument (4 um) their morphological characteristics were notacldrom the
photographs. It should be pointed out that no difiee was found in the characteristics
of the aggregates for different samples (0X to 3X)Figure 9.4B some aggregates are in
better focus of the objective lens of the camerd thinis appear to have sharper edges
compared to others. The end result of analysis s&a distribution of the sample of
interest in the size range ofn to 100um (or larger). Figure 9.4C shows such size
distributions for the conjugate samples (AuNP-1g&Gt0 AuNP-IgG 3X) along with an
AuNP control sample which has very little aggregatehe FLOWCAM used in this
study is not set up to distinguish protein parates biophysically (such as fluorescence)
from other aggregates. Thus it is not evident friii@ data if these aggregates were

protein aggregates or AUNP-IgG aggregates. Thegptore this further, 0.1 mg/mL IgG
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samples were subjected to the same centrifugasstre the conjugate samples and size
distributions were obtained with the FLOWCAM subseqtly. This way, one could
compare the extent of aggregation for these sampitts that of the conjugates by
integrating the area under the size distributidfigure 9.4D plots the integrated size
distributions for 1IgG and AuNP-IgG centrifuged éifént number of times (from O to 3
times). It is evident that the IgG samples doaggregate significantly under centrifugal
stress while the conjugates do, thus implying tleeggegates must be conjugates. This is
in conjunction with the decrease of monomers ofagates seen with ES-DMA (Figure
9.2B) and the increase of Au-NP conjugates sedn T&M (Figure 9.3B, 9.3C).

One can attempt to quantitatively reconcile thadase in the aggregates with
FLOWCAM with the decrease in the conjugate monométs ES-DMA. Because the
concentration of the AuNP particles in solution evetnown, the gas phase counts
obtained with ES-DMA could be, in principle, coatdd with liquid phase concentration
and thus ES-DMA can be used to determine the tatlime loss in the liquid phase
because of monomer loss. Similarly, as the aggeegjaes and their concentrations are
known, the FLOWCAM can be used to determine thal tablume increase because of
aggregate formation. Following this approach, isvi@und that the increase in volume
with FLOWCAM was 10 fold more than what is expededed on ES-DMA results. ES-
DMA has been successfully used for correlatinglitngd phase concentrations with the
gas phase on several occasions before as demedstrathapters 4, 7 and 8, thus this 10
fold offset is not because ES-DMA but rather FLOWMLAFIuid imaging methods such
as FLOWCAM is relatively new and size distributicarsd aggregate sizes obtained with

it can widely vary depending on several factorshsag a) background contrast, b) liquid
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flow rates, c) lenses used etc. even if the instnins operated within the recommended
settings of the manuals. Such variations are singrias this technique is fairly new and
more research is currently underway for understanthiese above effects better [218].
Thus, at this point the FLOWCAM results can onlyregarded semi-quantitatively until

a better understanding of these factors are thbitgumderstood.
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Figure 9.4: (A) Simplified schematic of the intdrcanstituents of a FLOWCAM. (B)
Photographs of different conjugate aggregates faNRIgG 3X sample. (C) Size
distribution of centrifuged samples and of the oanAuNP. (D) The integration of size

distributions obtained with FLOWCAM for the AuNP@gconjugate and IgG samples as

a function of centrifugation.
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9.1.4 Summary

AuNP-IgG conjugate aggregates were intentionatlydpced by centrifugation
and were then characterized using ES-DMA, DLS, Tatld FLOWCAM. ES-DMA can
provide more quantitative information about conpegstability compared to DLS and is
significantly quicker than TEM. FLOWCAM, a fluid iaging method was also explored
in this context and although the results were ialitative agreement with ES-DMA,

DLS and TEM, it was not quantitative enough to eltds volume balance.
9.2 Glycan Analysis: Preliminary results

9.2.1 Introduction

The majority of approved protein therapeutics pssssome type of glycans
which are sugar molecules covalently attached ¢opttotein. There can be significant
heterogeneity in the type of glycans carried thmes@rotein which can concomitantly
affect the safety and efficacy of a drug [219, 220hus glycans are usually
comprehensibly  characterized by enzymatic deglyatisym followed by
chromatographic [219] and/or mass spectrometribinigoes [221]. Although these
methods provide rigorous characterization of glycsgtructure, they can be time
consuming and expensive, and require highly traperdonnel. In contrast, lectin based
assays, in principle, are simple, inexpensive, amoid alternative for monitoring
identifying glycans [222]. In such an approachratgin X with a glycan Z is incubated
with gold nanoparticles. Then a lectin Y is addeat is capable of identifying glycan Z.

Thus the lectin Y upon incubation with the abovengke attaches to another AuNP-X
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conjugate and also may adsorb to other AUNP-X aatps thus creating a network of

aggregates. The schematics of the approach is simokigure 9.5.

y Protein X with Step 1
glycan Z . QD
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Figure 9.5: Schematics of a lectin based assagénttifying glycans.

9.2.2 Materialsand Methods

Concanavalin A, was purchased from Vector Laboiedoand used without
further purification. Ribonuclease B (RNase B, frowvine pancreas, >80 %), sodium
chloride (99.9 %), manganese chloride tetrahyd@2e99 %), calcium chloride dihydrate
(98 %), 4-(2-hydroxyethyl) piperazine-1l-ethanesnifoacid (HEPES, 99.5 %), and
indium foil (99.99 %) were purchased from Sigma+Add and used as received. Citrate-
stabilized gold nanoparticles (average diamel€r nm) were purchased from Ted Pella.
The manufacturer reported concentration is 5.7 )% particles/mL. Lectin and bovine
serum albumin solutions were prepared to the de&siomcentrations by dissolving in

HEPES buffered saline, HBS (pH 7.4, 150 mmol/L N&d01 mol/L HEPES, 1 mmol/L
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Cc&”*, 1 mmol/L Mrf"). Type | water (UV treated; 18 ®¥cm; 0.2 micrometer final filter)
was used for all solution preparations.

To prepare protein-modified gold nanoparticles, ghatein was first dissolved in
water at a concentration of 1 mg/mL. The pH ofdleeceived 10 nm gold nanoparticle
solution was raised t©10 with 0.1 mol/L NaOH (measured by EMD colorpHplst test
strips). Protein solution was added to the goldoparticle solution at a volume ratio of
1:10. The solution was mixed and allowed to incelztroom temperature for at least 30

min before analysis or use.

9.2.3 Results and discussion

In the context of Figure 9.5, protein X is RnaseBd the lectin that recognizes
the glycan mannose (Z in Figure 9.5) of RnaseB @mAC Figure 9.6 shows size
distribution of 10 nm Au and its peak mobility app@at ~ 11 nm in conjunction with
previous findings. After adsorption with RnaseBlibws an increase in size by about 2
nm. It also shows small fractions of dimers at ~ni7. These dimers of the conjugates
were probably induced during centrifugation of Haenple. After adsorption of ConA to
this sample, a wide distribution is obtained asdntensity is clearly much less than the
Au and Au-RnaseB conjugates and is thus plottetl wiseconday axis. In this regard,
the Au-RnaseB-ConA sample has been normalized vafipect to the Au-RnaseB
sample. This wide distribution is indicative of aggregating sample which was also

confirmed visually (by change in color of the saua), UV-Vis and DLS [223].
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9.2.4 Summary

The above example thus qualitative demonstrateasB8aDMA can be used for
monitoring lectin bindings to glycans. Further, exments need to be conducted for
guantitative measurements. However, there are aegballenges that may hamper its
application in this area. For example, the abowayais is rather qualitative because of
the rapid decay of the concentration of AUNP-RnaSeBA conjugates. If the rate of
aggregation was slower, then indeed ES-DMA couldided used to obtain mechanistic
information about the aggregation. Another issw thight hinder ES-DMA’s usage in
this area is that usually the lectin binding chériss carried out in high concentrations
of non-volatile buffers which is not electrospralgabThis poses two challenges: i)
change of buffer might affect the kinetics and bi)ffer exchange typically is time
consuming (several minutes if centrifuged, sevieoalrs without centrifugation) and the

kinetics of aggregation has to be slower thanithe tequired for buffer exchange.
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Chapter 10: CONCLUSIONS

This chapter briefly describes the intellectual tabations and the anticipated benefits
because of the research conducted in the contakisoflissertation. It also identifies the

directions of future research.

10.1 Intellectual Contributions and Anticipated Benefits

As it is difficult to disseminate the contributioff®m the resultant benefits hence they
are hereby being discussed together. It should ladspointed out that this list is not
necessarily in the order of importance.

1. Review of ES-DMA: Chapter 3 provides the first comprehensive litemteview of
all applications of the ES-DMA since its developmienthe context of bionanoparticles.
As a peer reviewer noted: “I have followed the sabyeviewed from its very beginning
as an interesting curiosity, and was pleasantlgrged to learn from this review that it is
in its way to making some impact.” This work hascei been accepted for publication at
Trends in Biotechnology and is tentatively scheduled to appear in the N2&y,2 issue
[224]. The author anticipates, given the wide amcieof this journal and given the wide
variety of information that can be extracted byngdeS-DMAs, it will become a popular
tool in the near future.

2. Adsor ption-Desor ption of proteinsto ES surface and its effects. Protein adsorption
has been a nuisance that has bothered the ES cotyrfarnabout three decades. The
author demonstrated, that by simply correlatinglifpgéid phase concentrations with gas
phase ES-DMA can be used to quantify the protesodied and desorbed. As one of the
peer reviewers pointed out: “The systematic studgeuntaken of the phenomenon is of

considerable interest, as it establishes a relgtp@verful method for protein adsorption
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studies.” The reviewer in this case was referrmgéction 4.1 which was published in
Langmuir [144]. Section 4.2 extended this to oligomerictpirs. Because the shear rates
inside ES capillaries are comparable to that in$idman blood vessels, thus it also
makes ES-DMA the one of the few tools that can $eduat such high shear. Given the
ease with which surfaces can be modified (as shoveection 4.3, published iFournal

of Colloids and Interface Sciences [180]) the author anticipates that ES-DMA can
become a powerful tool that can be eventually imglet by the biopharma and food
industry for studying adsorption-desorption of céemp heterogeneous proteins on
surface-modified ES capillaries. Section 4.3 aletelgorates the concern that protein
desorbing from silica capillaries do not influeragggregate distributions. This essentially
implies that prior publication that had been cafreut without passivating capillaries
were accurate in the context of quantification ggr@gates.

3. Validated ES-DMA in the context of ICH-Q2: Although ES-DMA has been in use
for more than 15 years it has been mostly limiteddsearch labs. This in part was
because no systematic study was available in timexb of ICH-Q2. In essence a
technique needs to be “validated” by demonstratinag it meets the stringent criterion
set by ICH. In view of that, a systematic study waslertaken to demonstrate that ES-
DMA does indeed meet ICH’s criteria. As one peetawer commented “it looks quite
systematic and can be served as a solid validafi@S-DMA for practical usage.” This
work (Chapter 7) was publishedJdournal of Virological Methods [201]. The assays that
are currently used for viral characterization ammhaentration measurements are
extremely time consuming (order of hours and deaspectively). ES-DMA on the other

hand is extremely quick (order of few minutes) arlkus can streamline
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biomanufacturing. Thus the author anticipates #sat has been validated, ES-DMA can
become an important process analytical tool imems future.

4. Characterization of Protein Aggregates: Chapter 8 determines that ES-DMA has a
better resolution and lower limit of detection cargd to the industrial workhorse - SEC
and yet shows excellent agreement with SEC in rmong monomer stability. Given
that ES-DMA is also quicker than SEC and requirgsiicantly less sample volume, it
is only a matter of time before it is accepted bg biopharma industry as an at-line
process for streamlining manufacturing and also ifoproving the quality of drug
products. As the editor of thimurnal of Pharmaceutical sciences pointed out this “...

”

manuscript contains original and significant newdings ...”. In this case he was
referring to data presented in Chapter 8. This werklready published in the above
mentioned journal [225].

5. Droplet Induced Aggregation: The probability of two or more particles residing i
the same ES droplet and producing an artificialeditmas been long thought to be an
issue with ES units. However, no experimental maéthmgy was available to eliminate
this artifact. The author assisted Mingdong Li, whaurrently a graduate student under
Prof. Michael R. Zachariah in developing a methodplthat eliminates this artifact. The
work described in Chapter 5 is publishedAgrosol Science and Technology [103] and
Langmuir [102]. This approach depends substantially onatteuracy of the ES droplet
volume determined. Unfortunately, current capidlarthat are produced by commercial
companies such as TSI and New Objective do notyse&S droplet volumes that have

low variability and hence the applicability of tapproach is currently limited. However,

it is anticipated that with better capillaries, timethodology can be commercialized so
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that “droplet induced aggregates” can be corrected during data analysis.
Concomitantly, this may increase the current upipat of particle concentration that is
currently used with ES-DMA systems.

6. Quantifying Ligand Adsorption to Nanoparticles: Although traditionally DMA-
APM has been used for obtaining mass of very lagggegates (of the order of 100 nm)
this is the first application of ES-DMA-APM for quotifying liquid phase protein
adsorption to nanoparticles. Obtaining the mob#itse using DMA and then the mass
using DMA-APM can be useful in understanding théemtations of proteins after
adsorption. Thus in the near future ES-DMA-APM gaave to be an useful tool in this
context at least in the research labs.

7.Increased the Library of Bionanoparticles Characterized: In the past 15 years ES-
DMA has been used to characterize a variety of pantizcles. The author increased this
library by characterizing more than 50 differenbri@noparticles. In order to make this
dissertation a coherent story it was beyond thpesto include all particles characterized.
However, Figure 10.1 provides a glimpse of the mosportant nanoparticles
characterized by the author. The letters withireptiresis stand for: P — published, U —

unpublished, M — manuscript under preparation,&rdsubmitted.
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Proteins Nanoparticles Viruses Complexes

1. Insulin (P) 1. 10 -200 nmAu (P) 1. PP7 (P) 1. Au-BSA(M)

2. RnaseA (U) 2. 10-100 nmSi(U) 2. PR772 (P) 2. Au-higG (M)

3. RnaseB (U) 3. 40-80nmAg(U) 3. Influenza(U)3. Au-PEG (5k -20k) (U)
4. TnF(P) 4. 60nmPSL (P) 4. Au-TnF(P)

5. Amelotin (U) 5. 100 nm PSL (P) 5. Au-RnaseA (U)

6. BSA(S) 6. 4—40nm Sucrose (P) 6. Au-RnaseB (U)

7. RmAb (P) 7. Au-RnaseB-ConA(U)
8. hlgG (P) 8. Au-RnaseA-ConA(U)
9. 1gG3 (FDA) (V) 9. Au-PEG (5k-20k)-IgG (U)
10. 1gG3 (U .Mass.) (U) 10. MS2-Ab (P)

11. 1gM (P) 11. Au-PP7 (U)

12. Au-SAMs (P)
13. PSL— RmAb (M)

Figure 10.1: List of most important bionanoparsctdaracterized from Jan, 2008 to Feb,

2012.

10.2 Future Research

Usually lab-driven research and industry-driveneaesh take separate paths.
Keeping that in mind, this section provides theepttl future directions of research in
each of these categories. As far as the industryorxerned there are at least two
frontiers:

1. Automation of Sample Analysis. Much like current industrial ES-MS units and LC-
MS units, the entire process from sample insertiodata analysis could automated by
incorporating the transfer functions of the differeeS-DMA components (chapter 2)
(currently implemented in TSI Inc. built units) a®ll by integrating “droplet induced
aggregation” theory (chapter 5).

2. High-throughput Analysis and Lowering Limit of Detection of ES units: Another

direction would be to make significant modificatsoim current ES units, to enable multi-
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capillary systems that could potentially enablehhigroughput analysis. Further, design
modifications in ES units could also be made todothe limit of detection.

In the context of lab research there are severaadsathat require further
investigation. They are listed as follows:
1. Adsorption Based Analysis for proteins: The affinity of most proteins to ES silica
capillary can be harnessed to characterize contérogeneous protein mixtures. This
is demonstrated with an example in section 4.4.
2. Glycan Analysis. One approach of identifying different glycans ipratein is a lectin
based approach, whereby addition of the right dettdi a glycoprotein solution causes
aggregates to form that can then be character@e@n the excellent resolution of ES-
DMA and the first analysis time, it could poterlabe used to understand the
aggregation mechanisms of such aggregation. Thiisgsissed in greater detail in 9.2.
3. Structural changes of proteins (esp. non globular proteins) inside the ES DMA:
Although this was pointed out in Chapter 3, purguinis study would require multiple
spectroscopic techniques such as circular dichrdi@®), Fourier transform infrared
spectroscopy (FTIR) etc. Because such techniqupsreelarge quantities of protein, it
would require very long (several hours) of sampmlection time at the end of the ES-
DMA unit to pursue such a study.
4. Do the proteins retain any water post DMA: Although it is presumed that the ES
droplet completely dries up, there is yet to be exgeriment proof in the context of ES-
DMA to validate this.
5. Proteins produce different signal outputs compared to nanoparticles: It is

interesting that different proteins produce différsignal outputs that is significantly less
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compared to inorganic nanoparticles (such as gosdicrose). This is seen in ES-MS too,
but given that the charging mechanism of ES-neménalis presumably material
independent, such a material dependent responseeigpected and definitely requires
further research.
6. Better capillary passivationsto reduce protein adsor ption: It was shown in chapter
4 that gelatin is able to significantly reduce immoglobulin adsorption. However,
gelatin fairs poorly against other proteins. Thusvould be interesting to investigate
other types of passivations to reduce protein gdi®orto ES capillaries.

Finally, the author anticipates that in the comdegade the popularity of ES-
DMA would continue to increase exponentially andl wontinue to provide answers to

different questions in the realm of bionanotechgglo
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APPENDIX A: CFD simulations of a modified DM A design

A.1l. Introduction

The objective of this project was to explore a meMA design that could be
implemented for increasing the electric field egdrbn particles passing through DMA
using CFD. This description is being provided ia #ppendix section as it is unrelated to
the dissertation and yet is of sufficient impor&rfor proper documentation. In this
context, for spherical particles because of thestropic nature, the electric field (low or
high) does not influence the mobility inside the BMHowever, non-spherical particles
may orient differently especially at high electfields thus producing a electric field
dependent mobility which can then be used to ektilae shape information of the
particle [226]. As mentioned earlier, it is beyaheé scope of this dissertation to discuss
such non-spherical particles. This particular projgas undertaken to assist a graduate
student Mingdong Li working under Prof. Zachariar his own dissertation related
work.

CFD simulations on DMAs are extremely rare in atere [227, 228]. This study
undertaken here was the first of its kind using ENT (commercial CFD simulation

software).

A.2 Design and Preprocessing

Traditionally DMAs manufactured by TSI have 10 mpasng in between the
outer (R) and inner DMA (R) electrodes. A DMA was selected that had the desig
dimensions as shown in Figure Al below. In thisifeggall dimensions are in millimeter.

While designing the reduction in spacing, it sholbddkept in mind that the flow inside
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should stay laminar. Further for concentric cyliredthe diameter needs to be redefined
with respect to the hydraulic diameter [229].Thus,

_ v,Dy
Y

Re (A1)

Where, v is obtained from equation 2.16 apds the viscosity of air. Her®,, =2—:

where A= z(R? - R?) andP = 2zR, + 7R + 2(R,— R)).

A
m=) Aerosol Flow

Outer Electrode

Sheath Flow

=

23.95
19.05

Inner Electrode

00)
N
I n I n I n 2TI I n I n I n

Figure Al: The original DMA design.

Substituting, the respective dimensions and usihg)/fnin as the sheath flow, it
appears from Figure A2 below, that the Reynoldsbemonly increases marginally with
decrease in inner and outer electrode spacingirftiex electrode is fixed at 9.48 mm).
This is because although the velocity increasel watiuction in spacing, the hydraulic
diameter also decreases causing only a small sen@athe Reynolds number. Further,

assuming 2000 to be critical Reynolds number faylandrical tube, for a concentric
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cylinder this critical value would then be 1000 tas critical Reynolds number in a

concentric cylinder is half of that in cylindricaibes [230]. As the theoretically predicted
Reynolds number is significantly less than thisical value thus one may conclude that
the flow will remain laminar even if the gap betwebe electrodes is reduced to as low
as 2 mm (Figure A2).

160 -

5140 . ¢
Q

4
¢
S \ 4
0“‘

Reynolds

o T ] L]
0 2 4 6 8 10
(R2 - R1) (mm)

Figure A2: Increase in Reynolds number with de@eaasspacing between inner and

outer electrodes.

The spacing was arbitrarily chosen to be 3 mm sl@hfor the same voltage, the
electric field on a particle would be ~ 3 times morhis reduction in gap was achieved
by inserting two inserts labeled 1 and 2 in Figa8 Of these inserts, insert 1 makes a
30° angle with the horizontal. Further the entrant¢he aerosol flow where it mixes
with the sheath flow (shown in Figure A4) was restlito 1/18' of this spacing to reduce

electric fields penetrating the aerosol flow spaggher upstream. This is important as
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penetration of the electric field further upstreafraerosol flow may affect the mobility

size (by exerting electrical forces on the partiéore it can relax to sheath flow).

~%

INS T/
// / Outer Electrode
« 1138 5 193

//iT/ / / / / / Inner Electrode

Figure A3: The modified DMA design.

23.95
19.05

. 12.48

A.21GAMBIT

For creating the computational domain GAMBIT 2.4ués used. Quadrilateral
meshes were arbitrarily selected with a spacin@.06fL for the entire computational
geometry and was significantly better resolved camag to previous literature [227,
228]. Ideally, further optimization of the meshesizould be done by optimizing the
solution obtained and the time taken for convergeasfaesiduals. Such a comprehensive
approach was however not undertaken as these siomslavere merely exploratory.
After creating the mesh the boundaries were labatetithe type of boundary conditions
defined (Figure A4). For aerosol and sheath flovoaigy inlet conditions were used. For
the outlet, outlet boundary condition was used. ifkerior was chosen to be a fluid. The
rest of the boundaries were defined as walls. Altfiothe aerosol flow actually enters at

an angle of ~ 30but for simplicity it is assumed that it entersgendicular to the
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surface (implemented in FLUENT). After defining theundary conditions, the file was

exported as a 2-D *.msh file.

Aerosol=
Wall
The aerosol flow meets
Wall sheath flow here
Wall Wall
N
Sheath = = Outlet
Wall

Figure A4: Computational domain and boundary caomalt
A.22 FLUENT

FLUENT 6.3 (2D-dp) was used for solving the flowvshould be pointed out that
for simplicity, the electric field inside the DMAag not considered. After importing the
data the scale was set to mm (note that GAMBIT du#shave any scales and works
with arbitrary numbers). The geometry was defireedd axi-symmetric and the flow was
defined to be steady and laminar. The aerosol igleeas assumed to be 0.01 m/sec
(corresponds to 0.3 L/min) and the sheath flow defshed to be 0.8 m/sec (corresponds
to 10 L/min). Air was chosen as the working flurdathe pressure in the computational
domain was defined as atmospheric. All other camubt such as convergence criterion,

pressure-velocity couplings, relaxation factors etere left unaltered.

A.3 Results and Discussion

For most boundary conditions (different aerosal aheath flow velocities) the

solutions would be obtained in under 10 — 15 misiuiging University of Maryland
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virtual computing lab services. Figure ASA and ASBows the velocity contours and
magnitudes respectively. It is difficult to integpthis data without carefully investigating
locally, especially at the confluence of the aer@su sheath flows. One of the issues
that need to be accommodated during designing etheh the flow velocities of sheath
and aerosol match at the junction where the aemsi@rs the DMA. This is of great
importance as any substantial mismatch could cleatd flow perturbations. One way
of investigating this mismatch is to create severaitions near the confluence of the
aerosol and sheath flow and then monitor the madeiof the axial and radial velocities.
From Figures A5C and A5D it appears based on @mdifit sections that were created in
this above mentioned region that the axial velocftthe aerosol flow matches very well
with sheath flow. These sections with respect ®dbmputation domain are labeled in
the inset of both A5C and A5D. At the exact regwmere the aerosol flow enters the
DMA, there is some radial velocity. This is unawae but can be reduced further by
reducing the angle of entry by redesigning therinkeAs mentioned before the angle of
entry of insert 1 is 30 Had this been lesser then the radial velocityictiave been
reduced. However, as the modifications were madea tpre-existing DMA, this
redesigning would have required substantially nobx@nges in the DMA that would have
been logistically difficult. Hence this design michtion was not pursued. Physically,
this implies that some aerosol particles that etiterDMA would actually cover certain
distance radially which might consequently affeoe tdetermined mobility for such
particles. However, it should be noted that thevabdesign is currently producing
reproducibly good results experimentally (not dgsmd) implying the above issue is not

playing a dominant role.
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Figure A5: (A) Velocity contours and (B) velocitgetors in the computational domain. Magnitude alafC) and radial

velocities (D) at 8 different sections.
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A.4 Summary

Modifications were first made to an already exigtDMA design to reduce
the spacing between the electrodes. It was fouat dbcreasing the spacing only
marginally increases the Reynolds number. FurtBeploratory simulations were
carried out on this modified DMA design with reddcmner and outer electrode
spacing of 3 mm. For simplicity the electric fieltside the DMA was not coupled
with the flow. By investigating the region whereetherosol flow meets the sheath
flow it was found that the axial velocity comporemf aerosol flow at 0.3 L/min
matches very well with the sheath flow of 10 L/mirhus, this design should work

under these flow conditions.
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