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Abstract

Miniaturised field asymmetric waveform ion mobility spectrometry (FAIMS), combined with mass
spectrometry (MS), has been applied to the study of self-assembling, non-covalent supramolecular
complexes of 3-methylxanthine (3-MX) in the gas phase. 3-MX forms stable tetrameric complexes
around an alkali metal (Na*, K*) or ammonium cation, to generate a diverse array of complexes with
single and multiple charge states. Complexes of (3-MX), observed include: singly charged
complexes where n = 1-8 and 12 and doubly charged complexes where n = 12-24. The most
intense ions are those associated with multiples of tetrameric units, where n = 4, 8, 12, 16, 20, 24.
The effect of dispersion field on the ion intensities of the self-assembled complexes indicates some
fragmentation of higher order complexes within the FAIMS electrodes (in-FAIMS dissociation), as
well as in-source collision induced dissociation within the mass spectrometer. FAIMS-MS enables
charge state separation of supramolecular complexes of 3-MX and is shown to be capable of
separating species with overlapping mass-to-charge ratios. FAIMS selected transmission also
results in an improvement in signal-to-noise ratio for low intensity complexes and enables the

visualisation of species undetectable without FAIMS.
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Introduction

Self-assembling supramolecular complexes of simple molecules are of interest in a wide variety of
fields [1] including structural biology [2], self-assembling membranes [3], therapeutic delivery
systems [4], nanostructures [5-7], electrochemistry [8] and supramolecular technology [9]. 3-
Methylxanthine (3-MX) is an example of a small molecule that can form stable non-covalently bound
supramolecular complexes in the gas phase [10]. 3-MX has been shown to self-assemble in the
presence of alkali metals and ammonium ions to form clusters around a stabilising cation, as shown
in Structure 1; the 3-MX purine base contains both hydrogen bond donor (NH(1) and O(2)) and

acceptor (NH(7) and O(6)) groups [11-13].

3-MX is a purine derivative and a metabolite of caffeine and theophylline [14,15], and has been
monitored biologically in urine and plasma by liquid chromatographic methods [16-19]. Guanine is a
related purine base structure that self-assembles into tetrad structures in biological systems (G-
guadruplexes) to form complexes that have been well characterised, theoretically and
experimentally [2,20-24]. Other related purine bases, such as xanthine and uric acid derivatives,
have shown to similarly self-assemble into non-covalently bound tetrameric species [11,25,26]. G-
guadruplexes are of significant interest due to their formation in vivo at telomeres and their potential
application as anticancer drug targets. Purine bases such as xanthine and uric acid are an
intermediate and the end product respectively of purine metabolism, which are of interest in the

analysis of metabolites as elevated levels can lead to a number of diseases and conditions [25].

lon mobility spectrometry (IMS) is an ion separation technique that distinguishes ions based upon
their velocity as they migrate through a buffer gas under the influence a weak electric field, where
ion mobility is determined by the ratio of the velocity of the ion to the applied electric field. Under
strong electric fields the mobility of an ion has a non-linear dependence on the electric field
strength, and this forms the basis of field asymmetric waveform ion mobility spectrometry (FAIMS),
which separates ions based upon the compound-dependent differences in their mobilities in
alternating high and low electric fields. In a FAIMS device, ions pass between two electrodes with

an applied asymmetric RF waveform known as the dispersion field (DF), under which the ions



experience alternating low and high fields, resulting in a net displacement towards one of the
electrodes [27-31]. A small DC voltage, known as the compensation field (CF), is superimposed on
the DF to transmit selected analytes by off-setting the net displacement through the device [32-34]
The DF and CF (unit of Townsend (Td) where 1 Td = 10" V cm™) can be scanned over a range to
produce a two-dimensional FAIMS spectrum or set statically to transmit ions of interest. The
separation of ions based on their mobility under low (< 10 Td) and high (> 100 Td) field conditions
has a high level of orthogonality to mass-to-charge (m/z) separation in mass spectrometry (MS)

allowing for the hyphenation of ESI-FAIMS-MS [35].

3-MX has been studied by ESI-MS and nuclear magnetic resonance by Szolomajer et al. [10]; mass
spectral data for a single tetrameric complex of 3-MX (or tetrad) and an octameric species
composed of two parallel tetrads were reported. Here we report a study of using ESI combined with
a prototype FAIMS device and orthogonal acceleration time-of-flight (TOF) MS, to investigate non-
covalently bound, supramolecular complexes of (3-MX),. Singly charged complexes up to n = 12,
doubly charged complexes up to n = 24, and a range of intermediate complexes are observed. This
study demonstrates the capability of FAIMS to aid in the analysis of non-covalent supramolecular

complexes by mass spectrometry.

Experimental

Sample Preparation

HPLC grade methanol, water, and analytical grade sodium hydroxide and ammonium acetate were
purchased from Fisher Scientific (Loughborough, UK). 3-MX was purchased from Sigma-Aldrich
(Gillingham, UK). 3-MX (0.5 mM) solutions in 60:40 v/v methanol:water were prepared with two
different modifiers (1 mM each): sodium hydroxide and ammonium acetate to promote adduct

clusters. Standard solutions of 3-MX were analysed by direct syringe infusion.



ESI-MS and ESI-FAIMS-MS Instrumentation

ESI-FAIMS-MS analyses were carried out using an Agilent 6230 TOF MS (Agilent Technologies,
UK) fitted with a prototype miniaturised chip-based FAIMS (Owlstone Ltd., Cambridge, UK), which
has been described in detail elsewhere [33,36,37]. The FAIMS device was located behind the
modified spray shield of the Jet Stream ESI source, in front of the mass spectrometer inlet capillary,
and consists of multiple parallel planar electrode channels (100 um electrode gap) with a short

trench length (78.1 mm) and ion path length (700 pm).

Direct infusion ESI-MS experiments were carried out in positive ionisation mode using a 10 pL min™
sample infusion rate from a syringe pump. The ESI nebuliser pressure was set to 30 psig with a
sheath gas (N,) flow of 10 L min™ at 200 °C, with the nozzle voltage set to 2000 V. The capillary
voltage was set to 3500 V and the drying gas (N,) flow to 8 L min™ at 150 °C. The MS scan rate was

10 scans per s in the mass range m/z 90-2200, with a fragmentor voltage of 150 V.

ESI-FAIMS-MS experiments were performed by direct syringe infusion of 3-MX solutions and by
scanning of the FAIMS DF and CF to investigate the transmission of singly, doubly and multiply
charged 3-MX clusters through the FAIMS device. The DF was stepped from 194 to 323 Td (12
steps) and the CF was scanned from -2 to +5 Td, at a rate of 0.1 Td s™ (140 steps), to perform a

two-dimensional scan of the FAIMS parameters.

Results and Discussion

The self-assembly of 3-MX results in a complex ESI mass spectrum when a solution of 3-MX is
infused in 60:40 v/v methanol:water with 1 mM ammonium acetate (Figure 1). A range of non-
covalent clusters with different cations are observed in the gas phase, in agreement with
Szoloméajer et al. [10]. When ammonium acetate is added as a solvent modifier, abundant peaks
correspond to tetrameric species with alkali metal and ammonium cations (Figure 1 (a)); for
example [(3-MX)4+NH,]" (m/z 682), [(3-MX),+Na]" (m/z 687) and [(3-MX),+K]" (m/z 703). The mass

spectrum is characterised by many singly (Figure 1 (a)), doubly (Figure 1 (b) — (d)) and multiply



(Figure 1 (d)) charged species, making it difficult to identify which species are present because of

the overlapping isotopic patterns.

The use of sodium hydroxide as a solvent modifier results in a simplified mass spectrum dominated
by singly charged sodiated adducts as shown in Figure 1 (e), The base peak in the spectrum is the
[(3-MX),+Na]" ion at m/z 687.19, with the second most intense response corresponding to the [(3-
MX)g+Na]" ion at m/z 1351.39. Monomer, dimer and trimer sodiated complexes are observed with
lower intensities at m/z 189.04, 355.09 and 521.14 respectively, suggesting that the tetrameric
based complexes are more stable than non-tetrameric structures. Complexes of (3-MX), observed
in the presence of sodium ions include: singly charged tetrameric complexes [(3-MX),+xNa-yH]" (x —
y =1 for x = 1-5, y = 0-4) where n = 4, 8, and 12; doubly charged tetrameric complexes [(3-
MX),+xNa-yH]** (x —y = 2 for x = 2-10, y= 0-8) where n = 12, 16, 20, and 24; and a range of triply
charged complexes corresponding to n = 32 in the region m/z 1815-1850, for example [(3-
MX)s,+6Na-3H]*. Intermediate non-tetrameric complexes of low intensity are also observed that
correspond to singly charged complexes where n = 1-3 and 5-7, and doubly charged non-tetrameric
complexes where n = 13-15 and 17-23. The focus of this study was on the 3-MX monomer and
singly charged tetrameric complexes of 3-MX with sodium: [(3-MX)+Na]® (m/z 189.04), [(3-

MX).+Na]" (m/z 687.18), [(3-MX)g+Na]* (m/z 1351.38) and [(3-MX)1,+2Na-H]* (m/z 2037.55).

The sodiated 3-MX clusters present in the ESI-MS spectrum (Figure 1) were also observed using
ESI-FAIMS-MS. This demonstrates that supramolecular complexes of 3-MX may be transmitted
through the FAIMS device in the presence of the alternating high and low electric fields and at a
temperature of 150 °C (standalone FAIMS is routinely used at much lower temperatures, i.e.
atmospheric temperature) [38]. The hyphenation of FAIMS with MS allows ions of a single m/z to be
selected as the CF is scanned at a fixed DF giving the characteristic FAIMS CF spectrum of each
ion. Alternatively, a FAIMS three-dimensional representation of DF, CF and intensity can be
obtained by sweeping the DF (194-323 Td, in steps of 10 Td) and CF (-2-5 Td, in steps of 0.05 Td)
to generate a heat map (or contour plot), where DF is plotted against CF and the intensity is

represented by a colour scale [39]. The ESI-FAIMS-MS heat maps are plotted for mass-selected



ions in order to provide a way to observe the behaviour of selected ions transmitted through the

FAIMS device, and aid in the selection of parameters to resolve ions of interest [39].

The 3-MX monomeric species is the building block of all of the complexes in the mass spectrum for
3-MX (Figure 1). Figure 2 shows the FAIMS characteristics of the 3-MX monomer ([(3-MX)+Na]",
m/z 189.04) at three different fragmentor voltages on the MS, which is applied in the intermediate
pressure region of the MS interface, with the FAIMS swept between DF 180-300 Td (steps of 10 Td)
and CF -2-5 Td (steps of 0.05 Td). The monomer ion observed at DF 200 Td and fragmentor
voltage of 150 V (Figure 2 (a) black solid line, and Figure 2 (b)), is an intense peak centred around
CF -0.05 Td can be observed at DF values up to 260 Td, with a secondary peak centred around CF
0.65 Td at DF 200 Td in Figure 2 (a). This secondary peak can be observed to reduce in intensity as
the fragmentor voltage is lowered from 150 V to 100 V (Figure 2 (a) grey dotted line, and Figure 2
(c)), and when lowered to 50 V (Figure 2 (a) grey solid line, and Figure 2 (d)). The peak is not
present in the CF spectrum at DF 200 Td and little remains in the heat map at 50 V. The overlaid CF
spectra for the 3-MX dimer ([(3-MX),+Na]® m/z 355.09), in Figure 2 (b) black dotted line, is also
centred around CF 0.65 Td at DF 200 Td, showing a strong correlation to the secondary peak in the
CF spectra of the 3-MX monomer. This suggests that the dimer was transmitted through the FAIMS
electrodes intact and fragmented in the MS interface by in-source collision induced dissociation (in-
source CID) at 150 V post-FAIMS separation, resulting in the two peaks evident in the CF spectra
and the FAIMS heat maps for the m/z 189.04 [36,40]. This is further supported by the mass spectra
(Supplementary Figure 1) extracted at the optimum FAIMS transmission conditions for the two
peaks (DF 200 Td, CF -0.05 Td and 0.65 Td) at each of the three fragmentor voltages, showing the
m/z 189 ion of the 3-MX monomer present in the mass spectra at CF 0.65 Td at 150 V, which
decreases at 100 V and is not present at 50 V. In each of the heat maps for the 3-MX monomer
(Figure 2 (b), (c) and (d)), the intensity reduces sharply as the DF increases above 240 Td resulting

from a greater number and velocity of collisions due to field heating at higher DFs [28,32].

The change in CF for transmission of the (3-MX), (n = 4, 8, 12) tetrameric complexes, in Figure 3

(a), follows a trend with increased distance from 0 Td in the order: [(3-MX),+2Na-H]" (1.15 Td) <



[(3-MX)g+Na]" (1.70 Td) < [(3-MX),+Na]* (2.05 Td); i.e. the difference in CF from 0 Td decreases as
the size of the complex increases. The increased distance from O Td can be attributed to increased
differences in mobility between electric field extremes. The overlap of the CF spectra and near even
distribution of this trend suggests an incremental effect of the FAIMS conditions of the tetrameric
based structures of these singly charged complexes of 3-MX, possibly indicating an influence of
structure and size, and suggests a relationship with the number of layers in the stacked assembly

[5,10].

The single tetramer structure ([(3-MX),+Na]’, m/z 687.18) was observed to be stable through the
FAIMS device at all DFs up to 300 Td (Figure 3 (a) solid black line and (b)), indicated by the
symmetrical profile that retains a constant peak width, with a slight fall in intensity at the higher DFs
up to 323 Td. In contrast, the [(3-MX),+2Na-H]" (m/z 2037.55) ion has a broad, unsymmetrical
profile at all DFs (Figure 3 (c)) compared to the single tetramer complex (Figure 3 (b)). This
unsymmetrical broadening of the [(3-MX):,+2Na-H]" profile (Figure 3 (c)) at DFs above 270 Td,
could be due to a combination of factors such as: signal instability due to the low intensity of the ion;
a higher probability of a distribution of conformations for this larger complex; or the dissociation of
higher complexes during transmission through the FAIMS electrodes. Evidence for in-FAIMS
dissociation is provided in the mass spectra, shown in Supplementary Figure 2, extracted at DF 323
Td and CF 2.70 Td, corresponding to the high CF tailing edge of the asymmetrical peak of the [(3-
MX);,+2Na-H]" ion (Figure 3 (a)). In addition to the singly charged m/z 2037.55 ion in the mass
spectrum (Supplementary Figure 2 (b)), abundant species include higher ordered doubly charged
ions of n = 16 and 20 in the regions m/z 1362 — 1395 and m/z 1694 — 1716 respectively. This
suggests that the electric field strengths experienced by ions in the FAIMS (up to 60 kV cm™) may
cause higher ordered and doubly charged complexes, such as n = 16, 20 and 24 (formed in the ESI
source) to dissociate to yield singly charged m/z 2037.55 ions during transmission through the
FAIMS electrodes (the relative fragility of the structures can be observed via a tandem MS analysis

shown in Supplementary Figure 3).



The singly charged octameric complex, [(3-MX)g+Na]" (Figure 4 (a)), is observed to have a very
stable and symmetrical profile even up to the highest DF values, similar to the single tetramer
structure [(3-MX),+Na]* (Figure 3 (b)), but the reduction in ion intensity as the DF increases,
expected due to increased field heating and scattering of ions through the FAIMS device at higher
DFs, is not observed. The CF for maximum transmission of [(3-MX)g+Na]" increases from 0.35 Td
(DF 194 Td) to 1.70 Td (DF 323 Td), an increase of 1.35 Td. In contrast, a doubly charged complex
[(3-MX)16+3Na-H]** (Figure 4 (b)), whilst having a symmetrical profile, is much more affected by the
electric fields with the CF for maximum transmission increasing from 0.65 Td (DF 194 Td) to 2.85 Td
(DF 323 Td), an increase of 2.20 Td, and the intensity starts to decrease significantly at DF 260 Td
and above. The intensities of [(3-MX)s+Na]" and [(3-MX),s+3Na-H]** at DF values in the range 180-
300 Td at the lowest fragmentor voltage of 50 V (Supplementary Figure 4), show the expected
decrease in the intensity for the doubly charged [(3-MX),s+3Na-H]** ion at higher DFs as seen from
Figure 4 (h). However, the intensity of [(3-MX)g+Na]" ion shows an unexpected overall increase as
the DF increases. We believe that this increase in intensity of the singly charged 3-MX octameric
complex is evidence that the higher ordered and more highly charged species, such as the doubly
charged [(3-MX)s+3Na-H]**, may dissociate in the FAIMS device into the smaller singly charged

complexes, such as [(3-MX)g+Na]".

The isotope pattern provides a source of identification for singly or multiply charged species in mass
spectrometry, but will not separate isobaric ions of different charge states. However, ESI-FAIMS-MS
allows for the separation of ions based upon compound-dependent differences in high and low field
mobility as a result of charge state [33,36,41]. FAIMS separation may therefore be used to suppress
or enhance the transmission of singly or multiply charged ions selectively. The significance of this
becomes apparent for overlapping isotopic patterns of singly and doubly charged species, such as
(3-MX)g and (3-MX)4¢ in the range m/z 1300-1400 in Figure 4 (c), which cannot be resolved by the
reflectron TOF mass analyser alone. However, the singly charged [(3-MX)g+2Na-H]" ion (m/z
1373.37) is resolved from the corresponding doubly charged [(3-MX);s+4Na-2H]** ion with the same

m/z by FAIMS (Figure 4 (d)). FAIMS-selected transmission of the appropriate charge state is shown



in Figure 4 (e) and (f) at CF 1.70 Td and 2.85 Td respectively (DF 323 Td), resulting in the ESI-
FAIMS-MS separation of overlapping singly and doubly charged isobaric 3-MX species in the mass
spectrum. The most abundant octameric species with a single sodium cation ([(3-MX)s+Na]*) at m/z
1351.39 also demonstrates the ability of FAIMS to increase the signal-to-noise ratio (S:N), by 2.8
times in Figure 4 (e) compared to the FAIMS off mass spectrum in Figure 4 (c), and also the ability
to filter out this highly abundant singly charged species to reveal that there is no evidence of a [(3-
MX).s+2Na]** complex which would have the same m/z (Figure 4 (f)). A 2-3 fold enhancement of the
S:N was observed for all of the complexes in Figure 4 (e) and (f), compared to Figure 4 (c), as a
result of the removal of background noise from the doubly and singly charged species for Figure 4

(e) and (f) respectively.

In this study of 3-MX complexes, a second type of heat map of m/z vs. CF at a particular DF
(instead of DF vs. CF at a particular m/z, as shown in Figure 2 and Figure 3) provides an alternative
view of selected ions. Figure 4 (g) is an example of such a plot, for m/z vs. CF at DF 323 Td in the
region m/z 1373-1376, which shows the FAIMS separation of the two isobaric species of m/z
1373.37 which correspond to the singly and doubly charged species [(3-MX)g+2Na-H]" and [(3-
MX)s+4Na-2H]**. These isobaric singly and doubly charged species at m/z 1373.37 can also be
plotted as a heat map of DF vs. CF at all DFs, Figure 4 (h) which shows an intense peak
corresponding to the singly charged [(3-MX)g+2Na-H]" and a secondary peak that begins to
separate from the main intense peak at DF 240 Td and above. This heat map can be compared to
those which are either singly or doubly charged with no corresponding peak present, such as those
of m/z 1351.38 and 1362.38 (Figure 4 (a) and (b)), demonstrating the similar profiles of the singly

and doubly charged complexes.

The ESI-mass spectrum of 3-MX with sodium hydroxide as the solvent modifier (Figure 1 (e)) is
dominated by tetrameric complexes and the transmission of some lower abundance non-tetrameric
3-MX isobaric species can be masked by these prominent ions (Figure 5). For example, in the mass
spectrum of 3-MX in the region m/z 1016-1026 without FAIMS applied (Figure 5 (a)), the peak at

m/z 1019.3 could correspond to [(3-MX)s+Na]* or [(3-MX);,+2Na]**, though the isotope pattern
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suggests that only the doubly charged tetrameric species is present. However, comparison of the
FAIMS peaks for the first two isotopes of this species (Figure 5 (b)) at m/z 1019.28 and 1019.78
shows a small shoulder is observed at the low CF edge of the peak for m/z 1019.28. Careful
selection of the FAIMS DF and CF makes it possible to filter out the (35 times) more abundant
doubly charged species in order to selectively transmit the singly charged [(3-MX)s+Na]" ion (Figure
5 (c)); without FAIMS separation it was not possible to determine the presence of this hexameric
complex of 3-MX, whilst the tetrameric doubly charged [(3-MX);,+2Na]** dominates the mass
spectrum. Also, by selecting the FAIMS at the maximum CF for transmission for m/z 1019.3 ([(3-
MX),+2Na]**) at DF 216 Td, the S:N is doubled by reducing background noise in the mass

spectrum (Figure 5 (d)).

The ability of FAIMS to investigate self-assembling supramolecular complexes of 3-MX doped with
sodium has been demonstrated. However, ESI-FAIMS-MS analysis can also be used to investigate
complexes of 3-MX with different stabilising cations NH,", Na* and K* (Supplementary Figure 5)
whose FAIMS conditions have been shown to vary dependent on cation. A combination of these
varying FAIMS conditions and charge state separation has been utilised to identify hetero-
cationised complexes of 3-MX (Figure 6). In the region m/z 1340-1450, a range of both singly and
doubly charged complexes with different stabilising cations can be identified using ESI-FAIMS-MS
that were previously hidden using ESI-MS alone. Figure 6 shows an example of how FAIMS can be
used to separate these isobaric compounds of different charge state by examining the FAIMS CF
spectra for m/z 1370.4 (Figure 6 (a)). The mass spectral peak for m/z 1370.4 without FAIMS applied
(Figure 6 (b)) is an overlap of the more abundant [(3-MX)s+K]" isotope peaks and a hidden doubly
charged ion. Careful selection of the CF maxima of the two peaks in the FAIMS spectra (Figure 6
(a)) and extraction of the mass spectra (Figure 6 (c) and (d)) allows for the separation of the isobaric
abundant singly charged complex, [(3-MX)s+K]*, and the doubly charged hetero-cationic complex,

corresponding to [(3-MX)16+2Na+K-H]2+.

Complexes with multiple cations, both homo- and hetero-cationised complexes, appear to be stable

with sodium cations even with ammonium acetate as the modifier. Singly charged octameric homo-
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cation complexes of 3-MX with up to five Na* were observed (DF 323 Td, CF 1.65 Td), while only
[(3-MX)g+NH,]" and [(3-MX)s+K]* were observed for NH," and K*. Furthermore, the hetero-cation
complexes with Na* + K* were more abundant than the NH," + Na* and NH," + K* complexes, with
a range of Na* + K' complexes observed in the region m/z 1340-1450, for example [(3-
MX)s+3Na+K-3H]" (DF 323 Td, CF 1.65 Td) and [(3-MX):s+2Na+2K-2H]?** (DF 226 Td, CF 0.85 Td).
Hetero-cation complexes with all three cations were also observed, with very low intensities, that
correspond to [(3-MX)g+NHs+Na+K-2H]" (m/z 1406.36; DF 323 Td, CF 2.75 Td), [(3-
MX)16+NH,+2Na+K-2H]?* (m/z 1378.87; DF 313 Td, CF 2.60 Td), [(3-MX)is+3NH,+Na+2K-4H]?*
(m/z 1403.88; DF 216 Td, CF 0.80 Td), and [(3-MX):1s+NH4+3Na+2K-4H]?** (m/z 1408.84; DF 302

Td, CF 2.30 Td).

Conclusion

Miniaturised chip-based FAIMS combined with TOF MS has been applied to the study of self-
assembling supramolecular non-covalent complexes of 3-MX. Non-covalently bound
supramolecular complexes are shown to be able to successfully traverse the FAIMS device, but at
high DFs there is evidence for in-FAIMS dissociation of higher ordered complexes may be
observed. Singly charged 3-MX complexes of a tetrameric structure were shown to have different
CF values for maximum transmission, with CF decreasing with increasing complex size. FAIMS
selection prior to mass analysis allows the separation of charge states of 3-MX complexes. Singly
charged tetrameric complexes were found to be stable through the FAIMS device, even up to the
highest DF values, whilst the doubly charged tetrameric species show a clear decline in intensity at
higher CF values as the DF increases than singly charged 3-MX complexes. FAIMS pre-selection
allows complexes that were previously concealed by more abundant overlapping isobaric species to
be observed, further highlighting the complexity and depth of information that ESI-FAIMS-MS
analysis can unravel in the study of these supramolecular complexes. ESI-FAIMS-MS has also
been applied to an array of supramolecular non-covalent complexes of 3-MX with multiple cations

present, and shown to aid in the identification of hetero-cation complexes. The hyphenation of ESI-
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FAIMS-MS has shown the potential to aid in the deconvolution of complicated mass spectra of other

supramolecular non-covalent complexes.
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Legends for figures

Structure 1 Proposed structure of 3-MX non-covalently bound tetramer ([(3-MX),+Cat]") with

stabilising cation (cat” = NH,", Na* or K%) [10,12,13]

Figure 1 (a) Mass spectrum of 3-MX in 60:40 MeOH:H,O with 1 mM ammonium acetate with
FAIMS off; inserts show zoomed in regions of the spectra: (b) a mixture of singly and doubly
charged species in the region m/z 2010-2060, (c) doubly charged species in the region m/z 1012-
1040, (d) doubly and multiply charged species in the region m/z 1680-1760; (e) mass spectrum of 3-

MX in 60:40 MeOH:H,O with 1 mM sodium hydroxide with FAIMS off

Figure 2 ESI-FAIMS-MS analysis of [(3-MX)+Na]" (m/z 189.04) at three different MS fragmentor
voltages: (a) overlaid CF spectra at DF 200 Td where the black solid line = [(3-MX)+Na]" at 150V,
grey dotted line = [(3-MX)+Na]" at 100 V, grey solid line = [(3-MX)+Na]" at 50 V, black dotted line =
[(3-MX),+Na]" (m/z 355.09) at 150 V; three-dimensional heat maps of DF vs. CF (where intensity
(%) is represented on the colour scale) of (b) m/z 189.04 at 150 V, (¢) m/z 189.04 at 100 V, and (d)

m/z 189.04 at 50 V

Figure 3 (a) CF spectra at DF 323 Td for singly charged sodium doped tetrameric 3-MX complexes:
black solid line = [(3-MX),+Na]" (m/z 687.18), black dotted line = [(3-MX)g+Na]" (m/z 1351.38), grey
solid line = [(3-MX)1,+2Na-H]" (m/z 2037.55); three-dimensional heat maps of DF vs. CF (where
intensity (%) is represented on the colour scale) of (b) [(3-MX),+Na]* (m/z 687.18) and (c) [(3-

MX)1,+2Na-H]* (m/z 2037.55)

Figure 4 Overlapping charge state separation of 3-MX (+Na*) complexes at fragmentor voltage of

150 V: three-dimensional heat maps of DF vs CF (with intensity (%) represented on the colour
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scale) of (a) m/z 1351.38 ([(3-MX)g+Na]") and (b) m/z 1362.38 ([(3-MX),s+3Na-H]*"); (c) mass
spectrum with no FAIMS; (d) FAIMS CF scan at DF 323 Td, selected ion responses for m/z
1373.37; (e) FAIMS selected mass spectrum of singly charged species at DF 323 Td, CF 1.7 Td;
and (f) FAIMS selected mass spectrum of doubly charged species at DF 323 Td, CF 2.85 Td; (g)
three-dimensional heat map of m/z vs. CF (at DF 323 Td, with intensity (%) represented on the
colour scale) showing the FAIMS separation of two isobaric species at m/z 1373.37, [(3-MX)g+2Na-
H]* and [(3-MX)is+4Na-2H]**, and their isotopic patterns; (f) three-dimensional heat map of DF vs
CF (with intensity (%) represented on the colour scale) of m/z 1373.37 ([(3-MX)g+2Na-H]" and [(3-

MX).s+4Na-2H]*

Figure 5 ESI-FAIMS-MS analysis of m/z 1019.28: (a) mass spectrum with no FAIMS applied; (b)
FAIMS CF scan at DF 216 Td for m/z 1019.28 (solid line) and m/z 1019.78 (dotted line); (c) FAIMS
selection of singly charged species (DF 216 Td, CF 0.25 Td); and (d) FAIMS selection of doubly

charged species (DF 216 Td, CF 1.10 Td)

Figure 6 ESI-FAIMS-MS analysis of a hetero-cation [(3-MX);6+2Na+K-H]** of m/z 1370.36: (a)
FAIMS CF scan at DF 323 Td; (b) mass spectrum with no FAIMS applied; (¢) FAIMS selection at

CF 1.65 Td; (d) FAIMS selection at CF 2.75 Td
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Structure 1

21



x10%  [(3-MX),,+2Na-H]*

2037.57
(a) ) (b) \
X0 L [(3-MX),+Na]* g 4
T = 687.19 +,
X ¥ 3
X .S
15{ 2 E = 2
€, ¢ T 5 = 2054.54
S - .= 5 Z|E € 5 i 2027.08
< t + =]
112 T2 2 |+ o M X
5 g L & EIg Shk o
o5l N7 XK 2 3.3 s 2% 2020 2040
: I éi S =2 BN o, ‘xgciuntsvs. mizs
0 = / 1016.81 169498 >2037.577
200 400 600 809/’1/000 1200 1400 16001 1800 2000 2200
_-7 Countsvs. m/z :
-~
- |
x10% (c) Vg x10%_ (d) v
6
1019.29 1594'9‘8\
3-MX),o+3Na-H]?*
) N oo (A Ha
1014.33
1705.97
2
1027.27
U
0
1016 1020 1024 1028 1032 1680 1700 1720 1740 1760
Counts vs. m/z Counts vs. m/z
x10° (g) [(3-MX),+Na]* .
4/ 687.19 . T
1 + ks = ©
31 s T T o &
. % % + g +§
2' _— ’Q = o
X i =
| 5 = = 2 >
L ) 1351.39 o
J T } 1019.29 2038.57
200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Counts vs. m/z
Figure 1

22



x10°

Figure 2

-1.0

T T
0.0 0.5
Counts vs. CF (Td)

1.5

2.0

(€) 0

(d)2s0

0 1 2
DF (Td) vs. CF (Td)

0 1 2
DF (Td) vs. CF (Td)

3

90

80

50 V lm
{160

50

140
30
20
10
2 3 0

1
DF (Td) vs. CF (Td)

23



100

30

20

10

(@)

Figure 3

1 2
Intensity (%) vs. CF (Td)

(b)

320

300

280

260

240

220

200

1 0 1 2 3

DF (Td) vs. CF (Td)

1 0 2 3

1
DF (Td) vs. CF (Td)

0

24



x10*

(c) *
x104
(e)

x10?

(f)

320

300

280

260

240

220

200
1 2 -1 0
DF (Td) vs. CF (Td)
x103 1373.37
1351.39
; 1362.88 I 1395.35
0, llh; \ l | BT A JLR.A_,.
Al " Y
x10° 1373.37
1351.39 4 1367.36
l 1395.35
: L
ol Al | TN
1362.88
1373.87
= A' = = = = - . - = = = . - = = lA'A - LA‘ = - ' = A‘:A\AA'_.
1352 1356 1360 1364 1368 1372 1376 1380 1384 1388 1392 1396
Counts vs. m/z

320

(h)

50

1 2
DF (Td) vs. CF (Td)

(d)

0.0 05101520 2530 3540 45
Intensity (%) vs. CF (Td)

1 2

2 25
m/z vs. CF (Td)

Figure 4

DF (Td) vs. CF (Td)

25



00 05 10 15 20 25
Counts vs. Compensation Field (Td)

05 00 05 10 15 20 25 30 35 40 45
Counts vs. Compensation Field (Td)
103 x10? x104
: 1019.29 @ 25 101929 ©) 1019.29 )
12
2
8 15 08
: ! 0.4
2 05 '
0 A 0
1018 1020 1022 1024 1026 1018 1020 1022 1024 1026 1018 1020 1022 1024 1026
Counts vs mvz Counts vs mvz Counts vs mvz
Figure 5
X104
80 1.04 1367.36
(a) “ 0.8 b
70 0.6 1368.37 (b)
ot BT 047
| ] . 137137
60 021 1370.87
) — , . , . ; : . . : : , .
1367 1368 1369 1370 1371 1372 1373
50 x10¢
121 1367.37
40 o 10 (c)
T ‘5 0.8 1368.37
o 08
20 0.4 1269.37
02] K 137037 437138
0
20 1367 1268 1369 1370 1371 1272 1273
x102
ppe yar0ar
10 25 :
] 1371.39 d
20! (d)
15]
0 — 10 1371.87
00 10 20 30 40 50 0.5
Intensity (%) vs. CF (Td 0-
ntensity (%) vs. CF (Td) 1367 1368 1369 1370 1371 1372 1373
Mass-to-Charge (m/z)
Figure 6

26



