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a b s t r a c t
Native mass spectrometry is widely used to determine the stoichiometries and binding constants of noncovalent interactions in solution. One challenge is that multiple analytes in a single electrospray droplet
can aggregate during solvent evaporation, which will bias the distribution of oligomeric states observed
during gas-phase measurements. Here, measurements of solution ﬂow rates, electrospray currents,
droplet size distributions, and nonspeciﬁc aggregation are used in conjunction with Poisson statistics
to characterize the factors that control nonspeciﬁc aggregation during typical native mass spectrometry experiments. Using electrokinetic nanoelectrospray ionization and a 30 nA current, low ﬂow rates of
less than 10 nL min−1 and initial droplets with mean diameters of ∼60 nm were observed. For solutions
containing 4 M analyte under these conditions, Poisson statistics and charge-reduction drift tube ion
mobility spectrometry both indicate that ∼90% of the desolvated, occupied droplets contain a single analyte. Initial droplet sizes and contributions from nonspeciﬁc aggregates both increase with increasing
current. Ion mobility mass spectrometry analysis of the ions produced using these conditions without
charge reduction exhibit even less nonspeciﬁc aggregation (∼2%). All approaches indicate that increasing the ionization current increases the ﬂow rate, droplet size distribution, and extent of nonspeciﬁc
aggregation. These results provide detailed insights into the role of small initial droplets in the success
of native mass spectrometry.
© 2016 Elsevier B.V. All rights reserved.

1. Introduction
In native mass spectrometry, intact protein and protein complex
ions are formed using electrospray ionization (ESI) from aqueous
buffered solutions that have a biologically relevant pH and ionic
strength. Native mass spectrometry is now widely used to characterize the stoichiometry [1–7] and binding constants [8–10] of
proteins, ligands, and metal ions in noncovalent complexes. For
example, native mass spectrometry has been used to characterize
intermediates in the assembly of disease-associated protein aggregates [1,3,7] and viral capsids [2,6,11]. Most studies implicitly or
explicitly assume that the oligomeric distribution of the ions analyzed in these experiments resemble those of the corresponding
noncovalent complexes in solution. However, if multiple analytes
in a single droplet aggregate during the evaporation of the solvent,
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the distribution of oligomeric states observed in the gas-phase measurements will be biased by the presence of nonspeciﬁc aggregates
[12–14].
The charged-residue model is most-often used to explain the
formation of multiply charged macromolecular ions. In this model,
neutral solvent molecules evaporate from the initial charged
droplet until the Coulombic repulsion exceeds the surface tension
of the droplet (the Rayleigh limit) [15–17]. At this limit, Coulomb
ﬁssion will result in the ejection of a progeny droplet with a smaller
radius and a fraction of the charges of the precursor droplet [15].
This process repeats until complete desolvation results in the formation of a multiply charged, gas-phase analyte ion. During solvent
evaporation, the concentration of solutes will increase, which may
result in the formation of nonspeciﬁc aggregates when multiple
solutes are present in a single droplet. The extent of nonspeciﬁc
aggregates is therefore linked to both the original droplet size distribution and the size distributions of progeny droplets formed
during ﬁssion events.
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Most fundamental studies of the ESI have used externally controlled solution ﬂows through capillaries with inner diameters of
tens to hundreds of micrometers [11,18–20], which will be referred
to as constant-ﬂow ESI. In contrast, most native mass spectrometry
experiments use comparatively smaller inner diameter capillaries without an externally applied pressure. The ﬂow rates in these
experiments depend on the electroosmotic ﬂow [21] of the solution that is induced by the applied electric ﬁeld, which we refer to
here as electrokinetic nanoESI. This implementation exhibits many
advantages including reduced sample consumption [22], adduction
of small molecules and ions [22,23], and nonspeciﬁc aggregation
of analytes [23]. For example, electrokinetic nanoESI of the E Coli.
chaperone GroEL yields well-resolved mass spectral peaks corresponding to different charge states of the biologically relevant
tetradecamer [23]. Constant-ﬂow ESI of the same sample using the
same mass analyzer yields signiﬁcantly broader peaks and relatively intense features corresponding to nonspeciﬁc dimers and
trimers of tetradecamers [23].
Many strategies have been used to characterize the extent of
nonspeciﬁc aggregation during ESI [24–27]. Klassen and coworkers pioneered the use of the “reporter molecule method” for
protein-protein [25] and protein-ligand [26] complexes, in which
measurements of the extent of aggregation during ESI for species
that do not interact in solution are used to quantify the contribution of nonspeciﬁc aggregation to observed gas-phase oligomer
distributions. The reporter molecule method reduces the bias of
nonspeciﬁc interactions to measurements of binding afﬁnities in
solution. However, from those measurements alone, it is challenging to determine the contributions from different aspects of the
ESI process, e.g., initial droplet sizes versus droplet ﬁssion, to nonspeciﬁc aggregation. Statistical approaches have also been used to
relate the extent of aggregation during ESI to the bulk concentration of the analyte and the number of copies of an analyte present
in a droplet, using either a log-normal distribution of diameters
[12,28,29] or discrete diameter [13,14,27] for the droplet. For example, Monte Carlo simulations suggest that the extent of nonspeciﬁc
aggregation observed in native mass spectrometry of solutions
containing different concentrations of a dimeric protein were consistent with the aggregation of analytes from a 24 ± 3 nm radius
droplet of the initial solution [27]. Using that effective droplet size,
Monte Carlo simulations agreed well with the observed extent of
aggregation during ESI for selected protein complexes that do not
form higher-order complexes in solution [27].
The objective of this study is to use Poisson statistics and measurements of droplet size distributions, ﬂow rates, and the extent
of protein aggregation during electrokinetic nanoESI as a function
of the ionization current to elucidate the factors that mitigate nonspeciﬁc aggregation in electrokinetic nanoESI. Low ﬂow rates (less
than 10 nL min−1 ) and small initial droplet diameters ∼60 nm are
observed at ionization currents near the threshold of ion formation
(30 nA). Both the ﬂow rate and initial droplet diameters increased
monotonically with ionization current; at 400 nA we observed evidence for initial droplets that had diameters of ∼500 nm, which
are comparable to those produced from constant-ﬂow ESI sources
[16,17,30]. Based on measured droplet sizes, probability calculations show the extent of nonspeciﬁc aggregation depends on
ionization current and analyte concentration. For example, the
majority of the occupied droplets that are less than 100 nm from
solutions with 4 M analyte contain a single analyte. In contrast,
the majority of occupied droplets that are greater than 100 nm from
solutions with 4 M analyte contain multiple analytes, which could
lead to nonspeciﬁc aggregation during desolvation. The predictions
from these calculations are generally consistent with our measurements of nonspeciﬁc aggregation observed from ion mobility
spectrometry of charge-reduced droplets containing myoglobin
and standard native ion mobility mass spectrometry experiments.

These results provide insights into the advantages of small initial
droplet diameters for obtaining accurate oligomeric distributions
of protein complexes in native mass spectrometry experiments.
2. Experimental methods
2.1. Electrokinetic NanoESI
The ion source used for these experiments consists of a platinum wire electrode inserted into a borosilicate capillary emitter
ﬁlled with ∼3 L of solution. The capillary has an inner diameter
of 0.78 mm that was pulled to a tip with an inner diameter of 1 to
3 m using a micropipette puller (Sutter Instruments Model P-97;
Novato, CA). A Bertan Power Supply (Model 205B-10R or 205B03R; Hauppauge, NY) controlled the potential of the platinum wire,
which was in direct contact with the solution. Ionization currents
were measured using a digital multimeter (Jameco Benchpro DT
830B; Belmont, CA) that was positioned between the power supply
and the platinum wire electrode. In most experiments, the electrospray potential was adjusted to maintain constant current.
2.2. Flow rate
Flow rates were determined using the difference in the weight
of the capillary before and after spraying at a constant ionization
current for a timed interval, then converting that difference to a
volume using the density of aqueous 200 mM ammonium acetate
(1.00 g cm−3 ). The capillary and tip holder were weighed using an
analytical balance (Mettler Toledo XS105; Columbus, OH). Errors
were propagated from the manufacturer’s speciﬁcation for the
accuracy of the balance (±0.01 mg) and are consistent with technical replicates. Mass spectra were acquired simultaneously using a
Waters Synapt G2 HDMS (Wilmslow, United Kingdom) to conﬁrm
ionization.
2.3. Apparent droplet size distributions
The distributions of droplet diameters produced by the electrokinetic nanoESI source were measured using charge reduction
ion mobility analysis with a differential mobility analyzer [31–35].
An ESI capillary containing 0.1% by volume sucrose in aqueous
200 mM ammonium acetate was positioned less than 5 mm from
a 10 mCi 210 Po source (Nucleospot; Grand Island, NY). This source
produces roughly equal concentrations of cations and anions from
trace species in the air [36] surrounding the sampled droplets. Via
droplet-ion collisions, droplets are charge reduced, which mitigates
Coulomb ﬁssion. Droplets hence evaporate with minimal ﬁssions,
leaving non-volatile residue clusters whose sizes (diameters) are
directly linked to the initial droplet size [37]. After exposure to the
210 Po generated ions, the residue clusters are additionally brought
towards a known charge distribution [38] in which most have
charges states of 0, −1, or +1, but multiply charged residue clusters
can remain if clusters do not achieve this steady charge distribution,
a common occurrence for droplets generated by ESI. The resulting
sucrose clusters were mobility-ﬁltered using a differential mobility
analyzer [39] (TSI Model 3085; Shoreview, MN) and detected using
a condensation particle counter [40] (TSI Model 3786), which were
operated as a scanning mobility particle sizer [41]. Using data inversion [42], the residue and droplet size distributions were inferred.
2.4. Drift tube ion mobility
In conjunction with charge reduction via 210 Po generated ions,
ion mobility measurements were also made on electrokinetic
nanoESI generated ions using a drift-tube ion-mobility spectrometer (DT-IMS) operated at atmospheric pressure with a counterﬂow
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rents were greater than those measured originally. The irreversible
change in ﬂow rate is attributed to physical deformation of the
capillary tip.
The ﬂow rates measured here are slower than those reported
previously for similar electrokinetic nanoESI sources in which the
potential was applied to a thin gold coating on the outside of the
capillary. For example, using gold-coated capillaries and ionization currents of 10, 16, and 10 to 145 nA, ﬂow rates of 20 [18], 20
[47], and 9–589 [19] nL min−1 , respectively, have been reported.
Those studies used different capillaries and solvents other than the
200 mM ammonium acetate used in this work, which may account
for the differences in ﬂow rate (e.g. different surface tensions). In
contrast, constant-ﬂow ESI sources generally use ﬂow rates in the
L min−1 range [18,20].
3.2. Initial droplet size distributions

Fig. 1. Representative ﬂow rates measured as a function of ESI current. When using a
new capillary at each current (blue circles), ﬂow rates remained less than 10 nL min−1
over a broad range of currents. When using a single capillary and monotonically
increasing the current (red squares), the ﬂow rates exhibited a sharp increase in
ﬂow rate at currents greater than 200 nA. The results shown using magenta triangles are from a replicate of the preceding experiment and exhibited similar trends.
Immediately after acquiring those results and using the same capillary, ﬂow rates
were measured using monotonically decreasing currents (black triangles). The latter
ﬂow rates are greater than those measured using monotonically increasing currents, suggesting that the capillary was compromised while using high currents.
The uncertainties in ﬂow rate are comparable to size of markers plotted.

of gas [43]. The drift region of the DT-IMS employed is 224 mm
long and consists of 20 stainless steel ring electrodes that have a
40 mm inner diameter, 10 mm width, and are separated by 2 mm
wide insulators. A 9 kV DC potential was applied to the ﬁrst ring
electrode; the potential decreases nearly linearly across the drift
tube [43] and establishes a uniform axial electric ﬁeld. After charge
reduction (again using a 210 Po source) and subsequent desolvation,
the ions entered the drift region and were separated based on their
mobilities and quantiﬁed by their arrival times at a condensation
particle counter placed downstream of the DT-IMS.
3. Results and discussion
3.1. Native electrokinetic NanoESI
Most ESI droplet size studies have used externally controlled
ﬂow rates and large inner diameter capillaries (10 s–100 s m,
constant-ﬂow ESI). These studies have shown that droplet sizes
depend on the applied voltage (and therefore ionization current)
[44], ﬂow rate [45], and capillary oriﬁce diameter [46]. In contrast, few studies have focused on the droplet sizes generated
from nanoESI using electrokinetic controlled solution ﬂow through
smaller inner diameter capillaries (less than 5 m), i.e., the conditions used most frequently for native mass spectrometry. To
investigate the effects of applied voltage, and therefore current,
on the ﬂow rates in electrokinetic nanoESI, a solution containing
4 M myoglobin from horse heart (selected arbitrarily) in 200 mM
ammonium acetate at pH = 7.0 was electrosprayed using a range
of currents and typical conditions for native mass spectrometry.
Flow rates of 1.2–6.4 nL min−1 were measured using currents from
30 to 260 nA (Fig. 1) and a different tip for each measurement. For
comparison, currents of less than 100 nA are used for most applications of native mass spectrometry performed in our lab. When the
same tip was used for each measurement, a sudden increase in the
ﬂow rate, to greater than 20 nL min−1 , was often observed using
higher ionization currents (between 220 and 280 nA). After this
sudden increase, subsequent ﬂow rates measured using lower cur-

To investigate the effects of ﬂow rate from the electrokinetic
nanoESI source on droplet size, charge reduction ion mobility measurements [31–35] of sucrose residue clusters were used to infer
droplet size distributions. The residue measurement approach (as
described in the Experimental methods) has been used previously
to characterize droplet size distributions from ESI and is considered a reliable, albeit indirect, means to estimate original ESI
droplet size [37]. Fig. 2A shows the distribution of apparent initial droplet diameters as a function of electrospray potential; the
corresponding currents are also shown. Fig. 3A shows the distribution of initial droplet diameters determined using an ionization
current of 30 nA, which is near the threshold for ionization. This
distribution has a mean diameter of ∼60 nm. However, we consider this to be an upper limit for the mean; the condensation
particle counter employed has a lower detection limit near 4.5 nm
[40], hence residue clusters corresponding to droplets smaller than
45 nm in diameter (4.5 nm and below) were not detected efﬁciently.
In most native mass spectrometry experiments, electrokinetic
nanoESI sources are operated near the threshold for ionization. Our
results indicate that this results in the formation of very small initial
droplets. These droplet sizes are considerably smaller than those
reported previously using constant-ﬂow ESI sources (even those
qualiﬁed as “nano-ESI” sources). Using similar implementations of
the residue measurement approach and constant-ﬂow ESI sources,
Chen et al. reported 280 nm droplets using a current of 300 nA [37]
and Hogan et al. reported 170.56 nm diameter droplets using currents of 200–300 nA [11]. Light scattering has also been used to
characterize the droplets produced by constant-ﬂow ESI sources,
but typically for droplets that are signiﬁcantly larger than those in
the present study (e.g., ∼25 m) [17].
Increasing the ionization current results in the formation of
larger droplets (Fig. 2A, subpopulation III). Interestingly, additional
features are also present at currents greater than 50 nA. For example, the distribution of apparent droplet diameters determined
using an ionization current of 75 nA is shown in Fig. 4A and exhibits
features for subpopulations with mean apparent diameters near
220, 140, and 75 nm. With increasing ionization current, features
for three subpopulations (labeled I, II, and III, respectively) persist
with monotonically increasing diameters.
We propose two possible assignments for subpopulations I and
II. The ﬁrst candidate assignment is that subpopulations I and II
correspond to the progeny droplets resulting from Coulomb ﬁssion from subpopulations II and III, respectively. Though satellite
features have been detected in prior examinations of ESI generated droplets (leading to bimodal distributions) [15,37,48], the
appearance of such monomodal progeny distributions has not been
reported in other studies using the residue measurement approach.
This result would be consistent with droplet ﬁssion occurring faster
than charge reduction. The rate of droplet evaporation (in terms
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Fig. 3. (A) Droplet size distribution measured using an electrospray current of 30 nA.
The total probability for each aggregate number was calculated using Eq. (3), the
experimental droplet size distribution in (A), and analyte concentrations of 0.4 (B),
4 (C), and 40 (D) M.

Fig. 2. (A) A heat map of apparent droplet diameters as a function of increasing
potential/current. As the ionization current increases, the initial droplet diameters
increase (subpopulation III) and additional features appear (subpopulations I and
II). (B) The masses of the progeny droplets relative to the parent droplets based on
the apparent diameters for subpopulation II from subpopulation III (turquoise pentagons), subpopulation I from subpopulation II (purple diamonds), and subpopulation
I from subpopulation III (orange stars).

of diameter) increases with decreasing droplet size [49], therefore smaller droplets can more readily access the Rayleigh limit
before they are fully charged reduced relative to larger droplets produced using constant-ﬂow electrospray sources. For comparison,
modelling of collisions between charged particles and a charged
aerosol that is 200 nm in diameter suggests that charge reduction
will occur on a millisecond timescale [50], whereas droplet ﬁssion
from submicron droplets above the Rayleigh limit can occur on the
microsecond time scale [48].
Fig. 2B shows that, using the ﬁrst candidate assignment, the
volumes of the droplets in subpopulation II are 20%–30% of those
in subpopulation III. These values are similar to those reported in
early measurements of mass loss during droplet ﬁssion of micronscale droplets [51], but considerably greater than values reported
based on more contemporary measurements (1%–5%) [17,52–54].
Although those studies [17,51–54] all probed droplets that were
considerably larger (4–200 m), the signiﬁcant differences in mass
loss strongly disfavor the assignment of subpopulation II as the
progeny of subpopulation III. Furthermore, the formation of such
large progeny droplets (20%–30% relative mass) would signiﬁcantly
broaden subpopulation III due to the loss of mass from the parent
droplets.

The second candidate assignment is that subpopulation II is
composed of doubly charged analogues of subpopulation III, which
would have greater mobility and appear to have smaller diameters
in this analysis that assumes that all ions are singly charged. Subpopulation I is then assigned to the progeny droplets formed via
Rayleigh ﬁssion of droplets that appear as subpopulations II and III.
Fig. 2B shows that, using these assignments, the droplets in subpopulation I have comparable relative volumes to those reported
previously [17,52–54]. Furthermore, the actual diameters of doubly
charged forms of subpopulation II would be twice their apparent
diameters, which would be similar to, albeit slightly larger than,
the apparent diameters observed for subpopulation III. Therefore,
these results are most consistent with the second candidate assignment and the presence of a non-negligible number of multiply
charged residues remaining in the aerosol phase after exposure to
the charge reduction source.

3.3. Theoretical nonspeciﬁc aggregate distributions
The frequency of nonspeciﬁc aggregates, assuming analyte
concentrations of 0.4, 4.0, and 40 M was predicted from the experimental droplet size distributions using the Poisson distribution.
First, the mean aggregate size (number of monomers per aggregate), n̄, is:

n̄ (D, C) = C ×

4
3

 D 3
2

× NA

(1)
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Fig. 4. (A) Droplet size distribution measured using an electrospray current of 75 nA,
which includes contributions from subpopulations I, II, and III. The probability for
each aggregate number was calculated using Eq. (3), an analyte concentration of
4 M, and assuming that the distribution of apparent droplet diameter accurately
reﬂects the actual distribution of droplet diameters. (B), (C), and (D) show results for
subpopulations I, II, and III, respectively. (E) shows the probability for each aggregate
number calculated for the entire distribution using the same assumption. (F) shows
the probability for each aggregate number calculated assuming that subpopulation
II is for doubly charged ions; thus the actual diameters are twice the apparent diameters. Analogous plots determined using concentrations of 0.4 and 40 M are shown
in Figs. S1 and S2, respectively.

where D is the droplet diameter, C is the analyte concentration, and
NA is Avogadro’s number. Assuming Poisson statistics, the probability of each aggregate size, n, is:
P (n, D, C) =

n̄(D, C)n e−n̄(D,C)
n!

(2)

Prior studies using Eq. (2) to examine ESI-induced aggregation
used either a log-normal distribution [12,28,29] or a discrete diameter [13,14] for the droplet. Here, we consider the total aggregate
distribution expected from these experiments, which depends on
the experimental droplet size distribution I(D) and Eq. (2):
Ptotal (n, C) =



D

[I (D) P (n, D, C)]

(3)

Note that this approach does not account for the volume of
the analyte. This effect is expected to be negligible for small proteins and aggregate sizes, but it will be increasingly signiﬁcant with
increasing droplet occupancy and analyte size. Furthermore, this
analysis does not consider any protein-speciﬁc effects that may
affect nonspeciﬁc aggregation.
The total aggregate distribution expected for the apparent
droplet size distribution shown in Fig. 3A was calculated using
concentrations of 0.4, 4.0, and 40 M and are shown in Figs. 3B,
C, and D, respectively. This analysis suggests that the fraction of
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occupied droplets containing a single analyte is 98%, 83%, and 24%
for 0.4, 4, and 40 M analyte concentrations, respectively. Thus
when using the lowest concentrations and an ionization current
of 30 nA, which is similar to that used in many structural biology
applications, excellent ﬁdelity between the aqueous and gas-phase
oligomeric states will be achieved.
The distribution of apparent droplet diameters determined
using an ionization current of 75 nA is shown in Fig. 4A and exhibits
features for subpopulations with mean apparent diameters near
220, 140, and 75 nm (III, II, and I, respectively). The total aggregate distribution expected for each subpopulation assuming that
the apparent droplet diameters accurately reﬂect the actual droplet
diameters and a concentration of 4 M are shown in Figs. 4B, C,
and D, respectively. This analysis suggests that 67% of the occupied
droplets within subpopulation I contain a single analyte, which will
yield ions with the correct stoichiometry after desolvation, whereas
33% contain multiple analytes, which may yield nonspeciﬁc aggregates (Fig. 4B). Occupied droplets within subpopulation II are large
enough to contain a wider range of aggregate sizes with a 19%
probability of containing three analytes (trimer, Fig. 4C). Greater
than 99% of droplets that are within subpopulation III contain multiple analytes (Fig. 4D). Therefore, oligomeric state distributions
determined using droplets that are ∼200 nm or larger will deviate
radically from the corresponding solution-phase distributions.
The total aggregate distribution for the entire apparent droplet
size distribution using a concentration of 4 M is shown in Fig. 4E.
This analysis suggests that 24% of the occupied droplets contain a
single analyte, whereas 76% contain multiple analytes and may lead
to nonspeciﬁc aggregates. As discussed earlier, it is likely that subpopulation II is attributable to doubly charged ions. In that case, the
actual diameters of these droplets are likely twice that of the apparent diameters due to their increased mobilities. The actual volumes
of those droplets are eight-fold greater than that suggested by their
apparent diameters. Fig. 4F shows the total aggregate distribution
expected using those assignments. This analysis suggests that only
19% of the droplets contain a single analyte, whereas 81% contain
multiple analytes. Analogous distributions determined using the
75 nA droplet-size distribution and analyte concentrations of 0.4
and 40 M are shown in Supporting information Figs. S1 and S2,
respectively, which further illustrate the advantage of using lower
analyte concentration to mitigate nonspeciﬁc aggregation.
3.4. Nonspeciﬁc aggregation during native charge-reduction ESI
The effects of current and concentration on nonspeciﬁc aggregation were measured experimentally using varying concentrations
of myoglobin in aqueous 200 mM ammonium acetate solutions.
Myoglobin is a 17.6 kDa protein that exists as a monomer in solution, thus, the presence of higher-order oligomers can be attributed
to nonspeciﬁc aggregation. ESI droplets were charge reduced using
210 Po and the resulting ions were analyzed using an atmospheric
pressure aspirating drift tube ion mobility spectrometer (DT-IMS)
[43]. Separation in drift time depends on analyte size and shape,
therefore, drift times increase with increasing oligomeric size.
The drift times measured using 4 M myoglobin solutions
and ionization currents ranging from 30 to 200 nA are shown in
Fig. 5A. The intense feature centered near 2.50 s corresponds to
monomeric myoglobin. Features at longer drift times correspond
to higher-order oligomers of myoglobin. At the lowest stable current measured from the electrokinetic nanoESI source (30 nA),
monomeric myoglobin was observed predominately (at least 90%
relative abundance). This result is consistent with that from Poisson
statistics that estimated 83% monomeric abundance for the apparent droplet size distribution measured at 30 nA. As the ionization
current was increased, a feature corresponding to a relatively low
abundance of nonspeciﬁc dimers appeared near 3.25 s. At 200 nA,
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Fig. 5. (A) DT-IMS arrival-time distributions for 4.0 M myoglobin in 200 mM ammonium acetate measured using currents of 30, 80, 150, and 200 nA with charge reduction.
Increasing current increases the abundance of higher-order aggregates. (B) DT-IMS arrival-time distributions for 0.4, 4.0, and 40 M myoglobin measured using a current of
30 nA with charge reduction. Nonspeciﬁc dimers increase greatly in intensity with increasing concentration. (C) Mass spectra for 4.0 M myoglobin measured using currents
of 30, 90, 150, and 200 nA. (D) Mass spectra of 4.0, and 40 M myoglobin measured using a current of 30 nA. (E) summarizes the results in (A) and (C). (F) summarizes the
results in (B), (D), and that obtained using the apparent droplet size distribution shown in Fig. 3A and Poisson statistics.

features that are assigned to trimers (4.00 s) and tetramers (4.75 s)
also appeared. These results are generally consistent with the analysis based on apparent droplet size measurements and the Poisson
distribution, which indicate a signiﬁcant increase in the extent of
nonspeciﬁc aggregation with increasing ionization current and the
concomitant increase in droplet sizes.
To test the dependence of nonspeciﬁc aggregation on concentration, increasing concentrations of myoglobin (0.4, 4.0, and
40 M) in 200 mM ammonium acetate (Fig. 5B) were analyzed
using DT-IMS. A 30 nA current was used to minimize the formation
of larger droplets. Consistent with the analysis above, increasing
concentrations of myoglobin result in the formation of higher-order
nonspeciﬁc aggregates due to increased droplet occupancy.
The percent of detected myoglobin monomer was calculated as
functions of current (Fig. 5E) and concentration (Fig. 5F). When
droplets were charge-reduced, there was a signiﬁcant decrease
in the relative abundance of monomer, from 91% to 59%, with
increasing current. Therefore, there was a concomitant increase
in nonspeciﬁc aggregate formation with increasing current. This
trend also occurred with increasing concentration of myoglobin at
a constant ionization current of 30 nA; the presence of monomer
decreased from 91% to 65% with increasing concentration. These
results are greater than the predicted percent monomer as a function of concentration determined using the apparent droplet size
distribution in Fig. 3A and Poisson distribution (Fig. 5F), which
decreases from 99% to 24% over the same range of concentrations.
These differences suggest that the DT-IMS instrument may have a
detection bias or that not all proteins in a single, charge-reduced
droplet go on to form nonspeciﬁc aggregates.
3.5. Nonspeciﬁc aggregation during native ESI
The preceding experiments all used charge-reduction ESI, in
which ESI is performed in the presence of 210 Po that reduces the
number of charges on the droplets and inhibits Rayleigh ﬁssion
[37]. In contrast, most native mass spectrometry experiments do
not use charge reduction during ESI and the resulting droplets are
more likely to exceed the Rayleigh limit and undergo Coulomb ﬁssion. In order to investigate these effects, nonspeciﬁc aggregation of
myoglobin was characterized as a function of analyte concentration
and ionization current using native electrokinetic nanoESI.
Ion mobility mass spectra from solutions containing 4.0 and
40 M myoglobin were measured using a range of ionization cur-

rents (mass spectra shown in Fig. 5C). The spectrum of 4.0 M
myoglobin ions at an ionization current of 30 nA was additionally
compared to a spectrum of 40 M myoglobin ions at the same ionization current (Fig. 5D). With an increase in concentration, there
was a shift to higher m/z due to adduction of small ions. The arrival
time distributions conﬁrmed that the peaks for the monomers and
dimers appear at unique m/z values in these experiments.
For multiply charged droplets, the relative abundance of
nonspeciﬁc aggregates (∼2%) depended weakly on current and concentration over the ranges investigated. This result is consistent
with the increased formation of smaller droplets resulting from
ﬁssion events (Figs. 5E and F). Furthermore, this result suggests
that monomeric ions resulting from these smaller droplets are
detected with greater efﬁciency in the IM-MS experiments than
the corresponding ions of aggregates from larger droplets. This
result is in contrast to experiments using charge-reduced droplets
that preserved monomeric oligomers at low currents (less than
50 nA) and concentrations (0.4 M), but produced increasing abundances of higher-order aggregates with both increasing current
and concentration. However, the relative abundance of monomers
in the DT-IMS experiments is still less than expected based on
the analysis of droplet size distributions measured using the same
charge-reduction ESI source.
4. Conclusions
Over the last two decades, native mass spectrometry has established itself as a powerful tool for determining the stoichiometry
and binding constants of noncovalent interactions in solution. This
approach leverages the ﬁdelity between the distributions of noncovalent complexes in solution and in the gas phase, although
any nonspeciﬁc aggregation that occurs during the ionization process will bias these results. In this work, we evaluated the factors
that contribute to nonspeciﬁc aggregation in native electrokinetic
nanoESI using measurements of ﬂow rate, current, droplet size distributions, and nonspeciﬁc aggregation in conjunction with Poisson
statistics. These results show that using a typical ionization current
(30 nA) and concentration (4 M) for native mass spectrometry,
electrokinetic nanoESI yields low ﬂow rates (less than 10 nL min−1 )
and small initial droplets (∼60 nm diameters) that predominately
contain up to 1 analyte. Increasing the ionization current results
in the formation of larger initial droplets that are more likely to
contain multiple analytes, which may aggregate during solvent
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evaporation and result in the formation of nonspeciﬁc aggregates
that would bias the gas-phase measurement.
Most of the experiments reported here used charge reduction
during ionization, which reduces the number of Coulomb ﬁssion
events that occur during desolvation. The formation of progeny
droplets decreases the fraction of occupied droplets that contain
multiple analytes, consistent with decreased nonspeciﬁc aggregation observed in experiments without charge reduction relative
to experiments with charge reduction. The combination of very
small initial droplet sizes (∼60 nm) and increased droplet ﬁssion
in electrokinetic nanoESI without charge reduction has enabled the
success of native mass spectrometry in quantifying the stoichiometries and afﬁnities of noncovalent interactions in solution, even at
M concentrations.
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