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ABSTRACT 

Analytical characteristics of contained electrospray ionization (ESI) are summarized in terms of its potential 

to modify analyte solution during the stages of droplet formation to provide opportunities to generate native 

versus denatured biomolecular gas-phase ions, without the need for bulk-phase analyte modifications. The 

real-time modification of the charged microdroplets occurs in a cavity that is included in the outlet of the 

contained-ESI ion source. Close examination of the inside of the cavity using high-speed camera revealed 

the formation of discrete droplets as well as thin liquid films in the droplets wake. When operated at 20 psi 

N2 pressure, the droplets were observed to move at an average speed of 8 mm/s providing ~1 s mixing time 

in a 10 mm cavity length. Evidence is provided for the presence of highly reactive charged droplets based 

on myoglobin charge state distribution, apo-myoglobin contents, and ion mobility drift time profiles under 

different spray conditions. Mechanistic insights for the capture of vapor-phase reagents and droplet 

dynamics as influenced by different operational modes are also described.         
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INTRODUCTION 

Electrospray ionization (ESI)[1, 2] is a commonly used ionization method for large biomolecular 

analysis by mass spectrometry (MS), since it is a soft ionization method that generates intact gas-phase ions 

directly from solution. Finding the optimal solution conditions is critical for structure determinations of all 

analytes.[3, 4] For protein analysis, non-denaturing solutions (native MS) allow the intact, folded, protein 

or protein complex (e.g., protein-cofactor complexes) to be transferred into gas phase without significant 

conformational changes or loss of cofactor.[5] Preserving protein conformations in this manner can enable 

the overall topology of the protein to be determined and can be related to other structural biology tools (e.g., 

NMR and cryo-EM).[6, 7] Denaturing solutions, on the other hand, produce unfolded proteins or protein 

complexes that have lost quaternary structure. Denatured protein solutions typically yield highly charged 

species when subjected to ESI-MS analysis. Topological information may be lost for denatured proteins, 

but the resultant increase in protein charge state is beneficial for two reasons 1) it allows the detection of 

large analytes on mass spectrometers with limited m/z range and 2) high charge states facilitate ion 

dissociation in tandem MS (MS/MS) experiments. Perhaps the most important advantage of ESI is its ability 

to serve as an interface between liquid chromatography (LC) and MS for online analysis of complex 

mixtures. For LC-ESI-MS applications, two separate solution conditions must be considered; solvent 

systems that can facilitate high resolution separations and those that will favor efficient ionization via 

electrospray. In some situations, the optimized mobile phase for the LC system might not be suitable for 

the ESI process.[8, 9] 

We have recently proposed a contained-ESI ion source that has potential to provide a facile solution 

to this conundrum. The contained-ESI apparatus enables online modification of ESI microdroplets during 

MS analysis.[10, 11] This is contrary to the traditional procedures that tend to modify solutions prior to 

analysis.[12–15] We have shown that by using headspace vapors of acids to modify charged microdroplets 

derived from aqueous (native) protein solutions, the contained-ESI source was able to change the 

distribution of charge states of the protein in real-time.[11] The extent of change in protein charge state was 

found to be dependent on the pKa and vapor pressure (VP) of the acid used. The pH of the droplets can be 

changed in real-time simply by changing nebulizing gas pressure. With acid vapors, the process of protein 

unfolding is the predominant reaction, although improved signal-to-noise ratios can be achieved. The 

contained-ESI apparatus can also perform the reverse reaction by re-folding protein in real-time via the 

exposure of charged microdroplet containing previously denatured proteins to ammonium 

acetate/triethylammonium acetate solution.[11] Clearly, modification of solution conditions during the 

stages of the droplet formation can serve to provide a more flexible and efficient way to control mass spectra 

for biomolecules; especially when considering the ability to achieve modification on a short timescale, 



suggesting compatibility with LC-MS systems, for high throughput analyses. The objective of the current 

study is to investigate the spray mechanism of the contained-ESI ion source to more fully understand droplet 

dynamics and ion structure. Such studies are important since they will allow effective optimization of this 

new electrospray-based ion source.    

The modification of droplets in the contained-ESI source takes advantage of recent reports that 

show accelerated mixing, and consequently reaction rates, under the charged microdroplets 

environment.[16–20] Theta capillaries allow mixing times that are 2 orders of magnitude less than in any 

mixer previously coupled to a mass spectrometer, enabling folding and refolding of proteins to be studied 

on milliseconds time scale.[21–23] Enhanced bimolecular reaction rates have also been observed in charged 

microdroplets [24–26] and in extractive droplet fusion experiments.[27–29] The increased reaction rates 

are attributed to concentration and surface effects as well as effective mixing. It turns out that the difference 

between reactive and non-reactive electrosprayed microdroplets is derived mainly from the distance the 

droplets are allowed to traverse.[16, 30] Electrosprayed microdroplets become reactive at long spray 

distances where solvent evaporation yields droplets with high surface area-to-volume ratio. The 

distinguishing feature of the contained-ESI platform from other droplet-based ion sources is that it allows 

the generation of reactive charged microdroplets at analytical spray distances, without a substantial gap 

between the ion source and the inlet of the mass spectrometer.[10, 11] In fact, the contained-ESI source 

employs a cavity with adjustable length (1 – 10 mm) to promote droplet desolvation and to increase 

residence time of the droplet at larger cavity sizes, enabling effective in-situ droplet modification with 

reactive gases and liquids. To better understand and characterize the processes taking place within the 

cavity, we used a camera to examine spray dynamics. These visuals revealed the co-existence of droplets 

and thin liquid films within the cavity, which serve as a foundation for the reactivity of the system. Further, 

MS experiments were performed on myoglobin in the presence of HCl vapor, which demonstrated a charge 

state distribution consistent with denatured proteins. As the nebulizer gas pressure was changed, the 

presence of apo-myglobin versus holo-myoglobin was altered, signifying that droplet pH was changed by 

changing the N2 gas pressure. Droplet reactivity, indicated by higher average charge state and more apo-

myoglobin content, increased with increasing cavity length, which can be explained by increased reaction 

time in the cavity. Ion mobility spectrometry experiments confirmed MS data and corroborated the fact that 

by using faster droplet modification time, it is possible to generate unfolded holo-myoglobin proteins in the 

gas-phase that can facilitate top-down proteomics by enabling accurate molecular weight determinations 

prior to collisional activation of the highly charged protein ions.    

 



 

Figure 1. (A) Experimental setup for the contained electrospray ionization (ESI) platform. The apparatus 

uses three inputs variables (analyte solution, nebulizer gas, modifying headspace vapor), which converge 

in the cavity to modify charge droplets and thin liquid films prior to transport of the modified analyte to 

mass spectrometer. Analyte residence time is variable based on the configuration of the outlet (B): a shorter 

mixing time is accomplished in Type I operation mode (B,i), in which the ESI emitter is pushed out (~1 

mm) of the outer capillary. In Type II mode of operation (B,ii), however, the ESI emitter is regressed 

creating a cavity into which the electrospray droplets form the analyte solution can be collected and 

modified at an extended time period (>1 s at 20 psi N2 pressure for 10 mm cavity length).  

 

EXPERIMENTAL SECTION  

Contained-electrospray apparatus. The contained-ESI ion source (Figure 1A) has been 

previously described.[10, 11] In brief, the contained-ESI apparatus is constructed from a stainless steel 

cross Swagelok element that is capable of providing the three inputs:  1) the delivery of analyte solution via 

the electrospray emitter on which direct current (DC) high voltage is applied, 2) a means to modify droplet 

pH in real-time via the use of headspace vapor of various acids differing in pKa’s and vapor pressures, and 

3) a nebulizer gas (e.g., N2) to assist in reagent mixing and ionization. These three inputs converge at the 

outlet of the apparatus, which we can configure in two operation modes: in Type I mode of operation (Figure 

1B,i), the ESI emitter (fused silica (FS); 100 μm ID) is inserted and pushed out (~1 mm) of the outer FS 



capillary (250 μm ID). This configuration affords limited interactions of the acid vapor with the electrospray 

droplets and hence minimal analyte modification. A cavity of variable length is created in the Type II 

operation mode (Figure 1B,ii) by pulling the ESI capillary inside of the outer capillary. In this case, the 

electrosprayed droplets accumulate as thin film on the inner surface of the outer capillary, which can be 

modified through the seeding of acid vapor. The dynamics of the mixing process occurring in the cavity is 

the subject of the current studies, which are discussed later. The electrospray emitter and the outer FS 

capillary are held in place by 0.2 and 0.4 mm graphite ferrules, respectively, as represented by the black 

triangles on either side of the apparatus shown in Figure 1A. 

Videos and droplet measurements. Videos of the apparatus in use were recorded by a WATEC 

704r camera with a G3.8 lens connected to a Black Magic Design Intensity Shuttle. All videos were then 

edited using Windows Movie Maker. Film widths and distances were measured relative to the outer 

diameter of the outer capillary (OD, 400 μm) using Microsoft PowerPoint using the time stamps at each 

frame.  

Mass spectrometry. When positioned in front of a mass spectrometer, as illustrated in Figure 1A, 

the contained-ESI apparatus becomes an effective ion source through which large proteins and small 

organic compounds can be analyzed. Unless otherwise stated, the contained-ESI experimental parameters 

for MS analyses were: solvent flow rate: 5 µmL/min; spray voltage: 5 kV; HCl volume: 0.5 mL; 5 mm 

reaction cavity length. Mass spectra were collected using a Thermo Fisher Scientific Velos Pro ion trap 

mass spectrometer (San Jose, CA). The MS parameters were: 200 ºC capillary temperature; 3 microscans; 

100 ms ion injection time. Spectra were recorded for at least 30 s. 

Ion mobility spectrometry (IMS). IMS was performed on a Synapt G1 HDMS instrument (Waters 

Corp., Milford, MA, USA). Instrument parameters were tuned to maximize signal intensity for IMS while 

minimizing collisional activation. The source temperature was set to 120 °C, sampling cone voltage of 

200 V, extractor cone voltage of 10 V, argon flow rate in the trap was set to 7 mL/min (5.2 × 10−2 mbar), 

and transfer collision energy at 15 V. The T-wave settings were for trap (300 ms−1/1.0 V), IMS 

(300 ms−1/20 V), transfer (100 ms−1/10 V), and trap DC bias (35 V).  

Chemicals and Reagents. Myoglobin and hydrochloric acid were purchased from sigma Aldrich 

(St. Louis, MO, USA) and used without further purification. All samples were prepared in 100% 18.2 M 

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

 

   

 



 

RESULTS AND DISCUSSION 

For contained-ESI MS analyses, solutions of myoglobin (MW 17.6 kDa; pI 7.4) were all 

prepared in 100% water. When this aqueous solution is electrosprayed in the absence of acid, 

myoglobin is observed in a folded, holo form which contains a non-covalently bound heme 

group.[11, 31, 32] Holo-myglobin is observed to undergo rapid denaturation (within 100 ms time-

scale) when exposed to acid; it unfolds through a globular conformation, with the heme group still 

bound, before reaching the final unfolded, elongated apo form at which point the non-covalently 

bound heme group is lost. We chose this protein system to investigate the spray mechanism of the 

contained-ESI ion source because the unfolding event leading to conformational changes can be 

readily witnessed through changes in protein charge state distribution (CSD) during ESI-MS. The 

concomitant reduction in mass (due to the loss of the heme group) allows direct access to percent 

apo-myoglobin (% aMb), which can be used to determine the extent of myoglobin denaturation 

without the use of sophisticated instrumentation. The intensity-weighted average charge state (qavg; 

equation 1)[33] was used to represent protein CSD when comparing the extent of unfolding caused 

by different spray conditions. 
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𝑁
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𝑁
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Where N is the number of detected charge states, qi is the charge of the ith charge state and wi is the 

intensity of the ith charge state.  

 

Eqn 1 



 

Figure 2. Comparison of reactivity between evaporating charged droplets created in Type I mode of 

operation (A and C) and the effect of cavity on droplet reactivity in Type II mode (B and D). The 

evaporating droplets were created by allowing the electrospray droplets to traverse a maximum of 20 mm 

distance in ambient air. Droplet reactivity was altered in Type II mode of operation by changing the cavity 

length from 0 – 10 mm. Extend of droplet reactivity was monitored both by the average charge (qavg) of 

myoglobin (A and B) and percent apo content (C and D). Myoglobin solution (50 μM in 100 % water) was 

sprayed at a flowrate of 5 µL/min with 5 kV applied to the ESI emitter. Headspace vapor of HCl was used 

to modify the electrosprayed droplets in all cases.  

 

Comparing Effects of Cavity and Droplets Evaporation on CSD and %aMb 

Charged microdroplets, produced from electrospray, are routinely used to achieve accelerated 

bimolecular reactions.[16, 34] The assumption is that by increasing the distance between the ESI emitter 

and the MS inlet, the time available for desolvation of the charged microdroplets is increased, which will 

lead to increased concentration and surface effects. We examined this effect on protein unfolding using 

Type I operation mode of the contained-ESI source using different spray distances (1 – 20 mm). The Type 

I configuration, characterized by the absence of the cavity, is similar to conventional ESI except that the 

acid is not added to the protein solution; instead, the rapidly moving aqueous droplets containing the holo-

myoglobin were briefly exposed to HCl vapor, and the acidified droplets were allowed to travel a specified 

distance in ambient air. The results for this experiment are summarized in Figures 2A and C, in terms of 

average charge (qavg) and % apo-myoglobin, respectively, for each spray distance tested. As spray distance 

is increased, qavg showed a slight decrease in a fairly narrow range, Δqavg = 1.3. We attribute the small 

decrease in qavg to a re-folding [35–37] event as the protein is transferred in the charged microdroplet across 

the 20 mm distance. Although the milliseconds droplet lifetime (assuming 80 – 100 m/s droplet 

velocity)[27, 38] permits a small degree of myoglobin refolding, the incorporation of heme into either the 



folded or unfolded protein is disfavored as this reaction requires much longer times.[31, 35] As a 

consequence, an increased apo content (%aMb) is observed (Figure 1C). %aMb at 20 mm spray distance 

was 42% indicating the majority of the protein ions were detected in the holo form. The fact that +26 charge 

state holo-myoglobin ions can be observed, coupled to previous works with supercharging native proteins, 

[11, 39]  indicate that CSD alone cannot be used to effectively indicate the conformations of gas-phase 

protein ions. Assuming charge residue model, droplet pH can be expected to decrease as solvent 

evaporates,[40, 41] which should in turn facilitate protein unfolding. However, the equilibrium constant 

between folded and unfolded conformations of myoglobin has been reported to be stable in a wide pH 

range,[35] explaining why only a modest change in average charge is detected for these evaporating 

droplets. Collectively, these results suggest that rapidly moving charged microdroplets can be modified, 

but concentrations and pH effects due to solvent evaporation afford a limited droplet reactivity reducing 

the extend of protein denaturation.  

 Instead of utilizing long spray distances, which can present the unwanted consequence of inefficient 

ion transport to the distant mass spectrometer, we proposed to extend mixing time of droplets with vapors 

by introducing an enclosed space before the droplets are transported to the MS. Within this cavity, analytes 

are sprayed from the electrospray emitter and are transported along the length of the outer FS capillary, 

during which time the droplets and films can interact with the headspace vapor (Type II operation mode). 

The volume of the cavity was controlled by changing its length (0 – 10 mm; i.e., distance between ESI 

emitter tip and the tip of the outer capillary). The N2 nebulizing gas induces mixing of reagents and carries 

the acidified analyte solution to the MS in the form of modified charged droplets. We kept the distance 

from the tip of the outer capillary to the MS inlet constant (2 mm) for all experiments. To compare reactivity 

in the cavity with that derived from the evaporating droplets, we monitored qavg and %aMb. The average 

charge state showed a gradual increase with increasing cavity length (Figure 2B), but like the evaporating 

droplets derived from the Type I operation mode, the difference was fairly small (Δqavg = 1.7). Assuming 

constant charge, turbulent mixing can be more effective at longer cavity lengths and lead to a more profound 

impact of the acid on the pH of the droplet. Also, reaction time is expected to increase at longer cavity 

lengths (discussed later); plus, the turbulent flow itself characterized by chaotic pressure changes can further 

cause protein unfolding. In fact, based on measure droplet velocity (6 mm/s at 50 psi) in the cavity and 

estimated kinematic viscosity coefficient (v) of 8.9 × 10-7 m2/s for water, we calculated Reynold’s number 

(Re = uL/v (u = velocity in the fluid flow, L = is spatial scale, e.g., length) to be ~90, confirming the 

existence of turbulence flow in the microliter size cavity of length 10 mm. pH effects and turbulent gas 

flow can explain the observed increase in qavg for the Type II operation mode. Evidence for extended protein 

unfolding can be found not only in the increased average charge state, but also in the increased %aMb 

(Figure 2D). Even at zero cavity length (i.e., the ESI emitter is neither pushed out nor pulled inside of the 



outer capillary; rather the two capillaries are at equal lengths at the outlet of the contained-ESI source), we 

detected 66% apo content, which is >20% more than the effect observed for evaporating droplets at 20 mm 

spray distance. This signifies a change in spray dynamics that can result from two distinct effects: 1) since 

the outer capillary is at equidistant with the electrospray inner capillary, the capture of HCl vapor can begin 

in the Taylor cone, where mixing is known to be efficient as in the case for theta capillaries, and/or 2) 

increase shear force of the nebulizer gas on analyte solution. At zero-length cavity,[42] the N2 gas and the 

analyte solution exit the contained-ES source at the same point in space, compared with Type I mode where 

the solution is ahead of the gas and therefore interacts with the gas in a diffused region. Apo-myoglobin 

content reach 97% when cavity length was increased to 5 mm. These results confirm that the presence of 

cavity in the contained-ESI ion source allows for the creation of more reactive electrospray environment 

for effective modification of analyte solution in real-time while still using analytical spray distance of 2 

mm.              

 

Effects of Sheath Gas in Contained-Electrospray Ionization 

The nitrogen nebulizer gas exerts four interrelated effects in the contained-ESI ion source: (1) 

variable droplet speed at different N2 pressures (which in turn controls the extent to which the analyte 

interacts with the modifying HCl vapor), (2) controls vapor pressure of HCl that is sampled, through 

suppression and/or dilution effects, (3) facilitates mixing via turbulent flow in the cavity, and (4) finally, 

the level of ion yield. As already discussed, the Type I operation mode offered limited effect because of the 

limited amount of time the droplets have to interact with the reagent vapor. Previous experiments showed 

that the droplet pH is ~1.2 at 30 psi N2 pressures, which increased to pH of 4.5 upon increasing N2 pressure 

to 140 psi. These results were corroborated by measured HCl consumption rates of 6.4 nL/min and 3.3 

nL/min for 30 and 140 psi N2 pressures, respectively. The concentration of HCl headspace vapor decreased 

with increasing pressure, which was accompanied by a concomitant increase in droplet speed. Stills from 

movies recorded for the Type I operation mode at 20 and 100 psi nebulizer pressures are provided in Figure 

S1, which show visible droplets and bulky Taylor cone when the spray occurs using 20 psi. The Taylor 

cone is seen originating from the outer capillary, which is 1 mm behind the ESI emitter from which the 

protein solution is delivered. Since the HCl vapor is carried by the N2 gas and is delivered through the outer 

capillary, the presence of a large stable Taylor cone at 20 psi can translate into more efficient vapor capture 

into the analyte solution. On the contrary, the droplets produced when using 100 psi N2 pressure in the Type 

I mode were too small and fast to be observed by WATEC 704r camera used here (Figure S1C). At such 

high nebulizing gas pressure, a very small Taylor cone is observed localized only on the ESI capillary 

suggesting limited droplet exposure to HCl vapor. These insights revealed by the imaging experiments are 



consistent with measured droplet pH, reagent consumption rates and previously reported droplet 

reactivity.[10, 11]  

Unlike the Type I operation mode, which can produce fairly good ion yields independently of spray 

voltage and nebulization, the Type II mode of the contained-ESI source embodying the reaction cavity 

requires simultaneous application of DC voltage and nebulizer gas (Figure 3). In the absence of applied 

voltage the analyte solution delivered into the cavity can be nebulized and pushed along via turbulent flow 

but the solution accumulates in a big drop upon arriving at the tip of the outer capillary (Figure 3B). This 

is due to the lack of electric field gradient required for Taylor cone formation. With the ESI emitter 

regressed into the outer capillary, enough momentum garnered from pneumatic effects derived from the 

pressurized device is necessary to allow effective transport of droplets/ions to the mass spectrometer. Also, 

in the absence of applied N2 gas, there is neither thin film nor droplet formation in the cavity, which results 

in a significantly reduced ion yield (Figures 3A and C). 

 

Figure 3. (A) Optical images showing spray dynamics brought about by the effects of spray voltage and 

nebulizer gas pressure in relation to the position of the ESI-emitter in the reaction cavity in Type II mode. 

(B) Close-up images of the outlet of the cavity indicating that the absence of electric field (0 kV) leads to 

the accumulation of analyte solution into a big drop. (C) Total ion chronogram (TIC) showing the effect of 

spray voltage and N2 nebulizer gas pressure on the intensity of ion current.   
 

 

 Mass spectra for myoglobin recorded at different N2 pressures when the contained-ESI source was 

operated in Type II mode are shown in Figure 4A. The different CSDs observed here can serve to indicate 

pH changes in the cavity as the nebulizing gas pressure is changed. We expect longest HCl vapor exposure 

times in the cavity at low N2 pressures and hence a more complete protein denaturation. As anticipated, all 

holo-myoglobin proteins originally present in aqueous solution were converted into apo form (100% aMb) 

when using 20 psi N2 gas pressure (Figure 4A,i). Apo-myoglobin content decreased to 81% upon increasing 

the pressure from 20 to 50 psi, although qavg remained similar (Figure 4A,ii). Apo-myoglobin content further 



decreased to 68% at 100 psi, with a concomitant decrease in qavg from 22 to 14 (Figure 4A,iii). These results 

are attributed to the combined effects of changes in pH and exposure times in the cavity. The presence of 

slow moving droplets combined relatively bulky liquid thin films at 20 psi N2 pressure means that the 

capture of HCl vapor will be more efficient causing significant drop in pH (<1.2 pH units) [10], which 

explains why holo-myoglobin species did not survive this spray condition. In Type I mode of operation, the 

bigger size of the Taylor cone created at lower N2 gas pressure exerts similar effects by facilitating 

absorption of HCl vapor into the droplets. Closer examination of peaks derived from apo-myoglobin (e.g., 

see +15 charge state, Figure 4B) revealed high HCl adduction at lower pressures – 8 and 4 HCl adducts 

were detected for 20 and 50 psi, respectively. Although pKa (–7) of HCl should facilitate its complete 

dissociation in the cavity, the detection of HCl adducts is not surprising if we consider the time scale of the 

mixing process, which has been shown experimentally to be on seconds timescale (discussed later). Number 

of HCl adduction decreased with increasing pressure because of the overall decrease in the concentration 

of HCl headspace vapor. No HCl adducts were observed at 100 psi N2 pressure. Instead, sodium adducts 

emerged indicating higher pH in the cavity relative to the lower pressures tested. It is important to note that 

these experiments occurred with low source currents, which minimized possible oxidation reactions during 

the electrospray process. In contrast, low signal-to-noise ratios and high source currents were detected when 

HCl was directly added to myoglobin solution (pH 1.3) and analyzed by conventional ESI-MS (Figure S2). 

Unlike the contained-electrospray source which showed clear and resolved HCl adducts after exposure of 

droplets to HCl vapor, electrospray of the acidified myoglobin solution produced a broad peak extending 

over 20 m/z range. This is possibly caused by the high conductivity of the initial protein solution in the 

presence of HCl, which can lead to protein oxidation. In this regard, it is clearly advantageous to modify 

droplets instead of analyte solution.            

 



 
Figure 4. (A) Positive-ion mode contained-ESI mass spectra showing myoglobin ion distribution at 20 psi 

(A,i), 50 psi (A,ii) and 100 psi (A,iii) N2 gas pressures. (B) Zoomed-in spectra for +15 apo-myoglobin 

charge state showing varied number of adducts: <8 HCl (B,i), <4 (B,ii) and <6 Na+ (B,iii) attachments as a 

function of N2 pressure at 20, 50, and 100 psi, respectively.   

 

 

Mechanistic Insights and Spray Dynamics in the Reaction Cavity of the Contained-ESI Source 

Videos of Type II spray mode showed the presence of droplets and thin liquid films in the cavity 

(Videos S1-6). The analyte solution from the ESI emitter is initially sprayed along the walls of the outer 

capillary, inside the cavity, as thin liquid films. The vigorous turbulence mixing caused by N2 carrier gas 

leads to instantaneous breakup of the thin liquid film. The fast gas flow also carry solvent vapor away from 

the surface of the droplets, thereby promoting evaporation. The process is balanced by the continuous feed 

of analyte solution into the cavity, compensated by the evaporative loss. This steady state culminates in the 



formation discontinuous thin liquid film within which tiny droplets are dispersed. Depending of angle and 

level of illumination these two microreactors can be visualized individually and their speed and sized 

measured. Videos S1-3 show the formation of discrete droplets in the cavity, while Videos S4-6, obtained 

by using a brighter back light and closer camera, show  liquid films present in the droplets wake. Solution 

that reaches the end of the cavity forms larger drops at the tip of the outer capillary, which produces progeny 

droplets in the presence of applied electric field. Apparently, the discontinuous nature of the spray and the 

strong desolvation occurring in the cavity allows charge build-up, which enables the formation Taylor cone 

from droplets in the reaction cavity before reaching the tip of the outer capillary (Video S7). At low solvent 

flowrates (<3 μL/min), the strong turbulent flow in the cavity is enough to unfold myoglobin (80% apo 

content) even in the absence HCl vapor.[11]  

 

 

Figure 5. The effects of N2 gas pressures on film size during Type II mode operation. (A) Optical images 

showing typical liquid thin films observed using brighter back light and closer camera at 20, 50 and 100 psi 

nebulizing pressures. (B) Histogram summarizing the distribution of film widths at 20, 50 and 100 psi 

nebulizing pressures.  Higher nebulizer pressures produced smaller and a more narrow distribution in film 

thickness confirming rapid solvent evaporation in the cavity.   
 

 

 

 

 

 

 

 

 

 



Table 1. Summary of droplet velocities inside the reaction cavity during Type II operation mode at different 

nebulizer gas pressures#  

N2 Pressure 

(psi) 

Average Droplet 

Velocity ± std. dev. 

(mm/s) 

High Velocity 

(mm/s) 

Low Velocity 

(mm/s) 

20 7.6 ± 5.6 16 0.4 

50 6.3 ± 4.8 16 2.2 

100 11 ± 14 40 2.0 

#Droplet velocities were measured in directions toward the outer of the cavity. Average velocity was calculated from 

many droplets in cavity, each receiving two to six separate measurements. 

 

Owing to our ability to preferentially image droplets over liquid film (and vice versa) in the cavity, 

we were able to further characterize size and speed of these two microreactors in an actual spray process. 

The results of these experiments are summarized in Table 1 for droplets, and Figure 5 for thin liquid films 

at three different N2 nebulizer pressures (20, 50 and 100 psi). The associated mass spectra at each 

nebulization pressure are provided in Figure 4 above. In general, droplet velocity in the cavity, measured 

along the direction of the outer capillary toward the outlet, increased with N2 pressure. The highest velocity 

recorded was 40 mm/s for 100 psi N2 pressure and the lowest was 0.4 mm/s for 20 psi. These represent a 

significant reduction (>103 orders of magnitude) in droplet speed when compared with the velocity (~100 

m/s) of charged microdroplet derived from traditional electrospray emitter operating at 100 psi N2 pressure.  

The obvious reduction in droplet speed can explain the extreme droplet reactivity observed in the cavity, 

exemplified by the fact that as small as 1 mm cavity length is able exert more denaturation effect (78% apo 

content) than evaporating droplets travelling at a speed of ~100 m/s over 20 mm spray distance (42% apo 

content). Data presented here suggest that on average, a droplet spends about 1 s in a 10 mm the reaction 

cavity. It is important to note that the chaotic nature of droplet movement in the cavity makes such 

measurements challenging, resulting in large variations, indicated by the standard deviations. We measured 

each droplet two to six times depending on the length of time we were able to observe it. An average droplet 

size of approximately 15 μm (diameter) was observed in the cavity at 5 kV spray voltage and 100 psi N2 

gas pressure, with a tight distribution ranging from size 10 to 50 µm (Figure S3). This distribution shifted 

toward large droplet size as N2 gas pressure was decreased, as would be expected for reduced desolvation 

in the cavity. Average droplet size of 28 µm observed at 50 psi. Bimodal droplet distribution of droplet 

sizes emerged upon further decrease of N2 pressure to 20 psi, which centered at 35 and 100 µm (Figure S3).  

Analyses of thin films formed in the cavity during contained-ESI also showed large variations in 

film widths, but the effect of nebulizer gas pressure on film width was obvious (Figure 5B). At 20 psi, thin 

liquid film width ranged from ≥10 to >130 μm (mean 85 μm; median 93 μm; standard deviation 37 μm). 



Bigger films (width >90 μm) were observed more frequently, signifying a weak turbulent flow at the low 

pressure. Upon increasing the pressure to 50 psi, while keeping the solution flow rate constant at 5 μm/min, 

the bigger liquid films disappeared, indicating increased desolvation rate in the cavity, which reduced 

average film width to 38 μm (median 35 μm; standard deviation 18 μm). Further increase of nebulizing gas 

pressure to 100 psi produced a narrow range of liquid films centered at an average width of 24 um (median 

23 μm; standard deviation 8.5 μm). Representative images of the thin films at the three pressures tested are 

shown in Figure 5A. The histogram analyses provided in Figure 5B were based on the measurement of 50 

individual films at each pressure. Collectively, the dynamics of droplets and thin films in the cavity 

collaborate well with protein CSD recorded in Figure 4A at different pressures. Slow moving droplets 

combined with relatively bulky liquid thin films at lower nebulizing pressure suggests a more efficient 

capture of HCl vapor and more time for reaction. At higher pressures, where the rate solvent evaporation 

can be expected to be higher than rate of solvent input, the capacity of the resultant thinner liquid films to 

dissolve the HCl vapor is reduced limiting protein unfolding reactions.  

Ion Mobility Spectrometry Analysis of Ions from Different Spray Modes               

Comparable average charged states were measured for Types I and II operation modes, but the 

species registered markedly different %aMb (Figure 2). This suggests that the extent of denaturation is not 

the same although charge states are comparable. To investigate whether the changes in %aMb observed 

here actually corresponds to protein conformational changes, we performed ion mobility spectrometry 

(IMS) experiments using five different spray conditions. The conventional electrospray experiment 

involved two myoglobin solutions prepared in pure water and in 1% acetic acid. For contained-electrospray 

conditions, we used Type I mode and Type II spray mode, which embodied two different cavity lengths at 

5 and 10 mm. All the contained-electrospray experiments were performed in the presence of HCl vapor, 

without direct addition to the analyte solution. The ion mobility drift time profiles from these five 

experiments are provided in Figure 6 and show obvious differences in the shape and position of the peaks. 

At the two extremes, the electrospray analysis performed in pure water showed a relatively narrow peak 

centered at a drift time of 4.4 ms (violet trace) whereas the analysis conducted in the presence of 1% acetic 

acid yielded a broader peak located at 2.3 ms (green trace). These results are consistent with previous reports 

based on MS analyses which registered a narrow CSD for myoglobin solutions sprayed from pure water.[11, 

32] The decreased drift time observed in the presence of acid reflects reduced apo content (from heme loss) 

and increased charge state both of which signify conformational changes resulting from protein denaturing.      

 



 

Figure 6. Comparison of ion mobility drift time profiles for five different spray conditions: conventional 

electrospray of myoglobin from 100% water (violet trace) and 1% acetic acid (green trace), and contained-

ESI operated in Types I (blue trace) and II mode (5 mm (orange trace)  and 10 mm (red trace) cavity lengths) 

in the presence of HCl vapor. N2 gas pressure of 20 psi was used for all experiments.  

 

The blue trace in Figure 6 shows the drift time profile recorded when using the contained-ESI source in 

Type I mode. The appearance of two obvious peaks at 2.8 and 4.2 ms indicates two possible ion 

conformations were produced from this spray mode, which are derived from brief exposure of the aqueous 

droplets to HCl vapor. As indicated in Figure 2C, the Type I spray mode is expected to yield ~28% apo 

content at the 5 mm spray distance used for this ion IMS experiments, so the appearance of the native-like 

peak at 4.2 ms is not surprising. What is surprising is the fact that though the majority of the ions are in the 

holo form, they were detected at shorter 2.8 ms drift time indicating some degree of protein unfolding. 

However, the extent of unfolding is comparably less than that observed when the protein was exposed to 

acetic acid in bulk solution as indicated by even shorter drift time (2.3 ms). Note: similar qavg for ESI in 1% 

acetic acid and Type I (HCl vapor) spray mode were observed at 19.2 and 20.8, respectively; also the most 

abundant charge states were +21 and +22, respectively.[11] These data suggest that the difference in drift 

times is due mainly to differences in apo-myoglobin content, with the contained-ESI source providing a 

more accurate measurement due to its ability to retain the heme co-factor even at such high charge states. 

Such a capability will be extremely useful for the characterization of previously uncharacterized protein 

complexes in top-down proteomics where accurate molecular weight information will be needed before 

MS/MS analysis. To further investigate this possibility, we extracted the ion mobility drift time profiles for 

charges +19, +20, +21 and +22 for conventional ESI versus contained-ESI. In all cases, we observed a 

gradual decrease in drift time as charged state increased indicating modest charge/conformational effects 

(Figure S4). The mass effect was, however, obvious with ions (mixture of holo and apo proteins) from the 



Type I spray mode compared to ions (apo only) derived from the conventional ESI source. Ion mobility 

drift time profiles were also recorded for ions generated from the Type II spray mode of the contained-ESI 

source (Figure 6); at 5 mm cavity length, we observed a small shoulder (centered at 4.2 ms; red trace), 

which decreased in size upon increasing cavity length to 10 mm. This data confirms MS results which 

revealed ~3% holo-myoglobin content when the protein was exposed to HCl vapor at the same 5 mm a 

cavity length (Figure 2D). Extracted ion mobility drift time profiles for the Type II spray mode did not 

show significant difference when compared with in-solution protein modification (Figure S4); this results 

is not surprising considering that charge state and apo content are comparable to that of ions generated from 

acidified (1% acetic acid) myoglobin solution.    

 

CONCLUSIONS 

The contained-electrospray process described here provides real-time modification of protein analytes 

offering effective control of the mass spectrometer output in terms of the generation of native versus 

denatured gas-phase ions without extensive solution-phase modification prior to mass analysis. We 

envision that the contained-electrospray ion source will serve as an effective interface for liquid 

chromatography-mass spectrometry to improve analytical sensitivity for both small and large biomolecules 

by providing opportunities to select suitable mobile phase without compromising electrospray ion yield.  

The modification of the electrospray microdroplet occurs in a cavity, which is embodied at the outlet of the 

contained-electrospray emitter. Movies recorded during contained-electrospray reveal the existence of both 

thin liquid films and droplet inside the cavity. This is important because both the droplet and the liquid thin 

film are well-known microreactors that can accelerate chemical reactions. Their detection in this study 

proves that the cavity in the contained-electrospray ionization is a unique reaction system. For example, 

mass spectrometry experiments showed thin liquid film/droplets generated in a 1 mm cavity to be more 

reactive than when the droplets are allowed to traverse a 20 mm distance in ambient air. The effect of 

nebulizer gas pressure on width of thin film and droplet size was characterized, which corroborated well 

with myoglobin charge state distribution, percent apo content, and ion mobility drift times and profiles. The 

observed increase in myoglobin charge state distribution and apo content with decreasing nebulizer gas 

pressure were ascribed to increased analyte residence time as a result of reduced droplet speed in the cavity. 

Reduced nebulizer gas also caused reduced pH due to effective capture of the HCl modifying reagent and 

hence more effective myoglobin denaturation. Both MS and ion mobility spectrometry experiments 

confirmed that, when operated in the absence of the cavity (Type I mode), the contained-electrospray 

produced highly charged holo-myoglobin species due to short droplet lifetimes. In essence, by controlling 

the mode of operation, correct molecular weight information about a labile protein can be obtained under 



acidic conditions while also offering the opportunity to facilitate tandem MS fragmentation and protein 

sequencing through the formation of highly charged protein ions.     
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