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Abstract

Detection of native proteins, particularly directly from raw biological samples, has been a
challenging task for mass spectrometry. In this study, we demonstrated that solid-substrate
electrospray ionization mass spectrometry with nonpolar solvents such as n-hexane could allow
detection of native proteins and protein complexes directly from raw biological samples.
Mechanistic study revealed that the process involved rapid vaporization of the nonpolar
solvent, temperature reduction of substrate surface, condensation of water from the ambient
air, and spray ionization of the condensed water with analytes under the electric field. The fine
spray with water at low temperature allowed the technique to detect native proteins, even
directly from viscous samples (e.g., egg white) and solid samples (e.g., bone marrow). This
study sheds new insight into the sampling and ionization process of mass spectrometry and

provides a technique of great potential for characterization of proteins.
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1. Introduction

Characterization of proteins plays a critical role in fundamental and applied research in
chemistry, biology and medicine. Techniques such as mass spectrometry (MS) [1, 2],
nuclear magnetic resonance spectroscopy [3, 4] and X-ray crystallography [5, 6] are
widely used for investigation of protein structures, conformations and interactions.
Compared with other techniques, MS is advantageous in speed, sensitivity and
specificity for characterization of proteins. Electrospray ionization (ESI) is a very gentle
ionization technique in MS and has been commonly used to measure protein masses and
investigate protein conformations and interactions [7-9]. Under ESI conditions, a
protein is typically detected as a charge state distribution (CSD) that could be related to
the protein conformation [7-9]. Native MS has been developed to enable detection of
proteins in their native states [2, 10-15]. Such studies typically involved desalting and
buffer exchange of the raw protein solutions into aqueous solutions with volatile buffers
such as ammonia acetate, and analysis of the resulting solutions under very gentle ESI
(or nanoESI) conditions. Direct detection of native proteins and protein complexes from
real-life raw biological samples still poses a big challenge to MS, mainly due to the
signal suppression of interferences such as salts and matrices present in the raw samples
and the fact that conventional ESI cannot directly analyze some forms of samples such

as viscous samples and solid samples.

In the last decade, ambient mass spectrometry was developed for direct analysis of raw
samples under atmospheric conditions [16-20], and proteins have been the important
analytes of these research efforts [18]. Various ambient ionization techniques, including
desorption ESI (DESI) [20-23], nano-DESI [24], liquid-sample DESI [25, 26],

electrospray laser desorption/ionization (ELDI) [27], extractive ESI [28, 29] and liquid
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extraction surface analysis (LESA) [30] and others [18, 23] have been employed for
analysis of proteins from various samples. However, very few successes have been
achieved in direct detection of native proteins and protein complexes from real-life raw

biological samples [18].

In recent years, much attention has been paid to electrospray ionization on solid
substrates (e.g., copper coil, stainless steel needle, paper, wooden tip, aluminium foil
and biological tissue) [31-38]. Unlike conventional ESI that uses capillaries that are
relatively closed and with inert and smooth surfaces, solid-substrate ESI uses substrates
with surfaces that can be porous and contain active functional groups for sample loading
and ionization, and the samples on the substrates are exposed to the ambient air during
the analysis [39]. Solid-substrate ESI thus can be used to directly analyze various forms
of samples, and it has shown some features that are different from those of conventional
capillary-based ESI. For example, it was found that ESI with stainless steel needles was
more tolerant to salts and detergents for analysis of protein solutions [40, 41] and ESI
with porous tips enabled separation and detection of proteins based on their sizes and
shapes [38]. With simple sample preparation, ESI with paper tips (paper spray) could
detect noncovalent protein complexes from human blood detritus without plasma [42].
Another interesting feature is that, unlike capillary-based ESI that typically uses
relatively polar solvents such as water, methanol and acetonitrile as the ionization
solvents and considers nonpolar solvents such as n-hexane as non-ESI-friendly solvents
[43], ESI with paper [44] showed that nonpolar solvents such as n-hexane could allow
ionization of small molecules including drugs, peptides, nucleotides and phospholipids.
However, the mechanism for this is still obscure [44]. In this study, we demonstrated

for the first time that solid-substrate ESI-MS with nonpolar solvents could allow



detection of native proteins, even from raw biological samples, and systematically

investigated its underlying mechanism.

2. Experimental

2.1. Chemicals and materials

Proteins (lysozyme and myoglobin), chemicals (D20 and reserpine) and organic
solvents (n-alkanes) used in this study were purchased from Sigma (St. Louis, MO,
USA). Water was Milli-Q water generated from a Synthesis A10 Milli-Q water
generator (Millipore, Billerica, MA, USA). Wooden tips (wooden toothpicks, brand:
Bestbuy), fresh eggs, and fresh porcine ribs were purchased from ParknShop (Hong
Kong). The tip-end OD of the wooden tips was originally ~ 0.5 mm and further cut to ~
0.2 mm before use [33]. The pore sizes of the wooden tips were at micrometer levels as
measured using a scanning electron microscope (SEM) (Model: VEGA 3, TESCAN,
Czech Republic) (see Figure S-1 for the SEM images), and the water content of the
wooden tips was 9.34 + 0.03 % (w/w) (n = 3) as measured by comparing the weights of
the wooden tips before and after drying in an oven (Model: UM 400, Memmert-GmbH

& Co., KG, Germany) at 105 °C for 6 hours.

2.2. Mass spectrometric analysis of proteins

NanoESI-MS: NanoESI-MS experiments were carried out on a quadrupole time-of-
flight mass spectrometer (Q-TOF2, Micromass, Manchester, UK). High voltage and
cone voltage were set at 1.8 kV and 30 V, respectively. The ion source temperature was

set at 20 °C. The collision gas was set at 15 psi, and the collision energy was 10 eV.



NanoESI emitters, i.e., nanoESI needles, were home-made with glass capillaries using
a puller (Sutter Instrument, Novato, CA, USA) and a coater (Quorum Technologies,

West Sussex, UK).

Wooden-tip ESI-MS: As shown in Figure la, similar to nanoESI needles, wooden tips
(diameter: 2.0 mm, tip-end size: ~ 0.2 mm, length: 1.5 cm) were held by the Z-spray
nanoESI ion source device (Micromass, Manchester, UK), as described in our previous
work.*® High voltage and cone voltage were set at 3.5 kV and 30 V, respectively. The
ion source temperature was set at 20 °C. The collision gas was set at 15 psi, and the
collision energy was 10 eV. These wooden tips were perpendicularly placed to the mass
spectrometer inlet with the tip end ~ 8.0 mm away from the MS inlet. To prepare a fixed
amount of analytes (e.g. reserpine: 100 ng), 10 pL solution of analytes was loaded onto
the wooden tips by pipette tips and then dried in the air for at least 20 minutes. Solid
powders of protein standards (less than 1 mg) and fresh egg white (5 puL) were directly

deposited onto the wooden tips for the analysis.

Solid-substrate ESI-MS of bone marrow: As shown in Figure 1b, bone marrow was cut
into a triangle (sharp-end size: ~ 0.2 mm, bottom width: 2.0 mm, thickness: 1.0 mm,
length: 4.0 mm, weight: 6.7 mg), pre-deposited with ammonium acetate powder (less
than 0.1 mg), and was held with a metal clip to connect the high voltage supply of the
mass spectrometer, as described in our previous work [45]. The biological tissue
triangles were put parallel to the MS inlet with the sharp end ~ 8.0 mm away from the

MS inlet.

Other MS settings: Various parameters, including the voltage of microchannel plate, MS
profile and pumping pressure, were optimized to enhance the detection of native
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proteins from the samples. The collision gas was set at 15 psi and the collision energy

was set at 10 % - 30 % for the MS/MS experiments with the isolation width of 4 Da.

2.3. Others

Loading of non-polar solvents: Aliquots of non-polar solvents (e.g., 10 pL of n-
alkanes) were rapidly loaded onto wooden tips and biological tissue using a micro-
syringe (syringe code: 10F-7, syringe volume: 10 pL, SGE Analytical Science, Victoria,
Australia) with a long (length: 70 mm) and small (OD: 0.47 mm) needle to eliminate

evaporation of the nonpolar solvents before loaded onto the substrates.

Control of atmospheric conditions: The room temperature was at 20 = 0.5 °C and the
relative humidity was at 60.0 + 2.0 % in the laboratory. A nebulizer of water (Agilent
Technologies, Santa Clara, CA, USA) was used to increase the humidity and gas flow
of dry nitrogen was used to reduce the humidity. Relative humidity was monitored by a

digital hygrothermograph (Tecpel Co., Ltd, Taipei, Taiwan).

Measurement of temperature: Temperature changes of wooden tips during evaporation
of n-alkanes were measured using an Infrared Thermometer (model: ST663, Sentry
Optronic Corp, Taipei, Taiwan), which shot a laser (diameter: 1-2 mm) onto the surface

of the wooden tip to measure the local temperature of the surface.

Video recording: Growth and melting of ice dendrites as well as spray ionization on the
wooden tips with pentane (or hexane) was visualized and recorded using a Sony T20

camera (Japan) with the assistance of a KL 1500 LCD halogen cold light lamp (Schott,



Mainz, Germany). Optical images of the ESI plume (Figure 4 and Figure S-3) were

extracted from Video.

3. Results and discussion

3.1. Analysis of proteins

Powder of lysozyme, a typical protein sample, was attempted for analysis using this
technique with a wooden tip and hexane as the added solvent. As shown in Figure 2a,
very good signals of lysozyme were observed and the narrow charge state distribution
(CSD) at high m/z range indicated that the protein was detected in its native state. To
further confirm this, a myoglobin powder sample was analyzed (Figure 2c), and intact
myoglobin without loss of the heme was observed at narrow charge states,
demonstrating that the protein was detected at its native state. To our knowledge, this
might be the first observation of directly using nonpolar solvents for ESI-MS analysis
of proteins. Measurement using dried solution sample showed that 10 pmol lysozyme
could gave S/N > 3, indicating the high sensitivity of the technique. Compared with the
spectra obtained by nanoESI-MS analysis of aqueous solutions of lysozyme and
myoglobin (Figures 2b and 2d), the spectra obtained by wooden-tip ESI-MS with n-
hexane (Figures 2a and 2c) offered more narrow CSDs centred at higher m/z values.
These observations were inconsistent with the previous assumptions that the ionization
of analytes with nonpolar solvents might involve field desorption or spray ionization
with nonpolar solvents [44], since native proteins normally are difficult to be detected
by field desorption, which also typically does not generate a charge-state distribution of
the analyte, and the proteins are not soluble in n-hexane [46, 47]. These results also

indicated that n-hexane might not be the actual ionization solvent.



3.2. The role of moisture in the ambient air

To obtain insight into the ionization mechanism, we first investigated the source of
protons for protonation observed in the spectra. Reserpine was analyzed using the
technique with D>O sprayed in the ambient air, in comparison with that obtained with
H>O at the same relative humidity (Rh), i.e., 70%. As shown in Figures S-2a and S-2b,
addition of D2O in the ambient air significantly increased abundance of m/z 610 that
corresponded to [reserpine+D]". Furthermore, as showed in Figures S-2¢ and S-2d, the
addition of D>O in the ambient air for analysis of lysozyme caused increased m/z values
of the protein ions, indicating that some mobile hydrogens of the protein exchanged with
the deuteriums. This could be caused by the hydrogen/deuterium exchange occurred in
the gas phase, or more likely that the moisture in the ambient air was condensed to serve

as the solvent for the ionization.

To confirm the role of the moisture in the ambient air, the effect of the relative humidity
of the ambient air on the detection of analytes was investigated. Wooden-tip ESI-MS
was used to analyze reserpine pre-deposited on the tip end at a humidity range of 52% -
90% in the ambient air, with n-hexane as the added solvent. As shown in Figure 3a, the
detected intensity of reserpine was found to increase linearly with the increasing
humidity. This result was reasonable since at higher humidity more water could be
condensed to dissolve more analyte to be detected, and further confirmed that the
condensed water was responsible for ionization of the analytes. Effects of humidity on
the ionization behavior of analytes had only been previously reported in plasma-based
ionization methods [48-50]. This study showed its effect on ionization of ESI-based

techniques and provides an additional pathway for protonation of analytes.



3.3. Effects of non-polar solvents

Different nonpolar solvents, e.g., n-alkanes with carbon number from 5 to 10, have
different evaporation rates [51] and thus different efficiency for water condensation. In
this study, reserpine deposited on wooden tip was analyzed with various n-alkanes, in
order to investigate their effects on the analysis. As shown in Figure 3b, the signal
intensity of reserpine was found to be well correlated with the carbon number and
evaporation rate of the solvent. The strongest intensity of reserpine was obtained with
n-pentane, which has the fastest evaporation rate [51] and could lead to the lowest
surface temperature (-14.3 + 0.4 °C) and largest amount of water condensed to dissolve
more analytes on the surface of wooden tip. Solvent evaporation and water condensation
was also remarkable for n-hexane, but was significantly reduced for the higher
homologues (C7 - C10) with lower evaporation rates [51], correspondingly leading to
higher temperatures on the substrate surface (0.1 + 0.4, 13.4 + 0.5, 14.7 £ 0.4, 17.8 =
0.3 and 18.2 + 0.3 °C for n-hexane, n-heptane, n-octane, n-nonane and n-decane,
respectively, as measured), less water condensed for analyte dissolution, and shorter

signal duration (Figure S-3) and weaker accumulated signals of the analyte.

As shown in Figure S-3, n-pentane offered the longest but fluctuant signals. This was
believed to be related to formation of ice dendrites that were only available with n-
pentane. We propose that when n-pentane was used, the analyte on the substrate surface
was initially dissolved in the condensed water which was immediately frozen and grown
into ice dendrites. The ice dendrites were quickly melted and electrospray was induced
from their tips. Some tips of the ice dendrites might not contain any analyte, but the
nearby ice that contained the analyte were melted at the same time and moved to the

spraying tip end to produce signals. This process, together with the multiple sprayings
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from different dendrites (see Figure 4a), caused the signal fluctuation. n-hexane offered
stable and relatively strong signals of the sample. A photo of wooden-tip ESI with n-
hexane as the added solvent is shown in Figure S-4. A spray plume much smaller than

that of normal wooden-tip ESI [37] could be observed.

Compared with other n-alkanes used for the investigation, n-pentane has a much higher
evaporation rate, and formation of ice dendrites was observed when n-pentane was used
as the added solvent (Figure 4a), a result that was consistent with the previous
observation [44]. In this study, the growth of ice dendrites and their roles in the
ionization process were investigated. The applied electric field was found to have
significant effect on the growth of the ice dendrites. As shown in Figure 4b, without
electric field, only ice was observed on the tip surface; under lower electric fields (i.e.,
0.5 - 2.0 kV), ice dendrites were formed but only at the tip end, presumably due to
intensification of the electric field at the tip end, and the length of ice dendrites increased
with the increased voltage; under higher electric fields (i.e., 2.5 - 4.5 kV), ice dendrites
grew more and more in a wider range of the tip surface with the increased voltage, but
the length of the ice dendrites no longer increased. This observed effect of electric field
on the growth of ice dendrites was believed to be caused by the electric field accelerating
the flux of water and the substrate (i.e., the wooden tip) providing a suitable electro-
nucleation for formation of ice dendrites [52-54]. The ice was found to melt almost
immediately, and under the applied electric field, spraying was observed from the ice
dendrites and wooden tip (see the video in Supporting Information), generating the mass
spectra. The applied electric-field induced formation of ice dendrites as well as spray

ionization with the melting of ice.

3.4. Mechanism of solid-substrate ESI-MS with nonpolar solvents
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According to the above observations, as shown in Figure 1c, the mechanism of solid-
substrate ESI-MS with nonpolar solvents was proposed as below: 1) The added low-
boiling-point nonpolar solvent is rapidly evaporated, causing absorption of heat, rapid
reduction of ambient temperature, and subsequently rapid condensation of water in the
ambient air onto the substrate surface. 2) Under the applied electric field, spray
ionization is induced from the sharp end of the solid substrate and ice dendrites with the
condensed or melted water as the solvent. Nonpolar solvent is evaporated mainly before
or during the spray process, and the observed spectra are about the analytes in the water.
Non-polar solvents enable condensation of water from the ambient air and allow the
spray ionization to occur at lower temperatures and with fine plume. These are believed

to lead to detection of proteins in their native states.

3.5. Detection of native proteins from egg white

The technique was then explored for detection of native proteins from raw biological
samples. n-Hexane was chosen as the non-polar solvent for the analysis due to its stable
and reasonably high signals. In this study, the technique was attempted to detect proteins
from raw egg white, which contains proteins such as lysozyme and ovalbumin that are
of importance to biological properties and nutritional values [55-57]. Egg white is highly
viscous and contains complex biological matrices, and direct detection of native proteins
from egg white has represented an analytical challenge. Although some MS techniques
have been recently developed for direct analysis of viscous samples, they are limited to
analysis of small molecules [58-60], and successful detection of intact proteins from egg
white typically requires extensive sample preparation prior to the MS analysis [61]. In
this study, ~ 5 pL of fresh egg white was deposited onto a wooden tip and analyzed with

n-hexane as the added solvent. As shown in Figure 5a, lysozyme and ovalbumin were
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predominately observed in the spectrum. Ovalbumin was observed with a narrow CSD
at +10, +11 and +12, an observation that was in agreement with the results obtained for
detection of native ovalbumin using a modified equipment for analysis of ovalbumin
standard in buffer solution [61]. For lysozyme, the observed narrow CSD at +7, +8 and
+9 was in good agreement with that previously obtained using the present technique for
analysis of the lysozyme standard (Figure 2a), confirming the observation of native
lysozyme from the raw sample. According to the concentration of lysozyme in fresh egg
white (~ 0.34 % (w/w)) [55, 62], the analyzed egg white sample contained ~ 1.2 nmol
lysozyme. The unambiguous detection of native lysozyme from egg white indicated the
good sensitivity of the technique for detection of native proteins from raw samples. It
was noted that the lysozyme peaks obtained from the egg white (Figure 5) had slightly
larger m/z values than those from the standard (Figure 2a), i.e., m/z 1599.0, 1800.0 and
2062.9 vs.1590.4, 1789.1 and 2044.6 for +9, +8 and +7 ions, respectively,
corresponding to a mass increase of 90 Da. lon at m/z 1800 (+8) was selected for
collision-induced dissociation and fragment ions corresponding to loss of 1, 2, 3, 4 and
5 water molecules were observed in the MS/MS spectrum (Figure S-5), suggesting that
the detected lysozyme from egg white non-covalently bound five water molecules (~ 90
Da). This might be resulted from the incomplete desolvation, but it was more likely that
lysozyme in fresh egg white originally bound five water molecules, since such an
addition of 5 water molecules was not observed for the lysozyme standard under similar
conditions. It has been reported that some proteins bind small molecules such as water
to modulate their structures and functions in biosystems [63, 64]. This study provides

new insight into the lysozyme structure and interactions in fresh egg white.

3.6. Detection of noncovalent protein complexes from bone marrow
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The technique was also attempted for detection of noncovalent protein complexes from
raw solid biological samples. Bone marrow can produce red blood cells via
hematopoiesis and is associated with many diseases such as multiple myeloma and
myelodysplastic syndrome [65, 66]. In this study, a small piece of porcine bone marrow
was held with a metal clip connected to the high voltage, and directly analyzed with n-
hexane as the added solvent. As shown in Figure 5b, intact hemoglobin, which consists
of four subunits (i.e., 2a and 2p) and one heme group in each subunit, was detected in
the spectrum. Dimers (02 and 32) and monomers (a and ) of the subunits and the heme
were also observed, presumably because that hemoglobin had been partially denatured
in the sample when analyzed. Lipids, another important composition of bone marrow,
were also detected, but were much less and at much lower abundances, compared with
the spectrum previously obtained using methanol containing 0.1 % formic acid as the
added solvent [37], in which only denatured individual proteins were observed for
proteins. In addition to the functions as discussed above, n-hexane was believed to play
a role in removing lipids and enhancing detection of proteins and protein complexes in

the sample.

4. Conclusions

In conclusion, this study revealed the mechanism of ESI on solid substrates with
nonpolar solvents and explored application of the technique for analysis of proteins. The
rapid and almost concurrent evaporation of non-polar solvents, temperature reduction,
water condensation and spray process allowed spray ionization to occur with fine plume
of water and under low temperatures. These enabled the technique to detect proteins and
protein complexes in their native states, including directly from raw viscous and solid

biological samples. In addition to wooden tips, other substrates and biological tissues
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[39, 67] can be used for the technique. This study sheds new insights into the sampling
and ionization process of mass spectrometry, and demonstrates a highly potential

technique for rapid characterization of native proteins.
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Figure Captions

Figure 1. a-b) Illustration of experimental setup of wooden-tip ESI-MS (a) and solid-substrate
ESI-MS of biological tissue (b). ¢) Process of solid-substrate ESI-MS with non-polar solvents.

G: gas, L: liquid, S: solid.

Figure 2. Mass spectra obtained using wooden-tip ESI-MS with hexane as the added solvent
for analyzing powders of lysozyme (a) and myoglobin (c), and using nanoESI-MS for

analyzing 100 uM aqueous solutions of lysozyme (b) and myoglobin (d).

Figure 3. a) The relationship between the observed intensity of reserpine (100 ng) and relative
humidity of the ambient air (52% - 90%), obtained with hexane as the added solvent; b)
Intensity of reserpine (100 ng) and evaporation rate of n-alkanes in ambient air, plotted as a
function of carbon number of n-alkanes (inset shows the relationship between the observed
intensity and the evaporation rate). Data of evaporation rate of n-alkanes were from the

literature [51].

Figure 4. a) Ice dendrites formed on wooden tip surface and spray plume from ice dendrites
with n-pentane as the added solvent (the photo was extracted from the video in the supporting
information); b) ice dendrites formed on the wooden tip under different electric fields (0 - 4.5

kV).

Figure 5. Spectra obtained using wooden-tip ESI-MS with hexane as the added solvent for

analysis of hen egg white (a) and porcine bone marrow (b).
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