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Carbohydrate Isomer Resolution via Multi-site Derivatization 
Cyclic Ion Mobility-Mass Spectrometry.
Kristin R. McKennaab, Li Liabc, Andy Bakerd, Jakub Ujmae, Ramanarayanan Krishnamurthyaf, Charles 
L.Liottaab and Facundo M. Fernándezab*

Oligosaccharides serve many roles in extant life and may have had a significant role in prebiotic chemistry in early Earth. In 
both these contexts, the structural and isomeric diversity among carbohydrates presents analytical challenges necessitating 
improved separations. Here, we showcase a chemical derivatization approach, where 3-carboxy-5-nitrophenylboronic acid 
(3C5NBA) is used to label vicinal hydroxyl groups, amplifying the structural difference between isomers. We explore the 
applicability of state-of-the-art ion mobility – mass spectrometry (IM-MS) instrumentation in the analysis of derivatized 
carbohydrates. In particular we focus on the resolving power required for IM separation of derivatized isomers. A recently 
developed cyclic ion mobility (cIM) mass spectrometer (MS) was chosen for this study as it allows for multi-pass IM 
separations, with variable resolving power (Rp). Three passes around the cIM (Rp~120) enabled separation of all possible 
pairs of four monosaccharide standards, and all but two pairs of eight disaccharide standards. Combining cIM methodology 
with tandem mass spectrometry (MS/MS) experiments allowed for the major products of each of the 3C5NBA carbohydrate 
derivatization reactions to be resolved and unequivocally identified. 

Introduction
Understanding the chemical processes leading to the origins 

of life on Earth is one of the greatest scientific questions of our 
time.1 With the Miller-Urey experiment2 leading to decades of 
scientific research in prebiotic chemistry, the non-enzymatic 
origin of biopolymers such as nucleic acids and peptides has 
been studied at length.3-5 Carbohydrates are also critical 
components of life, and are responsible for maintaining cell 
structure, intercellular communication, and various other 
central biological processes.6-10 As carbohydrates aid in the co-
solubility of biopolymers, can serve as cross-linkers, and provide 
rudimentary catalytic activity, it is highly likely they were also 
important for the development of early life on the prebiotic 
Earth.11 

The structures of mono- and oligosaccharides determine 
their properties and function, so it is critical that their 
characterization is performed beyond their molecular weight. 
For example, certain sugars are non-reducing and can protect 
other molecules from stress caused by pH or temperature 
changes, whereas reducing sugars can react with amino acids 
and other biologically-relevant molecules.12-14 Carbohydrates 

are structurally diverse and complex, and have received less 
attention in prebiotic chemistry when compared to peptides 
and nucleic acids.15-16 Polysaccharides contain a great diversity 
of monomeric units, each with several possible linkages, as well 
as the potential for branching. Additionally, each anomeric 
carbon can have either an α or β configuration, doubling the 
possible number of structures to be detected and resolved. 
Because of their identical elemental formulas, these isobars 
cannot be distinguished even with the use of ultrahigh 
resolution-mass spectrometry (MS).

Several analytical methods have been utilized to 
characterize oligosaccharides. Tandem mass spectrometry 
(MS/MS), for example, can efficiently distinguish relatively pure 
disaccharide samples. It cannot, however, effectively 
characterize lower abundance components in complex mixtures 
of isobaric carbohydrates.17-18 Nuclear magnetic resonance 
(NMR) spectroscopy can also be very useful, but requires higher 
concentrations, and can therefore be more time consuming.19-

21 Liquid chromatography (LC) has been extensively used for 
disaccharide identification, but it is relatively slow and may 
require derivatization for higher resolution separations.22-23 
Capillary electrophoresis (CE) is also an effective method for 
carbohydrate separations, but some degree of a priori 
knowledge about the oligosaccharides being separated is 
typically required.24-26

Ion mobility (IM) separations coupled to mass spectrometric 
detection (IM-MS) have been shown to be a viable complement 
to other established, yet limited, techniques. This method 
requires lower sample concentrations than NMR, shorter 
analysis times than either NMR or LC and, with sufficient 

resolving power ,27 can distinguish isomeric species in (𝑹𝒑 =
𝒕𝒅

∆𝒕𝒅)
complex mixtures. IM separations depend on the mobility 
coefficient (K), which determines the velocity of the gas phase 
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ions in the electric field. K depends on a variety of instrumental 
parameters, masses of ion and gas molecules, and their 
rotationally-averaged collision cross section (CCS). The latter 
parameter can be correlated to the 3D structure of ions.28

In this manuscript we focus on travelling wave IM 
spectrometry (TWIMS) where the mobility separator is 
comprised of a series of electrodes enclosed in a gas filled cell 
(~2 mbar N2). A series of voltage pulses is applied sequentially 
to each electrode, propelling ions through the device.29 Ions can 
“surf” or “roll over” the wave falling back into the preceding 
wave. Ions of lower mobility undergo more roll over events than 
higher mobility ions, effectively leading to mobility separation. 
Drift times (td) measured in TWIMS can be converted to CCS 
using calibration procedures.30-32 A number of calibrant 
compounds have been proposed.33 Resolving power (Rp) of an 
IM separator can be improved by increasing its length.34 
Recently, Giles et al. developed a travelling wave-enabled, cyclic 
IM (cIM) instrument with multi-pass capabilities.35 In this 
instrument, IM resolving power increases as a function of the 

square root of the number of passes, n ( );35 here 70 𝑹𝒑~𝟕𝟎 𝒏𝒛
is the approximate, single pass resolving power and z is the ion’s 
charge state. Normally, the maximum number of passes is 
limited by the so called “wrap-around” effect that occurs when 
the spatial width of the separated ion packets exceeds the 
length of the cIM device.36 The cIM control enables selective 
ejection of ions in a specified range of arrival times from the cIM 
device that can be followed by activation and/or further 
separation of product ions (IMSn).36-37 These functionalities 
have been used previously for structural studies of 
carbohydrate37-38 and protein ions.39

Isomeric pentasaccharides, including anomers, have 
been shown to be able to be separated by the cIM system.37 
Typically, isobaric mono- and disaccharides do not have 
sufficiently-different CCS values to be separated by 
commercially-available IM systems. To mitigate this issue, shift 
reagents — ligands that can bind either covalently or non-
covalently to amplify CCS differences between isobaric 
carbohydrates — have been utilized. Previous examples of shift 
reagents include alkali and alkaline earth metal cations, and 1-
phenyl-3-methyl-5-pyrazolone.40-42 In recent work, we reported 
a new shift reagent for carbohydrates, 3-carboxy-5-nitrophenyl 
boronic acid (3C5NBA) that rapidly reacts with mono- and 
disaccharides, enhancing their IM separation.43 Due to the 
initial promise shown by 3C5NBA, we here evaluate its 
applicability in combination with high-resolution cIM-MS 
instrumentation. In addition, we utilized the tandem IMS (IMS2) 
capability to probe the possibility of interconversion between 
mobility separated mannose derivatives.

Experimental
Reagents and Chemicals

Isomaltose, trehalose, cellobiose, D-fructose, and 3-
carboxy-5-nitrophenylboronic acid (3C5NBA) were obtained 
from TCI (Philadelphia, PA). As stated by the manufacturer, the 
purchased 3C5NBA contained both the monomer and the 
anhydride dimer. This was verified by detection of the [M-H]- 
ions for these species at m/z 210.0 and 403.0, respectively, as 
shown in Figure S-1. Maltose, lactose, lactulose, sucrose, D-(+)-
glucose, and D-(+) galactose were purchased from Sigma Aldrich 

(St. Louis, MO). Melibiose was obtained from Fluka. D-mannose 
was purchased from VWR.

Multi-site derivatization of carbohydrates

Stock solutions of carbohydrate standards (1 mM) were 
prepared in water. A 1 mM 3C5NBA stock solution was prepared 
in acetonitrile and kept refrigerated at 5 C until used. 
Previously reported reaction methods were utilized.43 In short, 
a solution of 5 µL of the 1 mM carbohydrate solution and 10 µL 
of the 1 mM 3C5NBA solution were incubated at room 
temperature for 5 minutes for disaccharides and 30 minutes for 
monosaccharides. The reaction mixture was then diluted to 1 
mL with deionized water prior to IM-MS analysis.44

Ion mobility-mass spectrometry analysis

Ion mobility experiments were performed using either a 
standard SYNAPT G2-Si (Q-IM-ToF) or a prototype, quadrupole 
cyclic ion mobility orthogonal time-of-flight mass spectrometer 
(Q-cIM-ToF) (Waters, Wilmslow, UK).45 All experiments used 
direct infusion electrospray ionization in negative ion mode. 
Instrument ion source settings were as follows: capillary 
voltage, 2.2 kV; cone voltage, 100 V; source offset, 60 V; source 
temperature, 100 °C; desolvation temperature, 250 °C; 
desolvation gas flow, 600 L h-1; and cone gas flow, 50 L h-1.  For 
the SYNAPT G2-Si, the travelling wave height was 40 V, the 
travelling wave velocity was 500 m sec-1, the helium cell was 
operated at 180 mL min-1, and nitrogen was used as the IM gas 
(90 mL min-1).  For the cIM system, source parameters were the 
same as above; the helium cell was operated at 80 mL min-1 and 
nitrogen IM gas at 70 mL min-1. The travelling wave height was 
35 V and the travelling wave velocity was 375 m sec-1. Mannose 
derivatives were investigated by IMS2. Following three passes 
around the cIM, the separated ions were selectively ejected 
from the cIM device and re-injected using a higher voltage 
offset (115 V), resulting in activation. Activated ions were then 
subjected to additional three passes around the cIM device. This 
method was meant to probe whether certain features in the 
ATD could interconvert.

Arrival time distributions were extracted from MassLynx 4.2 
into OriginPro 8.5 and fitted with Gaussian functions to more 
precisely determine peak maxima. Reported arrival times 
include the “dead time” (the time spent between the exit of the 
cIM and detector), which ranged from 6.29-6.78 ms for 
monosaccharide derivatives and 2.77-3.75 ms for disaccharide 
derivatives. 

Tandem mass spectrometry (MS/MS) experiments

For MS/MS experiments, the ions of interest were 
quadrupole-selected and subjected to collision induced 
dissociation (CID) in the transfer region of the Q-cIM-ToF 
instrument following IM separation. The doubly derivatized 
monosaccharide precursor ions were selected at m/z 529.10, 
and the doubly derivatized disaccharide precursors were 
selected at m/z 691.13. The transfer collision energy was 18 eV 
for disaccharide derivatives, and 12 eV for monosaccharide 
derivatives.

Results and Discussion
Derivatization reactions
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The four monosaccharide and eight disaccharide standards 
that were tested in this study are shown in Figure 1. Notably, 
maltose, trehalose, isomaltose, and cellobiose are all glucose 
dimers (i.e. glucopyranosyl-glucose isomers). Maltose and 
cellobiose are anomers, isomers that only differ in the 

stereochemistry of the anomeric carbon. The remaining 
disaccharides included in the study contained at least one of the  
monosaccharide units above. Glucose, galactose, and mannose 
are aldose epimers that differ only in their stereochemistry, 
while fructose is a ketose.

Figure 1. Structures of isobaric disaccharide and monosaccharide standards utilized in this study.

3C5NBA was selected as a shift reagent to amplify CCS 
differences between isomeric carbohydrates.43 As an example, 
the 3C5NBA derivatization reaction for maltose is presented in 
Figure 2. Here, 3C5NBA can react with two different cis diols to 
form two rings with either five or six members as well as two 
trans diols on C4 and C6 to form a six-membered ring (Figure 
2d).46 Additionally, the 3C5NBA reagent also contains the 
anhydride dimer, as shown in Figure S-1. This anhydride, B-(3-
carboxy-5-nitrophenylboronic acid)-3- carboxy-5-
nitrophenylboronic acid, can react with two trans diols to form 

a seven-membered ring product (Figure 2a-c).47 The number of 
expected products for each carbohydrate investigated as well 
as a breakdown of the products for each reagent (3C5NBA or its 
anhydride dimer) are shown in Table S-1. Although the fact that 
multiple products were formed by most of these reactions may 
somewhat limit the applicability of this derivatization reagent 
for quantitative experiments, the availability of multiple CCS 
values could also help confirm the analyte’s identity when 
identifying unknowns. These doubly-derivatized products were 
chosen for further characterization by IM-MS.
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Figure 2. Example reaction scheme for maltose with 3C5NBA. The red circle indicates the 3-carboxy-5-nitrophenyl group in 3C5NBA. 
Anhydride derivatives were mainly observed as their water loss deprotonated ions [M-H2O-H]-.

Cyclic ion mobility analysis
Arrival time distributions (ATDs) of doubly-derivatized 

monosaccharides and disaccharides obtained after various passes 
around the cIM are shown in Figures 3 and 4, respectively. Each panel 
in the figure represents a single carbohydrate subjected to n=1, 2 and 
3 passes around the cIM device. The corresponding, estimated Rp 
values were ~70, ~100 and ~120, respectively. As expected, the 
number of resolved features increased with n; these were attributed 
to positional and functional isomers with different 3C5NBA 
derivatization sites (Table S-1). For fructose, for example, two 
derivatives are expected, and two features appeared resolved in the 
ATD (Figure 3a). Similarly, three derivatives are expected for both 
galactose and glucose, and three features were seen in their ATDs 
(Figure 3b-c). In contrast, six derivatives are possible for sucrose, 
while only three features were resolved in the ATD (Figure 4g), likely 
due to spectral overlap or insufficient yield of some of the 
derivatives. Figure S-2 shows the peak areas for the glucose 
derivative observed after one, two and three passes around the cIM. 
In line with the previous observations by Giles et al.,36 the 
transmission losses were minimal.

Although in most cases regio- and functional isomers of 
derivatized monosaccharides were resolved after one pass (Figure 3), 
this was not the case for derivatized disaccharides (Figure 4). For 
these analytes, the CCS shift introduced by 3C5NBA derivatization 
was proportionally smaller, and thus a higher number of passes 
around the cIM was required to resolve them. For example, only 
two isomers of doubly-derivatized cellobiose were resolved 
after one pass; however, after three passes five features were 
seen in the ATD (Figure 4a). Several other disaccharides were 
also observed to behave in a similar manner. For isomaltose, 
melibiose, sucrose, and trehalose, between two and three 
passes were sufficient to resolve two to three otherwise 
overlapping peaks. While further increasing the number of 
passes can be a powerful tool to improve Rp, there was a limit 
to the number of passes that could be performed without 
observing wraparound effects, as discussed by Giles et al.36

Some ATD features, such as those observed for mannose 
derivatives (Figure 3d), showed significant fronting and/or tailing, 
which would normally indicate species interconversion. In order to 
investigate this further, IMS2 experiments were performed in which 
each of the features observed were isolated and activated. The 
presence of the same ATD with only a single peak for each of the non-
activated and activated features indicated this was not the case 
(Figure S-3), with the additional species observed at higher number 
of cycles likely being due to components that were unresolved at a 
lower number of cycles.

Figure 3. Arrival time distributions (ATDs) of doubly-derivatized 
monosaccharides (m/z 529.04) including (a) fructose, (b) galactose, 
(c) glucose, and (d) mannose with a varying number of passes using 
the cIM instrument. Sections of the ATDs without features were 
truncated for clarity. 

Figure 4. Doubly-derivatized disaccharides analyzed on the cyclic IM 
instrument. The studied disaccharides were (a) cellobiose, (b) 
isomaltose, (c) lactose, (d) lactulose, (e) maltose, (f) melibiose, (g) 
sucrose, and (h) trehalose. Only two passes are shown in cases where 
the wraparound effect was observed after three passes.

It is of interest to compare the separation of the most abundant 
species of each of the pairs of mono- and disaccharides after three 
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passes around cIM with that obtained using the SYNAPT instrument 
incorporating the linear TWIMS device. Figures S-4 and S-5 show 
ATDs of doubly derivatized monosaccharides and disaccharides 
obtained on the two platforms. The two-peak resolution (𝑅𝑝𝑝 = 1.18

)34 was calculated for all possible pairs of monosaccharides 
𝑡𝑑𝐵 ― 𝑡𝑑𝐴

𝛥𝑡𝑑𝐵 + 𝛥𝑡𝑑𝐴

and disaccharides to enable quantitative comparisons (Tables S-2 
and S-3). The Rpp values calculated from cIM data were (expectedly) 
higher than the corresponding SYNAPT values, with one notable 
exception. For isomaltose vs. melibiose, the Rpp was the same for 
both platforms. We attributed this observation to the presence of 
several closely related structures. This phenomenon has been well 
documented for protein ions, with examples including Koeniger et 
al.,48 Allen et al., 49 and Eldrid et al.39 For both melibiose and 
isomaltose, we predicted 5 possible derivatives, but only three 
asymmetric features were observed in the ATDs, suggesting the 
presence of more, unresolved components.

Tandem mass spectrometry

The ATD features that are resolved after 3 passes were 
investigated in more detail using post-IM collision induced 
dissociation (CID). Because no further IM separation takes place, 
ATDs of product ions are time-aligned with precursor ATD features. 
Thus, diagnostic product ions can be used to deduce 3C5NBA 
derivatization sites in precursor isomers as well as to identify isomers 
not fully resolved in ATD space.

The proposed structural assignments of features resolved in the 
ATD of doubly-derivatized maltose provide an interesting example of 
the post-IM CID capabilities of the cIM system (Figure 5). Four main 
mobility features were identified (I-IV), with corresponding CID 
product ion spectra presented in Figure S-6 a-d, respectively. The 
ATD for each of these fragments is shown in Figure S-7. Certain 
fragments aligned almost entirely with a single ATD peak, such as m/z 
654, 485, and 451 aligned with feature I, II, and IV, respectively 
(Figure S-7a,d,e). Most fragments aligned with at least two of the 
peaks, such as m/z 529 and 354 (Figure 7-b,i). A summary of the 
correlation of each fragment’s m/z and arrival time distribution is 
shown in Figure S-8. The dominant m/z peaks produced from feature 
I were m/z 396 (C15H15BNO11), 294 (C11H9BNO8), and 354 
(C13H13BNO10), which corresponded to a 3,4 cross-ring cleavage on 
the former reducing end of the sugar, a 1,2 cross-ring cleavage on 
the non-reducing end, and a cleavage of the glycosidic bond followed 
by a proton transfer, respectively (Figure 5). These fragments are 
only plausible for a derivative with each 3C5NBA molecule on a 
separate glucose residue, such as the product shown in Figure 2d. 
The most abundant product ions that originated from feature II are 
m/z 485 (C19H15B2N2O12), which was produced by a 2,6 ring cleavage 
followed by a proton transfer, 353 (C13H12BNO10) from a loss of one 
3-carboxy-5-nitrophenyl-borane (** in Figure 5) and a cleavage of the 

glycosidic bond, 396 (C15H15BNO11), from the same ** loss followed 
by a 3,4 ring cleavage on the former reducing end of the sugar, and 
294 (C11H9BNO8), from the loss of ** followed by a 3,6 ring cleavage 
on the non-reducing end (Figure 5). For feature III, the major 
fragments were m/z 504 (C18H16B2N2O14), which originated from a 
loss of ** followed by the cleavage of the glycosidic bond and 436 
(C18H11B2N2O10), originating from the cleavage of the glycosidic bond, 
a 1,4 ring cleavage, a loss of an oxygen atom, and a water loss (Figure 
5). The most abundant fragments for feature IV are m/z 354 and 529, 
which have been described for other features as well as m/z 255 
(C12H7BNO5), which requires rearrangement to be produced. 
Interestingly, the diagnostic product ion at m/z 529 can only be 
produced by the 3C5NBA anhydride dimer reacting with two trans 
diols on the maltose unit (Figure 2a-c) and not with two 3C5NBA 
molecules reacting with two cis diols each on maltose. Certain 
fragments only appeared in significant yields for one feature, leading 
to the possibility for tentative structural identification, as shown in 
Figures 5 and S-5. For example, m/z 654 (C26H22B2N2O17) was unique 
for feature I, m/z 485 (C18H19BNO14) was unique for feature II, m/z 
436 (C17H8B2N2O11) was unique for feature III, and m/z 451 
(C18H11B2N2O11) was unique for feature IV.

IM-CID-MS experiments can also aid with identification of the 
carbohydrates investigated, which would be particularly beneficial 
for analysis of a mixture containing various saccharides. For example, 
based on 3-pass ATD information alone, mannose could not be 
mobility separated from glucose (Rpp=0.38); and fructose could not 
be separated from galactose (Rpp=0.53). However, the combined 
technique of IM-CID-MS distinguished mannose and glucose by their 
unique diagnostic product ions at m/z 438.97 for mannose and 
402.96, 353.97, and 441.02 for glucose (Table S-4). Fructose and 
galactose also had unique product ions that distinguished them, as 
the fructose derivative produced the product ions at m/z 438.97 and 
441.02, which galactose did not. Galactose produced product ions at 
m/z 353.97, 384.94, and 402.96, which fructose did not. Only 
galactose displayed a unique product ion at m/z 468.99. 

For the eight disaccharide derivatives, unique product ions were 
seen for lactulose (m/z 493.08, 469.07), maltose (m/z 678.19, 
558.10), melibiose (m/z 480.04), sucrose (m/z 194.89), and trehalose 
(m/z 675.15, 424.95), as described in Table S-5. Doubly-derivatized 
disaccharides that could not be differentiated based on IM 
separation alone were cellobiose/sucrose and 
isomaltose/lactulose/trehalose. Cellobiose generated diagnostic 
product ions at m/z 631.1, 485.023, and 456.03 that were not 
observed for sucrose (Table S-5). Isomaltose produced ions at m/z 
631.10, 441.02, 409.03, 395.99, 349.00, and 275.92 that did not 
appear for either lactulose or trehalose (Table S-5). In summary, 
combining high-resolution IM separations with post IM CID is clearly 
useful for identifying these sugar derivatives and pursuing in depth 
analysis of their structural characteristics.
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Figure 5. Post-IM CID experiment on doubly-derivatized maltose.  (a) ATD of precursor ions after 3 passes around the cIM device; three 
features are resolved (I at 41.5 ms, II at 45.7 ms, and another feature formed from two partially unresolved peaks III at 52.8 ms and IV at 55.4 
ms).  (b) The proposed structural assignments for features I-IV in Figure 5 are based upon the fragmentation patterns shown. Fragment m/z 
correspond with Figure S-6: (a) 654 (C26H22B2N2O17), (b) 529 (C20H17B2N2O14), (c) 504 (C18H16B2N2O14), (d) 485 (C18H19BNO14), (e) 451 
(C18H11B2N2O11), (f) 436 (C17H8B2N2O11), (g) 396 (C15H16BNO11), (h) 392 (C16H16BNO10), (i) 354(C13H14BNO10), (j) 353 (C13H13BNO10), (k) 294 
(C11H10BNO8), (l) 281 (C14H9BNO5), (m) 255 (C12H7BNO5), (n) 234 (C9H6BNO6), and (o) 222 (C8H6BNO6). Fragments h, l, and m require 
rearrangements and are therefore not included in this Figure. ** represents a loss of one 3-carboxy-5-nitrophenyl-borane group.

Conclusions
Separations with cIM allowed for the identification and 

structural characterisation of 3C5NBA derivatives of mono- and 
disaccharides. After 3 passes around the cIM device (Rp~120), 
3C5NBA carbohydrate derivatives were resolved in all cases for 
four monosaccharide standards, and all but two cases for eight 
disaccharide standards. Additional passes could improve 
separations of isomers with overlapping ATDs; however, there 
is a limit to the number of additional passes that maybe 
performed. In the future, novel cIM methods using a selection 
based upon ion mobility in an analogous way to heartcuts in 
chromatography will help to overcome these issues.36-37 This 
would allow for a greater number of passes to be performed for 
these analytes, which would further enhance separations. With 
the improved resolving power made accessible by these 
techniques, cIM-MS/MS may be a viable method to characterize 
complex mixtures of carbohydrates. These methods could then 
be utilized to study mixtures of carbohydrates formed under 
abiotic conditions, which are currently under investigation in 
our laboratory.
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Cyclic ion mobility-tandem mass spectrometry enhances the separation and identification of small 
carbohydrate isomers.
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