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ABSTRACT: The transfer of peptide ions from solution into the gas phase by electrospray 

ionization (ESI) is an integral component of mass spectrometry (MS)-based proteomics. The 

mechanisms whereby gaseous peptide ions are released from charged ESI nanodroplets remain 

unclear. This is in contrast to intact protein ESI, which has been the focus of detailed investigations 

using molecular dynamics (MD) simulations and other methods. Under acidic LC/MS conditions, 

many peptides carry a solution charge of 3+ or 2+. Because of this pre-existing charge and their 

relatively small size, prevailing views suggest that peptides follow the ion evaporation mechanism 

(IEM). The IEM entails analyte ejection from ESI droplets, driven by electrostatic repulsion between 

analyte and droplet. Surprisingly, recent peptide MD investigations reported a different behavior, 

i.e., the release of peptide ions via droplet evaporation to dryness which represents the hallmark of 

the charged residue mechanism (CRM). Here we resolved this conundrum by performing MD 

simulations on a common model peptide (bradykinin) in Rayleigh-charged aqueous droplets. The 

primary focus was on pH 2 conditions (bradykinin solution charge = 3+), but we also verified that 

our MD strategy captured pH-dependent charge state shifts seen in ESI-MS experiments. In 

agreement with earlier simulations, we found that droplets with initial radii of 1.5 nm to 3 nm 

predominantly release peptide ions via the CRM. In contrast, somewhat larger radii (4 nm to 5 nm) 

favor IEM behavior. It appears that these are the first MD data to unequivocally demonstrate the 

viability of peptide IEM events. Electrostatic arguments can account for the observed droplet size 

dependence. In summary, both CRM and IEM can be operative in peptide ESI-MS. The prevalence 

of one over the other mechanism depends on the droplet size distribution in the ESI plume. 
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Introduction 

Electrospray ionization (ESI) mass spectrometry (MS) has become indispensable for numerous 

analytical applications.1 The impact of ESI-MS has been particularly pronounced in the area of 

proteomics. Some proteomics experiments involve intact protein analyses.2-4 However, a more 

widely used approach is the analysis of proteolytic peptides by liquid chromatography (LC) and 

ESI-MS.5, 6 In these bottom-up experiments, peptides are desalted and separated on a reverse-phase 

column, typically using a water/acetonitrile gradient with ~0.1% formic acid. The LC eluate is then 

infused into the ESI source.7-10 The acidic LC mobile phase is an “ESI-friendly” solvent that 

provides high signal intensity and stability.11-13  

 The ESI process commences with charged droplets that emanate from a Taylor cone at the 

emitter outlet.14-16 These droplets undergo solvent evaporation and jet fission,17 culminating in 

progeny droplets with radii of a few nm.11 Throughout this evaporation/fission cascade the net 

droplet charge stays close to the Rayleigh limit zR, defined as11, 18-20 

 

 zR = 8/e  (0  r3)1/2    (1) 

 

where r = droplet radius,  = surface tension, e = elementary charge. Three main models have been 

proposed for the release of gaseous analyte ions (typically [M + zH]z+) from ESI nanodroplets. (1) 

According to the ion evaporation mechanism (IEM),21-24 ions get ejected from the droplet. Driving 

force for these IEM events is the electrostatic repulsion between the analyte ion and other charges 

in the droplet. (2) The charged residue mechanism (CRM)11, 19, 25 describes a scenario where analyte 

ions are released upon droplet evaporation to dryness. (3) The chain ejection mechanism (CEM) 

applies to unfolded proteins and other disordered polymers. It involves gradual expulsion via 

intermediate structures where droplets carry polymer tails that protrude into the vapor phase.26-28 In 

addition to these mechanisms, various hybrid scenarios may exist.24, 29-31 
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 The question which ESI mechanism applies under a given set of conditions remains 

controversial.31-39 Here we focus on the two models with the longest history, i.e., the IEM21 and the 

CRM25. Prevailing views3, 11, 40 suggest that the IEM applies to analytes that are small and already 

charged in solution.21, 22 The CRM is believed to be operative for analytes that are large and compact, 

such as globular proteins.11, 19, 39 However, the IEM vs. CRM distinction on the basis of analyte size 

is contentious. Some studies suggested a size cut-off in the range of a few kDa,19, 41 while others 

proposed values as low as 100 Da,39 or as high as 5 MDa.42 This disparity highlights the need for 

additional investigations. 

 Recent years have witnessed a renaissance of ESI mechanistic research that has been fueled, 

in part, by molecular dynamics (MD) simulations of nanodroplets.24, 26, 27, 43-55 MD studies on small 

ions confirmed the viability of IEM events,26, 43-45, 47 while various globular proteins showed CRM 

behavior.26 It was also demonstrated that even intact proteins can follow the IEM, provided that they 

are highly charged in solution (because the IEM relies on electrostatic repulsion) while maintaining 

a compact structure (because unfolding would promote the CEM).24 

Unlike intact proteins, the mechanism of peptide ESI has received relatively little attention. 

This is surprising, considering that peptides are the central analytes in bottom-up proteomics.5-10, 13 

In most LC/ESI-MS workflows, peptides are generated by tryptic digestion. Trypsin cleaves after 

Arg and Lys (unless followed by Pro),5, 56 generating peptides with ~10 residues.8, 57-60 Peptide 

protonation in solution is promoted by the acidic LC mobile phase and by the presence of at least 

two basic sites, i.e., the N-terminus and the C-terminal Arg or Lys.8, 12 Solution charge generally 

tends to be a poor predictor of ESI charge states,61-63 but for tryptic peptides at acidic pH, the 

dominant ESI charge states (3+ and 2+) happen to resemble the charge in solution.10  

Compared to intact proteins, tryptic peptides are relatively small. As noted above, small size 

and the presence of a net charge are expected to favor IEM behavior.11, 19, 41 Accordingly, it is often 
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implied that peptides follow the IEM.13, 36, 64, 65 Surprisingly, MD simulations on various 3+ peptides 

in aqueous droplets with ~3 nm radii did not confirm this expectation. Those studies suggested that 

gaseous peptide ions (with 9,53 11,49 or 21 residues66) are instead formed via droplet evaporation to 

dryness, consistent with the CRM. IEM behavior was observed in simulations on GlyGly+,67 but that 

work focused on nanojets, such that the relevance for typical ESI nanodroplets is unclear. In 

summary, much remains to be learned about the ESI behavior of peptides. 

 To shed light on peptide ESI events, the current study took a fresh look at the release of [M 

+ zH]z+ peptide ions from ESI nanodroplets using MD simulations. As model compound we chose 

bradykinin (RPPGFSPFR, monoisotopic mass 1059.56 Da), a peptide that has been the focus of 

many earlier MS investigations.53, 61, 68-72 Bradykinin is widely used for benchmarking MS 

performance, particularly in a proteomics context. It resembles a tryptic peptide because of its size 

(9 residues), the presence of a C-terminal Arg, and the formation of 3+ and 2+ ions during ESI.8, 57-

60 Bradykinin biosynthesis involves hydrolysis of kininogen by plasma kallikrein, a trypsin-like 

serine protease.73 Despite the use of water/acetonitrile in LC/ESI-MS,7-10, 13 we studied bradykinin 

in aqueous droplets. This is because organic cosolvents evaporate more quickly than water, such 

that the final ESI nanodroplets contain a much higher water percentage than the initial solution.74-77 

Aqueous droplets are particularly relevant for peptides that are relatively hydrophilic (such as 

bradykinin) because these species elute early, when the acetonitrile content of the LC gradient is 

low.7 Our data reveal that both the IEM and the CRM are viable ESI mechanisms for bradykinin. 

The two pathways are in kinetic competition with one another. IEM behavior is prevalent under 

acidic conditions. However, the ejection electrostatics are favorable only for a certain droplet size 

range. Our findings reconcile earlier reports of peptide CRM behavior49, 53, 66 with the traditional 

expectation that peptides follow the IEM.13, 36, 64, 65 
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Methods 

ESI-MS Experiments. Bradykinin acetate salt was from Sigma (St. Louis, MO). Samples with 

peptide concentration of 5 μM were prepared in LC grade water. Formic acid or ammonium 

hydroxide were used to adjust the bulk solution pH to 2, 7, or 10. ESI mass spectra were recorded 

on a Synapt G2 time-of-flight instrument (Waters, Milford, MA) in positive ion mode. Solutions 

were electrosprayed at +2.8 kV using a standard Z-spray ESI source, with syringe pump infusion at 

5 μL min–1. The experiments used gentle source conditions, with a cone voltage of 5 V, and 

source/desolvation temperatures of 30 °C and 40 °C, respectively. Average z values were calculated 

by considering all peptide charge states, including the -H2O signals of 3+ ions. 

 

MD Simulations. ESI droplet simulations in positive ion mode were performed using Gromacs 

2018.78 Bradykinin coordinates were initially generated in an extended random conformation using 

Pymol. Spherical water droplets with initial radii r0 between 1.5 nm and 5 nm (∼420 to ∼17300 

water molecules) were built around the peptide. The TIP4P/2005 water model79 was used because 

it reproduces the surface tension and various other physical water properties over a wide temperature 

range.80 Simulations used the CHARMM36 force field,81 which has been shown to perform well for 

protein ESI simulations.26 Na+ ions were inserted in random positions to bring the initial net droplet 

charge close to the Rayleigh limit, calculated from eq. 1 with  = 0.05891 N m-1 for water.82 For a 

radius of 1.5 nm the initial droplet charge was 6+, while for 5 nm it was 40+. Other droplet radii 

(and initial droplet charges) were 4.5 nm (34+), 4.0 nm (29+), 3.5 nm (23+), 3.0 nm (18+), and 2.0 

nm (10+). These droplet sizes are in the range of “late” nanodroplets in the ESI plume from which 

analyte ions are liberated into the gas phase.11 The use of Na+ circumvents computational difficulties 

associated with the Grotthuss diffusion of H+.83 Following steepest descent energy minimization, 75 

ns MD runs were performed at 370 K using trajectory stitching, where evaporated water and Na+ 
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were eliminated in 250 ps intervals to speed up the simulations.26 Bond constraints allowed the use 

of a relatively long integration step (2 fs).84 Temperature control was achieved using the Nosé-

Hoover thermostat. At least five independent runs were performed for each condition, using different 

initial atom velocities and Na+ positions. The three X-Pro peptide bonds underwent occasional cis-

trans isomerization, a process that also occurs in experiments.69 The dominant isomers were 

trans/trans/trans and trans/cis/trans (determined using Pymol dihedral angle measurements), 

consistent with computational53 and NMR85 investigations on bradykinin. 

 

Protonation Patterns for MD Simulations. ESI simulations require a judicious choice of analyte 

titration pattern within the droplet, keeping in mind that the charge of titratable sites depends on pH 

(Figure S1). The pH in ESI droplets can differ from that of the bulk analyte solution.55, 86-90 Reasons 

for such discrepancies include water oxidation in the source (2 H2O → 4 H+ + O2 + 4e-).91 Also, 

solvent evaporation in the ESI plume increases the concentration of solutes, including H+ or OH-.87 

As a result, droplets generated at pH  7 can be expected to be more acidic than the initial solution.86 

The trend for alkaline solutions is less clear, because pH might go up or down depending on whether 

OH- enrichment or electrolytic acidification dominates. pH is a concept that assumes bulk solution 

equilibria. Such considerations may not be appropriate for shrinking ESI droplets which represent a 

confined non-equilibrium environment. It has been suggested that excess protons accumulate at the 

droplet surface, such that acidification of the interior (where analytes reside much of the time) will 

be less pronounced. Also, titration events can be relatively slow. Carboxylate (Asp-/Glu-/C-terminus-

) protonation takes place with k ≈ 4.5 × 1010 M-1 s-1.92 This corresponds to reaction times of (0.001 

M × k)-1 ≈ 20 ns at pH 3, ~200 ns at pH 4, or ~2000 ns at pH 5. These time scales are comparable to 

the final stages of the ESI process,11 suggesting that titration reactions may lag behind as the droplet 

pH changes. Droplet-mediated rate enhancements can further complicate the situation.93 Overall, 
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the extent of pH changes within ESI droplets and the corresponding implications for analyte titration 

patterns remain poorly understood. Our MD simulations took a simplistic approach and 

approximated bradykinin titration patterns based on bulk solution pH (Figure S1). Importantly, ESI-

induced pH changes are irrelevant at pH 2, because bradykinin is fully protonated at this pH (Figure 

S1) such that additional acidification would leave the peptide charge unchanged. Bradykinin at pH 

2 was modeled with a 3+ net charge [nt+R+PPGFSPFR+ct0], where “nt” and “ct” indicate N- and C-

termini, respectively. For pH 7 we used the 2+ pattern [nt+R+PPGFSPFR+ct-], while for pH 10 the 

peptide charge was 1+ [nt0R+PPGFSPFR+ct-]. 

 

 

Results and Discussion 

ESI-MS Experiments. Mass spectra of bradykinin electrosprayed in aqueous solutions at pH values 

of 2, 7, and 10 are shown in Figure 1. Consistent with earlier results,53, 61, 68-72 the spectra showed 

charge states of 3+ down to 1+. The pH 2 data were dominated by 3+ ions (av. charge 2.7+, Figure 

1A). At pH 10, the most intense charge state was 2+ (av. charge 2.1+, Figure 1C). These observations 

demonstrate that bulk solution pH has a certain effect on the ESI charge state distribution of 

bradykinin. However, the observed pH dependence is less pronounced than one might expect from 

the peptide charge in solution (which shifts from 3+ at pH 2 to 1+ at pH 10, Figure S1). The observed 

behavior is consistent with earlier experiments, which demonstrated that there tends to be a disparity 

between peptide charge in solution and in the gas phase, although some trends persist (i.e., somewhat 

higher ESI charge states at acidic pH).61 
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Figure 1. ESI mass spectra of bradykinin acquired in aqueous solution at (A) pH 2, (B) pH 7, and 
(C) pH 10. The charge states z of the [M + zH]z+ ions are indicated. The signal intensity of the 1+ 
region has been magnified by a factor of twenty in all three panels. The -H2O signal seen for 3+ 
bradykinin is consistent with data on other Ser-containing peptides,94 reflecting the fact that the 3+ 
ions experience more collisional activation during ion sampling than the 2+ and 1+ species.  
 
 

The peptide ions in the spectra of Figure 1 had a [M + zH]z+ composition. We repeated the 

experiments in the presence of 0.5 mM NaCl, generating ions that were charged by a combination 
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NaCl-containing solutions were similar to those of Figure 1, revealing that the outcome of the ESI 

process is largely independent of the charge carrier used (H+ or Na+). This is important when 

comparing experiments and MD results, keeping in mind that our simulations employed droplets 

charged with Na+.24, 26, 45, 54, 55 

 

ESI Simulations on Bradykinin at pH 2. The primary focus of our MD simulations was on the 

ESI behavior of bradykinin in acidic solution, because most peptide ESI analyses are conducted at 

low pH.7-10 Conveniently, changes in droplet acidity during evaporation are not an issue under these 

conditions, rendering pH 2 simulations conceptually straightforward (see Methods). MD runs were 

conducted by embedding 3+ bradykinin in Rayleigh-charged water droplets. Like in earlier 

simulations on other analytes,24, 26 the MD runs showed rapid water evaporation. Occasional IEM 

ejection of Na+ kept the shrinking droplets close to the Rayleigh limit. This water and Na+ behavior 

has been discussed in detail elsewhere.26, 43-45, 47  

Figure 2A exemplifies snapshots from an MD run on an ESI droplet with an initial radius r0 

= 4 nm. The 13.5 ns time point illustrates a Na+ ejection event. Also at this time, bradykinin had 

moved close to the droplet surface. However, in this trajectory the peptide remained within the 

droplet until the solvent had completely evaporated at t ≈ 75 ns. In other words, formation of the [M 

+ 3H]3+ peptide ion in Figure 2A followed the CRM. Similar CRM trajectories have previously been 

reported in MD studies on other 3+ peptides.49, 53, 66 

Figure 2B shows MD data for a droplet with r0 = 5 nm. Once again, the droplet underwent 

water evaporation with IEM ejection of Na+ (t = 2.25 ns in Figure 2B). Unlike in the aforementioned 

CRM run, bradykinin was ejected from the droplet at t ≈ 3.24 ns. The departing peptide left behind 

an analyte-free residual droplet. Immediately after ejection, the peptide remained bound to ca. 50 

water molecules which then evaporated, ultimately generating a [M + 3H]3+ gaseous ion (Figure 2B, 
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t = 75 ns). Ejection of bradykinin from the droplet in Figure 2B signifies the hallmark of the IEM. 

To our knowledge, this is the first time that droplet MD simulations confirmed the viability of 

gaseous peptide ion formation via the IEM. More generally, Figure 2 demonstrates that both the 

IEM and the CRM can produce gaseous bradykinin ions.  

 



 12 

 
 

Figure 2. MD trajectory snapshots of aqueous ESI droplets containing 3+ bradykinin (pink) and 
excess Na+ (blue) for various time points, representing a pH 2 droplet. (A) Initial droplet radius r0 = 
4 nm, culminating in [M + 3H]3+ ion formation via the CRM. (B) r0 = 5 nm, with [M + 3H]3+ ion 
formation via the IEM. Both trajectories also show IEM ejection of Na+, highlighted in blue. 
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Multiple pH 2 simulations were conducted to examine which factor(s) govern the prevalence 

of IEM vs. CRM behavior. MD runs for initial droplet radii between 1.5 nm and 5 nm all produced 

[M + 3H]3+ gaseous ions. A quick way to recognize the ESI mechanism in the MD data is to track 

the number of water molecules surrounding the peptide. All of the profiles in Figure 3 start off with 

a gradual decrease that reflects water evaporation from the droplet. For CRM trajectories, this 

decrease continued all the way to zero, implying that the peptide was released by solvent evaporation 

to dryness. Conversely, IEM trajectories exhibited near-vertical transitions at the point of peptide 

ejection. Almost all of the MD runs on droplets with r0 between 5.0 nm and 4.0 nm culminated in 

IEM ejection of bradykinin. Droplets with r0 = 3.5 nm and 3.0 nm resulted in a mix, where some 

peptides showed IEM behavior while others followed the CRM (Figure 3A). The smallest droplets 

(r0 = 2.0 nm and 1.5 nm, Figure 3B) exclusively showed CRM behavior. This trend is also apparent 

from Figure 4A, which shows the percentage of each ESI mechanism for all r0 values. Before 

discussing the origin of this trend, we will have a look at additional simulation results. 

 

ESI Simulations at pH 7 and pH 10. MD runs for pH 7 were conducted by adjusting the solution 

charge of bradykinin to 2+ (Figure S1). Most of these simulations produced gaseous peptide ions 

via the CRM (Figure S3A). Only some runs showed IEM behavior (Figure S3B). The majority of 

the pH 7 simulations culminated in [M + 2H]2+ gaseous ions. The remaining runs involved 

attachment of one Na+, generating [M + 2H + 1Na]3+ ions. Na+ binding to bradykinin involved 

electron-rich moieties, such as backbone carbonyl oxygens and the C-terminal carboxylate (Figure 

S3, t = 75 ns). This occasional sodiation took place for both IEM and for CRM runs. The CRM vs. 

IEM balance, as well as the final charge states of all pH 7 simulations are compiled in Figure 4B. 
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Figure 3. ESI simulation results from multiple MD runs on bradykinin in droplets with different 
initial radius r0. (A) r0 = 5.0 nm to 3.0 nm, (B) r0 = 2.0 nm and 1.5 nm. The simulations mimic pH 
2 droplets with a 3+ peptide charge in solution. All runs generated [M + 3H]3+ gaseous ions. Graphs 
display the number of water molecules surrounding the peptide. Sudden downward transitions 
indicate IEM ejection of the peptide. CRM runs are characterized by a gradual decrease toward zero 
as droplets evaporate to dryness. The profiles shown here represent five to seven independent MD 
runs for each droplet radius.  
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Figure 4. Summary of MD simulation results for bradykinin in differently sized droplets. Gaseous 
peptide ions were formed via the IEM (filled bars) or the CRM (open bars). The initial bradykinin 
charge in solution was (A) 3+, corresponding to pH 2; (B) 2+, corresponding to pH 7; (C) 1+, 
corresponding to pH 10. The percentage of each ESI mechanism is shown on the y-axis. Different 
colors in each panel distinguish final charge states. The i/j notation indicates the number of runs that 
showed a specific mechanism (i) for the total number of runs under that condition (j). 
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via the CRM. IEM behavior was seen in some runs for larger droplets, but never for r0 < 3 nm 

(Figure 4C). Evaporation kinetics at pH 7 and pH 10 are shown in Figures S4 and S5. 

 

Comparing MD Data and Experiments. The pH-dependent simulation results are in good 

agreement with our experimental ESI-MS data. Changing the pH from 2 to 7 to 10 caused a 2.7+ → 

2.5+ → 2.1+ shift in the average charge state of the experimental mass spectra (Figure 1). The 

average MD charge states showed a similar shift (3.0+ → 2.2+ → 2.1+, Figure 4). Simulated 

bradykinin ions exclusively appeared as 3+ and 2+ ions, matching the dominant charge states in the 

experiments. This agreement is not trivial because, in principle, Na+ binding could have generated 

charge states z > 3 during the MD runs, but neither the simulations nor the experiments showed such 

highly charged ions. Similarly, pH 10 simulations could have produced 1+ gaseous ions. Instead all 

of the corresponding MD runs produced 2+ or 3+ charge states, consistent with experiments of 

Figure 1C where the 1+ contribution was very low (about 1%). The overall agreement between MD 

results and experiments supports the validity of the modeling strategy used here.  

 Proteins comprise a much larger number of residues compared to peptides. For those large 

molecules, lowering the bulk pH often causes dramatic shifts to higher ESI charge states as a result 

of unfolding in solution.26, 95-97 In comparison, the pH dependent shifts seen for bradykinin (Figure 

1) and similar peptides61 are more moderate. Still, the question arises if these peptide shifts are also 

related to unfolding. Our data indicate that this is not the case. Bradykinin can adopt transient 

structure in solution,69 but its overall conformation is disordered85 This disorder is consistent with 

the near-instantaneous deuteration of bradykinin.98 The formation of stable secondary structure is 

hindered by the large percentage of Pro (3/9 residues).99 The inability of bradykinin to adopt a folded 

state in solution precludes the occurrence of unfolding. This view is supported by MD data for 

bradykinin in droplets between pH 2 and 10, all of which showed disordered conformations as 
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exemplified in Figure S6 (although collapse into more compact structures can take place after release 

into the gas phase, particularly for 1+ ions72). We conclude that pH-dependent ESI charge state shifts 

of bradykinin are not caused by unfolding in solution. Instead, these shifts appear to be a remnant 

of the peptide protonation pattern in solution, although there is no 1:1 correlation between analyte 

charge before and after ESI.61-63  

 It is interesting that at pH 2 the solution charge of bradykinin is 3+ (Figure S1), while the 

corresponding experimental spectrum showed ~30% 2+ ions (Figure 1A). We tentatively attribute 

these 2+ ions to charge loss during IEM ejection, when some of the departing peptides leave one 

proton behind in the droplet. Similar events can take place for proteins during the CEM.26 Our MD 

strategy did not allow for such H+ transfer. Instead, all of our pH 2 simulations culminated in [M + 

3H]3+ ions, matching the dominant (~70%) signal in the experimental spectrum of Figure 1A. 

 Previous work suggested that natively folded proteins predominantly follow the CRM.11, 25, 

26, 39 The ESI charge states z of these CRM-generated ions approximately match zR of protein-sized 

water droplets, as expected if the net charge of the shrinking ESI droplets stays close to the Rayleigh 

limit (eq. 1).11, 19 This z ≈ zR relationship also holds for the CRM-generated peptide ions examined 

here. When using a density of 1 g cm-3, bradykinin (1060 Da) has an effective radius of 0.75 nm.19 

From this radius eq. 1 predicts z = 2.3+, which is within the range observed in our experiments and 

simulations (Figures 1, 4). However, this agreement does not provide clues to the ESI mechanism, 

because CRM and IEM simulations both generated the same charge state range (Figure 4).  

 

Competition Between ESI Mechanisms. Our MD data reveal that IEM and CRM are both viable 

for the formation of gaseous peptide ions. The distinction between the two mechanisms was clear-

cut; there was no “intermediate” ESI scenario under the conditions of this work. Figure 4 implies 

that the prevalence of IEM ejection follows two trends. (1) Peptide charge in solution (qpep) is a key 
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factor. IEM behavior was much more common for qpep = 3+ than for qpep = 2+. Peptides with qpep = 

1+ were incapable of IEM ejection, unless Na+ binding generated a 2+ ion. (2) The other key factor 

is the initial droplet radius r0. IEM ejection was favored for larger droplets (r0 = 4 nm to 5 nm), 

while none of the runs for r0 < 3 nm showed IEM behavior. 

A simple model can qualitatively account for the dependence of IEM ejection on qpep and r0 

(Figure 5). IEM events are driven by the repulsive force F between qpep and the droplet charge qdrop 

= qR – qpep.21-24 Droplet and peptide are approximated as spheres, with rpep = 0.75 nm as noted earlier. 

We focus on a situation where the peptide is poised to undergo IEM ejection and has moved to the 

outside surface of the droplet (right hand side in Figure 5A,B). One can calculate the dependence of 

F on qpep and r0 by noting that F = E × qpep, with the electric field E = (40)-1 qdrop / (rdrop + rpep)2. 

The magnitude of F governs the IEM vs. CRM competition. If F is small, the peptide will 

be pulled back into the droplet as a result of solvent polarization, image charges, and surface tension 

effects.21, 22 Our model does not explicitly consider these opposing factors. Instead, we focus on the 

premise that a large F will favor separation of peptide and droplet, thereby promoting IEM behavior. 

Figure 5A illustrates the situation for r0 = 1.5 nm and qpep = 3+, with F = 0.52 nN. Increasing the 

droplet size to r0 = 4.5 nm boosts F to 0.78 nN, Figure 5B). It is obvious that this larger repulsion 

will promote IEM ejection in Figure 5B. Peptide/droplet separation is less likely in Figure 5A, 

favoring retention of the peptide in the droplet until the solvent has evaporated to dryness (CRM). 

F(r0) plots for different qpep show that 3+ peptides experience the highest repulsive force, 

while F is lowest for qpep = 1+ (Figure 5C). This predicted dependence accounts for Trend (1) 

identified above; i.e., the fact that a high peptide charge solution (caused by low pH) favors IEM 

ejection. The maximum of the F(r0) plot for qpep = 3+ is at r0 = 4 nm (Figure 5C). Thus, our model 

predicts that IEM ejection will be most favorable for droplets in this size range. Smaller droplets 

will preferentially exhibit CRM behavior. This prediction accounts for Trend (2), i.e. the low 
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prevalence of IEM events for very small droplets. One can explain the second trend by noting that 

for very small r0, a significant fraction of overall charge (qR) is contributed by qpep. Under these 

conditions, the remaining qdrop is so small that only a relatively weak repulsive force F is generated 

(Figure 5A). F is more favorable for larger droplets (e.g. r0 = 4.5 nm, Figure 5B), where IEM ejection 

becomes more likely. Much larger droplets once again show lower F values, because E  r0 -1/2 for 

Rayleigh-charged droplets with rpep << rdrop and qpep << qdrop.22, 24, 100 Although the low E of very 

large droplets prevents peptide IEM, these droplets may shrink until they reach a size regime where 

F is adequate for peptide ejection (e.g., from r0 = 50 nm to 4 nm along the red profile in Figure 5C). 

However, fission events cause discontinuous size changes, such that not all droplets will necessarily 

pass through the regime where IEM is favored. Unfortunately, computational cost precludes MD 

simulations on such very large droplets. 

The approximate minimum force Fmin required for peptide IEM is indicated by the dashed 

line in Figure 5C. Fmin was estimated by noting that IEM events become feasible for 2+ (pH 7) 

bradykinin in the r0 range between 3 nm to 5 nm (Figure 4B). Conditions where F > Fmin allow for 

peptide IEM ejection. Conditions below this threshold favor peptide ion formation via the CRM, 

unless the droplet is very large and can shrink until F > Fmin. It is gratifying that our model can 

account for the trends of IEM ejection on qpep and r0 that were seen in the MD simulations. However, 

we emphasize the minimalist nature of this model which neglects many aspects of droplet behavior. 
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Figure 5. Simple electrostatic model to calculate the force F acting on a peptide ion (“pep”) during 
IEM ejection. Droplet and peptide are modeled as charged spheres. (A) The left cartoon shows a 
droplet with r0 = 1.5 nm at the Rayleigh limit prior to ejection. The cartoon on the right shows the 
peptide during ejection. The repulsive force F acting on the peptide at this point is indicated in red. 
(B) Same as in panel A, but for a droplet with r0 = 4.5 nm. (C) Dependence of F on r0 for different 
values of qpep. For additional details, see text. 
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charge 3+) as a model peptide, both the IEM and the CRM were found to be viable. Droplets with 

radii between 4 and 5 nm showed mostly IEM behavior, whereas for smaller droplets the CRM was 

dominant. Our data resolve a conundrum in the literature; on the one hand it is widely believed that 

peptides follow the IEM,13, 36, 64, 65 while on the other hand earlier simulations showed peptide CRM 

behavior.49, 53, 66 Notably, those earlier simulations used relatively small droplets (r0 ≈ 3 nm). Our 

data confirm that the CRM is dominant for droplets in this size range, whereas IEM behavior 

becomes prevalent for droplets that are somewhat larger (Figure 4). 

Even after verifying that peptide ions can form through both mechanisms, it remains difficult 

to predict the IEM vs. CRM balance under experimental conditions. This is because the ESI plume 

comprises a wide droplet size range (particularly with the high flow rates used for LC/MS), covering 

radii of ~ 1 µm down to 2 nm and below.11, 18 If solvent evaporation were the only shrinkage process, 

all of the early (large) ESI droplets would automatically pass through the 4-5 nm regime where IEM 

is favorable. However, in reality Coulomb fission plays a dominant role as well,11, 18 such that 

droplets may “skip over” this IEM regime. For example, formation of 2 nm progeny droplets from 

a 10 nm parent droplet will miss the 4-5 nm range where IEM ejection is likely to happen. In other 

words, before predicting the prevalent peptide ESI mechanism under experimental conditions, it will 

be necessary to obtain a better understanding of the droplet size distribution in the ESI plume. The 

results of the current work specifically apply to bradykinin. It is to be expected that the IEM vs. 

CRM balance will also be affected by the amino acid composition, including the percentage of 

nonpolar side chains and the number of titratable sites.54 Efforts to tackle these issues are currently 

underway in our laboratory, and the results will be reported elsewhere. 

 

Supporting Information. Figure S1: Titration profile of bradykinin in solution. Figure S2: 

Bradykinin mass spectra acquired in the presence of NaCl. Figure S3: MD trajectory snapshots for 
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bradykinin with an initial 2+ charge. Figure S4: MD-generated evaporation profiles for bradykinin 

with an initial 2+ charge. Figure S5: MD-generated evaporation profiles for bradykinin with an 

initial 1+ charge. Figure S6: MD conformations of bradykinin at different pH. 
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