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Adsorbed proteins on walls of glass capillaries used for electrospray (ES) can desorb and potentially affect
size distributions and, thus, quantification of aggregates of proteins. In this study we use differential
mobility analysis (DMA) to investigate the size distribution of various proteins eluting from bare and pas-
sivated glass capillaries. We found no significant differences in aggregate distributions from unpassivated
capillaries at ‘steady state’ when compared to aggregate distributions from passivated capillaries imply-
ing that desorbing proteins do not influence protein aggregate distribution. Surface passivation with gel-
atin was found to be considerably more effective in limiting adsorption of two antibodies (Rituxan and
polyclonal human IgG) compared to passivation with BSA. Gelatin passivation was also found to be stable
for a few days and from a pH range of 4.8–9.0.

� 2012 Published by Elsevier Inc.
1. Introduction

In the past decade, the use of electrospray (ES) in conjunction
with ion mobility techniques, such as differential mobility analysis
(DMA) for characterization of proteins has received increased
attention [1–8]. ES-DMA operates at atmospheric conditions and
characterizes particles (proteins in this context), electrosprayed
from solution, based on a balance of drag and electrical force [9].
The aerosol stream emanating from the ES source undergoes sol-
vent evaporation leaving dry analyte particles which are charged
to a known value using a Po-210 radioactive source [10]. The pos-
itively charged dry particles are separated within the DMA on the
basis of their electrical mobility, which is inversely proportional to
the projected area of the particles. At fixed voltage a specific mobil-
ity size exits the DMA and is counted with a condensation particle
counter (CPC) [11]. A more detailed discussion of the technique is
available elsewhere [2,12]. By scanning the DMA voltage a number
versus size distribution can be obtained.

Because mobility can be related to size, ES-DMA can be used to
characterize protein oligomers [1,4]. One potentially confounding
effect in accurately measuring the size distribution of protein olig-
omers by ES-DMA is the adsorption of the protein to the bare silica
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capillary. In recent work measuring size distributions of IgG pro-
teins, we found compelling evidence for adsorption of these pro-
teins to the glass capillary wall [4,5]. To minimize these effects
we conducted measurements of protein size distributions only
after the adsorption–desorption process had reached steady-state.
However, in these studies, we assumed that the proteins desorbing
from the capillary walls did not influence the size distributions. Re-
cent evidence suggests that proteins adsorbed to surfaces aggre-
gate [13–15]. Since these aggregated proteins may then desorb,
one might reasonably wonder, how these desorbing proteins may
impact size distributions obtained with ES-DMA, an aspect that
has never been studied before.

To understand the effect of adsorbed proteins that desorb, we
take the following approach: experiment I, involves obtaining size
distributions of a protein, denoted A, as a function of time until the
measured protein monomer signal reaches steady state (which is
reached once the surface is saturated with protein A). In experi-
ment II, another protein, denoted B, is used as a blocking agent
for passivating a fresh silica capillary until surface saturation. In
this case, the size distribution of protein B is obtained again as a
function of time as in experiment I. The amount of protein B ad-
sorbed on the surface can be estimated from the time taken for
protein B’s size distributions to reach steady state and by correlat-
ing the gas phase counts obtained with the known liquid phase
concentration of this protein at steady state. This determination
is described in greater details elsewhere [16] and is briefly dis-
cussed in Section 3.2. In experiment III, protein A is electrosprayed
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Fig. 1. In experiment I steady state size distribution of protein A and oligomers proportions are obtained with a bare capillary. In experiment II a different capillary is
passivated with protein B. In experiment III, the size distribution of A is obtained from capillary passivated with B. The proportion of monomers and aggregates obtained from
experiment III would then be compared with experiment I.
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through the capillary passivated with B and size distribution of A
and its oligomers are measured and compared to results of the bare
capillary (experiment I).

In this paper, the size distributions of four different proteins,
bovine serum albumin (BSA), polyclonal human immunoglobulin
(IgG), monoclonal human immunoglobulin (RmAb), bovine immu-
noglobulin M (IgM) are obtained with ES-DMA using bare and pas-
sivated capillaries thus allowing a systematic comparison of the
effect of capillary passivation on the quantification of monomers
and aggregates of proteins. For surface passivation we use BSA
[17–21] and gelatin [22,23], as blocking agents, each of which
can form monolayers or multiple layers on a surface and hence re-
duce surface adsorption of other proteins.

2. Experimental section

2.1. Materials and sample preparation

Twenty mmol/L ammonium acetate buffer solutions were pre-
pared by adding 0.77 g of ammonium acetate powder (Sigma
Aldrich, St. Louis, MO, #631-61-8) to 0.5 L of de-ionized water
(18 MO/cm, Barnestead nanopure UV system). The pH was ad-
justed to the desired values using either glacial acetic acid (Mal-
linckrodt, Phillipsburg, NJ, #2504-14) or ammonium hydroxide
(Baker, Phillipsburg, NJ, #9721-01). The buffer at pH 2.1 was pre-
pared by mixing 1 mL of glacial acetic acid with 3 mL of de-ionized
water.

Stock gelatin (KNOX, trade name: Gelatine, # 0-41000-03500-5)
solutions were prepared by suspending 1–1.5 mg in 1–1.5 mL of
20 mmol/L ammonium acetate at the desired pH in low protein
binding vials (Eppendorf). The 1 mg/mL solution was heated to
�50 �C for �5 min for dissolution. The samples were then diluted
to 0.1 mg/mL and used to passivated the capillaries. Solutions of gel-
atin were prepared fresh each time the capillaries were passivated.

RmAb was purified using protein A affinity column and stored
at �18 �C in 25 mmol/L Tris buffer at pH 7.4 and NaN3 was added
as a preservative. To desalt the protein sample a centrifuge filter
(30 kDa molecular weight cut off) was used immediately prior to
ES-DMA analysis at 13,200 rpm for 12 min. The concentration of
RmAb in 20 mmol/L ammonium acetate at pH 7 was diluted to
1 mg/mL as verified by UV–Vis measurements and the solution
was further diluted to a concentration of 0.1 mg/mL. Human IgG
(Sigma Aldrich, St. Louis, MO, # I4506) was prepared by suspend-
ing 1–1.5 mg in 1–1.5 mL of buffer (20 mM ammonium acetate at
pH 7 in low protein binding vials).

Bovine IgM (Sigma Aldrich, St. Louis, MO, 078K4779) obtained in
concentrations of 1 mg/mL was desalted as described for RmAb and
diluted 10� to a concentration of 0.1 mg/mL for use in the ES-DMA.

2.2. Capillary surface preparation

Prior to electrospray of protein samples, 0.5–1.0 mmol/L H2SO4,
deionized (18 MO/cm) ultrapure water and 20 mmol/L ammonium
acetate buffer solutions were eluted sequentially for 20–30 min
through the 25 lm fused silica capillaries (TSI Inc.).

The capillaries referred to as unpassivated or bare are those that
did not undergo any surface treatment before use. Passivated cap-
illaries are those that underwent surface treatment with gelatin or
BSA.

2.3. Electrospray-differential mobility analysis (ES-DMA)

An electrospray (TSI, Inc., Shore View, MN, #3480) source was
used for aerosolizing protein solutions suspended in 20 mmol/L
ammonium acetate at pH 7.0. The samples were placed in 1.5 mL
vials in a pressurized chamber and then delivered to a capillary
(25 lm inner diameter, 24 cm in length, TSI Inc.). The resulting
electrosprayed proteins were exposed to a Po-210 source such that
proteins carried either a +1, 0 or �1 charge. A negative voltage was
applied at the DMA (TSI, Inc., #3080) such that the +1 charged pro-
tein would pass through the DMA to the CPC (TSI, Inc., #3025A)
which then measured the gas phase concentration.

The ES was operated at an ostensibly time invariant ‘‘Taylor
cone’’ mode [24], with a liquid flow rate of 66 nL/min, an aerosol
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Fig. 2. Size distribution of RmAb (3A), IgG (3B) and IgM (3C) obtained on unpassivated capillaries. The monomer, dimer and trimer peaks for each protein are identified and
labeled 1, 2 and 3 respectively based on well-established empirical correlations in between molecular weight and mobility size [1]. For clarity, the number density/step size in
Fig. 3A and B have been offset by 1.5 � 106 (#/cc/nm) for each plotted time point. For clarity, the number density/step size in Fig. 3C has been offset by 1.5 � 105 (#/cc/nm) for
each plotted time point.

1 It should be pointed out that the time taken for different proteins to attain steady
state is a function of the properties of the protein, the solute and the concentration of
the protein. For monolayer adsorption we have found the time for steady state to be
inversely proportional to the concentration [16]. However, based on our experience,
protein adsorption can often be multilayered with the number of layers being protein
dependent. This precludes us from developing any predictive models for the time
taken by different proteins to reach steady state.
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flow rate of 1.2 L/min, comprising 1 L/min of air and 0.2 L/min of
CO2. The DMA was operated with a sheath flow 30 L/min and the
CPC was operated at a high flow mode of 1.5 L/min. Under these
conditions the uncertainty in size is �0.3 nm [25,26].

Sixty nm polystyrene latex beads (NIST SRMs� 1964) were used
to calibrate the ES-DMA system and mean mobility size was deter-
mined to be 59.4 nm consistent with previous findings [27].

The total monomer, dimer and trimer counts of the proteins
were obtained by integrating the size distributions from 8 nm to
9.4 nm, 9.6 nm to 11.4 nm, 11.6 nm to 12.8 nm for RmAb and
IgG, 6 nm to 7.6 nm, 8 nm to 9.2 nm and from 9.4 nm to 10.2 nm
for BSA, and 14.4 nm to 16.4 nm, 18.2 nm to 20.4 nm and
20.6 nm to 22.8 nm for IgM.

Upon insertion of the different samples into the ES, we would
wait about 4 min before starting to collect the data, since it would
take a finite amount of time for any sample to traverse the full
length of the capillary, different tubings and the DMA to eventually
reach the CPC. Thus in Section 3.1, time t = 0 min refers to 4 min
after sample insertion.

3. Results and discussion

3.1. Adsorption of proteins onto fused silica surface of ES

We first present results corresponding to experiment I of Fig. 1.
In the data presented in Fig. 2, we see evidence for protein adsorp-
tion. To reduce the data acquisition time, the size range of scans
were tailored for each protein (6–11.8 nm; BSA, 8–13.8 nm; RmAb
and IgG, and 14.6–22.8 nm; IgM). Because data were collected at a
step size of 0.2 nm, and dwell time of 10 s, the total scan time for
BSA was 250 s, 290 s for RmAb and IgG, and 840 s for IgM.

We begin by showing the size distribution for RmAb in Fig. 2A.
No counts are observed for the first 10 min, after which a rapid
‘‘breakthrough’’ occurs at t = 15 min and three peaks at 8.8 nm,
10.6 nm and 12.2 nm are observed. Based on an empirical correla-
tion developed by Bacher et al. [1] for ES-DMA that relates molec-
ular weight of proteins with their mobility size the peak at 8.8 nm
is assigned to RmAb monomers, 10.6 nm to dimers, and 12.2 nm to
trimers, in conjunction with our previous studies [28,29]. For all
subsequent times the size distribution of monomers, dimers and
trimers are invariant. For IgG we also see a similar trend as shown
in Fig. 2B. Initially there are no detectable counts, but at �25 min a
sudden increase in counts occurs until steady state is achieved at
35 min. For clarity, other time points are omitted.

For IgM we see a slightly different trend as evident in Fig. 2C.
The monomers and dimers are detected immediately, and gradu-
ally increase until steady state is reached at �52 min1. The near
immediate appearance of IgM suggests that its affinity for the silica
capillary wall is much lower relative to RmAb and IgG.

The proportion of monomers, dimers and trimers are quantifi-
able from Fig. 2 but are discussed later in Section 3.4.
3.2. Adsorption of BSA to passivate capillaries

Sections 3.2 and 3.3 describe results corresponding to experi-
ment II of Fig. 1, where BSA and gelatin are used to passivate the
capillary surface.

BSA has been widely used as a blocking agent to limit non-
specific adsorption of proteins [17–21]. In this section, we describe
the protocol for passivating the ES capillaries with BSA at pH con-
ditions close to its isoelectric point (pI) of 4.8 [30]. At neutral con-
ditions we do not observe significant variation in the size
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distribution as a function of time using the ES-DMA implying little
adsorption.

ES-DMA offers the opportunity to quantify the amount of BSA
adsorbed as described below. We have observed that proteins ex-
hibit a time dependent signal that increases monotonically and
eventually reaches steady state. At steady state, assuming 100%
recovery of protein (i.e., all protein molecules entering the capillary
exit the capillary), the gas phase counts of the protein obtained
using the ES-DMA can be correlated to the concentration of protein
in solution. By using the time-dependent behavior observed before
steady-state, the amount adsorbed as a function of time can then
be estimated. Further, knowing the capillary surface area, the sur-
face coverage of any protein can be quantified. A detailed discus-
sion for the determination of surface coverage can be found
elsewhere [16]. As in our previous work, time is expressed in
equivalent capillary volume which is defined as the product of
time and capillary flow rate, normalized by total internal volume
of the capillary.

For BSA passivation, �0.05 mg/mL of BSA at pH 4.8 is electro-
sprayed for 1 h (or approximately 32 capillary volumes) through
a new capillary after its surface has been cleaned following the
procedure outlined in Section 2.2. In Fig. 3A, no elution from the
capillary is observed for the first 16 capillary volumes, after which
the monomer and dimer counts increase monotonically and reach
steady state at �27 capillary volumes. After about 60 min (32 cap-
illary volumes) the protein sample is replaced with 20 mmol/L
ammonium acetate at pH 7.0 and the capillary flushed using this
buffer while simultaneously monitoring the size distribution.
Fig. 3B display mobility spectra during the flushing phase showing
that the mobility size of monomers and dimers remains unchanged
and that there is a monotonic decrease in the number density of
desorbing monomers and dimers.
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Fig. 3. (A) Size distributions of monomers, dimers, and traces of trimers (not evident from
The Y-axis has been offset slightly to show that BSA is not eluting at 16 capillary volum
when the protein sample is replaced with buffer. (C) Coverage of BSA adsorbed and d
represents when no protein is eluting. The monomer, dimer and trimer peaks for each p
empirical correlations between molecular weight and mobility size [1]. Refer to the tex
Fig. 3C shows the resulting calculated coverage of the BSA as a
function of time. Region I in Fig. 3C, corresponds to when there is
no protein eluting, (represented by the dotted line), region II corre-
sponds to when the protein is first observed eluting, and the con-
centration continues to increase, region III corresponds to steady
state, and region IV corresponds to when the protein is replaced
with the pH 7.0 buffer.

The calculated coverage at steady state is determined to be
5.4 mg/m2 (region III). Prior work on BSA adsorbed to different
nanoparticles report coverages ranging from 1.2 mg/m2 to 6 mg/
m2 under a variety of conditions [32–36] using UV based spectros-
copy. As discussed in our prior work [16], protein coverage can be a
function of concentration, ionic strength, pH, surface type, solution
type, and flow conditions, thus it is not surprising to find such a
wide range of coverage in literature. Almost all prior studies with
BSA were conducted using non-volatile buffers (for e.g., phosphate
buffer [33,34]) and at very high concentrations (of the order of mg/
ml [33]). The ES-DMA cannot be operated under similar conditions
primarily because of the ES itself (as non-volatile salts interfere
with protein signal and high concentrations create ‘‘droplet in-
duced aggregates’’ [28] or may clog ES capillaries), thus a direct
comparison with literature is not possible. Nevertheless, as our re-
sults are within the reported range in literature [32–36] and fur-
ther because prior studies were conducted on proteins at
stagnant conditions, it implies that BSA adsorption is neither influ-
enced by shear nor by surface curvature.

Assuming that BSA is spherical and using the measured diame-
ter of 6.6 nm obtained by the ES-DMA, the theoretical coverage of a
monolayer is 3.2 mg/m2 (calculations shown in Appendix A.1).
Electrostatic repulsion between the protein molecules might re-
duce the actual coverage required to form a monolayer. Further,
as soft proteins like BSA may considerably change conformation
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upon adsorption to silica, as has been found on several occasions
[34–36], they might promote multilayered adsorption. Such a mul-
tilayered adsorption scheme can be qualitatively explained as fol-
lows [31]: first a layer of protein adsorbs to the surface and
denatures, this promotes the exposure of hydrophobic residues of
the first layer of protein which then attracts a second layer of pro-
tein; as the layers build on top of each other, the interaction in be-
tween successive upper layers progressively weaken (as the extent
of denaturation and exposure of hydrophobic residues are re-
duced) and thus protein adsorption eventually stops. Given, that
the coverage for BSA on ES silica surface obtained with ES-DMA
is above the theoretical coverage, it is reasonable to infer that
the adsorption is indeed multilayered.

After � 30 capillary volumes of flushing, the amount of BSA
remaining on the surface is estimated to be �2.8 mg/m2, which
is close to the theoretical coverage of 3.2 mg/m2 for a monolayer.
This also implies that approximately 50% of the BSA desorbs from
the silica surface which is higher than the amount of RmAb desorp-
tion previously quantified with ES-DMA [16]. In the previous work
the coverage of RmAb to ES silica surface was approximately equal
to a theoretical monolayer and thus lesser than the multilayered
coverage obtained for BSA in this work. This signifies that the top-
most layer of BSA is loosely bound to silica and hence comes off
easily during desorption.
3.3. Adsorption of gelatin to passivate capillaries

In this section gelatin adsorption is quantified using ES-DMA.
The use of gelatin layers to passivate surfaces against protein
adsorption has been previously reported [22]. In our case, gelatin
was deposited on glass capillary surfaces by electrospraying �31
capillary volumes of a gelatin solution through a freshly prepared
capillary. The passivation process was also assessed using the
DMA. Fig. 4A shows the mobility distribution as a function of cap-
illary volumes during the passivation. The size distributions are
clearly wider than for the other proteins in this paper, and reflect
the heterogeneity of gelatin.

As described above for BSA, we can estimate the surface cover-
age of gelatin by monitoring the time course evolution of the gelatin
signal. Fig. 4B plots the experimentally determined surface cover-
age as a function of capillary volume for a gelatin solution concen-
tration of 0.1 mg/ml. Little gelatin is observed initially (up to 5
capillary volumes). Then the gelatin signal gradually increases
and eventually reaches steady state (5–20 capillary volumes), after
which there is no significant variation in the size distribution (with-
in experimental variability) as shown in Fig. 4A. At steady state the
gelatin surface coverage is estimated to be 4.2 mg/m2. This value
is within the widely varying coverage of �1 mg/m2 to �9 mg/m2
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obtained for gelatin using surface force apparatus, spectrophotom-
etry, fluorescent spectroscopy, ellipsometry and small-angle neu-
tron scattering on flat surfaces and nanoparticles [37–41]. As
mentioned in the previous section, it is reasonable to find such an
order of magnitude variation in coverage especially because the
surface type, buffer and the analytical technique used are different.

If we consider the peak mobility of gelatin to be 7 nm (see
Fig. 4A), and assuming the protein to be an equivalent sphere,
the theoretical maximum surface coverage is �3.2 mg/m2 (calcula-
tions shown in Appendix A1). It should be pointed out that such an
assumption is approximate especially given the heterogeneity of
the sample. As the protein size can widely vary from 4 nm to
16 nm (implying the molecular weight would also vary drastically,
[1]) the coverage can vary too, thus making a definitive assignment
of what constitutes a theoretical monolayer coverage difficult.
Using dynamic light scattering [41] it has been inferred that even
for coverages as low as 1–2 mg/m2, gelatin can form multiple lay-
ers. Given that our experimentally determined coverage is more
(�4.2 mg/m2) it is likely that gelatin adsorbs to form multiple lay-
ers on ES silica surface. Also, comparing our experiments con-
ducted at high shear [16] with all previous studies conducted at
stagnant conditions [37–41] it is evident that the gelatin coverage
is not affected by shear, in conjunction with results obtained with
BSA in the previous section.

An interesting feature of gelatin adsorption is that it appears to
be largely irreversible, because little desorption is observed over a
wide range of flushing conditions (pH 4.8 to pH 9.0) (data not
shown). It has been suggested that gelatin’s strong interaction with
surfaces may be due to its ability to form a gel at room temperature
by physical entanglement [42]. This behavior is in contrast to the
other proteins examined (BSA, RmAb, IgG and IgM) all of which
show significant desorption from unpassivated (i.e. bare)
capillaries.
3.4. Effect of size distribution on passivated, partially passivated and
unpassivated capillaries

We find that for bare silica, i.e., for unpassivated surfaces it
takes several capillary volumes (10–30) for BSA, IgG, RmAb and
IgM size distributions to reach steady state (as shown in Fig. 2,
where time is expressed in minutes). When a capillary is passiv-
ated with BSA the number of capillary volumes to reach steady
state is reduced for IgG, RmAb and IgM (5–20 capillary volumes).
Although passivation by BSA reduces adsorption of these proteins,
some nonspecific adsorption still occurs suggesting protein
adsorption to the pre-adsorbed BSA layer thus a BSA passivated
capillary will act as a partially passivated surface for IgG, RmAb
and IgM. This is in disagreement with previous findings conducted
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with Fourier transform infrared spectroscopy where BSA adsorbed
to hydrophilic surface was monolayered and was also found to be
effective against different proteins including IgGs [17].

In contrast, for a capillary passivated with gelatin, we observe
that IgG and RmAb size distributions reach steady state immedi-
ately, while BSA and IgM take time before reaching steady state
(5–10 capillary volumes). Therefore, we conclude that the gelatin
passivated capillary nearly completely prevents nonspecific
adsorption of IgG and RmAb, while less so for BSA and IgM, i.e. a
gelatin passivated capillary is a completely passivated surface for
IgG and RmAb and a partially passivated surface for BSA and IgM.
Size distributions of RmAb, IgG, BSA and IgM on unpassivated and
passivated surfaces after steady state are provided in Appendix A2
(Fig. A1).

Because we have steady state size distributions of RmAb, IgG,
IgM and BSA for unpassivated and gelatin passivated capillaries,
and RmAb, IgG and IgM size distributions for a BSA passivated cap-
illary, we can assess the effect of capillary passivation on size dis-
tributions, i.e. we are in a position to compare size distributions
obtained in experiment I (Fig. 1) with those obtained in experiment
III (Fig. 1). Fig. 5 plots dimer/monomer and trimer/monomer peak
area ratios for steady state conditions for unpassivated, BSA passiv-
ated, and gel passivated capillaries. The different surfaces appear to
have no effect on the observed dimer/monomer and trimer/mono-
mer ratio. Thus, we conclude that for the proteins and the capillary
surface passivation conditions examined here, surface passivation
does not alter size distributions2 measured under steady state condi-
tion relative to that obtained using a bare glass capillary (i.e. unpassi-
vated capillary).

It should be noted that RmAb and IgG were observed to elute
nearly immediately at several different concentrations from gelatin
passivated capillaries implying little or no adsorption. These re-
sults indicate that protein recovery from a gelatin passivated
surface is nearly �100%. With an unpassivated or partially passiv-
ated surface the eluting monomer, dimer and trimer counts of pro-
teins at steady state are found to be equal (within experimental
variability) to the respective counts from a gelatin passivated sur-
2 It should be pointed out that the dimer and trimers seen in these size
distributions may not necessarily be intrinsic solution aggregates, as a portion of it
may get created by the artificial induction of two or more monomers in the same ES
droplet, which is also referred to as ‘‘droplet induced aggregation’’ [28]. This is
especially true for RmAb and IgG as we demonstrated before [28,29]. However, in this
article we are interested in systematically studying the difference in the distributions
before and after passivation. If there was any difference in intrinsic aggregates
because of desorbing proteins from unpassivated surfaces, then we would have also
seen a difference in the observed distributions as well. The fact that we do not see any
such difference in aggregate distribution of different proteins using passivated and
unpassivated surfaces implies that the intrinsic solution aggregate proportions for the
different proteins considered here also stay the same.
face (Appendix A2, Fig. A1) or in other words steady state in an
unpassivated surface also corresponds to equilibrium.

We now consider several possible scenarios for why unpassivat-
ed or partially passivated capillaries do not influence the size dis-
tributions. Proteins could be desorbing either as monomers or
aggregates such as dimers, and trimers, and could be desorbing
in their native form or in denatured state [34,43,44]. Careful anal-
ysis of the mobility spectra between the desorption and adsorption
experiments for all proteins indicate no significant mobility size
change in the monomers or dimers indicating that at least to the
level of our instrument resolution, 0.3 nm in mobility diameter
[25,26], we are not able to discern any changes in conformation.
We also found the desorbing species to be primarily monomers.
This could either mean the proteins on the surface of the capillary
elute as monomers or as dimers or larger aggregates that then dis-
sociate to form monomers during passage through the capillary or
the larger aggregates are irreversibly bound to the ES capillary sur-
face and do not desorb at all. Given that the upper limit of our DMA
range in its current configuration is 80 nm and that the lower limit
of detection is 109 particles/mL, it is also possible that large aggre-
gates at low concentration desorb from the surface and pass unde-
tected as well. Irrespective of the mechanism of desorption and the
sizes of the desorbing aggregates, it is evident that the desorbing
proteins do not influence the aggregate distribution.

3.5. Efficacy of gelatin passivation in repelling different protein
monomers

The strong passivating behavior of gelatin against RmAb and
IgG and the limits of the time resolution of our experiment pre-
clude us from determining if any adsorption at all is taking place;
however, we can perform desorption measurements to estimate
the efficacy of passivation. In these experiments, protein is flowed
through the capillary until the size distribution reaches steady
state and then the capillary (unpassivated and gelatin passivated)
is flushed with 20 mmol/L ammonium acetate buffer at pH 7.0.
The temporal data for monomer desorption are presented in
Fig. 6 for both unpassivated and gelatin passivated surfaces.

It is evident from Fig. 6, that desorption of monomers observed
from unpassivated capillaries is significantly higher than that seen
for gelatin passivated capillaries for RmAb and IgG. As a metric, a
coating efficacy parameter g, is defined as:

g ¼ Monomerunpassivated �Monomerpassivated

Monomerunpassivated
ð1Þ

where Monomerpassivated and Monomerunpassivated are the desorbed to-
tal monomer counts from passivated and unpassivated capillaries at
a time of when the buffer starts to elute (at 0 capillary volumes). A



Table 1
Comparison of efficacy of gelatin passivation for each of proteins.

Proteins g

BSA 0.57
IgG 0.95
RmAb 0.93
IgM 0.54
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Fig. 6. Desorption of monomers of IgG (A), RmAb (B), BSA (C) and IgM (D) for the gelatin passivated (solid circle, dotted line) and unpassivated capillaries (open square, solid
line) at pH 7.0. For Fig. 6A and B, data collection for the desorbing RmAb and IgG from gelatin passivated surfaces were stopped after approximately �3–5 capillary volumes,
since the amount of proteins desorbing by then was too little to be quantifiable with the ES-DMA.
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value of unity would then imply a perfectly passivating coating or
proteins that are adsorbed irreversibly.

Table 1 presents the coating efficacy parameter, g, of gelatin for
the proteins studied. The gelatin passivation seems to be especially
effective in reducing adsorption of antibodies IgG and RmAb. Gel-
atin has an isoelectric point (pI) of 4.7–5.3 [45,46] which is close
to the pI of BSA (pH 4.8). At pH 7.0, both proteins are negatively
charged and yet they show a propensity to adsorb, implying that
BSA’s affinity towards gelatin results from hydrophobic interac-
tions [30,47]. On the other hand, IgG (pI 6.3–9.3) and RmAb (pI
8.5) are fairly neutral or positively charged at pH 7.0, and yet, gel-
atin which is negatively charged at this pH, repels both the immu-
noglobulins, the reasons for which are not clear to us. The pI of the
IgM used here is unknown, so we are unable to determine if the en-
hanced affinity is due to electrostatic effects or simply because IgM
is �5 times larger than the IgG proteins and, thus, has more poten-
tial interactions sites per molecule.

3.6. Stability of gelatin passivation

The stability of gelatin passivation over 3 days was studied by
electrospraying RmAb at 0.1 mg/mL at different times. We found
that the size distribution of RmAb reached steady state almost
immediately upon sample introduction, indicating that the gelatin
passivation was still intact.
Buffers at pH 2.1 to pH 9.0 were flowed through the ES and size
distributions obtained with ES-DMA to determine if gelatin was
desorbing from gelatin passivated capillaries. No evidence of gela-
tin desorption was found from pH 4.8 to pH 9.0 although the pas-
sivation became unstable under acidic conditions (pH 2.1) and
gelatin elution was detected by ES-DMA. Unfortunately gelatin
desorption at pH 2.1 could not be quantified directly because the
‘‘Taylor cone’’ at the ES capillary tip was unstable at this pH for
an initial period of time, which likely resulted from significant
desorption of gelatin. In addition, when RmAb solution (0.1 mg/
mL solution, 20 mmoL/L ammonium acetate at pH 7.0) was flowed
through a gelatin passivated capillary previously flushed with buf-
fer at pH 2.1 for 1 h a significant amount of RmAb was found to ad-
sorb with an estimated coverage of �2.0 mg/m2. A coverage of
�3.4 mg/m2 for RmAb on a unpassivated glass capillary surface
was previously determined using ES-DMA [16]. Thus, we conclude
that acid treatment leads to a capillary surface with some exposed
silica that act as sites for RmAb adsorption.
4. Conclusions

We systematically compared size distributions obtained for
passivated and unpassivated capillaries at steady state and found
the size distributions to remain unchanged. Therefore, we, con-
clude that at least for the proteins examined in this study, protein
adsorption does not influence aggregate distributions measured at
steady state by ES-DMA. Although, size distributions of different
proteins in this study were obtained using differential mobility
analyzer, our findings apply to other techniques that use ES for
aerosolization of proteins as well (e.g. mass spectrometry). We also
presented a simple method of passivating capillaries with BSA and
gelatin and are able to quantify the coverages of these proteins
onto ES capillaries in situ using the ES-DMA. Although in the ES-
mass spectrometry community it is fairly common to passivate
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capillaries with polyethylene glycols (PEGs) [48] this is the first
time, to the best of our knowledge, that passivation for ES-DMA
has been systematically explored. We also found that gelatin pas-
sivated capillaries are effective in reducing non-specific adsorption
of immunoglobulins and are stable up to about 3 days within a pH
range of 4.8–9.0 although gelatin desorption was observed at low
pH (�2.1). In this regard, we also attempted to PEGylate our ES
capillaries (data not shown) with 5 kDa and 20 kDa silane PEGs
but found gelatin to perform significantly better compared to these
PEGs. In the future, the coating efficiency of gelatin (or other PEGs
or proteins) against several other proteins can also be studied fol-
lowing our approach.

5. Disclaimer

Reference to commercial equipment or supplies does not imply
endorsement by the University of Maryland or the National Insti-
tute of Standards and Technology.

Appendix A

A.1. Calculation of maximum theoretical coverage for a monolayer

The maximum possible number of proteins (Nprotein) that can
adsorb to the ES silica surface is given by:

Nprotein ¼
pDcapillaryLcapillary

pd2
protein

4

ðE1Þ

where Dcapillary and Lcapillary are the inner diameter and length of the
capillaries respectively and dprotein is the mobility diameter of the
protein as obtained with ES-DMA. As the DMA operates in the aer-
osol phase, we assume here, that the mobility diameter of the pro-
tein measured by DMA is the same as in the liquid phase. This
assumption may not always be valid as the conformation of the
protein may change upon adsorption. Further, the maximum theo-
retical coverage (C) can be determined by using:

C ¼
NproteinsMw

Nav

pDcapillaryLcapillary
ðE2Þ

Combining E1 and E2 we get,

C ¼ 4Mw

pd2
proteinNav

ðE3Þ

Where Mw is the molecular weight of the protein and Nav is the Ava-
gadro’s number. For calculating the theoretical monolayer coverage
of BSA, the molecular weight used was 66 kDa and the dprotein used
was 6.6 nm. Using this approach the theoretical coverage for BSA
was determined to be 3.2 mg/m2.

The molecular weight of the gelatin was unknown and hence
was determined to be 75 kDa by employing a molecular weight-
mobility size correlation developed previously [1] and the dprotein

used was 7.0 nm. This molecular weight predicted by ES-DMA is
in moderate agreement with previously obtained values in litera-
ture [37,38]. Using this approach the theoretical coverage for gela-
tin was determined to be 3.2 mg/m2.

A.2. Aerosol phase size distributions obtained for different proteins on
different surfaces

See Fig. A1.
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