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Abstract: Carbohydrates are critical for cellular functions as well as an important class of 

metabolites. Characterizing carbohydrate structures is a difficult analytical challenge due to the 

presence of isomers. In-electrospray – hydrogen/deuterium exchange – mass spectrometry (in-

ESI HDX-MS) is a method of HDX that samples the solvated structure of carbohydrates during 

the ESI process and requires little to no instrument modification. Traditionally, solution-phase 

HDX is utilized with proteins to sample conformational differences, and pH is a critical 

parameter to monitor and control due to the presence of both acid- and base-catalyzed 

mechanisms of exchange. For In-ESI HDX, the pH surrounding the analyte changes before and 

during labeling, which has the potential to affect the rate of labeling for analytes. Herein, we 

alter the pH of spray solutions containing model carbohydrates and peptides, perform in-ESI 

HDX-MS, and characterize the deuterium-uptake trends. Varying pH results in altered D uptake, 

though the overall trends differ from the expected bulk-solution trends due to the electrospray 

process. These findings show the utility of varying pH prior to in-ESI HDX-MS for establishing 

different extents of HDX as well as distinguishing labile functional groups that are present in 

different analytes. 

 

  



1. Introduction 

Carbohydrates, also referred to as glycans, play crucial roles in biology, including in cellular 

communication1-3 and immune responses.4 This class of molecules forms common metabolites 

and also serves as biomarkers for disease states.5, 6 Due to their biological relevance, there is a 

need to analyze the structures of these molecules, often in complex mixtures of other 

metabolites, including peptides and small molecules.7, 8 Yet, carbohydrates are challenging to 

analyze due to isomerism, including variations in monosaccharide structures (epimers), locations 

of glycosidic bonds (regioisomers), configurations of glycosidic bonds (stereoisomers), and the 

non-linear nature of polysaccharide composition (branching).  

Hydrogen/deuterium exchange (HDX) coupled to mass spectrometry (MS) is a technique 

that has been used both to distinguish small molecule isomers as well as to analyze the 

conformations and dynamics of biomolecules. HDX-MS has primarily been used to analyze 

proteins,9, 10 but has also been applied to other molecules, including peptides,11 

oligonucleotides,12 metabolites,8, 13 and carbohydrates.12, 14-24 Towards the analysis of 

carbohydrates, HDX labeling has been performed in the solution-phase,15 gas-phase,18, 25, 26 and 

during ionization, prior to MS detection, using electrospray ionization (ESI),16, 17, 19-23 matrix-

assisted LASER desorption/ionization (MALDI),14 capillary vibrating sharp-edge spray 

ionization (cVSSI),27 and conductive polymer spray ionization (CPSI).28  

In-ESI HDX-MS is uniquely suited for analyzing carbohydrates.21 During ESI,  a Taylor 

cone forms due to application of a potential, resulting in the generation of ESI droplets 

containing carbohydrates and solvent (Figure 1). These carbohydrate-containing ESI droplets 

are exposed to deuterating reagents, in this case, D2O vapor, within the ESI source. We 



hypothesize that D2O condenses into the ESI droplets,21, 24 enabling HDX labeling of solvated 

carbohydrates. Upon complete desolvation of the ESI droplets, neutral carbohydrates adduct to 

metal ions, improving the ion signal for MS detection.29 Additionally, gas-phase HDX of 

carbohydrate-metal adducts is significantly reduced, essentially quenching the HDX labeling 

reaction when gas-phase, metal-ion adducts form.21, 30 Desolvation during ESI occurs on a 

timescale of microseconds to milliseconds.31 HDX labeling of hydroxyls, the primary, labile 

functional group within carbohydrates, undergoes exchange on a similar, rapid timescale.32, 33 

Thus, labeling carbohydrates during ESI enables the analysis of solvated carbohydrates, 

sampling biologically relevant conformations.  

 

Figure 1. Diagram of in-ESI HDX showing (A) electrochemical reactions that influence pH 

within the spray needle, (B) pH increasing during droplet desolvation as H+ ions are concentrated 

in evaporating droplets while HDX reactions occur within ESI droplets, and (C) analyte 

ionization to form carbohydrate-metal adducts. Adapted from Gass, DT, Quintero, AV, Hatvany, 



JB, Gallagher, ES. Metal adduction in mass spectrometric analyses of carbohydrates and 

glycoconjugates. Mass Spectrometry Reviews, (2022); e21801. Copyright 2022 Wiley.34 

 

In HDX experiments, differences in the conformations, and potentially the dynamics, of 

biomolecules are monitored by sampling multiple HDX-labeling times. For in-ESI HDX, 

differences in the extent of labeling can result from either changing the labeling time, while 

keeping droplet conditions that affect labeling rates consistent, or altering the rate of exchange, 

while keeping the labeling time consistent. Prior work has shown that labeling times can be 

changed by altering the initial size of ESI droplets19, 35 or by modulating the rate of droplet 

evaporation by changing ESI source conditions.16, 17, 20-22, 36 Yet, due to the complex nature of 

ESI and in-ESI HDX, changing the source conditions often has multifaceted effects on the extent 

of HDX.21 For example, increasing the ion-tube transfer temperature increases both the rate of 

ESI-droplet evaporation, decreasing the time for exchange to occur, while also increasing the 

chemical rate of exchange due to the Arrhenius equation.9, 37  

We propose that the extent of HDX can also be altered by intentionally changing the 

chemical rate of exchange. This approach is typically utilized in solution-phase exchange only as 

a mechanism to quench the reaction and cease further exchange of backbone amides. Intrinsic 

rates of exchange in solution are dependent on pH because exchange for almost all functional 

groups is catalyzed by both acid and base,32, 38 with the exchange rate minimized at a unique pH 

for different functional groups.33, 39 In the case of hydroxyls, solution-phase experiments have 

yielded a minimum rate of HDX around pH 6.5 with the rate of exchange increasing as pH both 

increases and decreases. In comparison, amides, which form the backbone of peptides and 



proteins, experience a minimum rate near pH 2.5, and amines, a common side group on peptides 

and proteins, do not undergo significant acid catalysis32 and thus experience a consistent, 

minimal rate of exchange below pH 4.  

During ESI, the pH changes; thus, the initial spray-solvent pH and the change in pH 

during ESI need to be considered for in-ESI HDX experiments. The voltage (kV) applied during 

ESI is necessary to generate the Taylor cone and ESI droplets; however, this voltage causes 

oxidation of water within the spray needle, e.g. 2H2O  4H+ + 4e- + O2, leading to solvent 

acidification in positive-ion mode (Figure 1).40 In nano-ESI experiments using unbuffered 

solutions, the pH in the ESI tip changes from pH 7 to pH 3 when voltage is applied for 90 

minutes due to this redox reaction.41 Additionally, as ESI droplets desolvate and the volume of 

individual droplets decreases, H+ ions become more concentrated, causing the pH to decrease.42 

43, 44   

Herein, we investigate the effects of spray solution pH during in-ESI HDX using both 

carbohydrate- and peptide-model systems. Specifically, we examine how spray-solution pH and 

buffering capacity affect in-ESI HDX, as well as how altering the spray-solution pH can be used 

to examine different carbohydrate isomers and small biomolecules, including peptides. 

2. Experimental  

a. Materials 

Melezitose, isomaltotriose, NaCl, and Substance P were from Sigma Aldrich (St. Louis, 

MO). Maltotriose was from Cayman Chemical (Ann Arbor, MI). Ammonium acetate, NaOH, 

and HCl were from VWR (Radnor, PA). Deuterium oxide (99.96% purity) was from Cambridge 

Isotopes (Tewksbury, MA). All chemicals were used without further purification. Nanopure 



water was acquired from a Purelab Flex 3 water purification system (Elga, Veolia Environment 

S. A., Paris, France). 

b. Sample Preparation 

Carbohydrates were prepared at 250 µM with 1 mM NaCl in nanopure water. Substance 

P was prepared at 250 µM in nanopure water. pH was adjusted using NaOH or HCl and 

measured with a Thermo Scientific Orion 8157BNUMD Ross Ultra triode attached to an A215 

meter (Thermo-Fisher Scientific, Waltham, MA). For some samples, the conductivity was 

adjusted using a 0.4 M NaCl stock solution. Sample conductivity was measured after pH 

adjustment using an Orion 013005MD conductivity probe on the A215 meter. Samples with 

ammonium acetate (0.1 mM, 10 mM, and 100 mM) were used to examine buffer effects with the 

buffer added prior to pH and conductivity adjustments. 

c. HDX Experiments 

In-ESI HDX experiments used a previously published method.21 Briefly, to collect 

deuterated spectra, the ESI source was saturated with D2O vapor by placing a droplet of D2O 

(200 µL) on a brass plate in an Ion Max source coupled to an LTQ Discovery (Thermo Fisher, 

MA). Sample solutions were immediately sprayed and spectra were averaged between 4.0 min 

and 4.2 min because the D2O(g) was found to be consistent at this time.21 The D uptake increased 

over the first 3 minutes of data collection and became repeatable after 3.5 minutes, which is 

attributed to having a consistent level of D2O(g) in the source. The following ESI parameters were 

used – spray voltage: 3.5 kV, sheath gas: 12 arbitrary units, auxiliary gas: 0 arbitrary units, and 

capillary temperature: 275 oC. Between runs, the source was opened for 5 minutes to remove 



residual solvent vapors.20, 21 Undeuterated spectra were collected between each deuterated run 

with neither the D2O droplet nor the brass plate in the instrument source. 

d. Data Processing 

The weighted-average mass (M) was calculated for both deuterated and undeuterated 

sodium-adducted carbohydrates and protonated Substance P using the experimental mass-to-

charge (m/z) and intensity (I) of each peak as well as the charge (z) of the analyte ion. 

 
M ൌ  

∑ሺ𝑚 𝑧⁄  ൈ  Iሻ
∑ሺIሻ

∗ 𝑧 
Eq. 1 

 D uptake (D) was calculated by subtracting the weighted-average mass of the 

undeuterated species from the weighted-average mass of the deuterated species. 

 𝐷 ൌ  𝑀஽௘௨௧௘௥௔௧௘ௗ െ  𝑀௎௡ௗ௘௨௧௘௥௔௧௘ௗ Eq. 2 

Data are presented as the average D ± the standard deviation for a minimum of four trials. 

Statistical analyses (95% confidence interval) used either a Student’s or Welch’s t-test after 

standard deviation was assessed using an F test. Data for each figure was collected on a single 

day. 

3. Results and Discussion 

a. Carbohydrate HDX is maximized at low pH  

To assess the impact of pH during in-ESI HDX, melezitose was sprayed from solutions 

with varying pH. Initially, similar peak distributions were observed following labeling, with 

similar levels of D uptake, that were independent of pH (Figure S1). Though this data appeared 



to contradict solution-phase HDX trends in which pH affected HDX rate, we hypothesize that the 

similarity in D uptake is the result of competing effects during ESI and in-ESI HDX. For these 

initial samples, only the pH was adjusted, resulting in different amounts of HCl or NaOH being 

added to each sample, and leading to different conductivities at each pH (see Table S1). Spray-

solvent conductivity affects the initial size of ESI droplets, with higher conductivity solutions 

producing smaller initial-ESI droplets.22, 45 Further, smaller droplets have higher surface tension, 

which decreases the solubility of gas vapors in droplets46, 47 and potentially deceases the amount 

of D2O(l) available for exchange. Smaller ESI droplets evaporate more quickly than larger ESI 

droplets and result in less time for in-ESI HDX prior to analyte desolvation, when labeling of 

metal-adducted carbohydrates is effectively quenched. Thus, lower levels of D uptake are 

expected for analytes in smaller ESI droplets versus analytes in larger ESI droplets.22 Both the 

highly acidic and highly basic solutions had high conductivity. Alternatively, hydroxyls have a 

minimum rate of exchange around pH 6.5 with faster exchange rates at more acidic and basic 

pHs in solution. Thus, if the droplet sizes were consistent at all pH values, we would expect the 

most D uptake at the highest and lowest pH due to the more rapid rates of HDX. Because pH 

alters both the droplet sizes, due to differences in conductivity, and exchange rates, these effects 

appear to negate each other, resulting in similar levels of D uptake for samples sprayed from 

solutions with different pH and conductivity.  



 

Figure 2. D uptake of sodium-adducted melezitose is dependent on spray solution pH. 

Representative mass spectra (A) and averaged D uptake (B) for spray solutions with fixed 

conductivity and different pH. D uptake is highest at low pH, intermediate at a range of mid pH 

values, and lowest at high pH. 

 

We next examined the effect of solution pH for in-ESI HDX of melezitose when the 

conductivity of the spray solution was kept consistent between samples (Table S2). With fixed 

conductivities, the representative spectra show differences in the peak distributions following 

HDX labeling when sprayed from pH 3, 7, and 10.5 (Figure 2A). For the pH 10.5 solution, the 

peak with maximum intensity is at 529.19 m/z, while for the pH 3 solution, the peak with 



maximum intensity shifts to 530.20 m/z. The pH 7 solution has D uptake between these other two 

solution conditions, with the peaks at both 529.19 m/z and 530.20 m/z having similar intensities. 

Overall, Figure 2B shows three distinct populations of D uptake, which were statistically 

different by t-test (95% confidence interval), including high D uptake at pH 3, intermediate D 

uptake between pH 5 to pH 9, and low D uptake at pH 10.5.  

D uptake during in-ESI HDX is affected by the spray solution pH. With all solutions 

having consistent conductivity, we expect the ESI-droplet sizes to be consistent. Thus, the 

differences in D uptake are attributed to differences in the rate of exchange at each pH. While the 

rate of exchange during ESI is not expected to be equal to the rate in bulk solution due to the 

potential for rate acceleration,35 the observed trend in rates of exchange at varying pH were 

expected to be consistent between in-ESI HDX and bulk-solution HDX. However, unlike in 

solution, where the rate of exchange for hydroxyls increases at both high and low pH; we 

observed reduced levels of HDX, which we correlate to slower rates of HDX, at high pH. We 

hypothesize that the discrepancy between D uptake during in-ESI HDX and solution-phase HDX 

is due to changes in pH that occur during the ESI process.42  

b. Buffer minimizes pH changes during in-ESI HDX. 

In ESI, H+ is generated when spraying in positive-ion mode (Figure 1). Thus, the pH of 

the spray solvent decreases due to the generation of H+ and/or neutralization of OH- within the 

solution. To further investigate the difference in rates of exchange during in-ESI HDX, we varied 

the spray solution pH in the presence of ammonium acetate (Figure 3). Ammonium acetate was 

selected as a buffer due to its volatile nature, its frequent use in ESI-MS, and its effective 

buffering ranges (pKas 4.75 and 9.25) residing above and below the pH associated with the 



minimum rate of HDX for hydroxyls.42, 48 Because positive-ion mode ESI lowers pH by both 

redox reactions within the spray needle and charge concentration during evaporation of ESI 

droplets, melezitose solutions were prepared near the high end of the buffer ranges for both 

acetate and ammonium (pH 6.00 ± 0.01 and pH 10.00 ± 0.01). Furthermore, we altered the 

ammonium acetate concentration to alter the buffer capacity of the spray solution. We 

anticipated that the spray solution would start near pH 6 or 10 and experience some level of 

buffering around pH 4.75 or 9.25 prior to ESI droplet desolvation. Increased buffer capacity is 

expected to maintain the droplet pH around the pKa of either acetate or ammonium during ESI,49, 

50 which in turn is expected to enable more confident prediction of the pH surrounding the 

analyte during in-ESI HDX. This allows for characterization of how ESI affects labeling during 

in-ESI HDX.   

For the samples prepared at pH 6, with no ammonium acetate, 0.1 mM ammonium 

acetate, and 10 mM ammonium acetate, the measured D uptake was (1.9 ± 0.1) D, (1.6 ± 0.1) D, 

and (1.11 ± 0.09) D, respectively (Figure 3A). Representative mass spectra for each buffer 

concentration can be seen in Figure S2. We expect that as the buffer concentration and buffer 

capacity increase, the decrease in pH during ESI is reduced (Figure 3C). At pH 6.5 the rate of 

exchange is minimized for hydroxyls in solution. We expect the rate of exchange to increase, 

resulting in more D uptake, as the pH of the solution decreases below the initial solution pH of 6 

due to the ESI process. With increasing buffer concentration, we observe a decrease in D uptake. 

Thus, even with application of voltage associated with ESI, the increasing buffer concentration 

and buffer capacity maintain a spray solution pH nearer to that of the starting pH and pH 6.5 

where the rate of exchange is minimized, resulting in less D uptake.  



 For samples prepared at pH 10, with no ammonium acetate, 0.1 mM ammonium acetate, 

and 10 mM ammonium acetate, the D uptake was (1.93 ± 0.06) D, (1.8 ± 0.2) D, and (2.2 ± 0.2) 

D, respectively. Representative mass spectra for each buffer concentration can be seen in Figure 

S3. The D uptake for the samples without buffer and with 0.1 mM ammonium acetate were 

within experimental uncertainty. However, 10 mM ammonium acetate resulted in a significant 

increase in D uptake compared to the D uptake for samples prepared without buffer and in 0.1 

mM ammonium acetate. To further validate this trend, D uptake was measured for melezitose 

prepared in either a non-buffered solution or 100 mM ammonium acetate. A significant increase 

in D uptake was observed for melezitose in the buffered solution (Figure S4).   

We expect that as the buffer concentration and buffer capacity are increased, the decrease 

in pH during ESI is reduced (Figure 3C). However, solutions with high buffer capacity are 

expected to maintain a pH near 10, while solutions with lower buffer capacity are expected to 

have a decrease in pH, moving toward pH 6.5 where the rate of HDX for hydroxyls is 

minimized. When melezitose is prepared in solutions with higher buffer capacity, maintaining a 

pH near 10, higher D uptake is observed, as expected for the more rapid exchange rate at this pH. 

In comparison, when melezitose is prepared in solutions with lower buffer capacity, the spray 

solution pH decreases toward pH 6.5, where the rate of exchange for hydroxyls is minimized and 

the observed D uptake is reduced.  



 

Figure 3. D uptake for sodium-adducted melezitose prepared in spray solutions with varying 

concentrations of ammonium acetate at either pH 6.00 (A) or 10.00 (B). Conductivity was 

consistent for solutions at each pH and for all three ammonium acetate concentrations. Stars 

indicate statistical significance at the 95% confidence interval. (C) Representation of the effects 

of increasing buffer capacity when spraying solutions with initial pH of either 6 or 10 (red lines). 

The black curve represents the solution-phase HDX trend for hydroxyls, which have a minimum 



rate of exchange at pH 6.5.32 Darker arrow colors represent greater buffer capacity, minimizing 

the pH change during ESI. When melezitose is sprayed from solutions at pH 6, increasing buffer 

capacity maintains the solution pH near pH 6.5 where the rate of exchange for hydroxyls is 

minimized. When melezitose is sprayed from solutions at pH 10, decreasing buffer capacity 

causes the solution pH to shift toward pH 6.5 where the rate of exchange for hydroxyls is 

minimized.  

The increase in D uptake at pH 10 and the decrease in D uptake at pH 6 as buffer 

capacity increases supports the hypothesis that in-ESI HDX shows similarities to solution-HDX 

trends, with exchange catalyzed by both acid and base. Thus, we hypothesize that in negative-ion 

mode, the increase in pH associated with reduction of water in the spray needle would result in 

the opposite trends. However, when we prepared solutions with matched conductivities at 

different pH, we did not observe sufficient analyte signal to test this hypothesis. 

c. Trisaccharide isomers can be distinguished with varying spray-solution pH 

After observing differences in D uptake based on the pH of the spray solution, we tested 

whether varying the spray solution pH could be used to distinguish trisaccharide isomers. 

Previous work from our lab demonstrated that trisaccharide isomers could be distinguished by 

changing the time for HDX labeling (via controlling the initial size of ESI droplets and, thus, 

droplet lifetimes).22 Here, rather than controlling the time for exchange, we alter the exchange 

rate and apply this method to compare the structures and conformations of trisaccharide isomers.  

We compared D uptake at low, mid, and high pH for isomaltotriose, maltotriose, and 

melezitose using in-ESI HDX (Figure 4). Maltotriose and isomaltotriose are reducing sugars 

composed of glucose units connected by α1-4 and α1-6 linkages, respectively, while melezitose 



is a non-reducing sugar composed of two glucose units connected to an internal fructose. 

Maltotriose and isomaltotriose are regioisomeric while melezitose differs by both 

monosaccharide composition and linkage. Similar to the data presented in Figure 2, D uptake 

was highest for all three trisaccharides at low pH, while lower D uptake was observed at both 

mid and high pH. However, in comparison to Figure 2, the D uptake for each trisaccharide was 

similar when comparing the data collected at pH 6 and 10.5. We attribute this difference in D 

uptake trends to differences in the conductivity of the analyzed samples. For Figure 4, the spray 

solution had a higher conductivity (Table S3) than that used to collect the data presented in 

Figure 2, resulting in smaller initial ESI droplets and less time for labeling.22 

At pH 3, the D uptake of melezitose (3.0 D ± 0.3 D), isomaltotriose (2.7 D ± 0.3 D), and 

maltotriose (3.0 D ± 0.2 D) were within experimental uncertainties. At pH 6, the D uptake for 

melezitose (1.6 D ± 0.2 D) was different from that of isomaltotriose (1.18 D ± 0.02 D) and 

maltotriose (1.2 D ± 0.1 D), but the D uptake for isomaltotriose and maltotriose were within the 

measurement uncertainty. At pH 10.5, the D uptake for melezitose (1.4 D ± 0.1 D) was different 

from that of isomaltotriose (1.09 D ± 0.03 D), but the D uptake for maltotriose (1.3 D ± 0.2 D) 

was within the measurement error for both of the other trisaccharides. Due to the similarities in 

solution conductivity for all three trisaccharides at all three pHs, the capability of in-ESI HDX to 

distinguish trisaccharide isomers at varying pH is attributed to differences in exchange rates at 

each pH, rather than droplet size or gas solubility.46, 47 The data shown in Figure 4 suggests that 

a neutral pH is best for isomer differentiation. 

These results indicate that (1) varying the pH of the spray solution during in-ESI HDX 

allows for unique comparisons of isomeric carbohydrates and (2) utilizing pH to alter the 

exchange rate of HDX enabled isomers with extensive differences in structure – including 



varying monosaccharide units, linkages, and reducing capacity – to be distinguished, though 

regioisomers were not differentiated here. These results demonstrate that structural differences 

can be detected through in-ESI HDX by manipulating either the time for HDX by altering the 

size of the initial ESI droplets,22 or by altering the rate of exchange within the droplets by 

changing the spray solution pH.  

  

Figure 4. D uptake of sodium-adducted trisaccharide isomers at varying pH. Samples were 

prepared at each pH in water (without ammonium acetate) and the conductivity for all three 

trisaccharides at each pH were similar. Stars indicate statistical significance at the 95% 

confidence interval. 

 

d. Carbohydrates and peptides display different trends in HDX as a result of 

changing the spray solution pH 

Though carbohydrates have been the focus to this point, other biomolecules can be 

labeled by in-ionization HDX, including metabolites,8, 27, 28 peptides,35 and proteins.51 These 

molecules contain multiple functional groups with labile H and each functional group has a 



distinct trend for exchange rate in relation to pH. Thus, we expect to see different trends in D 

uptake as the spray solution pH is changed for analytes with varying functional groups. Herein, 

we compared the D uptake following in-ESI HDX for melezitose and Substance P – an 

undecapeptide with rapidly exchanging amines and slower exchanging amides. The HDX trend 

for Substance P is opposite that observed for melezitose, with Substance P showing an increase 

in D uptake as pH increases while melezitose experiences a decrease in D uptake as pH increases 

(Figure 5). Representative mass spectra for melezitose and Substance P are presented in Figure 

S5.  

We hypothesize that these different D uptake trends are due to differences in the 

exchange rate of the different function groups. Carbohydrates are primarily composed of 

hydroxyls, which exhibit a minimum exchange rate around pH 6.5 with an increase in exchange 

rate as the solution becomes either more acidic or basic. Peptides contain more diverse functional 

groups, including amides and amines. Amides have a minimum exchange rate around pH 2.5. 

Yet, because amides experience slower rates of exchange, on the timescale of milliseconds to 

seconds in unstructured environments,32, 38 we expect minimal labeling for amides during ESI.52 

Amines exchange on a timescale similar to hydroxyls, between microseconds and milliseconds, 

but amines have a consistent, minimum exchange rate at or below pH 4.32 For Substance P, the D 

uptake trend is similar to that expected based on the bulk-solution exchange rates of amines, with 

the lowest D uptake at pH 3 and increasing D uptake for pH 8 and 10.5. As the pH decreases, the 

D uptake of Substance P decreases, indicating that exchange occurs at a slower rate. We expect 

that the pH in ESI droplets decreases because we are once again spraying in positive-ion mode 

and the spray solution will undergo oxidation due to the applied potential. However, even if the 

pH decreases from the initial spray solution pH of 3, 8, or 10.5, the exchange rate is still 



expected to increase as the pH increases, which is shown in Figure 5. For melezitose, which 

contains multiple hydroxyl functional groups, the ESI process affects the pH and thus the rate of 

exchange depending upon the starting spray solution pH (Figure 3C). The effect of pH on in-ESI 

HDX rates for different functional groups could provide valuable insight into the identity of the 

functional groups present within analytes and add additional utility as an orthogonal component 

of metabolomics workflows.  

 

Figure 5. D uptake trends for protonated Substance P and sodium-adducted melezitose at various 

pH. The conductivity was consistent for both analytes at all pH values. Analytes were sprayed 

without buffer in the spray solution.   

 

4. Conclusions	

In this work, we manipulated the rate of HDX during in-ESI HDX by altering the solution 

pH and monitored the D uptake for carbohydrates and a model peptide. For carbohydrates, we 

showed that spray solution pH can have a significant effect on D uptake. The trend in D uptake 

versus pH was different from that of bulk solution HDX. This is due to the ESI process, in which 

the applied voltage causes oxidation of water and the evaporation of ESI droplets causes 

concentration of H+, both of which decrease the solution pH. Additionally, it was found that 



spray solutions with pH near the minimum HDX rate for hydroxyls, enabled the most distinction 

between trisaccharide isomers. Alternatively, at low pH, where the HDX rates for hydroxyls are 

the most rapid, isomers could not be distinguished within measurement uncertainty. Finally, it 

was found that a model peptide – which primarily experienced exchange at amines during in-ESI 

HDX – showed a different trend in D uptake at each spray solution pH in comparison to the 

carbohydrates with hydroxyl functional groups. These results illustrate that the pH of the spray 

solution should be considered for in-ESI HDX experiments, and that altering the pH during in-

ESI HDX may be used to distinguish between different labile functional groups within analytes, 

including metabolites. Overall, these findings add to the understanding of the complex 

environment in which in-ESI HDX occurs and point towards increased utility of in-ESI HDX for 

distinguishing analytes composed of varying functional groups. 
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