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Abstract 

The extent of charging resulting from electrothermal supercharging for protein ions formed from 

various buffered aqueous solutions using nanoESI emitters with tip diameters between ~1.5 µm 

and ~310 nm is compared. Charging increases with decreasing tip size for proteins that are 

positively charged in solution but not for proteins that are negatively charged in solution. 

Charging with the smaller tips also increases with increasing solution pH. These results suggest 

that Coulombic attraction between positively charged protein molecules and the negatively 

charged glass surfaces in the tips of the emitters causes destabilization and even unfolding of 

proteins prior to nanoESI. Coulombic attraction to the negatively charged glass surfaces does not 

occur for negatively charged proteins and the extent of charging with electrothermal 

supercharging decreases with decreasing tip size. Smaller droplets are formed with smaller tips, 

and these droplets have shorter lifetimes for protein unfolding with electrothermal supercharging 

to occur prior to gaseous ion formation. Results from this study demonstrate simple principles to 

consider in order to optimize the extent of charging obtained with electrothermal supercharging, 

which should be useful for obtaining more structural information in tandem mass spectrometry. 
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Introduction 

Electrospray ionization (ESI) mass spectrometry (MS) is a powerful tool for identifying proteins 

and for obtaining information about protein structure, including posttranslational modifications.
1-

3
 Native MS,

4,5
 where protein ions are formed by ESI from buffered aqueous solutions in which 

the proteins have folded native or native-like conformations and activities, is useful for 

measuring protein-ligand binding affinities,
6,7

 stoichiometries of protein complexes,
8,9

 and 

thermodynamics and kinetics of protein complex assembly.
10,11

 Native MS typically produces 

compact gaseous ions with low charge states.
8,9

 However, the formation of high charge state ions 

can increase both sensitivity and resolution for charge detection instruments, such as orbitrap and 

ion cyclotron resonance mass spectrometers.
12,13

 Higher charge states fragment more readily, 

often resulting in increased structural information in tandem MS.
14-16

 Fewer cations adduct to 

higher charge states,
17,18

 and unresolved adducts can broaden ion peaks in ESI mass spectra, 

resulting in lower resolution and mass measuring accuracy.
19

 

High charge state ions are most often formed from solutions containing acids and organic 

solvents in which proteins are denatured. High charge states can also be formed in native MS by 

adding supercharging reagents
20-27

 or trivalent metal ions
28

 to the analyte solution prior to ESI, 

by exposing the ESI droplets to acidic
29

 or basic
30

 vapors, or by using electrothermal 

supercharging (ETS).
31-33

 In ETS, protein ions are formed from buffered aqueous solutions using 

high spray potentials, which results in collisional heating of the ESI droplets and thermal 

denaturation of the proteins inside the droplets prior to ion formation,
31,33

 although other possibly 

contributing mechanisms have been proposed.
32

 ETS does not scramble H/D information 

encoded in the solution, making it well suited to top-down H/D exchange experiments.
34

 Charge 

states as high or higher than those obtained from denaturing solution can be obtained with ETS.
35
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The effectiveness of ammonium and sodium salts at forming high charge states with ETS 

increases with increasing propensity to induce protein aggregation in solution.
33

 Electron capture 

dissociation of the 16+ cytochrome c ions formed from ETS and from denaturing solutions 

resulted in the same extent of sequence coverage, but there were differences in the cleavage sites, 

indicating that different ion conformers of the same charge state can be formed by ETS and from 

denaturing solutions.
35

 The effects of protein isoelectric point (pI) on ETS have been 

investigated,
33,35

 and ETS is generally slightly more effective for proteins that are positively 

charged compared to those that are negatively charged in solution.
35

  

Higher charging can also be obtained by using ESI emitters with smaller tips. For 

example, the average charge of ubiquitin ions formed from a 50/50 water/methanol solution 

increases from ~7 to ~7.5 when the tip outer diameters (o.d.) is reduced from ~45 µm to ~2 

µm.
36

 Higher charging and narrower charge-state distributions were also reported for cytochrome 

c and ubiquitin ions formed from denaturing solutions with <100 nm o.d. tips compared to that 

obtained with ~1 µm o.d. tips.
37

 Improved signal-to-noise ratios and higher charging with 

decreasing tip size have also been reported for angiotensin I
38

 and insulin chain B
39

 ions formed 

using ESI emitters with adjustable orifice sizes.
38,39

 In these devices, the orifice width is varied 

between 1 and 10’s of microns by adjusting the position of silicon chips.  

Recently, increased charging with decreasing tip size was reported for several proteins 

and a 14 residue peptide using double-barrel wire-in-a-capillary emitters (theta-glass emitters) 

with tips between ~1.5 µm and ~240 nm o.d.
40,41

 Additional high charge-state distributions in the 

ESI spectrum were often formed with the smaller tip sizes.
40,41

 Loss of heme occurred for holo-

myoglobin ions formed from a slightly acidified aqueous solution with submicron o.d. tips, 

whereas the heme is retained for ions formed from this solution with micron o.d. tips.
41

 The 
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formation of high charge-state distributions and the loss of heme for myoglobin indicate that 

fractions of these protein populations are unfolded with the submicron o.d. tips.
40,41

 More 

unfolding occurs with decreasing tip size for partially unfolded proteins than for folded 

proteins.
41

 

Increased charging with decreasing tip size has only been reported for proteins that are 

positively charged in solution.
36-41

 For proteins that are negatively charged in solution, changes 

in tip o.d. between ~1.5 µm and ~310 nm did not result in measurable changes to the average 

charge of protein ions.
41

 Nano-ESI emitters are typically prepared from borosilicate glass
36,37,40,41

 

or other forms of silicon
38,39

 that contain silanol groups on their surfaces.
42

 In aqueous solutions, 

a fraction of the silanol groups are deprotonated, resulting in a net negative charge on glass 

surfaces that depends on the solution pH.
42

 The increased charging obtained with decreasing tip 

size for positively charged proteins but not for negatively charged proteins suggests that the 

increased charging with decreasing tip size results from Coulombic attraction between positively 

charged protein molecules and the negatively charged glass surfaces in the tips of the nanoESI 

emitters, which results in protein destabilization and unfolding prior to nanoESI.
41

  

Here, ETS is performed using emitters with micron and submicron o.d. tips prepared 

from borosilicate theta-glass capillaries. The efficiency of ETS at producing high charge state 

ions increases with decreasing tip size for proteins that are positively charged in solution but 

decreases with decreasing tip size for proteins that are negatively charged in solution. These 

results indicate that when surface-induced destabilization of the protein conformation occurs in 

the tips of the emitters prior to nanoESI, charging with ETS is enhanced in the droplets. When 

surface interactions do not occur in the tips of the nanoESI emitters, such as with negatively 

charged protein molecules, the extent to which high charge states are formed with ETS decreases 
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with decreasing tip size. This reduced charging with decreased tip size likely results from 

droplets with smaller initial diameters that are formed with the smaller tips. Smaller droplets 

have shorter lifetimes,
40,43

 which limit the extent to which protein unfolding can occur in the 

nanoESI droplets prior to gaseous ion formation. These results demonstrate a simple method for 

increasing the extent of charging obtained with ETS, which should be useful for obtaining more 

structural information in tandem MS.  

 

Experimental Section 

Experiments are performed with a 9.4 T Fourier-transform ion cyclotron resonance mass 

spectrometer that is described elsewhere.
44

 Ions are formed by nanoESI using theta glass 

capillaries (Warner Instruments, LLC, Hamden, CT) with tips pulled to a small o.d. using a 

model p-87 Flaming/Brown micropipette puller (Sutter Instruments Co., Novato, CA). The tips 

of these emitters are imaged on carbon tape at 10,000-times magnification (Fig. S1) with a TM-

1000 scanning electron microscope (Hitachi High-Technologies Co., Tokyo, Japan). Grounded 

platinum wires are inserted to within ~1 cm of the tips of the emitters and are in contact with the 

solutions. The distance between the platinum wires and the tips of the emitters does not affect the 

extent of charging resulting from nanoESI as long as contact is made between the wires and the 

solutions. The emitters are positioned ~1 mm from the mass spectrometer inlet, and nanoESI is 

initiated by applying a negative potential to the heated capillary of the ESI interface. Native MS 

and ETS were performed with 700 V and 1050 V spray potentials, respectively. Data are 

acquired with a Predator data station,
45

 and mass spectra are background subtracted. To 

determine flow rates, the emitters are weighed before and after ~20 min of electrospray using an 

A-200DS analytical balance (Denver Instrument Company, Bohemia, NY) with a lower mass 
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limit of 10 µg. Spray currents are measured with a model 485 autoranging picoammeter 

(Keithley Instruments, Cleveland, OH) with a 2 Hz refresh rate. Average charge is computed as 

abundance weighted sums of the individual charge states, and reported uncertainties are standard 

deviations determined from triplicate measurements. 

Ammonium acetate, ammonium formate, ammonium bicarbonate, L-arginine 

hydrochloride, equine apo- and holo-myoglobin, cytochrome c, bovine β-lactoglobulin A, 

ribonuclease A, ubiquitin, and chicken egg white lysozyme are obtained from Sigma-Aldrich (St. 

Louis, MO). Solutions are prepared with a 10 µM analyte concentration in 18.2 MΩ water from 

a Milli-Q water purification system (Millipore, Billerica, MA).  

 

Results and Discussion 

Electrothermal Supercharging of a Noncovalent Complex 

Mass spectra of hMb in 100 mM aqueous ammonium acetate (pH = 6.7), formate (pH = 

6.5), and bicarbonate (pH = 8.3) solutions obtained with large ~1465 nm o.d. ESI emitter tips 

under ETS conditions (1050 V spray potential) are shown in Fig. 1a-c, respectively. In 100 mM 

aqueous salt solutions, hMb is in a native conformation between pH = 5 and 7, a slightly 

unfolded globular conformation around pH = 3,
46

 and an unfolded conformation with no heme 

attached below pH = 3.
47

 Only the 7–9+ charge states are formed with the ammonium acetate 

solution (Fig. 1a), consistent with hMb adopting a folded conformation in solution. The 7–9+ 

charge states are also formed with this solution under native MS conditions (700 V spray 

potential, Fig. S2a), indicating that ETS does not result in a significant increase in charge. With 

the ammonium formate (Fig. 1b) and bicarbonate (Fig. 1c) solutions under ETS conditions, 

charge states corresponding to both folded (7–9+) and unfolded (10–21+) conformers of hMb are 
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formed. Apo-myoglobin (aMb) ions are also formed, indicating that a fraction of myoglobin is 

unfolded, and aMb comprises 14 ± 2% and 32 ± 1% of myoglobin in Fig. 1b and 1c, 

respectively. No aMb or charge states greater than 9+ are formed with these solutions under 

native MS conditions (Fig. S2b and S2c, respectively), indicating that the unfolding and resulting 

increased charging obtained with the high spray potential result from ETS. The relative 

abundance of aMb produced under ETS conditions is greater with ammonium bicarbonate (32 ± 

1%, Fig. 1c) than with ammonium formate (14 ± 2%, Fig. 1b) or ammonium acetate (0%, Fig. 

1a). These results are consistent with the relative effectiveness of these three salts at inducing 

ETS reported previously.
33

 

Results obtained for the ammonium acetate, formate, and bicarbonate solutions with the 

smaller ~305 nm o.d. tips under ETS conditions are shown in Fig. 1d-f, respectively. Charge 

states corresponding to both folded (7–9+) and unfolded (10–17+) conformers of hMb and to 

aMb are observed. With the ammonium acetate solution (Fig. 1d), aMb comprises 58 ± 3% of 

myoglobin. Neither aMb nor charge states of hMb greater than 9+ are produced with this 

solution under ETS conditions with the larger tips (Fig. 1a). With the ammonium formate 

solution, significantly more aMb is also produced with the smaller ~305 nm o.d. tips (54 ± 1%, 

Fig. 1e) than with the larger ~1465 nm o.d. tips (14 ± 2%, Fig. 1b). However, with the 

ammonium bicarbonate solution (pH = 8.3), significantly less aMb is produced with the smaller 

tips (11 ± 2%, Fig. 1f) than with the larger tips (32 ± 1%, Fig. 1c).  

The pI of hMb is 7.4,
48

 so hMb is predominantly positively charged in the pH = 6.7 

ammonium acetate and pH = 6.5 ammonium formate solutions and predominantly negatively 

charged in the pH = 8.3 ammonium bicarbonate solution. The extent of unfolding resulting from 

ETS increases with decreasing tip size for proteins that are positively charged in solution but 
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decreases with decreasing tip size for proteins that are negatively charged in solution. Glass 

surfaces are negatively charged in aqueous solution,
42

 and Coulombic attraction between 

positively charged protein molecules and the negatively charged glass surfaces in the tips of 

nanoESI emitters can result in protein unfolding prior to nanoESI.
40

 These results indicate that 

the increased ETS efficiency obtained with the smaller tips for proteins that are positively 

charged in solution results from surface-induced unfolding occurring in the tips of these emitters 

prior to droplet formation by nanoESI.  

In order to provide additional evidence for protein unfolding as the origin of increased 

charging obtained with the smaller tips, experiments were performed with a protein that has 

intramolecular disulfide bonds and therefore cannot unfold as extensively as a protein without 

internal linkages. Lysozyme (pI = 11.3)
49

 has four disulfide bridges. In aqueous solutions, 

lysozyme adopts a globular conformation between pH = 2 and 6 and a slightly unfolded 

conformation above pH = 7.
50

 NanoESI of lysozyme in a 100 mM aqueous ammonium acetate 

solution (pH = 6.7) with ~1465 nm o.d. tips under ETS conditions results in the 6–9+ charge 

states (Figure 2a), consistent with a folded conformation in solution. These charge states are also 

formed from this solution under native MS conditions (Figure 2b), indicating that ETS does not 

result in measurable unfolding in this experiment. NanoESI of this solution with ~305 nm o.d. 

tips under ETS conditions (Figure 2c) also results in the 6–9+ charge states, as well as the 10+ 

and 11+ charge states. The higher charge states that are produced with the smaller tips are 

consistent with the formation of partially unfolded conformers that comprise 2 ± 1% of the 

population. The extent of unfolding obtained for lysozyme with the ~305 nm o.d. tips is 

significantly less than that obtained for myoglobin (~58% aMb produced) with the ammonium 

acetate solution and the same tip size (Figure 1d). The lower extent of unfolding obtained for 
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10 

lysozyme than for myoglobin is consistent with the four disulfide bonds in lysozyme resulting in 

less structural flexibility for this protein and thus less surface-induced unfolding occurring prior 

to nanoESI. This result is consistent with the lower extent of supercharging with supercharging 

reagents for proteins with more disulfide bridges or chemical crosslinks that reduce 

conformational flexibility.
23

 

The decreased charging obtained with decreasing tip size for proteins that are negatively 

charged in solution likely results from the initial size of the nanoESI droplets, which decreases 

with decreasing tip o.d.
51

 Smaller droplets have shorter lifetimes,
40,43

 which reduce the time for 

protein unfolding to occur in these droplets prior to gaseous ion formation. The electric field at 

the tip of the emitter increases with decreasing tip size, and the extent of unfolding obtained with 

ETS generally increases with increasing electric field strength.
31

 However, the extent of charging 

resulting directly from ETS decreases with decreasing tip size. This result indicates that the 

relationship between tip size and the extent of charging resulting from ETS is affected more by 

changes to the droplet lifetime than by changes to the electric field strength.  

Electrothermal Supercharging of Positively Charged Proteins 

Mass spectra of cyt c in 100 mM aqueous ammonium acetate (pH = 6.7), formate (pH = 

6.5), and bicarbonate (pH = 8.3) solutions obtained with ~1465 nm o.d. tips under ETS 

conditions are shown in Fig. 3a-c, respectively. In 100 mM aqueous salt solutions, cyt c has a 

native folded conformation between pH = 3 and 7 and is unfolded at pH = 2.
52,53

 Only the 6–8+ 

charge states are formed with the ammonium acetate solution (Fig. 3a), consistent with cyt c 

adopting a folded conformation in solution. The 6–8+ charge states are also formed with this 

solution under native MS conditions (Fig. S3a), indicating that ETS does not result in measurable 

unfolding in this experiment. With the ammonium formate (Fig. 3b) and bicarbonate (Fig. 3c) 
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solutions, charge states corresponding to both folded (6–9+) and unfolded (10–18+) conformers 

are observed with ETS, and the unfolded conformers comprise 9 ± 1% and 26 ± 2% of cyt c in 

Fig. 3b and 3c, respectively. No charge states greater than 9+ are formed with either of these 

solutions under native MS conditions (Fig. S3b and S3c, respectively), showing that the high 

charge states are formed by ETS. The order of effectiveness of these salts at inducing ETS for 

cyt c is the same as that obtained for hMb with the larger tips and that reported previously.
33

  

Charge states corresponding to both folded (6–9+) and unfolded (10–15+) conformers are 

formed by ETS of cyt c in the ammonium acetate and formate solutions with the smaller ~305 

nm o.d. tips (Fig. 3d and 3e, respectively). With the ammonium acetate solution (Fig. 3d), 62 ± 

2% of cyt c is unfolded, compared to no charge states greater than 8+ formed with the larger 

~1465 nm o.d. tips (Fig. 3a). With the ammonium formate solution, ions corresponding to 

unfolded cyt c are also significantly more abundant with the smaller ~305 nm o.d. tips (77 ± 3%, 

Fig. 3e) than with the larger ~1465 nm o.d. tips (9 ± 1%, Fig. 3b). Cyt c has a pI = 10.3
49

 and is 

therefore predominantly positively charged in these respective pH = 6.7 and 6.5 solutions. 

Therefore, the increased unfolding with decreasing tip size obtained for cyt c in these solutions is 

consistent with surface-induced unfolding occurring prior to droplet formation, resulting in 

enhanced charging with ETS in the droplet. With the ammonium bicarbonate solution and the 

~305 nm o.d. tips, there is no ion signal for cyt c despite measurable spray current. To confirm 

that ion formation is occurring, 10 µM hMb was added to this solution. In aqueous solutions at 

pH = 8.3, hMb (pI = 7.3) is predominantly negatively charged and should not interact with the 

surfaces of the smaller tips. Results obtained for this spiked solution with ~1465 and ~305 nm 

o.d. tips are shown in Fig. 4a and 4b, respectively. With the ~1465 nm o.d. tips (Fig. 4a), both 

cyt c and myoglobin ions are observed. With the smaller ~305 nm o.d. tips (Fig. 4b), only 
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myoglobin ions are observed. These results indicate that cyt c is not being ionized to a 

measurable extent from the pH = 8.3 ammonium bicarbonate solution with the smaller tips.  

NanoESI of cyt c in a 100 mM aqueous ammonium bicarbonate solution (pH = 8.3) 

under ETS conditions with an intermediate ~656 nm o.d. tip size (Fig. 4c) results in the 9–18+ 

charge states, indicating that 97 ± 2% of cyt c is unfolded (10–18+ charge states). The relative 

abundance of the unfolded cyt c conformers obtained with this solution is nearly four times 

greater with the ~656 nm o.d. tips (97 ± 2%, Fig. 4c) than with the ~1465 nm o.d. tips (26 ± 2%, 

Fig. 3c). The relative abundance of the unfolded conformers also increases with ammonium 

acetate (from 0% to 62 ± 2%) and ammonium formate (from 9 ± 1% to 77 ± 3%) when the tip 

o.d. is reduced from ~1465 to ~305 nm, respectively, but the population of unfolded conformers 

is greatest with ammonium bicarbonate. These results indicate that more surface interactions 

resulting in protein unfolding occur with the ammonium bicarbonate solution than with the 

ammonium acetate and formate solutions. The charge density on the surface of the tips of the 

nanoESI emitters is at least 3 to 4 fold higher with the pH = 8.3 ammonium bicarbonate solution 

than with the pH = 6.7 ammonium acetate and pH = 6.5 ammonium formate solutions.
42

 These 

results indicate that increasing the charge density on the glass surfaces results in more 

Coulombic attraction for the positively charged protein molecules, resulting in more surface-

induced protein unfolding.  

The high charge density on the surface of the tips with the pH = 8.3 ammonium 

bicarbonate solution and the inability to form cyt c ions from this solution with the small ~305 

nm o.d. tips suggests that positively charged protein molecules are adducting to the surfaces of 

these tips. To provide support for this hypothesis, ions were formed from an aqueous pH = 8.3 

solution containing 10 µM cyt c, 100 mM ammonium bicarbonate, and 10 mM arginine using a 
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~305 nm o.d. tip (Fig. 4d). Arginine is predominantly positively charged in aqueous solutions 

below pH = 10.8,
54

 and positive ions can interact with the glass surfaces and reduce the net 

charge.
55

 Singly and doubly protonated arginine clusters and the 6–14+ charge states of cyt c are 

observed. The formation of cyt c ions only upon the addition of arginine is consistent with the 

positively charged arginine molecules interacting with and reducing the net charge on the 

surfaces in the tips of these emitters, resulting in less adduction and, thus, measurable ionization 

of cyt c. 

Protein Adduction and Solution Flow Rates 

The effects of positively charged protein ions adducting to the surfaces of the emitter tips 

on solution flow rates during nanoESI was investigated with 100 mM aqueous ammonium 

bicarbonate solutions (pH = 8.3), each containing a single protein with a pI value either below or 

above the solution pH (low and high pI proteins, respectively). Flow rates with ~305 nm o.d. tips 

were obtained for these solutions by measuring the change of mass before and after spraying the 

solutions for ~20 min (Fig. 5a). The flow rates obtained for the solutions containing low pI 

proteins (average flow rate = 119 ± 8 nL/s) are significantly higher than those obtained for the 

solutions containing high pI proteins (average flow rate = 40 ± 9 nL/s), indicating that protein 

adduction drastically reduces the flow rates of the solutions containing high pI proteins. In order 

to determine if the flow rates change with time within the 20 min used to obtain these data, the 

solution spray currents, which reflect solution flow rates,
56

 were measured (Fig. 5b). Higher 

spray currents are obtained for the solutions containing low pI proteins (average spray current = 

929 ± 66 nA) than for the solutions containing high pI proteins (average spray current = 731 ± 81 

nA). These spray currents were obtained immediately after initiating nanoESI and remained 

nominally constant with time for the ~20 min used to obtain the solution flow rates. These results 
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suggest that the flow rates do not change with time and that for the solutions containing high pI 

proteins, adduction to the glass surfaces in the tips of the emitters occurs to a significant extent 

prior to the initiation of nanoESI.  

The lower flow rates of the solutions containing high pI proteins may be attributed to 

protein adduction resulting in an obstruction of the emitter tip orifice. The average flow rate of 

the solutions containing high pI proteins (40 ± 9 nL/s) is about one-third that of the solutions 

containing low pI proteins (119 ± 8 nL/s). Solution flow rates in nanoESI are directly 

proportional to the emitter tip diameter
36,40

 and are thus proportional to the square root of the 

emitter tip orifice area. Therefore, protein molecules would need to occupy a cross sectional area 

equal to about 81% of the orifice area in order to reduce the solution flow rate by about two-

thirds (67%). The orifice area of a single barrel of a ~305 nm o.d. theta-glass emitter tip is ~4820 

nm
2
. This value was estimated as the area of half of an ellipse with diameters equal to the i.d. of 

the tips perpendicular to and parallel to the inner divider less the area occupied by the inner 

divider. To reduce this orifice area by about 81% would require a ~21 nm thick obstruction along 

the surface of the tips of the emitters. A single folded cyt c molecule has a diameter of ~4.1 nm, 

estimated as the maximum diameter of the protein crystal structure of horse heart cyt c (PDB 

code 1HRC).
57

 The ~21 nm obstruction thickness and the ~4.1 nm diameter of cyt c indicate that 

~5 layers of cyt c are required to reduce the solution flow rate by about two-thirds if the protein 

remains folded. The length of a fully extended cyt c molecule is about 40 nm (estimated from the 

average length of an individual amino acid in a fully extended protein conformation, between 

0.34 and 0.40 nm,
58

 and the 104 amino acids in cyt c). The length of a fully extended cyt c 

molecule is greater than the ~21 nm obstruction thickness required to reduce the solution flow 

rate by about two-thirds. Thus, even a single layer of adducted protein molecules, which are 
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partially or extensively unfolded and extend into the solution, is sufficient to reduce the solution 

flow rate by about two-thirds.  

Protein adduction to the surface of the tips may also result in a change to the solution 

conductivity, and ESI solution flow rates increase with increasing solution conductivities.
56,59

 

The conductivity of ≥50 mM aqueous salt solutions decreases with increasing protein 

concentration.
60,61

 Adduction of proteins to the glass surfaces results in a decrease in the 

concentration of proteins in solution, which should increase the solution conductivity and flow 

rate. However, when protein adduction occurs, lower flow rates are obtained (Fig. 5a). These 

results indicate that any possible changes to the solution flow rate resulting from changes to the 

solution conductivity are less significant than those resulting from obstructing the emitter tip 

orifice. 

Electrothermal Supercharging of Negatively Charged Proteins 

NanoESI of β-lactoglobulin A (β-lac A) in a 100 mM aqueous ammonium acetate 

solution (pH = 6.7) under ETS conditions results in the formation of the 7–9+ charge states with 

both the ~1465 and the ~305 nm o.d. tips (Fig. 6a and 5b, respectively). β-lac A has a native 

conformation between pH = 2.0 and 6.2 and has a slightly unfolded globular conformation at pH 

= 7.5.
62

 The results in Fig. 6a and 5b are consistent with β-lac A adopting a folded conformation 

in solution. Charge states consistent with a folded confirmation (6–9+) are also formed from a 

100 mM aqueous ammonium formate solution (pH = 6.5) with the ~1465 and ~305 nm o.d. tips 

(Fig. 6c and 5d, respectively). The 6–9+ charge states are also formed from these solutions under 

native MS conditions (Fig. S4a and S4b), indicating that ETS does not result in measurable 

unfolding in these experiments. Results obtained for β-lac A in a 100 mM aquoeus ammonium 

bicarbonate solution with ~1465 and ~305 nm o.d. tips under ETS conditions are shown in Fig. 
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6e and 6f, respectively. With the ~1465 nm o.d. tips (Fig. 6e), charge states corresponding to 

both folded (7–9+) and unfolded (10–16+) conformers are observed, and the unfolded 

conformers comprise 48 ± 3% of the population. No charge states greater than 9+ are formed 

with this solution under native MS conditions (Fig. S4c), indicating that the high charge states 

obtained with the high spray potential result from ETS. With the smaller ~305 nm o.d. tips and 

ETS conditions (Fig. 6f), charge states corresponding to both folded (6–9+) and unfolded (10–

16+) conformers are again observed, but only 19 ± 1% of the population is unfolded. The relative 

abundance of the unfolded β-lac A conformer is more than two times less with this tip size than 

with the larger tips under ETS conditions (48 ± 3%, Fig. 6e), indicating that reducing the tip size 

results in less unfolding with this solution.  

β-lac A has a pI = 5.1
63

 and is therefore predominantly negatively charged in the pH = 6.7 

ammonium acetate, pH = 6.5 ammonium formate, and pH = 8.3 ammonium bicarbonate 

solutions. Therefore, surface-induced unfolding of β-lac A is not likely to occur in the tips of the 

emitters prior to nanoESI. This result is consistent with the decreased charging obtained with 

decreasing tip size for β-lac A in the ammonium bicarbonate solution. Because β-lac A has the 

same charge in the ammonium acetate, formate, and bicarbonate solutions, the order of 

effectiveness of these solutions at inducing ETS does not change with tip size and is the same as 

that obtained for hMb and cyt c with the larger tips and that reported previously.
33

  

 

Conclusions 

The effects of emitter tip size, protein isoelectric point, and buffer identity on the extent of 

charging obtained with ETS was investigated. More charging is obtained with smaller tip sizes 

for proteins that are positively charged in solution but not for proteins that are negatively charged 
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in solution. There is also more charging and loss of the heme group for myoglobin with smaller 

emitter tips. These results suggest that for positively charged proteins, Coulombic attraction to 

the negatively charged surfaces in the tips of the emitters destabilizes the folded protein 

conformation prior to nanoESI, resulting in enhanced charging from ETS occurring in the droplet 

prior to gaseous ion formation. The extent to which charging is enhanced increases with 

increasing solution pH. The charge density on the surface of the emitters increases with 

increasing solution pH, resulting in more protein-surface interactions that cause destabilization of 

the folded form of the proteins and unfolding prior to nanoESI. Significant protein adduction to 

the emitter tip surface can occur, which reduces nanoESI solution flow rates and reduces or 

prevents measurable ionization from occurring at very small tip sizes. These results clearly show 

that the tip size, the solution pH, and the net charge of the protein in solution can affect the 

extent of charging in ETS. 

For proteins that are negatively charged in solution, there is no Coulombic attraction to 

the negatively charged glass surfaces and slightly less charging occurs with smaller tips. The 

lower charging at small tip sizes is likely due to smaller ESI droplets with decreasing tip size.
51

 

Smaller droplets have shorter lifetimes,
40

 and there is less time for protein unfolding to occur 

during ETS prior to gaseous ion formation. It may be possible to obtain increased charging with 

decreased tip size for proteins that are negatively charged in solution by using emitters with 

positively charged surfaces. The glass surfaces of borosilicate glass emitters could be 

functionalized with positive charge carriers, or emitters could be made from materials that have 

positively charged surfaces in aqueous solutions, such as silicon nitride. 

 

Associated Content 
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Electronic Supplementary Information 

Electron micrographs of the tips of the emitters and mass spectra of hMb, cyt c, and β-lac A in 

100 mM aqueous ammonium acetate, formate, and bicarbonate solutions acquired under native 

MS conditions. 
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Fig. 1 Mass spectra of hMb (pI = 7.4) under electrothermal supercharging conditions (1050 V 

spray potential) in aqueous solutions containing 100 mM (a,d) ammonium acetate (pH = 6.7), 

(b,e) ammonium formate (pH = 6.5), and (c,f) ammonium bicarbonate (pH = 8.3) acquired with 

(a-c) ~1465 and (d-f) ~305 nm o.d. tips. 
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Fig. 2 Mass spectra of lysozyme (pI = 11.3) under (a,c) electrothermal supercharging (1050 V 

spray potential) and (b) native MS (700 V spray potential) conditions in 100 mM aqueous 

ammonium acetate (pH = 6.7) acquired with (a,b) ~1465 and (c) ~305 nm o.d. tips. 
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Fig. 3 Mass spectra of cyt c (pI = 10.3) under electrothermal supercharging conditions (1050 V 

spray potential) in aqueous solutions containing 100 mM (a,d) ammonium acetate (pH = 6.7), 

(b,e) ammonium formate (pH = 6.5), and (c) ammonium bicarbonate (pH = 8.3) acquired with 

(a-c) ~1465 and (d,e) ~305 nm o.d. tips. Percentages are the relative abundances of the unfolded 

fractions (≥10+ charge states) of cyt c. 
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Fig. 4 Mass spectra of cyt c in 100 mM aqueous ammonium bicarbonate solutions (pH = 8.3) 

acquired with (a) ~1465, (b,d) ~305, and (c) ~656 nm o.d. tips under electrothermal 

supercharging conditions (1050 V spray potential). The solution used to obtain (a) and (b) 

contains 10 µM hMb, and the solution used to obtain (d) contains 10 mM arginine. The inset in 

(d) shows only the distribution of ions corresponding to cyt c for clarity. 
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Fig. 5 (a) Flow rates and (b) spray currents of 100 mM aqueous ammonium bicarbonate 

solutions, each containing a single protein, as a function of the protein pI values. Proteins used 

include β-lactoglobulin A (β-Lac A, pI = 5.1),
63

 ubiquitin (Ubiq, pI = 6.7),
49

 holo-myoglobin 

(hMb, pI = 7.4),
48

 ribonuclease A (RNase A, pI = 9.6),
64

 cytochrome c (Cyt c, pI = 10.3),
49

 and 

lysozyme (Lys, pI = 11.3).
49
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Fig. 6 Mass spectra of β-lac A (pI = 5.1) under electrothermal supercharging conditions (1050 V 

spray potential) in aqueous solutions containing 100 mM (a,b) ammonium acetate (pH = 6.7), 

(c,d) ammonium formate (pH = 6.5), and (e,f) ammonium bicarbonate (pH = 8.3) acquired with 

(a,c,e) ~1465 and (b,d,f) ~305 nm o.d. tips. Percentages are the relative abundances of the 

unfolded fractions (≥10+ charge states) of β-lac A. 
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For TOC only 

The extent of charging resulting from electrothermal supercharging increases with decreasing tip 

size for positively charged proteins. 
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