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Introduction

In the past few years, matrix-assisted laser-desorption ioni-
zation (MALDI) and related strategies, such as surface-en-
hanced laser-desorption ionization, have been employed as
standard techniques to transfer globally neutral, solid-state
samples into gas-phase ions for further analysis by a mass
spectrometer.[1–3] Despite of their wide applications in a

series of rapid developing areas, such as proteomics, the use
of these ionization methods has progressed mainly in an em-
pirical manner.[4,5] Even if the ablation process is well under-
stood, the different charge-transfer reactions that take place
are still a matter of discussion.[5] The major problem is that
MALDI is a very complex photoelectrochemical event hap-
pening within a few nanoseconds. Under the strong illumi-
nation of UV laser, a dense plume containing matrix and
sample neutrals as well as reactive species, such as radicals,
electrons, and hydrogen atoms is formed and expanded into
the vacuum of the mass spectrometer ion source,[4,6] in
which in-source reactions can happen.

Despite being used as a non-destructive ionization tech-
nique, the investigation of in-source reactions in MALDI
can also be very interesting and further open the way to
some new applications. For example, recently we have
shown that TiO2 nanoparticles can be used to modify target
plates to carry out efficient in-source photocatalytic reac-
tions during the MALDI procedure. The employed semi-ACHTUNGTRENNUNGconductor photochemistry principle has already been ap-
plied to many fields.[7–10] Specifically, under the UV-laser ir-
radiation, electrons are excited from the valence band to the
conduction band of TiO2 nanoparticles,[11–13] leaving oxida-
tive holes to drive in-source oxidation reactions and reduc-
tive electrons to induce in-source reduction reactions. As an
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application of the oxidative principle, on-line peptide tag-
ging has been realized by adding hydroquinone, which is
first oxidized to benzoquinone by the photogenerated va-
lence band holes and then reacts with the cysteinyl peptide
to form a complex through Michael addition.[14] As an appli-
cation of the reductive principle, an in-source cleavage of di-
sulfide bond was achieved with the assistance of electron-
donor reagents, in which the disulfide bonds are directly re-
duced by the photogenerated conduction band electrons.[15]

In this paper, we demonstrate that the concept of TiO2-in-
duced in-source photocatalytic redox reactions can be fur-
ther applied to realize sample dissociation along the peptide
backbone, either directly or with the participation of inter-
mediate molecules. By depositing peptides and glucose on
the mesoporous TiO2-modified photosensitive target plate,
fragmentation was easily observed during laser desorption
ionization (LDI) without the assistance of any conventional
organic matrix. Here, glucose can be considered as a very
efficient electron donor,[16] working as a hole scavenger or
conductor to help either reduction on the surface of the
TiO2 layer or long-distance oxidation in the plume. After
scavenging holes, the electron quenching from on-surface or
in-volume recombination can be greatly prevented,[13] there-
fore releasing more free electrons for in-source reduction re-
actions, while the generated oxidized glucose can further ox-
idize other present species, thus realizing long-distance in-
plume oxidation reactions.

Intense Ca
�C backbone cleavage is observed here by

using this proposed in-source photocatalytic peptide frag-
mentation, which is otherwise rarely obtained: the novel
Ca
�C backbone cleavages have only been reported as being

dominant upon photodissociation of singly charged cations
with UV light at 157 nm[17,18] or from the electron-detach-
ment dissociation (EDD) of polypeptide polyanions.[19–21]

Indeed, the most widely employed peptide dissociation
strategies mainly generate b,y or c,z dissociation.[22–25] Here,
novel oxidative routes were supposed to explain the unusual
fragmentation pattern. Meanwhile, N�Ca backbone cleavage
is also observed sometimes though much weaker, which can
be from a reductive process induced by the conduction band
electrons, rather similar to the electron capture dissociation
(ECD)[22] in tandem mass spectrometry. The presented in-
source peptide fragmentation can be of interest for studying
photoelectrochemical-controlled reactions during laser de-
sorption ionization.

Results and Discussion

Photocatalytic peptide fragmentation on a TiO2 photoelelc-
trode plate : The photosensitive target plate was fabricated
by using P25 TiO2 nanoparticles.[14] Scheme 1 schematically
illustrates the structure of this functional plate, including a
polished steel plate covered by an array of sintered TiO2

nanoparticle spots. Peptides and the electron donor/hole
conductor molecules are deposited on the mesoporous spot.
Under the irradiation of a UV laser, each spot can behave

as a photoelectrode as in a dye-sensitized solar cell;[10] and a
series of photocatalytic reactions are then induced by the
photosensitized TiO2 nanoparticles, which can drive peptide
in-source dissociation. The resulting ionized fragments can
then be accelerated by the electric field after a short delay
period and separated in the TOF analyzer. It should be
stressed that, as in a dye-sensitized solar cell, the nanopo-
rous TiO2 offers an excellent photon-capture cross section,
and a very large surface/volume ratio such that most of the
molecules present on and in the spot can undergo photo-
electrochemical reactions very efficiently.

Figure 1 a shows the fragmentation result of angiotensin I
obtained on the TiO2 photoelectrode plate by using l-glu-
cose as an electron donor/hole conductor in positive-ion

Scheme 1. Schematic representation of the TiO2-induced in-source redox
reactions for peptide fragmentation.

Figure 1. Fragmentation result of angiotensin I (�70 pmol) obtained a)
on a TiO2 photoelectrode plate in the presence of l-glucose, and b) on a
normal ground-steel plate using a DHB matrix in the positive-ion mode
with ion extraction delay (600 ns). *-tagged peaks correspond to parent
ions and ax- or cx-tagged peaks correspond to ax or cx fragments, respec-
tively.
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mode with an ion extraction delay (600 ns). A complete
series of an fragments starting from a2 were detected with
rather clean background in low mass range, while almost no
cn fragments were observed. To illustrate the unique charac-
teristic of the dissociation pattern, in-source fragmentation
of angiotensin I (DRVYIHPFHL) was performed on a
normal ground-steel target plate by using a 2,5-dihydroxy-
benzoic acid (DHB) matrix with ion extraction delay
(600 ns) in the positive-ion mode. Unlike the TiO2-induced
peptide fragmentation, only several weak cn fragments were
obtained, and due to the presence of organic matrix, it is
nearly impossible to read out fragments with m/z less than
700, as shown in Figure 1 b. To further validate the unusual
decay pattern, a longer peptide, oxidized b-insulin (7 pmol,
FVNQHLCoxGSHLVEALYLVCoxGERGFFYTPKA),[26]

was used, and the TiO2-induced photocatalytic peptide frag-
mentation was performed in the negative mode. With l-glu-
cose as the electron donor/hole conductor and an ion extrac-
tion delay (600 ns), strong a,x decay was observed and a
complete an fragments list from a7 to a18 was obtained, as
shown in Figure 2 a. The cn fragment series was also detect-
ed, but with weaker signal intensities. The control experi-
ment was performed on a normal ground-steel plate with a
DHB matrix in the negative-ion mode with an ion extrac-
tion delay (600 ns). Similar to the previously reported re-
sults,[26] only cn fragments were effectively obtained, as
shown in Figure 2 b. It should also be mentioned that the
fragment-to-parent-peak area ratio seen in Figure 2 a is

much bigger than that observed in Figure 2 b, indicating a
more intense dissociation. From an electrochemical view-
point, it is interesting to consider what happens during the
application of the electric field. Indeed, in the positive mode
the TiO2-modified plate acts as an anode, and the electrons
stored in the nanoparticles diffuse to the steel plate, thereby
resetting the mesoporous structure for the subsequent laser
shot. Alternatively, in the negative mode, the plate acts as a
cathode.

Electron donors : Glucose plays an important role in the
TiO2-induced photocatalytic peptide fragmentation. Except
some basic functions, such as separating sample molecules,
transporting energy and assisting protonation, it mainly
works here as a hole scavenger or conductor for either free-
ing more electrons to promote reduction reactions on the
surface of the TiO2 layer or working as an intermediate re-
agent to realize long-distance in-plume oxidation reactions.
Indeed, alcohol, glucose, and other sugars are commonly
used to supply electrons or capture holes on TiO2 in photo-
electrochemistry.[16] Under the UV radiation, the glucose
can inject electrons to the valence band of the TiO2 and
many oxidative radicals, for example, [RCH2OC], [RCOOC]
and [RCOC] can be generated on the surface of the mesopo-
rous structure,[27] which can either undergo further in-source
reactions with each other to form complexes or work as ini-
tial reactive species to oxidize other samples, for example
peptides in this work.

Figure 3 a shows the mass spectrum of l-Glucose obtained
on the TiO2 photoelectrode plate in positive-ion mode with

Figure 2. Fragmentation result of oxidized b-insulin (�7 pmol) obtained
a) on a TiO2 photoelectrode plate in the presence of l-glucose, and b) on
a normal ground-steel plate using a DHB matrix in the negative-ion
mode with ion extraction delay (600 ns). *-tagged peaks correspond to
parent ions and ax- or cx-tagged peaks correspond to ax or cx fragments,
respectively.

Figure 3. a) Mass spectrum of l-glucose (56 nmol) and b) partial mass
spectrum of l-glucose (56 nmol) in the presence of angiotensin IACHTUNGTRENNUNG(�70 pmol) obtained by using the TiO2 plate in the positive-ion mode
with the ion extraction delay (600 ns).
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an ion extraction delay (600 ns). The amount of glucose
used was equal to that employed in the peptide fragmenta-
tion experiments, which was determined after a brief optimi-
zation. Though it is supposed that neutral oxidative glucose
radicals [RCH2OC], [RCOOC], and [RCOC] are generated on
the TiO2 layer, the high reactivity makes them rather unsta-
ble, and thus can not be detected directly. On the mass spec-
trum, many peaks for the products that may be from the
secondary self-reaction of these oxidative radicals are ob-
served, including oxidized glucose of [glucose�2H], which is
obtained from [RCH2OC] by losing [HC], and complexes of
[2glucose�2H�O], [2glucose�4H+O], [3glucose�4 H�
2 O], [3 glucose�2 H] and [4glucose�8 H�O], which are
from the combination of two or more oxidative radicals.
However, with the addition of peptides, most of these sig-
nals are absent when a fragments from the peptide appear
on the mass spectrum (Figure 3 b), indicating that the photo-
generated oxidative radicals are playing a role in the Ca

�C
backbone cleavage process. It can be proposed that the gen-
eration of glucose radical is initiated by the photogenerated
holes either on the surface or in the nanopores of the TiO2

layer, while the secondary reaction between oxidative glu-
cose radicals and peptides would happen in-plume, therefore
restricting self-reactions of the radicals. Otherwise, the pep-
tide fragmentation may also directly be induced by the pho-
togenerated holes, thereby preventing the oxidation of glu-
cose as a competitor. To further illustrate this principle, sev-
eral other hole scavengers, for example, a-d-glucose, a-lac-
tose, d-sucrose, d-galactal, d-glucal and citric acid, were also
used as intermediate molecules in the TiO2-induced photo-
catalytic peptide fragmentation strategy. All these com-
pounds were found to have the ability to work as hole scav-
engers/conductors. However, although all of the tested com-
pounds allowed the observation of peptide fragmentations,
the required amounts of peptide varied from one compound
to the other. It is supposed to be a consequence of the dif-
ferent electron-donating abilities of these reagents (see Sup-
porting Information for further details).[16]

In-source photooxidation-induced dissociation : To reach a
stable state, the oxidative glucose radicals, [RCH2OC],
[RCOOC] and [RCOC], generated on the TiO2 mesoporous
structure would either capture a hydrogen radical or an
electron from the peptide, which would therefore be oxi-
dized. As the fragmentation happens randomly between
every two amino acids, the oxidation reaction probably
takes place at the backbone of the peptides rather than at
special side chains. Considering the structure of the peptides
backbone, which is made up of amide groups and saturated
carbon atoms, the amide nitrogen is most likely to be oxi-
dized compared with the carbonyl oxygen and backbone
carbon atoms. Here, we consider two oxidation mechanisms
to interpret the peptide a,x cleavage, a hydrogen-radical ab-
straction and an electron transfer, as illustrated in
Scheme 2 a and b. In the first scenario, a hydrogen atom is
captured by the glucose radical from the amide, leaving a re-
active radical on the nitrogen atom. Subsequent radical-initi-

ated fragmentation can proceed through hydrogen atom
elimination leading to the oxidation to the imine derivative.
Alternatively, Ca

�C bond cleavage happens, which corre-
sponds to an a,x decay. The ionization of the generated a
and x fragments may happen subsequently or the peptides
may be already ionized before the fragmentation. In the
second scenario, the only difference is that electrons are
captured by the oxidizing glucose radicals from the amide
nitrogen atom instead of H atoms, thus generating positively
charged nitrogen radicals at the peptide backbone, leading
to the Ca

�C backbone cleavage.
Both the H-radical-abstraction and electron-transfer

mechanisms can justify the results obtained. Indeed, the H-
radical-abstraction path is quite similar to the route reported
in the EDD of polypeptide polyanions, which is also an oxi-
dative process by losing electrons.[19–21] However, the elec-
tron-transfer one can be reasonable as complementary route
and more or less plausible. Based on the literature, the hy-
drogen atom at the a-carbon of the peptide backbone is
more labile as compared to that of the amide.[28, 29] More-

Scheme 2. Supposed mechanisms for the Ca
�C bond cleavage during

TiO2-induced photocatalytic peptide fragmentation. a) Hydrogen-radical-
abstraction mechanism and b) electron-transfer mechanism. c) Supposed
mechanism for the backbone cleavage of Ca

�C bond N-terminal to pro-
line residue during TiO2-induced photocatalytic peptide fragmentation.
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over, it has been reported in organic electrochemistry that
the mechanism for the anodic a-oxidation of amides starts
with a one-electron oxidation to form the radical cation at
the nitrogen atom.[30–33] A careful analysis of our own results
suggests that the electron-transfer mechanism is at least one
of the routes that exist in the TiO2-induced photocatalytic
peptide Ca

�C bond cleavage. Indeed, as reported in the case
of EDD,[19] taking into account the hydrogen-radical-ab-
straction mechanism, it would not be possible to obtain frag-
mentation for amino acid residues that do not bear hydro-
gen atom on the amino group, such as proline. Thus, the a7

fragment originating from the cleavage between proline and
phenylalanine in angiotensin I (DRVYIHPFHL) should be
absent. However, the a7 ion was indeed observed though
much weaker than others (Figure 4), which demonstrates

that the hydrogen-abstraction mechanism cannot be the
only approach existing during the oxidative a,x fragmenta-
tion. In contrast, the electron-transfer mechanism can inter-
pret this phenomenon quite well, as shown in Scheme 2 c.
After losing an electron, the nitrogen radical cation is gener-
ated at the peptide backbone, and may further lead to the
radical fragmentation reaction to generate Ca

�C bond cleav-
age. A second a-hydrogen elimination pathway is also possi-
ble, which could explain the lower intensities observed.

Generally, the two possible mechanisms can be considered
to explain the oxidative Ca

�C backbone cleavage. The de-
tails of these in-source reactions are likely to be very com-
plex, but the oxidation mechanism proposed above can ex-
plain the observed phenomena reasonably well. One may
argue that the a ions can also originate from a secondary
dissociation of c ions or energetic activation. In these cases,
stronger c or b ions should be undoubtedly observed, but
are found to be absent in these experimental conditions. To
further demonstrate that the oxidative radicals generated
from the photoelectrochemical processes can really drive
Ca
�C backbone cleavages, an oxidative radical initiator, N-

hydroxyphthalimide,[34, 35] was employed as an additive to the
DHB matrix, while other experimental conditions remained
as for the experiment shown in Figure 2 b to perform in-

source fragmentation of oxidized b-insulin. As a conse-
quence, a new series of a fragments can be observed with
the presence of the oxidative radical initiator, Figure 5.

Under the UV-laser energy, N-hydroxyphthalimide can very
easily donate a hydrogen atom and therefore forms a [ROC]
radical, which is indeed rather similar to that generated
from glucose on the TiO2 semiconductor under laser radia-
tion. Thus, it appears credible to propose that the oxidative
[ROC] radicals have the ability to induce a,x fragmentation
through an oxidative route.

In-source photoreduction-induced dissociation : Besides the
unusual an fragments, a series of cn fragments were also ob-
served, though with much weaker intensities in the case of
the TiO2-induced photocatalytic peptide fragmentation of
oxidized b-insulin, Figure 2 a. Under the UV-laser irradia-
tion, both oxidative holes and reductive electrons are gener-
ated from the semiconductor TiO2 nanoparticles. As illus-
trated in Scheme 1, the holes can be employed to perform
peptide a,x cleavage by oxidizing glucose, whilst the elec-
trons would induce c,z fragmentation through an approach
that might be similar to the ECD procedure, depicted on
Scheme 3. However, it has been reported that the trapping
of conduction band electrons on the nanoparticles is much
faster than that of the valence band holes,[36] and as a result,
few electrons are available for reducing reactions. Besides,
there is also a lack of an electron conductor to help long-dis-
tance reduction. Thus, the intensities of the cn ions signals

Figure 4. Partial mass spectrum of angiotensin I (�70 pmol) in the pres-
ence of l-glucose (56 nmol) obtained by using the TiO2 plate in the posi-
tive-ion mode with the ion extraction delay (600 ns).

Figure 5. Zoomed fragmentation pattern of oxidized b-insulin (�7 pmol)
obtained on a normal ground-steel plate with a) a DHB matrix and b) a
N-hydroxyphthalimide/DHB matrix in the positive-ion mode with ion ex-
traction delay (600 ns). *-tagged peaks correspond to parent ions and ax-
or cx-tagged peaks correspond to ax or cx fragments, respectively.
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are much weaker, and for the relatively less efficient photo-
catalytic fragmentation of angiotensin I, the phenomenon ul-
timately disappeared, therefore leaving an unusual peptide
decay pattern of a,x dissociation. This condition may be
changed by for example adding molecules favoring electron
hopping to realize long-distance reduction dissociation.

Conclusions

In summary, we have developed in-source photocatalytic
redox reactions to realize peptide fragmentation by per-
forming LDI on a TiO2-derived plate with the assistance of
glucose, in which both oxidative Ca

�C backbone cleavage
and reductive N�Ca bond cleavage were observed. Although
the sensitivity is still not enough to have practical applica-
tions in proteomics, we have demonstrated that photocata-
lytic reactions offer new patterns of peptide sequencing.
With the unusual in-source fragmentation pattern of a,x dis-
sociation, the on-line photocatalytic peptide dissociation can
be interesting for mechanistic studies of photoelectrochemi-
cal ionization occurring on TiO2 nanoparticles. Moreover,
with the in situ oxidation and reduction properties, the pho-
tosensitive plate may be employed for the measurements of
protein oxidation and antioxidant capabilities.

Experimental Section

Materials : Titanium dioxide nanoparticles were obtained from Degussa
(P25, Germany). Ethanol (99.8 %), acetic acid (99.5 %), and acetonitrile
(99.5 %) were obtained from Fluka (Germany). Trifluoroacetic acid
(TFA, 99%) and d-galactal (95 %) were purchased from Acros organics
(Belgium). 2,5-Dihydroxybenzoic acid (DHB, 98%), l-glucose (98 %), a-
d-glucose (98 %), a-lactose (reagent grade), d-sucrose (99 %), d-glucal
(96 %), citric acid (99 %), N-hydroxyphthalimide (97 %), and b-insulin,
oxidized from bovine insulin (90 %), were obtained from Sigma–Aldrich
(Germany). Angiotensin I (98 %) was purchased from Bachem (Switzer-
land). All these reagents were used as received without further purifica-
tion. Deionized water (18.2 MWcm) used for all experiments was ob-
tained from a Milli-Q system (Millipore, Bedford, MA, USA).

TiO2-modified plate preparation : The TiO2-modified plate was prepared
according to a previous report.[37] To remove impurity and decrease ag-
gregation, the commercial P25 TiO2 nanoparticles were heated (at 300 8C
for 2 h) and then ground in a mortar (for 2 h). A stable suspension
(100 mgml�1) was obtained by separating the nanoparticles in ethanol
(89 %) and kept as the stock solution. For the fabrication of TiO2-modi-
fied plates, the solution was diluted in deionized water to a TiO2 concen-

tration of 4 mg mL�1, dropped on a commercial polished steel plate for a
Bruker Microflex mass spectrometer as an array of spots (�2 mL) and
dried in ambient conditions. The resulting modified plate was subse-
quently heated in an oven. The oven temperature rose from room tem-
perature to 400 8C in 2 h, stayed at 400 8C for one hour, cooled down to
60 8C in 9 h and then kept at this temperature until use.

MS method and data analysis : An aqueous solution of the peptide (1 mL)
was deposited on the prepared TiO2-modified plate and dried at room
temperature and atmosphere (for �10 min). After drying, an aqueous so-
lution of l-glucose (1 mL, 10 mgml�1) or a solution of other sugars (1 mL,
10 mgml�1) or citric acid (1 mL, 10 mgml�1) was dropped and then dried
under the same conditions before being subjected to LDI-TOF-MS. For
the control experiments, an aqueous solution of peptide (1 mL) was de-
posited on a normal ground-steel plate and dried in ambient conditions
for �10 min followed by the addition of a DHB matrix [1 mL, DHB
(10 mgml�1) in acetonitrile (50 %), TFA (0.1 %) and deionized water
(49.9 %)] or a N-hydroxyphthalimide/DHB matrix [1 mL, N-hydroxyph-
thalimide (5 mgml�1) and DHB (10 mgml�1) in acetonitrile (50 %), TFA
(0.1 %) and deionized water (49.9 %)]. All the LDI-TOF or MALDI-
TOF mass spectrometry experiments were performed on a Bruker Micro-
flex equipped with a nitrogen laser operated at 337 nm. For investigating
in-source reactions, an optimized ion extraction delay of 600 ns was em-
ployed to favor the secondary in-plume reactions. The laser intensity was
adjusted to 10% above threshold to supply enough energy for inducing
the reactions. The data analysis and peptide sequence were performed
using the flexAnalysis software from Bruker.
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