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Quantification and Compensation of Nonspecific Analyte

Aggregation in Electrospray Sampling

Mingdong Li,'* Suvajyoti Guha,!”> Rebecca Zangmeister,” Michael J. Tarlov,? and

Michael R. Zachariah!?

'Departments of Mechanical Engineering and Chemistry and Biochemistry, University of Maryland,

College Park, Maryland, USA

2Process Measurements Division, National Institute of Standards and Technology, Gaithersburg,

Maryland, USA

Electrospray (ES) sources are commonly used to introduce non-
volatile materials (e.g., nanoparticles, proteins, etc.) to the gas
phase for characterization by mass spectrometry or ion mobility.
Recent studies in our group using ES ion mobility to character-
ize protein aggregation in solution have raised the question as to
whether the ES itself induces aggregation and thus corrupts the
results. In this article, we develop a statistical model to determine
the extent to which the ES process induces the formation of dimers
and higher-order aggregates. The model is validated through ES
differential mobility experiments using gold nanoparticles. The re-
sults show that the extent of droplet-induced aggregation is quite
severe and previously reported cutoff criterion is inadequate. We
use the model in conjunction with experiment to show the true
dimer concentration in a protein solution as a function of concen-
tration. The model is extendable to any ES source analytical system
and to higher aggregation states. For users only interested in im-
plementation of the theory, we provide a section that summarizes
the relevant formulas.

[Supplementary materials are available for this article. Go to
the publisher’s online edition of Aerosol Science and Technology
to view the free supplementary files.]

1. INTRODUCTION
Protein aggregation is a major concern with nearly all pro-
tein therapeutics because of their potential for immunogenicity

Received 22 November 2010; accepted 8 February 2011.

The authors thank Dr. Joshua Wayment for providing us Rmab
samples and Dr. James Falabella for providing us data from his analyt-
ical ultracentrifuge measurements of Rmab. Commercial equipment,
instruments, or materials identified in this report does not imply rec-
ommendation or endorsement by the University of Maryland or the
National Institute of Standards and Technology.

Address correspondence to Michael R. Zachariah, Department of
Mechanical Engineering, University of Maryland, 2125 Martin Hall,
College Park, MD 20742, USA. E-mail: mrz@umd.edu

in patients. One of the tools we investigate to measure pro-
tein aggregation involves using electrospray (ES) to generate
vapor-phase dispersed material. These vapor-phase dispersed
materials can then be analyzed by ion mobility methods named
differential mobility analyzer (DMA), also known as gas-phase
electrophoretic molecular analysis (GEMMA; Kaufman et al.
1996; Bacher et al. 2001; Kim and Zachariah 2005, 2006, 2007,
Pease et al. 2008) or mass spectrometry (MS; Light-Wahl et
al. 1993, 1994; Ayed et al. 1998; Nettleton et al. 2000; Lane
et al. 2009) methods. These techniques have the potential to
characterize the distribution of oligomeric protein species in
solution.

To accurately characterize protein oligomers in solution, the
ES process should be thoroughly understood in order to correct
for any potential bias originating from droplet formation. The
mechanism of ES has been treated in great detail by Kebarle
and Tang (1993) and Gaskell (1997). In ES, the application of
a high voltage to a capillary can induce, due to columbic repul-
sion, small droplet formation. These droplets undergo evapora-
tion coupled with collisions, as well as fissions when reaching
their Rayleigh limits. There are two major theories employed
to explain the ES process to eventually produce gas-phase
analyte ions: charge residue model (CRM; Dole et al. 1968)
and ion evaporation model (IEM; Iribarne and Thomson 1976;
Kebarle 2000). In the IEM, it is thought that the strong E-field at
the drop surface results in ion emission at a critical drop radius.
CRM suggests that droplets undergo a series of fissions to a final
drop size where subsequent solvent evaporation leaves behind
the residue analyte (e.g., protein, particle, virus, etc.). It is well
accepted that large and compact multiply charged ions, such as
globular proteins, which are the analytes of interest in this work,
are produced as charged residues after complete drop evapora-
tion by CRM (Fernandez de la Mora 2000; Gamero-Castano
and Fernandez de la Mora 2000a, 2000b; Ku and Fernandez de
la Mora 2004; Hogan et al. 2009). In this study, we will not
concern ourselves as to the detail fission process of CRM, as we
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will bypass the nature of the ES process by directly measuring
the final droplet size distribution.

As mentioned, one of the potential uses of ES-DMA or ES-
MS is to study oligomerization in solution. For this application,
one must consider whether the measured oligomer distribution
reflects the actual distribution in the sample, or if the observed
oligomers are an artifact of the ES process. For example, one
potential concern is where two or more analyte molecules or
particles occupy a volume encompassing what becomes a final
electrosprayed droplet. This scenario would result in the obser-
vation of oligomers that originated from the droplet formation
process.

The usual procedure in the use of a DMA is to charge neutral-
ize the droplets with a bipolar ion source (e.g., Po-210), to yield
a bipolar equilibrium charge distribution (Wiedensohler 1988;
Chen et al. 1995). The neutralizer stops the fission process at
an early stage leading to larger final droplet sizes. In such a
situation, the CRM is expected to hold and solvent evaporation
could lead to unintentional analyte oligomers. Lenggoro et al.
(2002) and Pease et al. (2008) have presented a method to pro-
vide an upper workable concentration to mitigate this problem.
Kaufman et al. (1996) have also described a simple criterion to
determine whether there are intrinsic dimers in solution based
on DMA size distributions by assuming that all droplets were
of the same size. However, that criterion cannot quantify the
intrinsic aggregates in solution. The unintentional (nonspecific)
analyte aggregation may also be a problem in ES without a neu-
tralizer. While the final droplet size is much smaller because of
a series of fissions, the net effect is the same. Lane et al. (2009)
addressed the same nonspecific analyte aggregation problem as
in our work, in an ES-MS without a neutralizer, and developed
a Monte Carlo approach for assessing the specificity of protein
oligomers observed in ES mass spectra. However, because they
did not have a direct measure of the drop size, they assumed that
all droplets were of the same size and the droplet size was se-
lected to fit the experimental data best. They simulated a Poisson
distribution, which was also employed by Lewis et al. (1994)
and Kaufman et al. (1996). Hogan and Biswas (2008a) devel-
oped two Monte-Carlo-based models to predict the efficiency of
ES ionization for macromolecules and to study the porous film
deposition by electrohydrodynamic atomization of nanoparticle
sols (Hogan and Biswas 2008b). In their Monte-Carlo-based
models, the size distributions of sprayed particles are deter-
mined by the convolution of a Poisson distribution within the
initial droplet size distribution and the initial ES droplet size
distribution is represented by a lognormal distribution function.
Although a lognormal distribution may be a good representa-
tion for the initial droplet size distribution of ES in theoretical
calculation and simulation, the final droplet size distribution of
ES can be obtained directly from experiments (Section 3.4) and
is not necessarily an exact lognormal distribution (Figures 2a,
b, and 6).

All the studies above did not consider a joint Poisson distribu-
tion and so cannot quantify the intrinsic aggregates in solution
correctly. Monte Carlo approaches cannot provide an explicit

analytical expression to calculate the nonspecific aggregation
and characterize the true oligomerization in solution.

This article focuses on developing an experimentally verified
theory that will enable one to distinguish ES-induced aggregates
from the intrinsic aggregates, and without the need to model the
details of the ES fission process, through a direct measure of the
final droplet size distribution. We demonstrate our theory on our
own ES-DMA work. The approach is generic to any ES process
and thus can be applied equally to either ion mobility or mass
spectrometry analysis. For users only interested in the imple-
mentation of the theory, we provide a section that summarizes
the relevant formulas (Section 5).

2. THEORY

2.1. Physical Aggregation (Droplet-Induced
Aggregation) of Identical Particles

Because the spatial distribution of analytes in solution is sta-
tistical, our theoretical treatment was developed by probabilistic
analysis. If a final droplet generated in ES is a random sample
of the solution, and the particles in the solution are identical
and independent, the probability of k particles in a given droplet
obeys a Poisson distribution (Lewis et al. 1994; Kaufman et al.
1996; Edd et al. 2008; Abate et al. 2009) and is given by

ek
k!

Q(k, 1) = [1]
where A is the mean number of particles per droplet and is given
by

1
r=V,C, = 8nDj,c,,, 2]

where V is the droplet volume, Dy is the droplet diameter, and
C, is the number concentration of the particles in solution (the
number of particles per volume).

Lewis et al. (1994) and Kaufman et al. (1996) asserted that
the probability to find a certain number of particles in a sin-
gle droplet follows a Poisson distribution, but did not provide a
justification. We use a statistical model to mathematically jus-
tify that the particles indeed follow a Poisson distribution in
solution. This model is discussed in greater detail in the online
supplemental information.

Consider a solution containing an analyte (particles). In the
period of time that one unit volume of solution is sprayed, 1/V,
droplets are generated, and the total number of particles passing
through the capillary and thus incorporated within the droplets
is C,. If we define one event as one particle being encapsulated
in a droplet and assign At as the average time to generate one
droplet, then the rate of this event occurring is R = C,/(At x
1/V4) = V4C,/At. The expected number of occurrences in this
interval At is A = RAt = V;C,. The probability that there are
exactly k occurrences in this interval is given by a Poisson dis-
tribution, Q(k, A), with parameter A. Further justification on the
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use of a Poisson distribution is provided in online supplemental
information A.

Assuming a monomodal droplet size distribution f(Dy), the
average value of the Poisson distribution parameter X is given by

_ 1 _
A=) fDah=CpY onDy; f(Dai) = CpVa, 3]

where

— 1
Vo= mDyif(Das), [4]

i

is the average droplet volume,
> fDai)=1.

The discussion about droplet size measurement is addressed
in Section 3.4.
Then the probability of droplet-induced aggregation follows:

ef)»'k

Ok, A) = o

(5]

where k is the order of aggregation.
If the solution contains only monomers, then based on Equa-
tion (5), the droplet-induced dimer to monomer ratio is

2@ )_\) = & [6]
oa,x) 2

In this scenario, there are no intrinsic dimers in solution.
Therefore, the observed dimer to monomer ratio is the same as
the induced ratio.

Equation (6) is useful because it provides a convenient crite-
rion to determine if there are any intrinsic dimers in the solution.
Simply, if the observed dimers are higher than that computed
by Equation (6), we can ascribe the difference to the intrinsic
dimers in the solution. This point has also been partially ad-
dressed by Kaufman et al. (1996), but they assumed that all
droplets were of the same size.

2.2. Quantitative Determination of Intrinsic Aggregates
in Solution

The “dimer-to-monomer ratio” criterion, as demonstrated
above, is valid if there are few to no dimers existing in the so-
lution, but it fails where the intrinsic oligomers such as dimers,
trimers, etc., have a substantial contribution to the total particle
concentration, as is common for solutions containing protein
oligomers. In this section, we present a strategy to quantify
the aggregate ratio of intrinsic dimers to intrinsic monomers
in solution for an arbitrary condition. This same strategy can
also be expanded to quantify any higher-order aggregates. Be-

Particles in solution Droplet generated

ES
O monomers, N, o N, monomers observed

with probability P,

)
=

20O dimers, Ny _— P,

| .Q / f\g\ N, dimers observed
U \___/ with probabilty P,
Py . Py

@ o

Ve A | Ny, trimers observed
O O [0®)] 031

k/ "/ vith probability Py

P31 * P32

Higher-order observed

FIG. 1. Physical representation of the probability distribution of induced and
intrinsic aggregate distributions from ES.

fore addressing the mathematics of the process, we consider the
physical constructs of the problem.

A schematic description of how intrinsic and induced
oligomers may be distributed within ES droplets is shown in
Figure 1. Consider there are N; monomers and N, dimers in
solution. Following ES, N,; monomers, N,, dimers, and N,3
trimers are observed with probabilities P;, P,, and Ps. There is
only one possible condition for the observation of monomers;
that is, only one monomer in a single droplet generated by ES
has a probability of P;. For the observed dimers, there are two
possibilities. One is that two monomers are captured within a
single droplet with probability P,;, creating an induced dimer,
and the other possibility is that there is one intrinsic dimer in a
single droplet with probability P;,. Similarly for trimers, there
are two situations: three monomers captured into a droplet with
probability P3; or one monomer and one dimer captured within
the same droplet with probability P3,. With this construct, we
can obtain the following two relationships:

Nop Py _ Pu+ Py

= =, [7]
Noi P P
No3 P3Py + Py (8]
N,y P P

Assuming the spatial distribution of monomers is random,
the number of monomers in a droplet should follow a Poisson
distribution with parameter X;:

e tipk

k!

Ok, 1) = ; (9]

where

1
M= ViCpi = gnb;}cm. [10]
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Here, C,, the number concentration of monomers in solution,
V, is the droplet volume, and Dy is the droplet diameter.

The number of dimers in a droplet follows a Poisson distri-
bution with parameter A;:

e—AZAk
Ok, 22) = ——=, [11]
1
do=VyCpo = gnch,,z, [12]

where C,; is the number concentration of dimers in solution.
Assuming the two Poisson distributions are independent, so

P = Q(1,A)0(0, 1p) = e~ M1 H), [13]
Py = 02, 2)Q(0, 12) = e-“‘“”%%, [14]
Py = Q(0, A)Q(1, Ap) = e~ "1 H),, [15]
Py = 03,100, 1) = e*“'“”%?, [16]
Py = Q(1, A0, Ap) = e M) 2. [17]

Equations (13)—(17) were obtained assuming that oligomers
in the ES process follow an independent joint Poisson distribu-
tion. An accurate form of (P, P,) can be obtained using the
methodology described in the online supplemental information
A. We use Equations (13)—(17) here for the calculations in this
work.

Using relations (13)—(17), (7), and (8), we get the following
equation set for a single droplet size:

N, P
2_ 2 [18]
Noio P
N, P
2 =2 [19]
Noi P
Py = e Mith)y, [20]
)\’2
Py = i) <?1 + xz) : [21]
33
Py = e—(/\l-Hz) <€1 + )»1)\2> , [22]
where
A= ViCp [23]
Ay = Vdez. [24']

If we consider the droplet size distribution from an ES source,
f(Dy), a general relationship for the dimer to monomer ratio and
the trimer to monomer ratio is (proof is provided in the online

supplemental information B)

Ny [ f(Da)P2d Dy
Not [ f(Da)PdDy’
No3 [ f(Da)P3d Dy
N, [ f(Do)PidDy’

[25]

[26]

where [ f(Ds)dDy = 1.

An inversion procedure could be developed for intrinsic con-
centrations, C,; and Cp» based on Equations (25) and (26).
Although it is difficult to solve Equations (25) and (26) for
analytical expressions of C,; and C,; directly, accurate approx-
imations can be obtained under some limiting conditions.

2.3. Limiting Cases
In this work, we consider two simple cases: monomodal and
bimodal droplet size distributions.

2.3.1. Monomodal and Narrow Droplet Size Distribution
f(Da)

If the droplet size distribution f(D,) can be considered to
be monomodal and relatively narrow, as, for example, we show
in Figure 2a, a droplet size distribution from ES measured at
20 mmol/L ammonium acetate in sucrose based on Section 3.4.
Equations (25) and (26) can be evaluated with one average
droplet volume:

Not  Polvzvs _ VaCt | Cp2 [27]
Nov  Pily,_y; 2 Cpi
—2
Ny Py,  Va C,zﬂ —
A =0 — + VaCpa, (28]
Nov  Pily,—v; 6 !

where
— 1
Va=) f(Dai)Vai =) f(Dai)enDy;  [29]

is the average droplet volume,
Z f(Dai) =1,

N, is the observed number of monomers after ES,

N, is the observed number of dimers after ES.

The monomodal approximation above can be improved by
using three average droplet volumes in three regions (peak left,
main peak, and peak right) in Figure 3 and solving Equations
(25) and (26).

2.3.2.  Bimodal Droplet Size Distribution f{D)
If the droplet size distribution ﬁ)d) is bimodal, as, for ex-
ample, shown in Figure 2b, and V;(Cp; + C)2) is not much
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(@) Droplet size distribution at 20 mmol/L Am Ac
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Droplet size distribution at 2 mmol/L Am Ac
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(f, and V)

Normalized dN/dD,
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Droplet Diameter (nm)

FIG. 2. (a) ES monomodal and narrow droplet size distribution [20 mmol
ammonium acetate (Am Ac) with the chamber pressure in ES at PSI 3.7 (2.55
x 10* Pa) and a carrier gas in ES of 1 L/min purified air and 0.2 L/min carbon
dioxide] for Rituxan samples in Sections 4.1.1 and 4.2. (b) ES droplet with a
bimodal size distribution (2 mmol ammonium acetate (Am Ac) with the chamber
pressure in ES at PSI 3.7 (2.55 x 10* Pa) and a carrier gas in ES of 1 L/min
purified air and 0.2 L/min carbon dioxide) for Au-NPs Samples 1 and 2 in
Section 4.3.

greater than unity, then Equation (25) can be approximated by
using two average droplet volumes. (The detailed derivations
and discussions are given in a separate manuscript.)

No  fi Polvzvy + o Polvevy | Vol | C2 (30]
Not  fi Pily,—v; + 2 Pily,—v; 2 Cpi’
where
> fDa) =1,
rangel
fi= )" f(Dap) [31]
range2
H= ) f(Dap) [32]

Droplet size distribution at 20 mmol/L Am Ac

12 1
QQ - Range1 ngez : Range 3
S
=
5 0.8 4
8 061
© d
£ 04
o 0.2 -
=

0¥

[¢)]
o

100 150 200 250
Droplet Diameter (nm)

FIG. 3. ES monomodal and narrow droplet size distribution (20 mmol ammo-
nium acetate (Am Ac) with the chamber pressure in ES at PSI 3.7 (2.55 x 104
Pa) and a carrier gas in ES of 1 L/min purified air and 0.2 L/min carbon dioxide).
The monomodal approximation can be improved by using three average droplet
volumes in three regions and solving Equations (25) and (26).

rangel rangel

1 1 1
Var =+ Y F(Dai)Vai = 7 > f(DapnDy;,
[33]
1 range?2 1 range?2 1
Vi = — Dyi)\Vai = — Dy;)=n D],
n=— Z (Pai)Var = - Z f(Da;)enD;,
[34]

where f is the fraction of the droplets with the sizes within range
1 including the first size mode, f7 is the fraction of the droplets
with the sizes within range 2 including the second mode, Vy
is the average droplet volume within range 1, and V,; is the
average droplet volume within range 2.

The end result of this analysis shows that using experimen-
tal observation of the observed monomers, dimers, and trimers
(Ny1,N,2, N,3), one can use relations (27) and (28) to obtain the
concentration of intrinsic monomers and dimers (C,, C,») for a
monodispersed droplet size distribution and under the appropri-
ate conditions described above, use relation (30) for a bimodal
droplet size distribution. For a general droplet size distribution,
Equations (25) and (26) should be used.

3. MATERIALS AND METHODS

We demonstrate our model by examining gold nanopar-
ticles (Au-NPs) with an ES-neutralizer-DMA-condensation
particle counter (ES-neutralizer-DMA-CPC) system described
previously (Tsai et al. 2008). In order to show the efficacy of
this technique, highly concentrated Au-NPs and large volume
droplets in ES are needed. ES of highly concentrated Au-NPs is
challenging because of the instability of the capillary that arises
from the highly concentrated Au-NPs under low ionic strength
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and the presence of solution stabilizing citrate salts, which can
result in the formation of nonvolatile particles that interfere
with the DMA measurement (Tsai et al. 2008). The protocol for
obtaining high concentrations of Au-NPs is given below and
large droplet sizes can be obtained by using low conductivity
solutions along with large capillary diameters for the ES.

Finally, we use a Rituxan monoclonal antibody (Rmab) to
show the application of our approach to quantify protein aggre-
gate distributions in solution.

3.1.  Au-NP Preparation

Commercially available citrate-stablized monodisperse Au
colloids (10 nm, 5.7 x 10'? particles/mL, Ted Pella, Inc.) were
used. A 1.5 mL solution of the as-received Au colloids was
centrifuged at 13,200 rpm for 45 min, and 1.46—1.47 mL of
the supernatant was removed and replaced with an equivalent
volume of aqueous 2 mmol/LL ammonium acetate solution at
pH 10. This step was performed to remove most of the citrate
stabilizer, which would otherwise coat the Au-NPs upon ES.
The pH of the ammonium acetate solution was adjusted by
the addition of ammonium hydroxide. Then, the solution was
centrifuged at 13,200 rpm again for 15 min and 1.4 mL of
supernatant was removed to obtain a highly concentrated Au-
NP sample that was then electrosprayed into the DMA-CPC
system. At these high concentrations, the oligomer peaks were
not resolved (data not shown), and hence, these samples were
diluted 2%, 4x, and 8, for the ES studies.

3.2. Rmab Solution Preparation

Formulated Rmab was purified using a protein A affinity
column. Purified Rmab was stored at —18°C in 25 mmol/L
Tris buffer, pH 7.4, with 0.01% NaN; added as a preserva-
tive. Immediately prior to use in ES studies, the storage buffer
was exchanged for 20 mmol/L ammonium acetate, pH 7, by
washing all salts from Rmab using a centrifugal filter device
with a weight cutoff of 30 kDa. The concentration of Rmab in
20 mmol/L. ammonium acetate was adjusted to 1 mg/mL as
verified by measuring the maximum absorbance at 280 nm and
using a molar absorptivity of 236,020 (mol/L)~' cm~'. Working
solutions of concentrations 100, 50, 25, 10, and 5 ng/mL were
made by dilution and used for ES studies.

3.3. Particle Measurements

Aerosolized droplets were generated using a 40-pum inner
diameter capillary for Au-NP samples and a 25-um inner di-
ameter capillary for Rmab mounted in an electrospray aerosol
generator (Model 3480, TSI, Inc.), and the liquid flow rates
through the capillaries were 433 and 66 nL/min, respectively
(TSI Model 3480 Electrospray Aerosol Generator Menu). The
ES was operated with a carrier gas of 1 L/min purified air and
0.2 L/min carbon dioxide. The aerosolized droplets were passed
through a neutralizer and entered a DMA (Model 3485 Nano
DMA column, TSI, Inc.) for particle size measurement, and
were counted with an ultrafine CPC (Model 3025A, TSI, Inc.).

More details on the measurement method can be found in Tsai
et al. (2008).

3.4. Droplet Size Measurements

The use of relations (3) or (4) and (31)—(34) requires knowl-
edge of the droplet size. Droplet size was determined by electro-
spraying a known concentration of sucrose solution and measur-
ing the resultant dry particle size. The sucrose solution (1.26%
v/v) was prepared and diluted into 20 mmol/L. ammonium ac-
etate buffer, pH 7, giving a final concentration of 0.063% v/v.
The ES droplet size of this solution was evaluated by (Chen
et al. 1995)

1
Dy = ——= Dy, [35]
clr

where D, is the droplet diameter, D; is the sucrose particle
diameter after drying, and Cj is the sucrose volume/volume
concentration.

Note that an alternative approach discussed in the next section
that involves measurement of a series dilutions of the original
analyte mitigates the need to know the drop size distribution.

4. RESULTS AND DISCUSSION

4.1. Evidence of Droplet-Induced Aggregation

To illustrate the magnitude of the problem and the errors that
can occur if the droplet-induced effects are not accounted for,
we consider three examples. The first is a study to character-
ize the oligomers of Rmab at different concentrations (Section
4.1.1), and the second where an Rmab sample at the concen-
tration of 100 ng/mL was measured under different ES droplet
volumes by varying the ES chamber pressure (Section 4.1.2).
Both experiments were operated by our ES-Neutralizer-DMA-
CPC. The third is shown in Section 4.2 by comparing our ES-
Neutralizer-DMA-CPC results with analytical ultracentrifuge
(Ebel 2004; Howlett et al. 2006) measurements directly on the
solution, under the same conditions.

4.1.1.  Effect of Concentration

First, the sucrose size distributions in the 20 mmol/LL am-
monium acetate buffer at pH 7 were obtained that provide us
with the droplet size distributions for Rituxan using Equation
(35). Figure 2 shows the droplet size distributions at pH 7 in 20
mmol/L ammonium acetate buffer of Rituxan at concentrations
of 5, 10, 25, 50, and 100 pg/mL. On the basis of the distribution
in Figure 2a and Equation (4), the average droplet volume was
calculated to be 1.64 x 102! m®. The average droplet size is
141 nm, which is in reasonable agreement with previous re-
sults (Kaufman 2000; Lenggoro et al. 2002; Pease et al. 2008).
According to Pease et al. (2008), the corresponding “cutoft”
concentration at which the observed aggregates are intrinsic to
the sample is 169 pg/mL.
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FIG. 4. The observed ES-DMA size distributions of Rituxan concentration at
5 pg/mL (stars), 10 pg/mL (circles), 25 pg/mL (triangles), 50 pg/mL (squares),
and 100 pg/mL (rhombuses) at pH 7 in 20 mmol/L ammonium acetate buffer
with the chamber pressure in ES at PSI 3.7 (2.55 x 10* Pa).

Figure 4 shows observed ES-DMA size distributions of Rit-
uxan concentrations at 5, 10, 25, 50, and 100 pwg/mL with the
chamber pressure in ES at PSI3.7 (2.55 x 10* Pa). A large
proportion of oligomers are observed in these measurements.

The ratios of the number of observed dimer to the monomer
against the Rituxan concentrations at 5, 10, 25, 50, and
100 pg/mL are plotted in Figure 5 (rhombuses). On the ba-
sis of the droplet-induced dimer to monomer ratio of identical
particles following Equation (6), we obtain a second curve at
the same concentrations in Figure 5 (line with filled squares).
The curve deduced from the droplet-induced model lies slightly
below the data points indicating that most dimers observed in
Figures 4 and 5 by ES-DMA are droplet induced and that the cut-
off (169 wg/mL) criterion as used by Lenggoro et al. (2002) and
Pease et al. (2008) significantly underpredicts the extent of the
problem and is insufficient in eliminating droplet-induced ag-
gregation effects. Hence, we conclude that induced aggregation
is a problem at all concentrations and the approach described
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FIG. 5. The ratios of dimer to the total number of dimer and monomers at pH
7 observed by ES-DMA as a function of Rituxan concentration at 5, 10, 25,
50, and 100 pg/mL (rhombuses). Ratios from droplet-induced dimers (line with
filled squares) at the same concentrations calculated based on Equation (6).

Droplet size distribution in 20 mmol/L AmAc
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FIG. 6. ES droplet size distributions at pH 7 in 20 mmol/L. ammonium acetate
(Am Ac) buffer. The triangle, rhombus, and circle distributions are those of the
same sample with the chamber pressure in ES at 2.3 PSI (1.59 x 10 Pa), 3.0
PSI (2.07 x 10* Pa), and 3.7 PSI (2.55 x 10* Pa), respectively.

above should be used to determine the extent of physical aggre-
gation.

To a first approximation, the difference between the exper-
imental data and the induced dimer curve can provide the true
dimer concentration. A more rigorous approach is to include
the effect of intrinsic dimer present in the sample. When the in-
trinsic dimer is present, the concentration of monomer is lower,
and thus, the induced dimer fraction will also be lower. This
issue could be solved using an iterative procedure; however, we
described a simpler approach below.

4.1.2. Effect of Droplet Volume

In order to make it clearer that the observed dimers in our
ES-DMA measurements of Rituxan at the concentration of
100 peg/mL are not fully intrinsic in solution but mostly droplet
induced, we changed the ES droplet volumes by varying the ES
chamber pressure (Figure 6). If the observed dimers are intrin-
sic, the ratio of observed dimer to monomer should not change
when varying the droplet size, but if a substantial part of the
observed dimers is droplet induced, varying the droplet size
would change the ratio based on Equation (27). In Table 1, the
results show that the observed dimer to monomer ratio changes
from 20.6% to 29.5%, then to 37.4% for one capillary, and from
23% to 31%, then to 41% for another capillary when varying
the ES chamber pressure from PSI2.3 (1.59 x 10* Pa) to PSI3.0
(2.07 x 10* Pa) and then to PSI3.7 (2.55 x 10* Pa). This shows
clearly that the observed dimers cannot be fully intrinsic. Also,
after correction for droplet-induced dimers based on our model
(the strategy in Section 4.2), the intrinsic dimer to monomer
ratios goes to 5.4%, 7.5%, and 7.8% for the first capillary, and
for 4%, 4.7%, and 7.3% for the second capillary. The average
values for the two experiments are 4.7%, 6.1%, and 7.6% with
the chamber pressure in ES at 2.3 PSI (1.59 x 10* Pa), 3.0 PSI
(2.07 x 10*Pa), and 3.7 PSI (2.55 x 10* Pa), respectively, which
are reasonably consistent with the analytical ultracentrifuge
(Ebel 2004; Howlett et al. 2006) measurements directly on the
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TABLE 1
The ratios of observed dimers to monomers from DMA measurement by varying the ES droplet volumes, and the ratios of dimers
to monomers after correction for drop-induced dimers based on our model (the strategy in Section 4.2) for Rituxan at the
concentration of 100 pg/mL at pH 7 in 20 mmol/L ammonium acetate buffer

Dimer to monomer ratio after

ES chamber pressure ~ Average final droplet ~ Observed dimer to monomer  correction for drop-induced
(Pa) volume (m?) ratio (%) dimers (%)

Capillary 1 PSI2.3 (1.59 x 10%) 8.15E-22 20.6 5.4

PSI3.0 (2.07 x 10% 1.22E-21 29.5 7.5

PSI3.7 (2.55 x 10% 1.64E-21 37.4 7.8
Capillary 2 PSI2.3 (1.59 x 10% 9.91E-22 23.1 4.0

PSI3.0 (2.07 x 10% 1.38E-21 31.0 4.7

PSI3.7 (2.55 x 10% 1.84E-21 40.6 7.3

solution under the same buffer condition, 4.7%. We note that our
model for the calculation here is a monomodal approximation
and the accuracy of this approximation is improved by the distri-
bution of smaller droplet size, since it is closer to a monomodal
distribution. We believe that this is a very definitive experiment
to show the droplet-induced effect.

These two examples clearly illustrate that care should be
taken in interpreting the results of oligomer distributions mea-
sured from an ES source regardless of the analytical tool used
(e.g., DMA or MS).

4.2. Intrinsic Dimer Determination (Irreversible/
Reversible, Total Concentration Known): Oligomerization
of Rmab

In this section, we show a strategy to determine the concentra-
tion of intrinsic aggregates with the total concentration known.
We also compare our results with the analytical ultracentrifuge
(Ebel 2004; Howlett et al. 2006) measurements.

If we assume that only monomers and dimers are in solu-
tion and no higher aggregates and the total concentration C, is

known, an additional relationship can be obtained:
C,=Cp1 +2Cp. [36]

The ratio of intrinsic dimer to monomer of Rmab, C,2/C,1,
can be obtained from Equations (27) and (36).

Using the data in Section 4.1.1, Table 2 shows the ratios of
observed dimers to monomers for Rituxan at pH 7 measured in
ES-DMA experiments at concentrations of 5, 10, 25, 50, and
100 pwg/mL and the intrinsic ratios at the same concentrations
calculated based on Equations (27) and (36).

The results in Table 2 demonstrate that the actual dimer
concentration in solution can be considerably smaller than that
measured using an ES source, particularly at high concentration.
For example at 100 pwg/mL, the observed dimer to monomer
ratio was ~37%, while after correction, the intrinsic ratio is
7.8%. At this high concentration, we were also able to compare
with the analytical ultracentrifuge (Ebel 2004; Howlett et al.
2006) measurements directly on the solution, under the same
conditions, which showed good agreement with our corrected
value. We think the corrected value is even lower than 7.8%

TABLE 2
The ratios of observed dimers to monomers at pH 7 from DMA measurement, the ratios of intrinsic dimers to monomers
calculated based on Equations (27) and (36), and the ratio of dimers to monomers measured by analytical ultracentrifuge for
Rmab

Intrinsic dimer to monomer

ES-DMA observed dimer
to monomer ratio (%)

ratio after correction for
drop-induced dimers (%)

Analytical ultracentrifuge measured
dimer to monomer ratio (%)

5 pg/mL 1.7
10 png/mL 3.5
25 pg/mL 8.8
50 pg/mL 18.5
100 pg/mL 37.4

0 NA*
0.1 NA*
0.4 NA*
2.1 NA*
7.8 4.7

*NA: not available; the sensitivity is below the detection limit.
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if we use the general relationship, Equation (25), instead of
the monomodal approximation relationship, Equation (27). The
accuracy of monomodal approximation can be improved by
using a smaller droplet size from ES since the distribution of
smaller droplet sizes is closer to monodispersed distribution.

4.3. Intrinsic Dimer Determination (Irreversible
Aggregation): Au-NPs

In this section, we discuss the implementation of an experi-
mental strategy for irreversible aggregation, based on Equation
(27) or (30), in which we determine the intrinsic aggregate con-
centration, without a priori knowledge of the drop size distribu-
tion. This basic strategy is to obtain the ratio of intrinsic dimer
to monomer by a series of measurements at various dilutions.

For the electrospraying of Au-NPs in 2 mmol/L ammonium
acetate buffer, the ES droplet follows a bimodal size distribution
(Figure 2b). Equation (30) is used here for the calculation.

On the basis of Equation (30), assuming the intrinsic dimers
of Au-NPs in solution are nonreversible, after a 2x dilution, an
additional relationship can be obtained:

N02,2x _ V_dZCpl/2
Nol,2x 2

Cpn/2 VnC C
/2 _ VarCpi I
Coa/2 4 ' Cp

where N, is the observed number of monomers after 2x
dilution and N, is the observed number of dimers after 2 x
dilution.

Combining Equations (30) and (37), the ratio of intrinsic
dimer to monomer of Au-NPs is

C No X No
Y [38]
Cpl Nol,2x Nol

Figure 7 shows the observed size distribution at 2x, 4x,
and 8x dilutions for 10 nm Au-NPs (Sample 1). The DMA
voltage was scanned to detect particles up to 20 nm to enable
the measurement of trimers that could be observed for the 2x
dilution, but not for more dilute samples.

Table 3 shows the ratios of dimer to monomer measured
with ES-DMA at 2x, 4x, and 8x dilutions of Au-NPs
(Samples 1-4). A large proportion of oligomers are observed
in these measurements. Using the theory described above, we
now determine the true oligomer concentration.

For each sample, the ratio of intrinsic dimer to monomer is
calculated based on Equation (38), using the ratio of 2x and
4x dilution and 4x and 8x dilution. Given the instability of
the ES cone jet at low ionic strength and the propensity of the
highly concentrated Au-NPs to aggregate, the intrinsic ratios
calculated using 2x and 4x dilution and 4x and 8x dilution
are mostly consistent. We note that with the dilution approach,
it is not necessary to know the droplet size.

1.2 1
: ~ Au-NPs 2x|

g : - Au-NPs 4x
S 0l = Au-NPs 8x|
°
g 06 T
E 04 -
E
g 0.2 - |Trime!'

9 11 13 15 17 19
Au-NPs Diameter (nm)

FIG.7. ES-DMA size distributions of 10 nm Au-NPs, Sample 1. The rhombus,
square, and triangle data markers are those of 2x, 4x, and 8x dilutions of the
original sample, respectively. Each of the discernable oligomer peaks is labeled
respectively.

4.4. Reversible Oligomerization: Relationship between
Real Equilibrium Constant, K, and Apparent Equilibrium
Constant, K,pp

If the intrinsic dimers in solution are fully reversible, the
number concentrations of the intrinsic monomers and dimers
are connected by an equilibrium constant K.

Cp
(Cp1)?

=K, [39]

where C,; is the number concentration of monomers in solu-
tion (particle number per unit volume) and C,, is the number
concentration of dimers in solution (particle number per unit
volume).

From Equations (27) and (39), we get

N, v,
2 _ <_d + K) Cpi. [40]

Noi 2

If not considering droplet-induced aggregation, the apparent
equilibrium constant, K, is defined by the observed monomer
concentration C,; and the observed dimer concentration C,; by

Kipp = (Cc—f)z We can obtain
N, C,
o = L = Kuppcul~ [41]
Nol Col

By comparing Equation (40) with Equation (41), the real
equilibrium constant K can be obtained:

Col Vd

K=—"2K,pp— = [42]

where C,| is the number concentration of monomers in solution
and C,; is the observed number concentration of monomers
after ES.
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TABLE 3
The ratios of observed dimers to monomers from DMA measurement, and the ratios of intrinsic dimers to monomers
calculated based on Equation (38) for 10 nm Au-NPs

ES-DMA observed dimer to monomer ratio

True dimer to monomer ratio (i.e., after droplet-induced

(%) effects removed) (%)
2% 4x 8x Based on 2x and 4x Based on 4x and 8x
Sample 1 31.3 17.3 11.5 33 5.7
Sample 2 33.2 18.1 12.3 3.0 6.5
Sample 3 36.3 19.5 11.1 2.7 2.7
Sample 4 35.7 19.4 12.1 3.1 4.8

Since C,; is less than C,; because of the induced dimer
formation, we can see that the apparent equilibrium constant
Kapp, when the induced aggregation is not considered, is higher
than the true value, and the difference is more than half of the
droplet volume V,/2.

Using the relationships above, we discuss the results from
an ES-MS (without a neutralizer) study by Nettleton et al.
(2000) to characterize the oligomers of insulin. Nettleton et al.
(2000) plotted the fraction of dimer observed by MS against the
insulin concentration from 2 to 200 umol/L at pH 3.3 and 22°C
(Figure 8, rhombuses). The fraction of dimer was defined as
the ratio of summation of the peaks assigned to the dimer to
the total signal intensity. In this insulin concentration range,
only monomer and dimer peaks were observed by MS, so the
fraction of dimer is equal to the number of observed dimers
divided by the total number of observed dimers and monomers.
Nettleton et al. used the plot to obtain the apparent equilibrium
constant K.

1 =
& Nettleton fraction of dimer |
v 0.8 1 -=Droplet-induced o
E dimer/(monomer+dimer) |
D 0.6 1
o
c
S 0.4 1
T}
£
" 0.2 A
0 T 1 L]
-6.5 -5.5 -4.5 -3.5

log,, [insulin concentration]

FIG. 8. The fraction of insulin dimer versus insulin total in the concentra-
tion range of 2-200 umol/L at pH 3.3 and 22°C (rhombuses) as measured by
Nettleton et al. (2000) using nano-ES/MS (line with open diamonds). The ratio
of dimer/(monomer + dimer) calculated by Equation (43) using the droplet-
induced dimer for the concentration range of 2-200 umol/L (line with filled
squares).

On the basis of the droplet-induced aggregation of identical
particles following Equation (5), the fraction of induced dimer is

No P2, %) A CuVy
Not+ Ny P(LLA)+PQ2,2)  2+4+i 2+CuV}
[43]

where V7 is the average droplet volume, if the observed
dimers are all droplet induced, and C,; is the insulin number
concentration under this situation.

We can estimate the average droplet volume, V7, by using the
protein concentration and the ratio of dimer to the total oligomer
(Equation (43)). The fourth point in Nettleton’s plot is then given
by logo[C,] = —4.3 and the fraction of dimer = 0.6. This value
is used to estimate the average droplet volume as ca. V;; =9.94 x
1072% m®. We then use this average droplet volume to calculate
the fraction of dimer at other concentrations in Nettleton’s plot
based on Equation (43) and obtain the second curve in Figure 8
(line with filled squares). The curve deduced from the droplet-
induced model essentially superimposes on Nettleton’s data and
is highly suggestive that an alternative explanation to Nettleton’s
plot is that the droplet-induced aggregation is responsible for
most of the dimers seen.

Given that for the Nettleton’s data, we do not measure the
droplet volume, our discussion necessarily assumes that the ES
process of insulin is governed by the droplet-induced aggre-
gation mechanism resulting from the CRM, rather than any ion
emission mechanism. However, as long as the fraction of insulin
particles generated by the droplet-induced aggregation mecha-
nism is a fixed value in the insulin concentration range from 2 to
200 pumol/L, the discussion above is still valid. This is then an
alternative explanation of Nettleton’s plot (Nettleton et al. 2000).

5. SUMMARY OF CASES AND FORMULAS

In this section, each limiting case and the relevant formula is
listed.

Definitions:

f(Dg) = the droplet size distribution, which can be measured
experimentally from sucrose solution under the same buffer
condition (Section 3.4)
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D, = the droplet diameter,

V, = the average droplet volume as determined from f(D,),

N, = the observed number of monomers after ES,

N,» = the observed number of dimers after ES,

C,1 = the number concentration of monomers in the original
solution,

C,> = the number concentration of dimers in the original solu-
tion.

5.1. Intrinsic Dimer Determination
(Irreversible/Reversible; Total Concentration Known;
Monomodal and Narrow Droplet Size Distribution f(Dg)):
e Only monomers and dimers are in solution, i.e., no
higher aggregates.
e Total concentration of the analyte in solution, C,, is
known.

The ratio of intrinsic (in solution) dimer to monomer concentra-
tion, C,2/Cp1, can be obtained from Equations (27) and (36).

C,=Cp +2Cp, [36]

Noz ~ P2|Vd=7d _ Vdcpl + Cp2

. [27]
Nol P1|Vd=74 2 Cpl

5.2. Intrinsic Dimer Determination
(Irreversible/Reversible; Total Concentration Known;
Bimodal Droplet Size Distribution f(Dy))

° &e distribution f(D,) is bimodal.

o Via(Cpi +Cpo) < 1.

The ratio of intrinsic dimer to monomer, C,»/C,, can be
obtained from Equations (30) and (36).

C,=Cp +2Cp, [36]

Ny  VipC C
2 Ya2tpl T _pZ’ [30]
N, 2 Cpi

where V,; is the average droplet volume within range 2 (Figure
2b).

5.3. Intrinsic Dimer Determination (Irreversible
Aggregation)

The ratio of intrinsic dimer to monomer for irreversible ag-
gregation, C,2/C,1, is

C Nozox N,
—p2 gtk T2 [38]
Cp] Nol,Zx Nol

where N, is the observed number of monomers after 2x
dilution and N, is the observed number of dimers after 2 x
dilution.

6. CONCLUSIONS

Electrospray (ES) sampling is widely used to introduce non-
volatile material into the gas phase for characterization by MS
or ion mobility. In using an ES sampling process for charac-
terizing protein or nanoparticle aggregation, one must carefully
evaluate if the aggregates observed are intrinsic to the solution
or induced by the ES process. We have developed a statistical
model to calculate the intrinsic oligomer ratios in solution from
the experimentally determined distributions by considering the
droplet size distribution and physical-induced aggregation in
ESs. Using this approach, we show that the extent of droplet-
induced aggregation can be severe. We demonstrate that the
droplet-induced aggregation can bias data obtained by ES-MS
and the data obtained by ES-MS or ES-DMA need to be care-
fully scrutinized to avoid erroneous interpretation. On the basis
of our experimentally validated model, a quantitative distribu-
tion of intrinsic particle aggregation in ES can be obtained.
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