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Mass spectrometric approach to differentiation of monomer or dimer form of cationic dye

methylene blue adsorption at negatively charged nanolayers is proposed. (~20 words)

It is demonstrated that recording of the peak distribution characteristic of the unchanged cation of
the dye evidences its monomer form, while observation of reduction products of the dye points to
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Abstract

The possibility to control the reduction rate of redox-active dyes incorporated into nanostructures
is of interest for nanotechnology and biomedicine. We propose a novel mass spectrometric
approach to study of aggregation-dependent modulation of cationic dye methylene blue (MB)
reduction in case of its inclusion into negatively charged nanolayers, which is based on detecting
the difference in the redox activity of monomers and dimers of the MB cation (Cat"). A regular
reproducible recording of either intact Cat™ in case of MB presence in its monomeric form, or
one- and two-electron reduction products [Cat+ H]™ and [Cat+ 2H]" in case of MB dimers
formation, is observed for three different anionic nanostructures with varied content of MB,
tested by three mass spectrometric methods: 1) anionic surfactant sodium dodecyl sulfate (SDS)
monolayer with adsorbed MB cations at the liquid/gas interface, probed by fast atom
bombardment; 2) dried shells of soap bubbles blown from SDS and MB aqueous solution, tested
by laser desorption/ionization; 3) a nanotextured surface of porous silicon modified by -SO;
groups with adsorbed MB cations, studied by desorption/ionization on silicon technique. The
requirement for MB cations to be in the form of dimers or higher aggregates for reduction to be
observed under mass spectrometric conditions is justified for the listed systems, where only
another MB cation can serve as a source of electron and proton (or hydrogen radical H®)
necessary for reduction reaction. The proposed method can be applied to mass spectrometric
imaging of stained biological materials, supplying information not only about the localization,

but also the MB aggregation state as well.
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Introduction

The present work describes a novel approach to the investigation of the influence of
incorporation of a redox-active cationic dye methylene blue (MB) into such soft matter object as
a monolayer of anionic surfactant sodium dodecyl sulfate (SDS) on MB redox activity by means
of mass spectrometry. The basic idea is that the extent of MB reduction, detectable by mass
spectrometry, depends on either monomeric or dimeric form of its inclusion into nanostructures.
Three aspects of the problem are considered: characterization of surfactant assemblies doped by
the dye, monitoring the modulation of MB redox activity and capabilities of mass spectrometry
in these studies.

Self-assembled monolayers of surface active compounds at the liquid-gas interface may be
considered as peculiar nano-objects [1] characterized by nano-size in one dimension and micro-
or even macro-size in two other dimensions. Incorporation of biologically active compounds into
this kind of layer can affect their properties, redox activity in particular [2-5]. Research into
reduction processes, i.e. electron and proton transfer, in nanostructures [6-8] which incorporate
redox-active organic dyes is of interest for further development of functional nanomaterials and
nanodevices.

There is an impressive range of applications of MB dye ( I ) (an organic salt MB'+CI or
Cat'+CI"). After years of successful application of MB in pharmacology and biomedical research
[9-13], in staining and biological imaging [14, 15], its reduction/oxidation properties make it a
promising material for nanotechnological applications as a redox indicator and a mediator dye in
biosensors [16], as well as a photosensitizer [5] and a component of solar cells materials [17, 18].

To function in such nanomaterials, the MB dye must be immobilized in some carrier or be
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adsorbed at its surface.
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Our mass spectrometric study was stimulated by the reports [3, 4] on the modulation of
photochemical properties of MB depending on the form of its adsorption — either monomeric or
dimeric - at the negatively charged interfaces of micelles and vesicles formed by the anionic SDS
(AnNa") surfactant. It was shown that there can be two scenarios of photochemical processes
depending on the aggregation state of MB. When MB" cations were mainly in the form of
monomers (when SDS is in excess), the mechanism of photochemical transformation of the
photoexcited MB"* cation consisted in the energy transfer to molecular oxygen (present in the

solution) forming singlet oxygen 'O,. In this case the redox state of the dye did not change.
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However, when SDS concentration was low and MB was in excess, 2MB?" dimers were more
likely to appear; in this case there was electron transfer between the excited and non-excited
monomers in the dimer causing the formation of semi-reduced (MB’) and the semi-oxidized
(MB*™) radicals of MB" [3]. These model experiments were aimed at the clarification of the
molecular mechanism of photodynamic therapy of cancer: the negatively charged interface
formed by SDS mimicked the membrane of mitochondria as a recognized target for sensitizers,
characterized by negative membrane potential [5].

In the cited works [3, 4] methods of fluorescence emission, time-resolved near-infrared
emission, absorbance spectroscopy, resonant light scattering, laser flash photolysis and thermal
lensing were used. To the best of our knowledge, mass spectrometry had not been applied in
order to solve this problem so far. Furthermore, the above mentioned experiments were
performed for micelles and vesicles formed in bulk solutions, while mass spectrometry permits
to study, as it will be shown below, a surfactant monolayer formed at the liquid-gas interface.

The capabilities of modern mass spectrometry extend far beyond a mere analysis of chemical
composition of nanomaterials [19, 20]; there are available studies on noncovalent interactions
and on-line monitoring of physical and chemical processes [21]. The indisputable advantage of
mass spectrometry in the exploration of complex systems is a possibility to record all
components of the system simultaneously, which makes it possible to avoid complications
characteristic of spectroscopic techniques, caused by band overlap for compounds that are close
in structure.

Mass spectrometry can easily identify products of reduction of redox-sensitive dyes by the
change in the mass of the analyte. Reduction of various compounds including dyes [22-26], MB
[24, 26] in particular, was observed under the condition of various mass spectrometric
techniques: secondary ion mass spectrometry (SIMS) and fast atom bombardment (FAB) [22],
laser desorption/ionization (LDI) and matrix-assisted LDI (MALDI) [23, 24], and electrospray
ionization (ESI) [25].

We have shown recently that the variations in the balance of electrons and protons generated
under different mass spectrometric desorption/ionization techniques affect the rate of reduction
of heterocyclic dyes [27]. Moreover, mass spectrometry can also monitor the way how the
interactions of dyes with their environment influence the reduction rate [28-32]. On this basis we
have formulated a mass spectrometric approach to the observation of changes in reduction of
dyes in dependence of experimental conditions, aimed at modeling and studying reduction and
oxidation processes in nanostructures. This approach was successfully applied to the study of the
form of MB adsorption on carbon nanotubes (CNT) surface [32]. Since no reduction products of

MB were recorded in the LDI mass spectra of CNT-MB nanocomposite material, it was assumed
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that there are no sources of H® in the vicinity of MB" cations adsorbed at the carbon surface,
which implies MB" adsorption in the form of the monomers. This assumption as to structure of
the nanocomposite was confirmed by molecular dynamics simulation and quantum chemical
calculations [32].

As for surface active compounds, their properties are well studied by different mass
spectrometric techniques [33-37]. Such nanostructure as a layer of surfactants at the liquid-gas
interface can be formed at the surface of liquid glycerol used as a liquid matrix compound in
FAB and liquid SIMS (ISIMS) techniques. Although FAB was one of the very first mass
spectrometric methods for analysis of biomolecules, it is now replaced by more efficient ESI
[38] and MALDI [39], while SIMS remains a powerful tool both in basic studies and industrial
analysis of metals, dielectrics and nanomaterials [40, 41]. The charge state of the bombarding
agent (either neutral atoms or ions) does not affect significantly the pattern of secondary
emission mass spectra of surfactants. It is known that under FAB or ISIMS a bombarding
particle excites a sample material to a depth of about 10 nm [33, 40], which correlates with an
average thickness of the surfactants layer at the surface of a liquid matrix. Hence surfactants are
mainly sputtered from the surface and signals of matrix compound are usually suppressed [33,
34, 37]. Furthermore, it was proved that any other surface inactive compounds present in the
liquid solution can be detected in the FAB or ISIMS mass spectra only if they are incorporated
into or adsorbed at the surface layer of surfactants and amphiphiles [42]; solutes present in the
bulk liquid are “invisible” in the mass spectra of such systems. Recently we have proposed an
alternative model of secondary emission mass spectra formation for liquid samples, named
“bubble chamber model” [43]. In the framework of this model bombarding particles initiate
boiling, i.e. the emergence of tiny bubbles in the superheated liquid analyte. If the surface of the
liquid is covered by a surfactant layer, a common soap bubble is blown and the ions of
surfactants are sputtered on the bubble burst. Note that ions release on bubbles burst was
demonstrated by other techniques as well [44]. Thus, secondary emission mass spectra reflect
adequately the composition of the surfactants monolayer at the liquid-vacuum interface. For
ionic surfactants it is possible to identify the composition of the double electric layer [37].

Alongside with liquid-gas interfaces, negatively charged ion-exchange monolayers can be
formed at the solid surfaces of nanomaterials, porous silicon in particular [31]. This nanotextured
material can be probed by LDI mass spectrometry; LDI involving silicon substrate (target) is
referred to as desorption/ionization on silicon (DIOS) or porous silicon [45, 46]. Solid surface of
porous silicon functionalized by —SO3” groups can mimic immobilized layer of —SO;3™ polar heads

of SDS.
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The above mentioned experience enabled us to formulate the task which is to develop an
approach to mass spectrometric investigation of MB dye redox activity modulation depending on
the peculiarities of its adsorption at negatively charged liquid-vacuum and solid-vacuum
interfaces. The idea to be verified is rather simple: it is expected to observe the reduction of MB
in the systems where MB" is in dimeric (aggregated) form and absence (or dramatic suppression)

of reduction for the systems with the dominance of MB" monomers.

Experimental

FAB mass spectrometric measurements were performed using magnetic sector mass
spectrometer MI-1201E (‘SELMI” Works, Sumy, Ukraine) equipped with commercial FAB
primary and secondary ion sources. Argon was used as a bombarding gas; the energy of the
primary beam was 4.5 keV.

Samples for FAB measurements were prepared by mixing of equal volumes of glycerol, used
as a viscous liquid FAB matrix, and water solution of the mixture of MB and SDS. 5 uL drop of
the liquid was deposited onto a standard sample holder and introduced into the secondary ion
source through direct inlet system. Water co-solvent was evaporated under fore-vacuum
conditions in the inlet chamber leaving the concentration of the components in glycerol the same
as in the initial water solution [37]. Surfactant monolayer as the main object of study was
spontaneously formed at the liquid-vacuum interface. MB and SDS were taken in different ratios
to provide varied conditions for MB" adsorption at the SDS layer. In order to avoid micelles
formation but, at the same time, to obtain detectable signal of SDS, the lowest SDS
concentration was below critical micelle concentration (c.m.c. 82107 M [47]); whereas the
highest concentration was 10" M. The MB concentration ranged from 10™* M to 10% M. Mass
spectral patterns obtained for at least three independent depositions of fresh samples with each
components ratio showed good reproducibility; the scattering of peaks intensities from
measurement to measurement did not exceed 3-5% in average.

LDI and DIOS experiments were performed with the help of Autoflex II mass spectrometer
(Bruker Daltonics, Germany) equipped with a nitrogen laser (A = 337 nm). The desorption/
ionization was performed by laser pulses of 3 ns length and 20 Hz frequency. The delayed
extraction time was set to 30 ns. The acceleration voltage was 20 kV. Spectra were recorded by
summing up 100 laser shots.

A special method was applied to prepare samples for LDI measurements. Foam was whipped
up from the water solutions of SDS-MB mixtures; thus formed soap bubbles were transfered
onto a standard metal sample holder, where they burst and dried. Since MB absorbs UV light,
there is no need in any organic matrix used in UV MALDI [39], which permits to probe MB-
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SDS system by LDI without any additives. Water solutions of (SDS+MB) were the same, as
those used in the FAB experiments. Reproducible LDI mass spectral patterns were obtained for
three independent depositions of each sample.

Pure MB was deposited onto the metal sample holder or porous silicon wafer from water
solution using a standard dry drop method.

The substrate for DIOS measurements — porous silicon (PS) functionalized by ion-exchange
-SO;H groups (PS-SO3;H) — was prepared as described earlier [31, 48]. The adsorption of MB" at
the PS-SOzH surface of the silicon wafer was performed from 10* M MB solution in ethanol
during 2 hours. The silicon wafer extracted from the solution was dried and fixed at the metal
sample plate.

The commercial sources of the reagents were as follows: MB dye (“Reachim”, Moscow, the
Russian Federation), SDS (“Serva”, r.g., Heidelberg, Germany), glycerol (“Sigma”, > 99%,

Steinheim, Germany). Deionized water was used to prepare the solutions.

Results and discussion

In order to reveal the effect of MB cations adsorption at anionic layers on MB redox activity,
three systems were examined by three mass spectrometric techniques.
1) The monolayer formed at the surface of glycerol solution of SDS anionic surfactant with MB
inclusion was probed by particle bombardment under FAB conditions.
2) Dried shells of soap bubbles blown from SDS and MB solution in water were affected by UV
laser pulsed irradiation under LDI conditions.
3) MB adsorbed on the surface of porous silicon modified by ion-exchange -SO;H groups was

studied by UV LDI (referred to as DIOS method).

1. Basic principles of mass spectrometric study of reduction process

Reduction usually does not occur spontaneously in the media chosen for samples preparation
for mass spectrometry, such as glycerol matrix for FAB, organic matrices for MALDI, or organic
solvents in ESI. The reduction is initiated by the impact of ionizing agents used in mass
spectrometric experiments. The initiating role of ionizing agents lies in the generation of free
electrons and protons (or H® radicals) necessary for reduction of the dyes. The sources of protons
and electrons are dyes molecules themselves and/or the surrounding medium.

Reduction of redox-active cationic dyes, including MB (Cat"*Cl"), proceeds in two stages.
Semi-reduced cation radical is formed in one-electron process:

Cat' + ¢ +H — (Cat"+H") — [Cat+H]" or (1)
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Cat'+ (¢ +H') = (Cat' +H) — [Cat+H]" (1)
Complete two-electron reduction produces a neutral product:

Cat'+2¢ +H' or [Cat+H]"+e — (Cat+H)° ()
Note, that only charged species (shown here in brackets) can be detected by mass spectrometry.
Charged product [Cat + H]™" of the reactions (1), (1°) can be directly detected in the mass spectra
alongside with the initial cation Cat". Neutral product of reaction (2) is detected in the protonated
form:

(Cat+H)°+H" — [Cat+2H]" (3)

It should be noted that the isotopic yield (mainly due to *C) must be subtracted from the
intensity of peaks at (Cat+ 1) and (Cat +2) masses to determine actual contribution of the
reduction products. The isotopic distribution calculated for the MB cation peaks group
Cat": (Cat + 1) : (Cat + 2) is as follows 100 : 20 : 6.

If MB" dimers are present in the system probed by FAB/ISIMS, the excitation of 2MB*" can
occur due to the fact that a secondary electron generated by primary bombarding particles is
trapped:

(2Cat)*" +¢ — (2Cat)™ 4)

A pathway of dissociation of the odd-electron dimer can lead to the formation of the semi-
reduced product:

(2Cat)"* — [Cat+H]™ + [Cat—H]° 5)

Further transformations of [Cat + H]"* may proceed in accordance with reactions (2) and (3).

2. (SDS + MB) system probed by FAB mass spectrometry

A soft matter nano-object, i.e. a monolayer of anionic surfactant SDS, which incorporates
MB" cations, is spontaneously formed at the surface of (SDS + MB) solution in liquid glycerol.
Fig. 1a shows a schematic representation of the double electric layer formed by SDS anions
balanced by Na' counterions at the liquid-gas interface. Adsorbed MB" cations replace sodium
cations in this layer. An evaluative comparison of the sizes of SO;™ polar head groups of SDS
and MB" cation (Fig. 1b) demonstrates that the area covered by the cation matches the area
occupied by two SO;” groups. This may be a mechanistic reason which facilitates dimerization of
adsorbed MB" cations to compensate the charge of two displaced Na' counterions.

It was shown earlier that a relatively low concentration of a surfactant (about 10° M) is
sufficient for complete coverage of the surface of a glycerol droplet under FAB/ISIMS
conditions [33]; further increase of the bulk concentration of the surfactant up to and above its
critical micelle concentration (8-10'3 M for SDS [47]) does not affect the mass spectra of the

matter sputtered from the thin surface layer. On the other hand, MB concentration influences the
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way it binds to the negatively charged surface layer, since the MB to SDS ratio affects the

partition of MB between the surface layer and micelles formed in the bulk solution [2, 3].

GAS/VACUUM

Fig. 1. Schematic representation of (SDS + MB) system at the liquid-gas interface:

a) double electric layer formed by SDS anions and Na* counterions with inclusion of 2MB?**
dimer; b) orthogonal view of arrangement the SOs3” polar heads of SDS with adsorbed MB"
cation. (Colour scheme for atoms: hydrogen — white, carbon — grey or dark grey, nitrogen — blue,
oxygen — red, sulfur — yellow, chlorine — green, sodium — magenta.)

Positive ion FAB mass spectra of the individual components of the system under study,
namely MB and SDS, are already well known. Anionic surfactant SDS (An*Na') is
characterized by a set of organic anion-sodium counterion clusters nAn’s(n+1)Na'" (n = 1, m/z
311; n=2, m/z 599; n=3, m/z 887) that become less abundant as n increases [37]. As for MB,
reduction is usually observed for its solutions in glycerol under FAB. Typical FAB mass
spectrum of MB sputtered from its solution in the glycerol matrix (Fig. 2a) is represented by a
group of peaks, which includes the first monoisotopic peak of organic cation of the dye Cat’, m/z
284 (which relative intensity is assumed to be 100%) and a number of satellite peaks. The

intensity of the second peak at m/z 285 (164%) is comprised by 20% of isotopic contribution of
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the cation and 144% yield of the semi-reduced product of reaction (1) - [Cat + H]". The third
peak at m/z 286 contains 26% contribution of the protonated reduction product of reaction (3) -
[Cat + 2H], obtained after the subtraction of the yields of the third isotopic peak of Cat" (6%)
and the second isotopic peak of [Cat + H]™ (29%). As a result, the whole amount of MB (100%)
is represented by 37% of the intact dye, 53% of the semi-reduced product and 10% of the two-

electron reduction product in the FAB mass spectrum.
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Fig. 2. FAB mass spectra of the surface layer of (SDS + MB) system in glycerol matrix:
a) pure MB ( 10?2 M) without SDS;

b) a mixture of 10" M SDS and 10> M MB;

¢) a mixture of 10" M SDS and 10*M MB.

It should be noted that on FAB sputtering of the surface of true solution of MB in glycerol, it
is hard to separate the contribution of excited species generated by particle bombardment from

either MB" dimers (aggregates) or glycerol solvent molecules [22, 26] to the total outcome of
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reduction of MB". In the case of glycerol surface coverage by ionic surfactants, glycerol
molecules adjacent to the surface double electric layer, as it was proved earlier [37], are strongly
bound with the counterions of the surfactant salt (Na* for SDS), which together with the limited
content of glycerol in the sputtered volume [37, 42] prevents noticeable participation of glycerol-
related species in the bombardment-initiated redox reactions.

The (SDS + MB) systems with different ratios of MB to SDS in glycerol were tested.
Representative FAB mass spectra of two samples with SDS bulk concentration of 10" M and
relatively high (10 M) or relatively low (10 M) concentrations of MB are shown in Fig. 2b
and Fig. 2¢, respectively. The mass spectra contain peak envelopes characteristic of the both
components of the system. It should be noted here that the recording of MB signals proves the
inclusion of the cation of the dye into the surface double electric layer.

The main point of interest is to understand how mass spectral pattern of the (SDS + MB)
system depends on MB concentration. It can be seen that at relatively high MB content (Fig. 2b)
the peaks evidencing the reduction of the MB" cation are intense; the relative yields of the
reduction products are practically the same as in the case of concentrated solution of neat MB
(Fig. 2a). At relatively low concentration of MB rather small deviation from the isotopic
distribution is observed in the Cat" peaks group (Fig. 2c), which points to very low rate of the
MB reduction.

The observed differences in FAB mass spectral patterns point to different forms of adsorption
of MB" cations at the negative surface layer of SDS anions, which can be either monomeric or
dimeric depending on the MB content in the system. The underlying mechanisms of secondary
ion mass spectra formation are the following. Secondary electrons to be trapped by the redox-
active MB" are generated in any system by the primary particles impact. The electron scavenging
by a single MB" cation produces neutral species. A proton H' (or, alternatively, H* radical) is
required to produce the charged product of reactions (1) or (1°), detected by mass spectrometry.
In the case of MB" adsorption at the SDS layer in the form of separate monomers, there is no
source of H' or H® radicals to be generated under FAB in the surrounding of a single MB",
comprised by SO3” head groups of SDS and Na" counterions in the double electric layer (Fig. 1).
Thus, there are no “reagents” for MB" reduction reaction to be completed (Fig. 2c). In the case of
MB" adsorption at SDS layer in the form of dimers (aggregates), a monomer within the dimer
excited by trapping a secondary electron (2Cat)™ (4) can serve as a source of H' radical to
complete one-electron reduction of another MB" monomer (5) (Fig. 2b).

It should be noted that the “overdraft” of the peaks at m/z 285, 286 caused by MB reduction
products persists down to rather low MB content in the system as MB concentration decreases,

which means that dimers are assembled near the negatively charged SDS anions layer in a wide
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range of MB bulk concentrations. Even at 10* M MB concentration the reduction is not
suppressed completely (Fig. 2¢). Tests at lower MB concentrations do not meet the sensitivity
limit for reliable detection of MB signals. Note that the excessive concentration of SDS in
comparison to that required for the surface monolayer formation helps to engage some amount of
MB" in binding to SDS micelles in the bulk liquid, which reduces the amount of MB" available
for binding to the surface layer.

MB'" cations adsorption at the SDS anions by replacement of Na" counterions in the surface
double electric layer, as shown in Fig. 1a, finds support in the FAB mass spectral pattern as well.
Namely, although the filling of the surface by SDS anions must be the same in the samples with
the same SDS content, the absolute abundance of SDS-related clusters An"*2Na" is much lower
for the sample with high MB content (Fig. 2b) than for the sample with low MB content
(Fig. 2c). The obvious reason is the depletion of Na' content, required for An2Na" clusters
formation, in the surface layer enriched by MB" cations. Larger clusters nAn’s(n+1)Na" with n>1
are suppressed in the mass spectra as well. Similar clusters of SDS anion An” with two MB"
cations or mixed Na" and Cat” cations are, obviously, unstable in the gas phase, since they were
not detected in the FAB mass spectra.

It is of interest to estimate the efficiency of the MB" cations adsorption at the SDS surface
monolayer, that is the difference between the preset molar ratio of the components in the initial
solution and the components ratio in the matter sputtered from the surface of the sample. The
direct transfer to the gas phase of the so-called “preformed” or “performed” ions of the
dissociated ionic compounds under desorption mass spectrometric conditions permit to avoid
ambiguities caused by differences in ionization potentials characteristic of neutral compounds.
Thus, evaluation of the ratio of ionic species in the system on the base of their peak intensities
(ion currents) in the mass spectra seems reasonable. However, there are certain problems for
(SDS + MB) system connected with the necessity of proper account of contribution of MB"
reduction products and peculiarities of the clustering of SDS anions with sodium counterions,
cased by the substitution of some share of Na" by MB" cations in the surface layer. Rough
estimates made with account of these factors, described in the “Electronic Supplementary
Information”, show that the ratio of MB to SDS derived from the mass spectra is higher than the
initial molar ratio of the components, which evidences in favour of MB" adsorption at the surface
SDS layer.

Similar results can be expected from the measurements with instruments operating in SIMS
mode, since literature data [22, 26, 37, 42] show good qualitative agreement of mass spectral

patterns of ionic compounds obtained both under FAB and liquid SIMS conditions.
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3. (SDS + MB) system under LDI mass spectrometry

Soap bubbles blown from aqueous solution of SDS with MB were dried on the metal sample
holder, as described in the “Experimental”. The structure of the soap bubbles walls is destroyed
in the process of drying and solidification, but the ratio of the components is preserved in the
dried shells.

The main ions in the LDI mass spectra of the individual components are similar to those
observed under FAB. There is an abundant cluster An*2Na', m/z 311, and Na" ion in the
positive ion mass spectrum of SDS. Reduction related peaks are observed in the LDI and
MALDI mass spectra of MB [24]; the ratio of the peaks in the cation peaks group depends,
however, on the type of substrate and ionization parameters [30-32]. The extent of reduction of
microcrystalline MB under LDI from bare metal substrate (Fig. 3a) is similar to that observed
under FAB for neat MB (Fig. 2a).

Fig. 3b,c presents LDI mass spectra of two (SDS + MB) systems with the same ratios of the
components in aqueous solution as in FAB experiments described before. It can be seen that at
high MB content (Fig. 3b) peaks corresponding the semi-reduced product [Cat + H]™ (1) and
protonated two-electron reduction product [Cat + 2H]" (3) are rather high. At low MB content
(Fig. 3c) the main peak in the MB group is that of the cation Cat’, m/z 284, and the reduction is
practically absent.

Thus, the effect of the suppression of reduction at low MB content and excessive SDS is
reproduced under LDI similarly to FAB, in spite of certain distinctions in mechanisms of ions
production under two ionization techniques and different aggregate states of the samples. Under
LDI/MALDI conditions ions formation takes place in ion-molecule reactions in the plume of
material evaporated or ablated by a laser shot [39, 49]. The reactive species necessary for the
formation of certain types of ionic products must be present in the plume. The sample with high
content of MB creates a reactive mixture where reactions (1)-(5) between MB" cations or dimers
and electrons, protons or hydrogen radicals generated by a laser shot result in the reduction of
some part of MB (Fig. 3a,b). Electrons are supplied to the plume either from the sample material
or from the metal sample holder [50]. The protons or hydrogen radicals appear in the plume due
to dissociation of excited MB cations (or their dimers and higher aggregates). There is an
obvious lack of protons in the plume generated from the sample with very low MB content,

which is the limiting factor for completion of reduction of MB" cations (Fig. 3c).
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Fig. 3. LDI mass spectra of MB and (SDS + MB) systems: a) pure crystalline MB; b) a mixture
of 10> M MB and 10" M SDS; ¢) a mixture of 10*M MB and 10" M SDS; d) LDI (DIOS) of
MB adsorbed on PS-SO;™ ion-exchange surface.

A mechanism connected with UV irradiation interaction with a solid sample should be
considered for LDI conditions as well. The process of UV light absorption by solid MB,
described in the early work [51], results in the formation of semi-reduced and semi-oxidized
species due to electron transfer between the neighboring cations:

2Cat*" +hv — 2Cat’™* — Cat® + Cat*"® (6)

Under LDI this “laser ionization” event is closely followed by the “laser desorption” step. Once
the products of the reaction (6) are transferred to the plume, Cat® can encounter H' as in reaction
(1), and Cat*™® can trap an electron transforming back to Cat™.

There is a peak at m/z 307 in the LDI mass spectra of (SDS + MB) systems, absent in the FAB
mass spectra, which may help to clarify some mechanisms of ion formation under LDI. Either
the reaction (6) or a step of electron capture by a single MB" cation (7) in the plume produces a
reactive radical Cat’

Cat' +e¢ — Cat", 7
which can attract a proton as in reaction (1), that is to be protonated. Another abundant pathway

of “ionization” of neutrals under LDI and MALDI, however, is the so-called “cationization”, i.e.



Page 15 of 22

RSC Advances

14
attachment of alkali metal ions [39]. Since there is a plenty of Na' ions originating from SDS in
the plume, the following cationization reaction is possible:

Cat"+Na" — Cat®*Na" (8)

The abundance of Cat*sNa" ion is comparable with that of Cat" for the system with SDS excess
(Fig. 3c). This means that despite electron capture by Cat' (7), as it was predicted above, there is
a lack of protons to complete the reaction (1) via protonation of Cat’, which results in its
cationization by Na' being in excess instead. On the other hand, the abundance of Cat’sNa" ion is
relatively low for a system with MB excess (Fig. 3b), where protons are readily available for
reaction (1). The occurrence of the reaction (8) demonstrates that separate steps of electron
capture followed by either H" or Na' attachment can be realized under LDI. The reaction (8)
does not occur under FAB since a limited number of Na" cations present in the surface layer
enriched by MB" can participate in bombardment-initiated reactions; at the same time the whole
amount of Na' of the solid SDS salt is transferred to the reactive plume under LDI.

The question arises if it is possible to monitor a signal of (2MB)*" dimer directly. There are
several reasons hampering 2MB?" observation. The main reason is the coincidence of m/z (where
z is the charge) values of singly charged monomer and doubly charged dimer. The odd value of
the first isotopic peak of the dimer (m/z = (284+285)/2), however, can be observed at a fractional
mass value. Indeed, the LDI mass spectrum of crystalline MB recorded in reflectron mode shows
very small peak at m/z 284.5 (Fig. 3a). It proves the survival of a small share of 2MB*" dimers
under LDI in the gas phase; this kind of peak is never observed in the group of peaks of the
single unreduced cation. The abundance of such isotopic peak, however, is too small for reliable
detection of the dimers. Secondly, in contrast to ESI, multiply charged ions are rarely observed
in desorption techniques. Doubly charged ions sputtered to the gas phase are usually destabilized
by coulombic repulsion between the charged sites. Not only noncovalent associates, but also
molecular ions, e. g. dications of bisquaternary ammonium compounds, tend to avoid doubly
charged state by the so called charge separation reactions [52, 53].

Thus, in spite of certain differences between some mechanisms of gas-phase (in-plume)
reactions under LDI of solid samples and sputtering of the surface film under FAB, the reason
why MB reduction products are present or absent is still the same. Namely, the content of MB in
the mixture with anionic surfactant, sufficient for contacts and interactions between MB" cations,

is a necessary prerequisite for MB reduction.

4. LDI of MB on modified porous silicon
In order to continue the verification of the effects of negatively charged media on MB

reduction, LDI/DIOS was used to probe MB adsorbed on the surface of solid porous silicon
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modified by ion-exchange -SO;™ groups (PS-SO;H) (Fig. 3d). It can be assumed, that the surface
layer of -SO3™ groups mimics the arrangement of -SO;3™ polar heads of the SDS interfacial layer.

The adsorption of MB" cations at the PS-SO;H surface proceeds by ion-exchange mechanism
[31]:

PS-SO;H + Cat™*Cl" — PS-SO; «Cat" + HCl )

A monolayer of salt-like species PS-SO3 +Cat” is obviously formed at the surface. The LDI mass
spectrum produced from this surface contains a group of peaks of MB" with the isotopic
distribution characteristic of the unmodified cation alone (Fig. 3d). Obviously, the desorption of
single, the so called “preformed”, MB" cations proceeds together with thermal dissociation of the
salt-like species under DIOS conditions.

Note that the product of reaction (7) at m/z 307, characteristic of LDI of (SDS + MB)
mixtures at the metal substrate, is absent in the DIOS mass spectrum of MB" adsorbed at the PS-
SOsH surface, which agrees with the absence of sodium cations in this system.

Certain differences between LDI/DIOS mass spectral pattern of MB deposited onto
unmodified and modified porous silicon were observed [31]. MB solution drying at the neat
porous silicon surface obviously causes the formation of aggregates or small crystals of MB in
the cavities at the nanostructured surface. DIOS mass spectra of MB in this case practically
coincide with its LDI mass spectra obtained from the metal sample holder (Fig. 3a), meaning that
they contain reduction products.

It can be summarized that peaks envelope characteristic of the intact MB" cation as a marker
of its monomeric form in the system under study was observed for negatively charged soft matter
monolayer of SDS anions with very low content of adsorbed MB", assembled at the liquid-gas
interface (Fig. 2¢); solid SDS films with low content of MB (Fig. 3¢c); MB" adsorbed at the -SO5”
monolayer immobilized on porous silicon surface (Fig. 3d), and, earlier, for carbon nanotubes-
MB nanocomposite [32]. Abundant reduction products [Cat+ H]™ and [Cat+ 2H]  were
reproducibly recorded in the desorption mass spectra of the systems, where dimerization or
aggregation (up to crystallization) of MB was possible: concentrated solution of MB (Fig. 2a),
microcrystalline MB salt on the metal (Fig. 3a) or porous silicon [31] substrates; SDS interfacial
monolayers with high content of MB (Fig. 2b) and solid SDS films with high MB content
(Fig. 3b).

5. Implications
The obtained results demonstrate that desorption/ionization mass spectrometric techniques
can be added to the arsenal of tools for monitoring of interactions of MB, its dimerization and

reduction in complex media.
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Monitoring changes in the aggregation state of the MB dye at negatively charged interfaces is
currently harnessed in the research of some biological processes on molecular level. As it was
already mentioned in the Introduction, monomeric or dimeric form of adsorption of MB" at the
negatively charged mitochondria membrane alters the type of mechanism responsible for
photodynamic therapy of cancer [3-5]. In the course of development of DNA hybridization
sensors [54] certain differences in MB" binding to single- and double-stranded DNA molecules
immobilized on some carrier were observed. Single MB" cations bind electrostatically with
negatively charged phosphate groups of single-stranded DNA. Intercalation of MB" cations into
double-stranded DNA made it possible to observe the reduction of MB". In this case MB"
reduction was promoted by the stacking interactions of MB" with heterocyclic nitrogen bases of
DNA, rather than by its dimerization. The relationship between the dimerization constants of MB
and its bactericidal activity was studied [55]. Dimer-monomer transition of MB" is utilized in
development of an enzyme-specific activatable probe using photoacoustic imaging [56].
Transition from the monomers to dimers of MB" was observed on gel-to-liquid crystalline phase
transition in telomere-bilayer membranes [57]. Synthesis of photosensitizing nanoparticles with a
specified ratio of monomers to dimers of phenothiazine photosensitizers, designed for
modulation of production of singlet oxygen vs radical species in photo-induced processes, was
reported [58].

Currently there is a rapid development of imaging mass spectrometry of biological objects by
both SIMS [59, 60] and LDI/MALDI [15, 60-62]. The main customers of new imaging
techniques are oncologists looking for molecular biomarkers for more reliable cancer diagnostics
[15, 61-63]. Since MB is used for staining biological material, the same stained tissue sample
can be imaged by the combination of spectroscopic and mass spectrometric techniques. The
mass spectral features of MB revealed in the present work can be applied for more deep
interpretation of imaging results. Namely, the dominance of the peak of the intact cation at
m/z 284 in certain imaged sites may indicate the adsorption of single cations at the negatively
charged moieties of biomolecules or biomembranes. Alternatively, the dominance of the
reduction product at m/z 285 may testify to the aggregation of MB molecules in some nano-

cavities of the biopolymers, cells or tissues.

Conclusions

The present paper proves the substantiality of the mass spectrometry-based approach to
monitoring the aggregation-dependent modulation of cationic dye MB reduction in negatively
charged nanostructures. Generally, the proposed method is rather simple: observation of the peak

distribution characteristic of the unchanged cation of MB in desorption mass spectra of any MB-
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containing system indicates MB" monomeric distribution in the surrounding medium, whereas
observation of reduction products of MB'" ([Cat+H]™ and [Cat+2H]") testifies to its
dimerization (aggregation). This effect can be detected by a number of mass spectrometric
techniques, such as FAB, ISIMS, LDI, DIOS. These observations correlate with available
spectroscopic data for similar systems with varied MB monomer/dimer ratio [3, 4]. At the same
time, while spectroscopic data are related mainly to micelles or aggregates in the bulk solution,
desorption mass spectrometry permits to probe thin surface layers and films, including self-
assembled monolayer of surfactants at the liquid-gas interface.

The paper suggests a basic explanation of the difference in mass spectral patterns of the
monomers and dimers of MB adsorbed at the negatively charged surface. The presence of
several MB" cations being in close contact is required for generation and transfer of both
electron and proton (or hydrogen radical H*) during desorption/ionization events under mass
spectrometric conditions. Absence of any species which can serve as a source of hydrogen
radicals required for the reduction of a single MB" cation at the SDS layers or at the PS-SO3”
surfaces prevents reduction and prompts direct desorption of the intact preformed Cat".

A revealed possibility to control redox activity of MB by providing conditions for the
formation of its either monomer or dimer form in the anionic nanolayers may be used in the
elaboration of nanomaterials and nanodevices. The monomer/dimer dependence of mass spectral
pattern of MB may be used in the interpretation of data provided by mass spectrometric imaging

of MB-stained biological material.
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Figure Captions

Fig. 1. Schematic representation of (SDS + MB) system at the liquid-gas interface:

a) double electric layer formed by SDS anions and Na* counterions with inclusion of 2MB**
dimer; b) orthogonal view of arrangement the SO;™ polar heads of SDS with adsorbed MB"
cation. (Colour scheme for atoms: hydrogen — white, carbon — grey or dark grey, nitrogen — blue,

oxygen — red, sulfur — yellow, chlorine — green, sodium — magenta.)

Fig. 2. FAB mass spectra of the surface layer of (SDS + MB) system in glycerol matrix:
a) pure MB (10 M) without SDS;

b) a mixture of 10" M SDS and 10> M MB;

¢) a mixture of 10" M SDS and 10*M MB.

Fig. 3. LDI mass spectra of MB and (SDS + MB) systems: a) pure crystalline MB; b) a mixture
of 10°M MB and 10" M SDS; ¢) a mixture of 10*M MB and 10™" M SDS; d) LDI (DIOS) of
MB adsorbed on PS-SO;™ ion-exchange surface.



