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Abstract
Fundamental studies have greatly improved our understanding of electrospray, including the
underlying electrochemical reactions. Generally regarded as disadvantageous, we have recently
shown that corona discharge (CD) can be used as an effective method to create a radical cation
species [M]+•, thus optimizing the electrochemical reactions that occur on the surface of the
stainless steel (SS) electrospray capillary tip. This technique is known as CD initiated
electrochemical ionization (CD-ECI). Here, we report on the fundamental studies using CD-ECI to
induce analytically useful in-source fragmentation of a range of molecules that complex transition
metals. Compounds that have been selectively fragmented using CD-ECI include enolate forming
phenylglycine containing peptides, glycopeptides, nucleosides and phosphopeptides. Collision
induced dissociation (CID) or other activation techniques were not necessary for CD-ECI
fragmentation. A four step mechanism was proposed: 1. Complexation using either Fe in the SS
capillary tip material or Cu(II) as an offline complexation reagent; 2. Electrochemical oxidation of
the complexed metal and thus formation of a radical cation (e.g.; Fe - e− → Fe +•); 3. Radical
fragmentation of the complexed compound. 4. Electrospray ionization of the fragmented neutrals.
Fragmentation patterns resembling b- and y-type ions were observed and allowed the localization
of the phosphorylation sites.

Since its inception, fundamental studies have greatly improved our understanding of
electrospray [1]. It is, for instance, now no longer questioned that the electrospray source
also functions as an electrolytic cell, where electrochemical oxidations can happen as
originally proven by Blades et al. [2] and extensively studied by van Berkel and coworkers
[3]. The focus of these studies was the reactions in the gas phase, and not those at the
surface of the electrodes. It is thus not surprising that until recently, the connection between
the electrolytic nature of electrospray and the onset of commonly observed discharges (i.e.;
the release of electrons) was not well understood. For instance, in a recent review, Kebarle
has associated the onset of these discharges with cosmic rays or background radiation. What
we have recently shown is that the onset of the discharges is associated with the
electrochemistry that Kebarle initially described [1-2]. CD is inititated at the sharp edge of
the capillary due to its high potential energy and follows the normal voltage-current
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characteristics as established by Penning, where dependent on the current, discharges are
classified as dark discharges (10−10A - 10−5A), glow discharges (10−5A - ca 1 A) and arc
discharges (ca 1A - 104A) [4-6]. At dark discharges, very few electrons (10−10A - 10−5A)
are released, light emission is thus negligible. In contrast, corona discharge (CD) is
characterized by a stable emission of blue or red light, depending on the electron densities of
the plasma. CD is a special case in that it oscillates at steady state between the Townsend
region of the dark discharge and the glow discharge region, roughly between 10−7 A - 10−4

A. These oscillations are very well studied, both experimentally by Trichel, hence the name
Trichel pulses and theoretically by Morrow [7-8]. In addition, the flow of electrons out of
the electrospray tip measured in ESI and CD-ESI techniques has been extensively studied
and documented [6,9]. We have recently shown that corona discharge (CD) can be used as
an effective method to create a radical cation species [M]+• using a regular ESI source and
appropriate MS settings [6]. To achieve a stable CD, the exit tip of a stainless steel
electrospray capillary was extended 3 mm beyond the desolvation gas tube, the nitrogen gas
temperature was raised to at least 500°C and the ES high voltage to at least 5 KV. As shown
in Fig. 1, the ion plasma created was diverted away from the ESI spray path by a ground
electrode placed behind the ESI capillary exit. CD at the capillary tip oxidizes the Fe in the
stainless steel, which subsequently oxidizes redox active analytes when the ionization
potential of the analyte is equal to or lower than that of Fe. Detection of N-ferrocenyl
iodoacetamide (FcIAA) at the low zeptomolar level was demonstrated. The excellent
sensitivity could be attributed to effective electrochemical ionization and the ability of the
enolate form of FcIAA to bind and accumulate to the Fe in SS capillary [6]. We termed this
process CD initiated electrochemical ionization (CD-ECI) [6]. The insight that
electrochemical reactions at both electrodes are essential for the formation of CD was
already recognized by Perrot in 1861 [10] and was summarized in the benchmarking book of
J.J. Thomson, who also pointed out the similiarities between current conducting gases and
liquid electrolytes [11]. Surprisingly, the underlying surface chemistry was not intensively
studied in both, the engineering field and mass spectrometry until recently [6,12].

Inspired by recent studies that used electrochemistry to generate radical ions to fragment
peptides, we tested whether CD-ECI could be used in this regard [13-15]. Permentier used
an electrochemical flow cell coupled to a mass spectrometer to generate radicals that
resulted in the specific cleavage of proteins at tyrosines and tryptophans [13]. Prudent used
Cu(II) either in solution or a sacrificial Cu(0)anode to generate Cu-peptide complexes that
would then undergo an electrochemical redox reactions. Depending on the formed complex,
some fragmented without collision induced dissociation (CID) while others required CID
[14]. CID was also required for generating and fragmenting the peptide radical cations from
Cu(auxiliary ligand)-peptide complexes investigated by other groups [16-20]. Using a
different concept, namely a CD needle placed in a flow reactor between the capillary and the
MS ion entrance, Vilkow recently introduced a novel dissociation technique.
Electrochemically generated OH radicals from the CD needle fragmented peptides through
ion/molecule reactions. Here, the peptides were sprayed directly at the CD needle
(conceptually similar to an APCI setup) resulting in a mixture of diagnostically useful c-, b-
and y-ions [15]. Other groups relied on generation of radical ions through homolytic
cleavage to effectively fragment peptides by either Free Radical Initiated Peptides
Sequencing (FRIPS) using an N-terminal Vazo 68 conjugate as pioneered by Beauchamp
[21], or side chain lysine peroxycarbamates as developed by Porter [22]. In both cases, CID
was necessary to generate and fragment the peptide radical ion species.

Here, we report on the fundamental studies using CD-ECI to induce analytically useful in-
source fragmentation of a range of molecules including glycopeptides, enolate forming
phenylglycine containing peptides, nucleosides and phosphopeptides, and study the involved
mechanism. Unlike other in-source fragmentation techniques that are generally described to
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be non-selective [15,23], CD-ECI showed selectivity for enolate-forming, metal complexing
compounds. Experiments were performed using CD-ECI techniques on an LCT time-of-
flight (ToF) instrument. Comparisons were done with ESI techniques on an LCT or, in
select cases, on a hybrid QToF II instrument.

Experimental
Materials

All reagents were of the highest purity available. BOC-L-α-Phenyl glycine 99%, DMSO
≥99.9%, PPPPPPPPPPPPPPR (P14R), calcineurin substrate phosphopeptide
DLDVPIPGRFDRRVpSVAAE 97%, pyridine ≥99%, Ristomycin A, HPLC grade
acetonitrile and formic acid were all obtained from Sigma-Aldrich. 4FUP14R (≥95%),
where 4FU was a 4-fluorophenyl glycine was from Anaspec. The HPLC water was obtained
from Riedel-deHaen (Sigma-Aldrich). The MassPREP Enolase Digest with Phosphopeptide
Mix was purchased from Waters.

LC instrumentation
A 1525μ Binary HPLC (Waters, Milford, MA, USA) was used. Samples (2 μL) were
injected using a 2777 Sample Manager (Waters). A Zorbax-SB C3 2.1 × 150 mm, 5 μm
particle size was used at a flow rate of 200 μL/min. Solvent A was 0.2% formic acid, 2%
acetonitrile in water and solvent B was 0.2% formic acid, 2% water in acetonitrile.

MS instrumentation and ESI and CD-ECI techniques
Experiments were done with a Waters LCT Premier High Resolution ToF mass
spectrometer equipped with the API Z-spray ESI ionization source or where specifically
noted with a Waters QTOF II mass spectrometer (Waters, Milford, MA). The LCT was
operated in W-mode with a nominal resolution of 10 K,. The ionization mode was positive.

For ESI experiments the capillary voltage was 2 KV, the cone voltage was 30V and the
desolvation gas was nitrogen at a flow rate of 300 L/hr at 300 °C. The angle of the stainless
steel capillary to the ion entrance of the MS was 80 degrees. The tip of the capillary was
extended 0.5 mm from the desolvation tube. The source temperature was 125 °C.

Instrument parameters for CD-ECI mass spectrometry and liquid chromatography were used
as previously described[6]: briefly, the capillary voltage was 5 KV, the cone voltage was 30
V and the desolvation gas was nitrogen at a flow rate of 300 L/hr at 500 °C. The angle of the
stainless steel capillary to the ion entrance of the MS was 90 degrees. The tip of the capillary
was extended 3 mm from the desolvation tube. The source temperature was 125 °C.

For the QToF experiment using UP14R, a Waters QTof2 was operated in positive ion mode
with a nominal resolution of 5K. The ESI capillary voltage was 3.5 KV and the cone voltage
was 20 V. The desolvation gas was nitrogen at a flow of 300 L/hr and a temperature of 250
°C. The collision gas was nitrogen and the collision energy was 30 V. Additional
information for the individual MS experiments is available in the Supplementary data.

Results and Discussion
For CD-ECI to occur, we have previously determined that the interaction of the analytes
with the Fe in the SS electrode is essential. Inhibition of this interaction led to a dramatic
loss in sensitivity and replacement of the SS capillary with a Ni capillary led to a total loss
in signal [6]. At the same time, a thorough understanding of these interactions can also be
used to analytical advantage. For instance, we have recently shown that the sulfated
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Mutremdamide A can be analyzed by CD-ECI, but binds so tightly to the SS capillary that
ESI only detected the hydrolyzed compound [24].

Depending on the nature of the surface interaction between the analyte and the SS, the
electrochemically generated radicals can selectively induce fragmentation in a range of
molecules including glycopeptides, enolate forming phenylglycine containing peptides,
phosphopeptides and nucleosides that have been investigated in this study.

A most illustrative example of electrochemically-induced fragmentation using CD-ECI
technique is the study of ristomycin A 1. Fig. 2 compares the chromatograms and spectra of
the glycopeptide 1 under ESI (Fig. 2 a,b) and CD-ECI (Fig. 2 c-e) technique. As expected,
glycopeptide 1 eluted as one peak using ESI (Fig. 2a). The corresponding ESI spectrum
showed a predominantly doubly charged ion at m/z = 1034.39 (Fig. 2b). In contrast, when
investigated by CD-ECI, two LC peaks appeared in the chromatogram (Fig. 2c) with
differing mass spectra (Fig. 2d,e). While the spectrum corresponding to the first peak (Fig.
2d) showed similarities to the ESI spectrum, the spectrum corresponding to the second peak
(Fig. 2e) showed intense fragmentation representing the subsequent loss of the sugar
moieties in 1 (Scheme 1). We propose that this differing behavior is intrinsically related to
the involved mechanisms in ESI and CD-ECI. We have previously shown the importance of
the surface chemistry of the SS capillary in CD-ECI [6,24]. Glycopeptide 1 exists in
equilibrium of keto- and enol-tautomers (Fig. 2c inset). While the keto tautomer cannot be
complexed by the Fe in the SS capillary, the enol tautomer can be complexed and due to this
online complexation be retained slightly longer on the SS tip than the keto form leading to
two co-eluting peaks in CD-ECI. Using ESI this phenomenon will not be observed, since it
has previously been shown that compounds that are capable to chelate Fe (as is the case for
the enolate, but not the keto form of Ristomycin) are not detectable due to complexation
when a SS capillary was used [25-27]. Therefore, the detection of the Fe-enol complex of 1
would not be expected in ESI, and indeed, only the earlier eluting keto form of 1 was
detected, but CD-ECI was able to detect both, the unfragmented keto (Fig.2d) and the
fragmented enol (Fig. 2e) tautomer of Ristomycin. We propose this was enabled through the
intrinsic CD-ECI mechanism: After complexation of the enol form with the Fe in the
stainless steel capillary, the Fe can undergo oxidation via the CD-ECI process to form a
radical cation organometallic moiety. This complexation with SS capillary is not unique and
has previously been reported for phosphates [25-28]. In fact, it is the main reason, why
many proteomics researchers avoid SS capillary materials. After formation by CD-ECI the
radical cation can undergo free radical type fragmentation as evidenced by the type of
fragmentation shown in Fig. 2e. These radical fragments were no longer complexed by Fe
and are thus released and detected by mass spectrometry. As can be seen in Fig. 2e and
Scheme 1, the observed product ions correspond to radically generated fragments of 1. In
addition, the normal ESI process ionized neutral fragments, so fragmentation and ionization
are two distinct processes.

When we complexed the enol form of 1 with Na+ instead of the Fe of the SS by adding NaI
to the solution prior to the CD-ECI experiment, the described fragmentation did not occur,
indicating that the complexation of Fe with the enol of 1 is necessary for both, radical
ionization and fragmentation. In these experiments, the keto-enol equilibrium was shifted
from the keto to the enol tautomer and then, while complexed with Na+, only one LC peak
was observed corresponding to [M+Na]+ (data not shown). In contrast to transition metals
like Fe in SS, Na+ would not be able to induce radical ionization and fragmentation since
Na+ has a 2p6 outer electron shell that is stable and highly unlikely to have another electron
removed. This is also reflected in the high IP for the second removal of an electron from
Na+/Na++ (47.2 eV).
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To further investigate the fragmentation mechanism, a number of experiments were
designed using phosphates, nucleotides, and phenylglycine containing peptides that can
either complex transition metals and fragment or, alternatively, cannot complex transition
metals and thus cannot fragment using CD-ECI technique.

Phosphate containing compounds have previously been described to form complexes with
Fe [25-28] and thus, Fe-complexed phoshopeptides should fragment using CD-ECI
technique, but not using ESI technique. A standard phosphopeptide
DLDVPIPGRFDRRVpSVAAE 2 was used and investigated by infusion ESI and CD-ECI.
As expected, Fig. 3a shows the doubly, triply and quadruply charged ions using ESI
technique at m/z 1097.02, 731.34, and 549.01, respectively. In contrast, Fig. 3b and c show
additional fragmentation in CD-ECI technique not observed in ESI technique. This includes
a series of b- and y-like ions listed in Table S1 and [M+H]+, [M+H-H2O]+, [M+H-HPO3]+,
[M+H-H3PO4]+ (Fig. 3b inset). Selected fragments in the m/z range from 540 to 700 are
shown in Fig. 3c. The observed fragmentation (b15

2+/3+/4+ and y5
1+; Table S1) allowed the

unequivocal determination of the position of the phosphorylation site of 2. This experiment
showed that a direct infusion of phosphopeptides under CD-ECI could indeed fragment the
peptide and – due to sufficient preservation of labile phosphate groups – identify the
phosphorylation site in a single TOF instrument.

The effect of exposure time to the SS capillary was investigated by lowering it to the
timescale typical of an LC-MS experiment: A tryptically digested enolase spiked with
phosphopeptides was separated on a C18 column and analyzed by CD-ECI. Fig. 4 shows the
chromatogram and the spectrum, respectively, of spiked phosphopeptide HLADLpSK 3
eluting at 7.48 min. The spectrum is characterized by backbone fragments of b2, b3, b4, b5,
y2 (indicating the site of phosphorylation), y5, y6, a2 and z7 ions. In addition, loss of HPO3
(−80) was observed for y7, y5, y4, y3 and y2. This experiment showed that indeed the
complexation of phosphopeptides with Fe during LC is fast enough to allow specific
fragmentation of phosphopeptides using CD-ECI technique. Somewhat similar to the MSE

approach [29-30], where MS data are simultaneously collected using high and low collision
energies, a co-eluting peak corresponding to IATAIEK did not interfere with the
phosphopeptide assignment. In addition, there are already advanced software tools freely
available that have been developed to evaluate concurrently fragmented peptides, allowing
the analysis of more complicated mixtures [31].

While phosphopeptides fragmented as shown here, there is a practical limitation to CD-ECI
in that it requires the compound of interest to first bind to the SS capillary. This clearly
excludes many compounds unless specific derivatizing reagents capable of causing
diagnostic fragmentation of the desired compound are used that could circumvent the
requirement for binding to the SS as a first step.

Towards this goal, we tested whether the addition of Cu(II) could function as such a
derivatizing agent. Redox reactions of Cu complexes have previously been extensively
studied in the gas phase [14,16-20,32-38]. It has previously been described that Cu(II) can
be used to create molecular radical cations when electrosprayed as Cu(II)-amine complex.
These cations were described to be different from those generated by ECD and metal-
bearing peptide ternary complexes [18]. It was also shown that Cu can induce fragmentation
[14]. Cu(II) was therefore added to adenosine congener 4 and analyzed by ESI and CD-ECI
When investigated by ESI, the nucleoside adenosine congener 4 (C28H32N8O6; MR = 576.6
Da) gave the spectrum shown in Fig. 5a and b (without Cu(II) and with Cu(II)). In ESI,
essentially no fragment ions were observed, and 4 gave [M+H]+, [M+2H]2+, [M+K]+, [M
+Na]+ ions.
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In contrast, when investigated by CD-ECI, Fe or Cu(II)-chelated adenosine congener 4
showed diagnostically useful fragmentation with Cu(II) treatment leading to both, more
intense total ion chromatograms (TICs) and fragmentation (Fig. 5c,d and Supplementary
Fig. S1). Next to intact 4 represented by [M+H]+, [M+Na]+, [M+K]+, [M+2H]2+,
fragmentation was observed with the main fragment [M+2H-Rib]+• at m/z = 445.18 Da. A
Δ28 impurity that was not identified in ESI was identified at m/z = 473.20 Da representing
[M+Δ28+2H-Rib]+• and at m/z = 627.24 Da representing [M+Δ28+Na]+. In addition,
fragments were observed for [M+2H-Rib]2+, [M+3H-Rib-C2H4NH3]+••, [M+H-NH2]2+•, [M
+2H-Rib-NH2]2+ (Fig. 5c,d).

What these experiments demonstrated is that chelation was necessary for fragmentation and
that the fragmentation is the same regardless whether 4 was chelated to the Fe in the SS
(Fig. 5c) or to Cu(II) prior to MS (Fig. 5d). The increased TIC and fragmenation also
indicated that Cu(II) addition can be used to induce fragmentation in compounds capable of
chelating Cu. The obvious advantage of Cu(II) addition is that one can increase incubation
times prior to CD-ECI analysis and thus analyze samples that would otherwise not be
amenable to CD-ECI.

To test this further, we synthesized UP14R 5 and 4FUP14R 6, where U is phenylglycine
and 4FU is 4-fluorophenylglycine and compared it to the commonly used standard P14R 7,
with and without prior Cu(II) treatment, both using ESI and CD-ECI. Phenylglycine and 4-
fluorophenylglycine were specifically chosen because of their well-documented differences
in exhibiting keto-enol tautomerism. Due to the electronegative fluorine in the para position,
the α-hydrogen in 4FU is easily abstracted and the created enol structure is resonance-
stabilized and energetically favored (as shown in Fig. S2) [39]. In contrast, phenylglycine
preferentially exists in the keto form, but can be trapped in the enol form under suitable
chemical conditions, such as formation of a copper complex. While oligoproline 7 is prone
to dissociation in CID experiments [40], out of these twelve experiments, only those three
experiments that favor enolate complexation showed fragmentation in CD-ECI: first,
CDECI after Cu(II) treatment of 5, but not without prior Cu(II) treatment; second, CD-ECI
of 6 with Cu(II) treatment; and third, CD-ECI of 6 without Cu(II) treatment. As expected
from the mechanism that is dependent on the surface interaction of the enolate with the SS,
all other conditions neither fragmented in CD-ECI nor ESI.

The deconvoluted spectrum of the fragmentation pattern observed for the Cu(II) chelated 5
using CD-ECI is shown in Fig. 6a. Since no fragmentation was observed without prior
Cu(II) treatment using CD-ECI technique, this experiment confirmed that prior Cu(II)
treatment could be used to complex enolates that did not react with Fe in the SS tip and thus
extend the scope of compounds that can be fragmented by CD-ECI. This was further
corroborated by the fact that the enolate stabilized 6 showed fragmentation with or without
prior Cu(II) treatment, although the fragmentation without Cu(II) treatment was less
pronounced than with Cu(II) treatment. While we have considered alternatives, the only
explanation for the difference in the requirement of prior Cu(II) treatment for the
phenylglycine derivative 5 and the 4-fluorophenylglycine derivative 6 to be effectively
fragmented when using CD-ECI is that the equilibrium of the keto-enol tautomers lies at the
site of the enolate in 6 and at the site of the keto form in 5. Only, when the enolate in 5 is
trapped with Cu, fragmentation is observed, while 6 is stabilized in the enolate form
regardless of the presence of Cu. These experiments strongly supported the hypothesis that
enolate formation and complexation with a transition metal must be essential for the
fragmentation mechanism since compounds lacking this structural feature (e.g. 7) could not
be fragmented at all in CD-ECI. Only in conventional ESI-CID was fragmentation of 7
observed (data not shown).
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As shown in Fig. 6a, the CD-ECI fragmentation of 5 in a ToF instrument is remarkably
similar to the fragmentation that is observed under ESI-CID using a quadrupole time of
flight (QToF) instrument (Fig. 6b). A continuous y-ion series (y3-y14) and, interestingly,
very intense b-ion series (b4-b10) characterized the CD-ECI spectrum (Fig. 6a). Also a1, y1,
z1 and z2 were observed. As expected, no fragmentation was observed in ESI (data not
shown). The CID ESI-QToF spectrum of 5 showed a y-ion series from y6-y15 and very low
abundant b2-b5 (Fig. 6b). In addition to the singly charged y-ions, not fully deconvoluted
doubly charged ions (y9

2+-y15
2+) and the QToF typical a2 and, additionally, a5 were

observed.

From a comparison of the CD-ECI spectra of the 4-fluorophenyglycine containing 6 without
(Fig. 6c) and with Cu(II) treatment (Fig. 6d), it is apparent that 6 also fragmented without
prior Cu(II) treatment and that the fragmentation is overall similar, albeit prior Cu(II)
treatment increased the fragmentation due to enhanced enolate trapping. Similar to studies
by Lebrilla using P14R 7 with infrared multiphoton dissociation (IRMPD), sustained off-
resonance irradiation collision-induced dissociation (SORI-CID) and infrared and collisional
activation (CIRCA), where no b-ions were found, CID produced only minor signals for b2-
b5 [41]. The strong signal for the b-ions in CD-ECI is thus unique to this technique
indicating that its fragmentation is by far less dependent on the position of the basic residue
than IRMPD, SORI-CID and CIRCA. Overall, the CD-ECI spectra of 5 and 6 showed rich
fragmentation with diagnostically useful fragments in simple ToF spectra without activation.

In this study, we mainly observed b- and y-type ions as they would normally be expected
during collision-induced dissociation according to the mobile proton theory [42-43] and not
necessarily in odd-electron driven pathways, although depending on the charge carrier and
peptides structure, b-ion formation has also been reported for electron capture dissociation
(ECD) [36,44-48]. The previously described electron driven pathways (e.g. for electron
capture dissociation (ECD) or electron transfer dissociation (ETD)) were generated by the
addition of an electron (reduction) as described in equation 1.

(eq 1)

This is fundamentally different to CD-ECI, where ions were generated by the removal of an
electron (oxidation) as shown in equation 2 and 3. While the analyte is oxidized to [M]+•,
Fe+• is reduced to Fe, so that a new oxidation can be initiated.

(eq 2)

(eq 3)

There is precedence for radical oxidation reactions using Cu-complexes, where unusual
radical-driven dissociation pathways including b- and y- ion formation, have previously
been described after CID [20,34-35], when bi or tridentate ligands (L) such as 2,2″-
bipyridine and 2,2′:6′,2″-terpyridine were part of the complex (eq 4 and 5).

(eq 4)

[20,35]
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(eq 5)

[34]. While the bi- and tridentate ligands used in these studies form very stable complexes
that can be detected by MS, we obtained weaker complexes and thus, Cu(II) dissociated and
only b- and y-ions were observed. This observation is in agreement with quantum chemical
calculations for hypervalent nitrogen-protonated peptide radicals [49]. We thus propose that
a Cu-complex was formed by reacting with the enolate of the peptide. The radical Cu(II)+•

removes an electron from the peptide and thus initiates fragmentation into b- and y-type ions
as indicated in eq 6 and 7.

(eq 6)

(eq 7)

Like it has been observed for photodissociation, the fragmentation of the electron-deficient
species is more similar to CID even though no activation techniques were applied [50-51].
With a few exceptions, such as z1 and z2 in 5, fragment ions typical for ECD and ETD (c
and z ions) were generally not observed. While we have initially considered ion-molecule
reactions or electron impact ionization mechanism, the selectivity of the observed
fragmentation exclude these mechanisms.

Conclusions
This study demonstrates that CD-ECI can be effectively used to fragment nucleosides,
glycopeptides, and phosphopeptides into diagnostically useful ions in a single ToF
instrument (without activation techniques). A four step mechanism was proposed: 1.
Complexation using either Fe in the SS capillary tip material or Cu(II) as an offline
complexation reagent; 2. Electrochemical oxidation of the complexed metal and thus
formation of a radical cation (e.g.; Fe - e− → Fe +•); 3. Radical induced fragmentation of the
complexed compound. 4. Electrospray ionization of the fragmented neutrals. Fragmentation
patterns resembling b- and y-type ions were observed. Like ECD or ETD techniques
[52-56], the radical-driven fragmentation is softer than CID fragmentation. Therefore,
phosphate groups were retained in fragment ions allowing the localization of the
phosphorylation site. Unlike ECD or ETD, CD-ECI created an electron deficient species.
The observed fragmentation is thus unique. Future investigation may be directed towards
studies expanding the applications of the CD-ECI technique. The CD-ECI fragmentation
platform is mechanically very simple and thus lends itself for miniaturization that can
further increase achievable sensitivities [57]. In addition, it is our goal to determine the
boundaries of the CD-ECI technique by exploring additional compound classes amenable to
CD-ECI. Our current investigations focus on using CD-ECI to fragment proteins in a top-
down like fashion.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Experimental setup shown in a) side view: In CD-ECI, the plasma ion path was directed
away from the analyte ion path to the ground plate behind the orifice. CD removed an
electron from Fe at the sharp edge of the SS capillary resulting in radical Fe+•. Analytes (M)
with ionization potential lower than Fe/Fe+• were ionized by electrochemical oxidation and
fragmented. During this process, Fe0 was regenerated. The surface interaction is critical for
the formation of the radical ions and for their subsequent fragmentation; b) top view: right
after the generation of the analyte and plasma, both paths are separated.
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Figure 2.
Chromatogram and spectra of ristomycin A 1 using ESI and CD-ECI technique. a) ESI
chromatogram of 1, and b) ESI spectrum of 1 showing the expected doubly charged ions at
m/z = 1034.39. c) CD-ECI chromatogram of 1 showing two coeluting peaks; d) spectrum of
the first peak of 1 in CD-ECI and e) spectrum of the second peak of 1 in CD-ECI (all in ToF
mode).
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Figure 3.
a) ESI vs b) CD-ECI spectrum of the phosphopeptide DLDVPIPGRFDRRVpSVAAE 2 in
ToF MS mode. The inset shows the expanded mass range m/z =2080-2200 with the loss of
H2O, HPO3 and H3PO4; c) expanded mass range 540-700 of CD-ECI spectrum of 2
indicating the phosphorylation site at b15

3+ (▼).
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Figure 4.
a) LC-chromatogram of enolase spiked with phosphopeptide HLADLpSK 3. b) CD-ECI
spectrum of the LC-separated 3 in ToF MS mode. (* denotes a co-eluting peak
corresponding to IATAIEK peptide; ▼ denotes the phosphorylated fragment ion at y2).
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Figure 5.
Adenosine congener 4 investigated by a) ESI without Cu(II), b) ESI with Cu(II), c) CD-ECI
without Cu(II) and d) CD-ECI with Cu(II). Fragmenation was only observed in CD-ECI
technique regardless whether Cu(II) was added or not, indicating that Cu(II) can be used as a
reagent to replace Fe.
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Figure 6.
a) CD-ECI spectrum of the Cu(II) complexed UP14R 5 measured in a single ToF LCT
instrument (* denotes common background ions); b) Collision-induced dissociation
spectrum of 5 measured in QTOF instrument; c) CD-ECI spectrum of 4FUP14R 6 measured
in a single ToF LCT instrument without Cu(II) addition; d) CD-ECI spectrum of the Cu(II)
complexed 4FUP14R 6 measured in a single ToF LCT instrument.
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Scheme 1.
Ristomycin A 1 and observed fragment assignments.
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