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1. INTRODUCTION

Protein adsorption is important to many fields, including
biomaterials and bioprocessing, which has led to many studies
to quantify it. The characterization methods employed can be
broadly characterized into solution depletion, optical, spectro-
scopic, imaging and surface force measurement techniques.1,2

Most of these techniques operate at stagnant conditions3,4 or at
low shear5,6 (typically 102�103 s�1) and have only rarely7�9

been used for studying competitive adsorption of protein oligo-
mers (i.e., monomers, dimers, trimers, etc., of the same protein).

An understanding of both the effects of shear and competitive
adsorption is a relatively unexplored problem. It has been reported
for example that shear flows increase protein adsorption,6 which
is obviously of interest in the context of the human circulatory
system, where shear rates can vary from 1 to 105 s�1.10 However,
while protein aggregation has been studied at high shear
flow rates (106 s�1),11,12 adsorption to surfaces is yet to be probed
under these conditions. Further, it is generally believed that in
multicomponent systems, smaller proteins adsorb fastest, which are
then displaced by larger ones.3�6 This effect has been observed in
both stagnant3,4 and low shear flow conditions (≈500, 225�
2700 s�1).5,6 However, with a few exceptions,7�9 there seems to
be an overall lack of tools that can study adsorption�desorption
of oligomers of the same protein. Furthermore, it is common to
label proteins while studying multiprotein systems or sequential
adsorption,13�16 despite the fact that labeling may change

the conformational stability of proteins and also affect adsorption
patterns.17�19

The objective of this paper is to demonstrate that electrospray-
differential mobility analysis (ES-DMA), which has recently
been used as a tool for characterizing nanoparticles, proteins,
and viruses,20�24 can also be used for studying protein adsorp-
tion. ES-DMA, also popularly known as gas-phase electrophoretic
molecularmobility analysis (GEMMA),20 comprises primarily three
major components, an electrospray (ES) for aerosolizing particles
into gas phase, a differential mobility analyzer (DMA) that operates
at ambient conditions and characterizes particles based on a balance
of drag and electrical force (i.e., it measures electrical mobility),25

and a condensation particle counter (CPC). In prior work21,26 we
had observed size distributions of proteins to be time dependent,
implying interaction of proteins with the ES capillary. It had
also been demonstrated that the ES-DMA is capable of quantify-
ing and resolving the oligomer distributions of proteins such as
insulin and antibodies.21,26 Thus ES-DMA offers the possibility
to study competitive or sequential adsorption of oligomers of
the same protein or a mixture of different proteins or both
(as long as their sizes are different) without the need for labeling.
Because of the ES, particles (proteins in this context) pass
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ABSTRACT: We quantify the adsorption and desorption of a monoclonal
immunoglobulin-G antibody, rituxamab (RmAb), on silica capillary surfaces
using electrospray-differential mobility analysis (ES-DMA).We first develop a
theory to calculate coverages and desorption rate constants from the ES-DMA
data for proteins adsorbing on glass capillaries used to electrospray protein
solutions. This model is then used to study the adsorption of RmAb on a bare
silica capillary surface. A concentration-independent coverage of≈4.0 mg/m2

is found for RmAb concentrations ranging from 0.01 to 0.1 mg/mL. A study of
RmAb adsorption to bare silica as a function of pH shows maximum
adsorption at its isoelectric point (pI of pH 8.5) consistent with literature.
The desorption rate constants are determined to be ≈10�5 s�1, consistent
with previously reported values, thus suggesting that shear forces in the
capillary may not have a considerable effect on desorption. We anticipate that
this studywill allow ES-DMA to be used as a “label-free” tool to study adsorption of oligomeric andmulticomponent protein systems
onto fused silica as well as other surface modifications.
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through a silica capillary under high shear (typically 105 s�1), thus
offering the possibility of studying the effects of protein adsorp-
tion at high shear.

In this paper, we lay down the groundwork for using ES-DMA
to study protein adsorption by studying the adsorption of
rituxamab (RmAb), a model monoclonal antibody,27 to fused
silica ES capillaries.

2. MATERIALS AND METHODS

2.1. Protein Sample Preparation. Buffer solutions for ES-DMA
experiments were prepared by adding 0.77 g of ammonium actetate
powder (Sigma Aldrich, St Louis, MO, #631-61-8) to 0.5 L of nano-
pure water (18 MΩ/cm, Barnestead nanopure UV system).28 The pH
was adjusted by addition of either glacial acetic acid (Mallinckrodt,
Phillipsburg, NJ, #2504-14) or ammonium hydroxide (Baker, Phillipsburg, NJ,
#9721-01).

The monoclonal antibody (IgG1) rituxamab (RmAb) was purified
using a protein A affinity column (GEHealthcare) and stored at�20 �C
in 0.025 mol/L Tris buffer at pH 7.4, and 1� 10�5 mol/L of NaN3 was
added as a preservative. To desalt the protein sample, a Millipore
centrifuge filter (30 kDa molecular weight cutoff) was used immediately
prior to ES-DMA analysis at 13 200 rpm for 12 min. For ES-DMA
experiments, RmAb was prepared at a concentration of 1.0 mg/mL, as
determined by UV�vis absorption measurements in 0.020 mol/L
ammonium acetate at pH 7, and further diluted to 0.01, 0.02, 0.05,
and 0.1 mg/mL. For the “proof of principle” experiment described in
section 3.1, a solution of 0.001% sucrose and 0.01 mg/mL RmAb was
prepared with 0.020 mol/L ammonium acetate at pH 7.0.
2.2. Capillary Surface Preparation. For the electrospray source

and adsorption studies, fused silica capillaries (inner diameter 25 μm,
outer diameter of 175 μm, length 24 cm)were used. About 1.0MH2SO4

was flowed through the capillaries for 20�30 min (equivalent to 11�16
capillary volumes), followed by 18 MΩ/cm ultrapure water for another
10 min (5�6 capillary volumes). Prior to ES-DMA experiments,
capillaries were cleaned by flowing 0.020 mol/L ammonium acetate
buffer solutions at pH 7.0 for 5�10 min before introduction of the
desired sample. Capillaries undergoing this treatment are referred to as
“bare”. For all experiments, including the capillary cleanup step, the ES
capillary pressure drop was maintained at 3.7 psi, which resulted in a
capillary liquid flow rate of ≈66 nL/min.
2.3. ES-DMA. An electrospray (TSI, Inc., Shore View, MN, #3480)

source was used to aerosolize the protein solutions. The electrosprayed
droplets were charge reduced with a Po-210 radiation source so that
most aerosol will have +1, 0, or �1 charges.29 This charge distribution

on particles are size-dependent and follow a Boltzmann distribu-
tion, and hence, the total particles in the gas phase can be quantified
(this quantification will henceforth be referred to as “charge
correction”) by collecting the singly charged particles. This charge
correction was employed on all experiments other than the proof of
principle experiment in section 3.1. A negative voltage was applied at
the DMA (TSI, Inc., #3080) such that the +1 charged proteins would pass
through the DMA and be counted by a condensation particle counter
(CPC) (TSI, Inc., #3025A). Amore detailed discussion about the technique
is available elsewhere.21�24 Figure 1 provides a schematic of the different
components.

The ES-DMA was operated with a sheath flow rate of 10 L/min using
nitrogen and an aerosol flow rate of ≈1.5 L/min using air. Size
distributions of RmAb were obtained by scanning from 7.2 to
15.5 nm. The CPC was operated at a high flow mode of 1.5 L/min.

For the 25 μm capillaries and the nominal flow rates used in this
study, the shear rate is calculated to be ≈104 s�1. This value is about 1
order of magnitude higher than techniques previously used to study
protein adsorption under shear flow conditions such as total internal
reflection fluorescence (TIRF),30 ellipsometer,6 and surface plasmon
resonance.31 The calculations for determination of shear rates are
presented in the Supporting Information.

A typical adsorption�desorption experiment would constitute the
following steps: first, insertion of the sample was followed by starting
data collection after 4 min, to allow for the sample to elute through the
capillary, pass through DMA, and get counted by the CPC; mobility
distributions were obtained every 90 s (unless otherwise mentioned)
until steady-state was achieved (within experimental variability); and
finally, the protein sample was replaced with buffer, and further mobility
distributions were obtained. The system was calibrated for size using
60 nm NIST calibrated polystyrene latex particles.32

It should be noted that all experiments described in section 3.2
onward did not incorporate sucrose as a marker, the gas phase data were
charge corrected, and mobility distributions were obtained from 7.37 to
15.1 nm using commercial TSI Inc. software (Aerosol Instrument
Manager) that allowed us to obtain size distributions more frequently
(every 90 s) compared to the experiment in section 3.1. Also, because the
ES community (especially mass spectrometry) uses different capillary
diameters and hence the flow volume can vary significantly,33�35 we will
replace time with equivalent capillary volume, which is defined by the
product of time and capillary flow rate divided by the total volumewithin
the capillary. In this regard, the mass-spectrometry community typically
uses different passivations on silica surfaces to reduce protein adsorption,
which concomitantly reduces the wait times for protein breakthrough.36

3. RESULTS AND DISCUSSION

3.1. Proof of Principle. In our prior work using ES-DMA for
characterization of proteins,21,26 evidence for adsorption of
proteins to the bare capillary surfaces was manifested by changes
in the measured mobility distributions as a function of elution
time from the capillary. In this paper we systematically explore
these effects and demonstrate how ES-DMA can be used to study
interactions between proteins and the glass capillary surface.
Sucrose was used as a reference marker (in this regard, sucrose
has also previously been used with protein to investigate the
mechanism of ES droplet formation37) in this experiment
because it does not significantly interact with the silica surface
of the capillary at pH 7. On the other hand, any protein that
interacts with the capillary will result in a mobility distribution
that should vary with time.
Figure 2A plots the size distributions from 3 to 13 nm obtained

at times of 0, 99, 128, 137.5, and 175.5 min for a mixture of

Figure 1. Schematic of the different components of the ES-DMA
system. Solution is passed through a fused silica capillary under pressure
and then electrosprayed into droplets containing protein. The protein-
containing droplets pass through a Po-210 neutralizer, where solvent
from droplets evaporates, droplets collide with positively and negatively
charged gas species, and the protein analyte exits the neutralizer bearing
either a single positive or negative or neutral charge. Particles are
classified by differential mobility and counted by a condensation particle
counter.
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0.001% sucrose (v/v) and 0.01 mg/mL RmAb. At t = 0 and
99 min, a peak for sucrose at 4.6 nm is clearly observed, while no
peak is observed for RmAb. At t = 128 min, a peak for RmAb at
≈9 nm is first observed that increases quickly in intensity to a
steady-state value with time. These results show that sucrose
does not bind to the capillary, and protein adsorption occurs over
a long period of time. The RmAbmobility size after correcting for
sucrose that coats the RmAb molecule38 is in agreement with
previously reported values20,21 for immunoglobulin. Figure 2A
also shows small quantities of RmAb dimers at 11.2 nm, which
appears because of an electrospray artifact of two monomers in
the same ES droplet.39

After the protein signal has reached steady state (≈180 min),
the protein solution is replaced with a 20 mmol/L ammonium
acetate buffer at pH 7. Upon replacing the sample with buffer, the
sucrose signal decreases immediately; in contrast, the RmAb
signal decays relatively slowly. This is evident from Figure 2B,
which plots the integrated area under the RmAb and sucrose
peak as a function of time for the entire experiment.
These results are summarized and interpreted as follows. The

presence of sucrose signal together with the absence of RmAb
signal suggests that RmAb adsorbs to the wall of the glass capillary.
From 0 to ≈130 min RmAb adsorbs until the RmAb surface
coverage reaches saturation, at which point protein is first observed
and the signal rapidly reaches steady-state. Upon replacing the
protein/sucrose solution with pure ammonium acetate buffer,
the sucrose signal decreases rapidly, while the RmAb signal falls
more slowly. The slowly decaying RmAb signal suggests slow
desorption of RmAb from the glass capillary surface.
3.2. Surface Coverage and Adsorption Kinetics. We will

now set forth the relationships necessary to extract kinetic para-
meters and surface coverages from the mobility distributions. The
reader is reminded that RmAb does not elute from the ES capillary
for many minutes (or capillary volumes) for all experiments con-
ducted for this work; hence, we are not in a position to determine
the adsorption rate constants for RmAb.
To determine the surface coverage, we define Celuting

t(i) as the
concentration of protein in liquid phase eluting through the ES
capillary, a parameter that varies with time, where superscript t(i)
denotes time i. The DMA-CPC however measures the gas-phase
concentration, which must be corrected for transport losses and
particle charging fraction.21 While the charge fraction is based on
well-known relationships21,24,40 that allow one to make the appro-
priate quantitative corrections (defined by αcharge), the transport
lossesmust be empirically calibrated, through a parameterα, which

takes into account Brownian motion41 and electrostatic deposi-
tion losses and electrospray efficiency42 as shown in eq 1

Celuting
tðiÞ ¼ αCgas phase

tðiÞ Qcpc

Qcapillary
ð1Þ

whereα is an unknown at this point sinceCeluting
t(i) is unknown, and

Qcpc and Qcapillary are the flow rates inside the CPC and capillary
respectively. Cgas phase

t(i) is given by eq 2 and is determined by
charge correcting the CPC raw data and then integrating over the
entire size range of observed protein species, such as protein
monomer, dimer, or larger aggregates.

Cgas phase
tðiÞ ¼

Z
dðαchargeNcpc

tðiÞÞ
dDp

dDp ð2Þ

where Ncpc
t(i) are the counts obtained by the CPC at a mobility

diameter of Dp, dDp is the increment in mobility diameter, and
αcharge accounts for the charge correction.

21,24,40 For RmAb the
monomer and dimer counts are obtained by integrating from 7.6
to 9.6 nm and 9.8 to 11.8 nm, respectively.
When the concentration of eluting protein reaches steady state

(or in other words assuming adsorption reaches equilibrium)
Celuting

t(ss) can be written as shown below

Celuting
tðssÞ ¼ Csolution ð3Þ

whereCsolution is the total concentration of the protein in solution
measured by an independent technique such as UV�vis and the
superscript t(ss) denotes steady state. Then, by combining eq 1
and 3, α can be determined at steady state. Using this approach
we findα is≈4�5 for RmAb at all concentrations and pH values;
however, we have found that α is dependent on system operating
parameters, such as the aerosol flow and sheath flow as well as
protein type (unpublished results). The assumption of equilib-
rium will be addressed in greater detail elsewhere (manuscript
under preparation). To summarize the results from that work, we
found that at steady-state conditions, the type of surface passiva-
tion only affected the time to reach steady state and had no effect
on the measured size distributions. In addition, with serial
dilution there was no change in the time dependence of RmAb
elution from gelatin passivated surface, which implied little or no
adsorption.
Recognizing that steady state corresponds to equilibrium

allows us to evaluate the adsorption kinetics under nonequili-
brium conditions, because α once evaluated at steady state can

Figure 2. (A) Size distributions of 0.001% sucrose (v/v) mixed with 0.01 mg/mL RmAb at pH 7.0 using the ES-DMA as a function of time. Other time
points have not been shown for clarity. The data has been normalized with respect to the sucrose peak. (B) The integration of the sucrose peak (open
square, line) and RmAb peak (open triangle, dotted line) plotted as a function of time. It includes the adsorption phase (up to ≈140 min), the steady
state phase (up to ≈180 min), and the desorption phase (up to ≈230 min).
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then be used at other conditions, assuming linearity. Concomi-
tantly, this also allows the amount of protein adsorbed to the
capillary surface per unit area Γads to be calculated. Because the
amount of protein adsorbed varies with time and DMA scans
require a finite dwell time (Δt), Γads

t(i) is evaluated over a given
time interval and summed over each scan period as given by eq 4

Γads ¼ ∑Γads
tðiÞ ¼ ∑

ðCsolution � Celuting
tðiÞÞQcapillaryΔt

πDcapillaryLcapillary
ð4Þ

where Dcapillary and Lcapillary are the diameter and length of the
capillary, and Γads is the total coverage obtained.

43

When the protein is replaced with buffer, Γdes
t(i) is the amount

of protein desorbed at time period t(i) and is given by

Γdes ¼ ∑Γdes
tðiÞ ¼ ∑

Celuting
tðiÞQcapillaryΔt

πDcapillaryLcapillary
ð5Þ

where Γdes is the total amount of desorbed protein.
Figure 3A presents data for 0.01 mg/mL RmAb at pH 7

electrosprayed through a bare capillary for up to ≈100 capillary
volumes, while Figure 3B shows size distributions for RmAb as a
function of time when the sample is replaced with buffer. In this
case, RmAb first appears at≈72 capillary volumes, consistent with
results obtained before when sucrose was used as a “marker”.
Figure 3C displays the total counts of RmAb as a function of time,
and the plot is divided into four domains. Domain I is character-
ized by zero signal intensity due to the adsorption of nearly all
protein to the glass capillary surface. Domain II is characterized
by a rapid rise in counts following saturation of the RmAb sur-
face coverage. Domain III is where RmAb signal reaches steady
state. Domain IV is during buffer rinse, where a rapid decay in
RmAb signal occurs. It should also be noted that the mobility size
of the RmAb monomers and dimers obtained during desorption
(domain IV) are equivalent to that obtained during adsorption

and that the desorbing species are primarily monomers, although
from this measurement we cannot be certain that the desorbed
monomer is in its native state. Figure 3D shows the resulting
surface coverage (mg/m2) as a function of time, determined
from eq 5. A maximum steady-state coverage of ≈4 mg/m2 is
determined, which only slightly decreases during the desorption
period. The next section compares the coverages with previously
reported values.
3.3. Concentration- and pH-Dependent Adsorption�

Desorption of RmAb. Having established the methodology to
determine coverage and adsorption�desorption kinetics, we are
now in a position to determine these parameters for different con-
ditions. Experiments like those shown in Figure 3 were carried
out at four different concentrations of RmAb: 0.01, 0.02, 0.05,
and 0.1 mg/mL at pH 7.0. The capillary volume at which RmAb
started eluting was found to be inversely proportional to solution
concentration, as shown in Figure 4A. For example, at 0.01 mg/mL
the first evidence of RmAb appears at ≈72 capillary volumes, as
shown in Figure 3C before; likewise, RmAb starts eluting after≈38
capillary volumes,≈13 capillary volumes, and≈7 capillary volumes
for 0.02, 0.05, and 0.1 mg/mL, respectively. It is also evident from
Figure 4A that the total gas phase counts linearly correlates with
the liquid phase concentration; i.e., the gas phase density of 0.02,
0.05, and 0.1 mg/mL solutions after steady state are about 2, 5, and
10 times that of the steady-state gas-phase density of 0.01 mg/mL
(shown in Figure 3C) solution, implying that the recovery in all
these cases is the same and that the ES-DMA is linear in this
concentration range. Size distributions were obtained for 15�20
capillary volumes after steady state had been attained for each of the
above cases, after which the RmAb samples were replaced with
buffer and size distributions obtained for≈15 capillary volumes, to
determine the desorption rate. The samemethodologywas adopted
for the pH study.

Figure 3. (A) Size distributions of RmAb in 20 mmol/L ammonium acetate at pH 7.0 as a function of time. (B) The size distribution as a function of
time when the protein is replaced with buffer at the same ionic strength and pH. (C) Sum of the monomer and twice the dimer counts as a function of
time (open square). (D) Surface coverage as a function of time for 0.01 mg/mL RmAb. The dotted line in domain I represents no protein eluting and
thus the initial rate of protein adsorption is unknown. Refer to the text for a detailed discussion on domains I�IV.
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Using eqs 4 and 5, the surface coverage of RmAb on the glass
capillary surface and the amount desorbed are plotted as a
function of RmAb solution concentration in Figure 4B. The
error bars are standard deviations determined from two or three
experiments. Within experimental uncertainty, the amounts of
both absorbed and desorbed RmAb appear to be relatively
independent of protein concentration.
In contrast to our finding that protein adsorption remains approxi-

mately constant as a function of concentration, other groups have
reported that protein adsorption increases as a function of concen-
tration under both stagnant and high shear flow conditions.44�48

Nonetheless, the coverages of 3.5�4.3 mg/m2 determined here for
concentrations ranging from 0.01 to 0.1 mg/mL fall within the range
of 2�18mg/m2 reported in the literature for silica surfaces.44�53 The
reasons for the breadth of values may be attributed to differences in
surface properties,54 ionic strength,44,55,56 pH,51,52,55,57 and different
immunoglobulins.51

Using simple structural models for RmAb, we can estimate if
adsorption is monolayered or multilayered. For a typical IgG, the
projected side (53 nm2) and frontal areas (94 nm2)21 give corre-
sponding coverages of 4.6 and 2.6 mg/m2, respectively. Our experi-
mental values of 3.5�4.3 mg/m2 fall within this range, suggesting
approximately monolayer coverage for RmAb on the glass capillary
surface; however, we cannot exclude the possibilities of mixed
orientations or coverages, or surface-induced aggregation or con-
formation changes that would change the adsorbed area of the
protein.44,57�60Many studies have proposedmonolayer adsorption,

even for coverages up to 18 mg/m2 for IgG,57,61,62 although
multilayer adorption has been reported by many others.55,59,63�66

The effect of pH on adsorption of RmAb was also examined.
Figure 5 shows the amount of RmAb adsorbed (primary axis)
and desorbed per unit area (secondary axis) of the capillary as a
function of pH at a concentration of 0.1 mg/mL, and error bars
were obtained by obtaining data at least in duplicate. We observe
the highest surface coverage near the isoelectric point (pI) of the
protein. These results are consistent with the dome-shaped pro-
file commonly reported by others,51,56,64 suggesting that inter-
molecular electrostatic repulsion effects may be important in
influencing protein surface coverage. It should be pointed out
that the pH study was limited to pH 9.0 since at ≈pH 10.0 we
observed etching of the silica capillaries that produced significant
noise in the size distribution.
We also quantify the desorbedRmAb at pH4.75, 7.0, 8.5, and 9.0

to be 0.11( 0.02, 0.48( 0.26, 0.44( 0.13, and 1.35( 0.16mg/m2,
respectively, which translates to 5.5%, 15.3%, 11.1%, and 47% of the
amounts adsorbed. Buijs et al.51 using reflectrometry found ≈10%
desorption of IgG from silica, consistent with our findings.
3.4. Desorption Rate Constants.On the basis of the desorp-

tion data, we can also extract kinetic rate constants. Assuming
that desorption over the 90 s scan time is constant, we can
determine the number of particles that desorb, Ndesorb,gas

t(i), by
integrating the area under the monomer peak. Then the number
of particles desorbing is Ndesorb,liquid

t(i), such that

Ndesorb, liquid
tðiÞ ¼ Ndesorb, gas

tðiÞQcpcΔtiα ð6Þ
At any time t(i), the amount of particles remaining on the

surface, denoted by Nsurface
t(i), is

Nsurf ace
tðiÞ ¼ Nsurf ace

total �Ndesorb, liquid
tðiÞ ð7Þ

where the total number of particles on the surface, Nsurface
total, is

calculated from the size distribution as determined by the DMA,
the area of the capillary, and assuming monolayer coverage.
Thedesorption rate is the changeof surface concentrationwith time,

which we assume to be a first-order process, and is integrated to give

log
Nsurf ace

tðiÞ

Nsurf ace
total

 !
¼ � KdesorptionðtðiÞ � 0Þ ð8Þ

where Kdesorption is the desorption rate constant.
Using eq 8, the rate constants of desorption for the concen-

trations studied were found to be ≈10�5 s�1 and invariant of

Figure 4. (A) The total gas-phase density of RmAb as a function of time expressed in equivalent capillary volumes at four different concentrations at pH
7.0. For clarity only one set of experiments has been shown. Refer to Figure 3C for 0.01 mg/mL concentration. (B) Adsorbed (open square) and
desorbed amounts (open triangle, dotted line) of RmAb per unit area as a function of concentration.

Figure 5. Adsorbed (open square) and desorbed RmAb (open triangle,
dotted line) per unit area as a functionof pHat a concentrationof 0.1mg/mL.
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concentration. The desorption rate constants at pH 4.75, 7.0, and
8.5 were determined to be ≈10�5 s�1, whereas for pH 9 it was
≈10�4 s�1. The higher desorption rate at pH 9.0 may be caused
by electrostatic repulsion between the silica and adsorbed
protein. The desorption rate constants are listed in Table 1.
Using X-ray photoelectron spectroscopy, Ball et al.58 found the
desorption rate constant for IgG to be ≈10�5 s�1, consistent
with our results. Because the experiments by Ball et al. were
performed under stagnant conditions, the reasonable agreement
of results implies that shear does not considerably affect the
desorption rate constant for RmAb on a glass capillary surface.

4. CONCLUSIONS

The ES-DMAmethod offers the possibility to study “label-free”
competitive as well as sequential adsorption of oligomers of
the same proteins and or multiple proteins under high shear
(≈104 s�1). We perform pH (4.75�9.0) and concentration-
based studies for RmAb (0.01�0.1 mg/mL), a monoclonal
antibody. Concentration does not seem to have an effect on
the amount of protein adsorbed at high shear flow conditions.
The pH studies show maximum adsorption around the pI of the
protein, consistent with the literature. The desorption rate
constants were found to be consistent with other studies at static
conditions, implying that shear may not have a significant effect
on desorption kinetics. It should be mentioned that this meth-
odology can also, in principle, be adapted by the mass spectro-
metry community for studying protein adsorption�desorption
on and from silica capillaries, although because the number of
charges on proteins would be solution pH specific, quantitation of
adsorption�desorption would be more complicated. Such an issue
does not arise for the ES-DMA, since a Po-210 charge neutralizer is
used. In a future work, we will extend the applications of ES-DMA
by quantifying competitive adsorption�desorption of IgM mono-
mers and dimers onto fused silica and modified silica surfaces.
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