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Identification of molybdenum oxide nanostructures on zeolites for
natural gas conversion

Jie Gao', Yiteng Zheng', Jih-Mirn Jehng®>, Yadan Tang?, Israel E. Wachs®", Simon G.
Podkolzin'"

+ Author Affiliations
U'Corresponding author. E-mail: iewO@Lehigh.edu (I.E.W.); simon.podkolzin@stevens.edu (S.G.P.)

Science 09 Apr 2015:
pp.
DOI: 10.1126/science.aaa7048

m Figures & Data Info & Metrics aletters (A PDF

You are currently viewing the abstract.

View Full Text .

Abstract

Direct methane conversion into aromatic hydrocarbons over catalysts with Mo
nanostructures supported on shape selective zeolites is a promising chemistry for
natural gas liquefaction. We determined the identity and anchoring sites of the
initial Mo structures in such catalysts as isolated oxide species with a single Mo
atom on Al sites in the zeolite framework and on Si sites on the zeolite external
surface. During the reaction, the initial isolated Mo oxide species agglomerate and
convert into carbided Mo nanoparticles. This process is reversible, and the initial

http://sclence v 88a7048.abstract 15
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isolated Mo oxide species can be restored by a treatment with gas-phase oxygen.
Furthermore, the distribution of the Mo nanostructures can be controlled and
catalytic performance can be fully restored, and even enhanced, by adjusting the
oxygen treatment.
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ISI Web of Knowledge™

Journal Citation Reports®
[ « WELCOME Lffitl l L} Al 2014 ICR Sclence Editlon

© Journal: SCIENCE

S-Year Citad Citing
Impact Impact Immediacy Citable Half- Half-
Mark Journal Titde ISSN Total Cites Factor Factor Index Items life life
| SCIENCE 0036-8075 557558 33.611 35263 Z221 828 >100 55
Cited Joumnal [0 Citina Joumnal f0  Source Data Joumal Self Cites
CITED JOURNAL DATA CITING JOURNAL DATA mu IMPACT FACTOR TREND RELATED JOURNALS
Journal Information U - A

Full Journal Title: SCIENCE
IS0 Abbrev. Title: Science
JCR Abbrev. Title: SCIENCE

| Eigenfactor® Metrics
Eigenfactor® Score

ISSN: 0036-8075 4:22204
Issues/Year:51 Article Influence® Score
Language: ENGLISH 17.885
Journal Country/Territory: UNITED STATES ——— . —
Publisher: AMER ASSOC ADVANCEMENT SCIENCE Additional Links
Publisher Address: 1200 NEW YORK AVE, NW, WASHINGTON, |
DC 20005 |[NCHU Library WebPAC v | 60
Subject Categories: MULTIDIS CIPLINARY SCIENCES — ==
SCOPENOTE | | (3 VIEW IDURNAL SUMMARY LIST
[{§) view categony 0aTA
Journal Rank in Categories: { journaL RANKING |
Journal Impact Factor U A

Cites In 2014 to Items published in: 2013 =27719 Number of items published In: 2013 =841

2012 =28512 2012 =832
Sum: 56231 Sum: 1673
Calculation: Clfes to recent ltems 56231 =33.611
Number of recent Iltems 1673
5-Year Journal Impact Factor U &

Cites In {2014} to Items published In: 2013 =27719  Number of Items published In:2013 =841

2012 =28512 2012 =832
2011 =31414 2011 =871
2010 =30743 2010 =862
2009 =33349 2009 =gg7
Sum: 151737 Sum: 4303

Calculation:Cltes to recent |tems 151737 =35.263
Number of recent Items 4303

hitp//admin-apps webafknowledge com/JCRICR7RQ=RECOR D&journal=SCIENCE&rank=1#ournal_title n
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Journal Seif Cites b =
The tables show the contribution of the journal's self cites ta its impact factor. This information is also represented
in the gited | :

Total Cites 557558 Self Cites 3315 (0% of 557558)
Cites to Years Used in Self Cites to Years Used
Impact Factor Calculation HazZdh in Impact Factor Calculation 6961 (19, of 66231)
Impact Factor 33.611 Impact Factor without Self Cites 33.195

Journal Immediacy Index U - - -

Cites in 2014 to items published in 2014= 5979

Number of items published in 2014 =628

Calculation: Cites to current items 5979 =7.221
Number of current items 828

Journal Cited Half-Life U ' ) a

The cited half-life for the journal is ths median age of its items cited in the current JCR year, Half of the citations to
the journal are to items published within the cited half-life.
Cited Half-Life: >10.0 years

Breakdown of the citations to the journal by the cumulative percent of 2014 cites to items published in the
following years:

Cited Year 2014 2013 2012 2011 2010 2009 2008 2007 2006 2005 2004-ail
# Cites from 2014 5979 27719 28512 31414 30743 33349 31804 29169 27757 25278 285834
Cumulative % 1.07 6.04 11.16 16.79 22,31 26.29 33.99 3922 44.20 48,73 100

Cited Hailf-Life Calculations:
The cited half-life calculation finds the number of publication years from the current JCR year that account for 50%
of citations received by the journal. Read help for more information on the calculation,

Cited Joumareraph v 'S
" )

This graph shows the distribution by cited year of citations to items published in the journal SCIENCE.
Citations to the journal (per cited year)

- The white/grey division

50000 —— — indicatas the cited half-life (if <
10.0), Half of the journal's cited
items were published more
40000 fe ] recently than the cited half-life.

- The top (gold) portion of each

31414 304 3094 31604 column indicates Journal Self
20000 f— 27710 29512 B 2rvey — Citations: citations to items in
oo [« hadi-Lise [tha journal from items in the
[J> Kare-Life |same journal.
15e1f Cites )
20000 —— —| mmother cites |- The bottom (blue) portion of
each column indicates Non-Self
Citations: citations to the
i journal from items in other
5078 journals,
. - The two lighter columns
Ty — St indicate citations used to

2014 2013 2012 2011 2010 2009 2008 2007 2006 2005 calculate the Impact Factor

Nunber of Cites

Cited Years (always the 2nd and 3rd
columns).
Journal Citing Half-Life U o
il #ecimin-apps wehofiinowledoe comAJCRAUCR?RQ=RECORD&jarnal=SCIENCES&rark=1#ownal title 28
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The citing half-life for the journal is the median age of the items the journal cited in the current JCR year, Half of
the citations in the journal are to items published within the citing half-life.
Clting Half-Life: 5.5 years

Braakdown of the citations from the Journal by the cumulative percent of 2014 cites to items published in the
following years:

Citad Year 2014 2013 2012 2011 2010 2009 2008 2007 2006 2005 2004-all
# Cites from 2014 2466 4601 3901 3121 2560 2218 1915 1551 1482 1252 10641
Cumulative % 6,91 19.79 30.72 39.46 46.63 52.B4 58.20 62.54 66,69 70.20 100

Citing Half-Life Calculations:
The citing half-life calculation finds the number of publication years from the current JCR year that account for S0%
of citations in the journal. Read help for more infarmation on the calculation.

Citing Journal Graph L - A
. re for Giti

This graph shows the distribution by cited year of citations from current-year items in the journal SCIENCE,

Citations from the journal (per cited year)

- The white/grey division

5000 (e — indicates the citing half-life (if <
5oL 10.0). Half of the citations from
the journal's current items are
to items published more
racently than the citing half-life.

3121 - The top (gold) portion of each
3000 f—r - column indicates Journal Self-
— 2560 D)< Halé-Lise |Citations: citations from items
boite [J> Hare-Lite |in the journal to items in the
[CIsel¢ cites |same journal.
2000 }—e 1016  —
W Othar Cites R
1581 1402 - The bottom (blue) portion of
1252 each column indicates Non-Self
1000 }——! Citations: citations from the
journal to items in other
journals,

2014 2013 2012 2011 2010 2009 2008 2007 2006 2005
Cited Years

4000 p—rri 3901 —

ites

Nunber of C.

Journal Source Data U A

Citable ltams
Articles Reviews Comblned Otheritems

Number in JCR year 2014 (A) 769 59 828 1774
Number of refarences (B) 24035 4899 28934
Ratio (B/A) 31.3 83.0 34.9 0.0
Acceptabla Use Pollcy.
Copyright © 2016 Jhomaon Reutars,
: THOMSON REUTERS
hitpx #ecimin-spps wekofknowledge com AJCR U CR?RQ=RECORD&journal= SCIENCEA&rank=1#ournal title 36
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THOMSON REUTERS

Low

Hone

Titles
SCIENCE 180: Selence
18BN: 0038-8078 JCR Abbrev: SCIENCE
AMER ASS0C ADVANCEMENT SCIENCE
1200 NEW YORKAVE, NW, WABHINGTON, DC 20005 Categories
USA MULTIDISCIPLINARY SCIENCES
SCIE
Go 1o Journal Tebls of Contents  Go fo Ulrich's Languages
ENOLISH
51 IssuegYear,

Eigenfacto  Arlicle * Normalze: Average
Impact Score Influence  Articles  Eigenfacio  JF
Gagh " Gah  Gmh Gagh  Scora  InCMable  Gagn  Percentio
Gragh Ches. Gagh Grah Giagh Gagh Hems Gagh
Guah
Quach
2014 557,558 3361 13104 35263 T 828 »10.0 55 122204 17865 9207 138 97 368
2013 537,036 1477 31007 34463 8588 841 98 53 127503 17698 9168 140 97273
2012 508,489 o 30484 33.931 5091 832 07 54 135315 17.607 9243 NolA 97321
2011 480,836 nan om 32452 6076 an 2] $¢  1ane2 17625 9403 NolA 813
2010 469,815 aam 30022 nm 6794 862 90 50 145546 16818 9292 NolA 97 458
2008 444643 28747 234 31052 6531 8ar 88 s0 152308 18580 9398 NolA 97 000
2008 408,280 28103 27 650 30268 65281 662 84 48 1568300 16286 9385 NotA 96.429
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Direct methane conversion into aromatic hydrocarbons over catalysts with
Mo nanostructures supported on shape selective zeolites is a promising
chemistry for natural gas liquefaction. We determined the identity and
anchoring sites of the initial Mo structures in such catalysts as isolated
oxide species with a single Mo atom on Al sites in the zeolite framework
and on Si sites on the zeolite external surface. During the reaction, the
initial isolated Mo oxide species agglomerate and convert into carbided Mo
nanoparticles. This process is reversible, and the initial isolated Mo oxide
species can be restored by a treatment with gas-phase oxygen.

identity of the zeolite-supported
Mo nanostructures and their
structural transformations.

We studied Mo nanostruc-
tures supported on ZSM-5 zeolite
by combining quantum chemical
calculations using density func-
tional theory (DFT) with multi-
ple spectroscopic techniques,
including in situ ultraviolet-
visible diffuse reflectance spec-
troscopy (UV-vis DRS), in situ
infrared spectroscopy (IR) and
operando Raman spectroscopy at
elevated reaction temperatures
with simultaneous online mass
spectrometry of reaction prod-
ucts. We determined the identity
and anchoring sites of initial Mo
oxide nanostructures and estab-
lished structure-activity relation-
ships. The catalytic activity can
be fully restored by regenerating
initial Mo oxide nanostructures
with a gas-phase O, treatment.

HE g b

Furthermore, the distribution of the Mo nanostructures can be controlled
and catalytic performance can be fully restored, and even enhanced, by

adjusting the oxygen treatment.

Methane (CH,), the main component of natural gas, has the
highest H to C ratio of all hydrocarbons and, therefore, it is
more environmentally friendly in terms of CO, emissions
than oil or coal-derived fuels. However, 30 to 60% of natural
gas reserves are classified as stranded because shipping gas
is not economical, and the costs of liquefaction or building a
pipeline are usually prohibitively high (-5). The problem of
natural gas utilization is exacerbated by burning and vent-
ing of the associated gas produced in the course of crude oil
production at remote locations. Conversion of methane into
shippable liquids can solve these problems but remains sci-
entifically challenging (1-3, 6-8).

One of the technologies under development is direct me-
thane conversion into liquid aromatic hydrocarbons in a
single step (dehydroaromatization with the main reaction
6CH. — CsHs + 9H,) using catalysts with Mo nanostructures
supported on shape-selective zeolites (2, 8-16). This tech-
nology offers two advantages over other methane activation
chemistries. Complete oxidation, as well as explosive com-
bustion, is not possible because of the absence of O, or other
oxidizing reagents, and processing can be performed at re-
mote locations because no reagents are needed. The biggest
issues in commercialization are rapid catalyst deactivation
and comparatively low single-pass conversion levels of ~10%
(2, 8, 13-16). Development of improved catalysts has been
hindered by a lack of molecular-level understanding of the

Furthermore, the activity can
even be enhanced by controlling
the distribution of Mo oxide
nanostructures by adjusting
conditions of such an O, regeneration treatment.

Mo nanostructures supported on zeolites were initially
present in an oxide form after Mo deposition and an oxygen
treatment at elevated temperatures (our samples were cal-
cined at 773 K) (17). The number of MoO, units in an aver-
age individual nanostructure was evaluated using the edge
energy () of the in situ UV-vis DRS spectra. The E; values
for the following well-defined Mo oxide reference com-
pounds are presented in Fig. 1A: (i) MoOs-coordinated Mor
Mo, clusters; (ii) linear chains of alternating MoOs and
MoOs units; (iii) infinite layered sheets of MoOs units; (iv)
Mo,0; dimer as MoQ3-0-MoQj3; (v) isolated MoOs; and MoOs
monomers; and (vi) aqueous molybdate anions as a function
of the solution pH (18). The E; values in Fig. 1A exhibit a
linear correlation with the number of bridging Mo-O-Mo
covalent bonds around the central Mo cation and, corre-
spondingly, with the number of MoO. units in a nanostruc-
ture. The E, value for a representative catalyst sample with
2 wt% Mo supported on a ZSM-5 (Si/Al = 15) zeolite, which
is the most common zeolite evaluated for methane dehy-
droaromatization, was 4.8 eV, which falls in the range of
isolated MoOy nanostructures with a single Mo atom.

The nature of the Mo oxide nanostructures was further
examined with in situ Raman spectroscopy by varying the
concentration of Mo from 0.7 to 3.3 wt% on a ZSM-5 zeolite
support with a constant Si/Al ratio of 15 (Fig. 1B) and by
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varying the Si/Al ratio from 15 to 140 at a constant Mo con-
centration of 1.3 wt% (Fig. 1C). The spectrum for 1.3 wt% Mo
on ZSM-5 with Si/Al = 15 is shown in both sets in Fig. 1, B
and C, and a similar spectrum is shown in operando Raman
measurements with methane flow in fig. S1 (Z7). The ab-
sence of sharp Raman bands from crystalline MoO; nano-
particles (NPs) at 996, 815, and 666 cm™ (19) or crystalline
Al,(M0O4)s at ~1004 and 1045 cm™ (I8, 20) indicates, in
agreement with the UV-vis results in Fig. 1A, that Mo oxide
was completely dispersed; any amorphous Mo oxide species
would crystallize at the elevated pretreatment temperature
of 773 K. Some spectra exhibited weak shoulder features at
950 cm™ from Mo oxide species in zeolite framework vacan-
cy defects and at 1026 cm™ from Mo oxide species on extra-
framework alumina NPs (17).

For the ZSM-5 (Si/Al = 15) zeolite in Fig. 1B, a single Ra-
man band at 993 cm™ was observed in the Mo-O stretching
region for all Mo concentrations. However, at higher Si/Al
ratios in Fig. 1C, a new band at 975 cm™ was observed, and
at the highest Si/Al = 140 (Fig. 1C), an additional band ap-
peared at 984 cm™'. These three bands cannot be attributed
to a single Mo oxide nanostructure because their relative
intensities change with the Si/Al ratio. To determine the
identity and anchoring sites of these Mo oxide structures in
the ZSM-5 zeolite framework, various monomeric Mo oxide
species were evaluated with DFT calculations, and the calcu-
lated normal vibrational modes were compared with the
experimental Raman spectra.

After calcination at 773 K, Mo was present in its highest
oxidation state of +6 as evidenced by the absence of d-d
transitions for reduced Mo in the in situ UV-vis spectra. Our
DFT calculations show that neutral MoO; species on frame-
work Si sites are unstable and that framework Al sites are
required for anchoring (17). This result is in agreement with
changes in the in situ IR spectra for surface OH groups as a
function of the Mo loading in fig. S2 (17) that showed pref-
erential elimination of Brensted acid sites, H* on [AlO4],
after Mo deposition. On a site with two adjacent framework
Al atoms, the stoichiometry of the Mo oxide species should
be Mo(=0),** as dioxo species in order to counterbalance the
2- charge of 2[AlO,]" and maintain Mo in the +6 oxidation
state. The size of isolated Mo dioxo species serves as a geo-
metric restriction, which determines the acceptable range of
separation distances between the two anchoring framework
Al-atom sites. Because ZSM-5 is a Si-rich zeolite, Low-
enstein’s rule prohibits one Al atom to be the first neighbor
of another Al atom in the framework as Al-O-Al. An ar-
rangement of Al-O-Si-O-Al with two Al atoms as second
neighbors was not found experimentally based on ¥Al NMR
and additional characterization for ZSM-5 samples with
Si/A1>8 (21, 22). Finally, an arrangement Al-O-(Si-O),-Al
with two Al atoms as third neighbors must be the only pos-
sible double Al-atom anchoring sites for Mo dioxo species.
Our DFT results confirm that two Al atoms as fourth neigh-
bors as Al-O-(Si-O);-Al can serve only as two individual sin-
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gle anchoring sites (17).

Although the exact distribution of Al atoms among dif-
ferent framework sites in ZSM-5 zeolites is currently not
well understood, it can be varied by adjusting the zeolite
synthesis procedure. For example, the number of Al atoms
as double anchoring sites in the arrangement Al-O-(Si-0),-Al
can be varied from 4 to 46% for ZSM-5 samples with Si/Al =
~20 based on characterization with hydrated Co cations
(22). The fraction of Al atoms as double anchoring sites typ-
ically decreases, but not proportionally, with the increasing
Si/Al ratio for the same synthesis procedure (22). Our evalu-
ation of Al-O-(Si-0),-Al arrangements in ZSM-5 shows that
these sites can serve as double Al-atom anchoring sites if
they are located in the same channel, but not in the same
plane. Additional classification of double Al-atom anchoring
sites is provided in fig. S4 (I7). A representative Mo(=0).**
dioxo structure on an anchoring site with a pair of Al atoms
in T8 and T12 framework positions is shown in Fig. 2. In
this nanostructure, the Mo atom is bridge-bonded to two
framework Al atoms through two neighboring framework
oxygen atoms and terminated with two additional oxygen
atoms. The normal vibrational modes obtained with DFT
calculations for these terminal oxygen atoms in Mo(=0),*
are summarized in Table 1. The symmetric stretch v is cal-
culated to be at 992 cm™. The calculated geometries and
normal vibrational modes for the Mo(=0),** nanostructure
on other double Al-atom anchoring sites with two bridging
framework O atoms are similar (table S2 and fig. S6) (17).
On a site with a single framework Al atom, the stoichiome-
try of Mo oxide species should be Mo(=0),(OH)" in order to
counterbalance the 1- charge of [AlQ,] and maintain Mo in
the +6 oxidation state. The vibrational mode for the sym-
metric stretch of the terminal oxygen atoms in these Mo
species is predicted to be at 975 cm™ based on evaluation of
geometries and vibrational modes of the Mo(=0),(OH)*
nanostructure anchored on single Al-atom sites in T8 (Table
1) and other ZSM-5 framework positions (table S1 and fig.
S5) (17).

Raman spectroscopy gives rise to strong bands of sym-
metric stretches, vs, and weaker bands of asymmetric
stretches, v.s, with the latter sometimes being undetectable.
In our previous studies of MoQOs/SiO, (19, 20), va for
Mo(=0), was not observed for Mo loadings below 4 wt%.
Therefore, only vs is expected to be observed for lower Mo
loadings. A comparison of the dominant Raman bands at
975 and 993 cm™ in Fig. 1 with the calculated symmetric
stretch values, vs, in Table 1 (975 and 992 cm™) allowed us
to assign these bands to two distinct isolated Mo dioxo spe-
cies anchored on, respectively, single and double Al-atom
framework sites.

The identification of the isolated Mo oxide structures
provided insight as to how they were affected by the main
catalyst formulation parameters: the Mo loading and Si/Al
ratio. At a low Si/Al = 15, Mo oxide species preferentially
anchored on double Al-atom sites (band at 993 cm™ in Fig.
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1B). Even at the highest Mo loading of 3.3 wt%, the Al/Mo
atomic ratio is 2.8, which allowed all Mo atoms to be an-
chored on double Al-atom sites. However, when the Si/Al
ratio increased, the number of Al atoms per unit volume of
the zeolite decreased and the number of double Al-atom
sites should have decreased more rapidly than the overall
number of Al atoms. As a result, at higher Si/Al ratios of 25
and 40 in Fig. 1C, the dominant band was at 975 cm™ aris-
ing from Mo(=0),0H species anchored on single Al-atom
sites. The identification of single and double Al-atom an-
choring sites is in agreement with previous findings that
each Mo atom displaces one H* from framework [AlO.]
sites in ZSM-5 with Si/Al = 40 and two H* in ZSM-5 with
Si/Al = 15 (23). At the highest Si/Al = 140 shown in Fig. 1C,
when the corresponding Al/Mo ratio fell below unity to 0.8,
there were not even enough single Al-atom sites for stabiliz-
ing all Mo atoms. For this catalyst formulation, Mo oxide
species were forced to be stabilized not in the zeolite pores,
but on the least preferable Si sites on the external surface of
the zeolite. A new band at 984 cm™ for Si/Al = 140 in Fig. 1C
is consistent with our previous Raman spectra for Mo oxide
species supported on amorphous SiO, (19, 20). Our DFT cal-
culations confirmed that Mo dioxo species did not stabilize
in zeolite pores in the absence of Al sites and that the struc-
ture of isolated Mo(=0), dioxo species as (Si-O-);Mo(=0), on
the external surface of the zeolite (Fig. 1; full details in fig.
S8 and table S4) (17) is indeed similar to that on SiO,. These
findings are also supported by the in situ IR spectra of the
surface OH region for ZSM-5 (Si/Al = 15) as a function of the
Mo loading in fig. S2 (I7). The intensity of the peak at 3608
cm™ for OH groups on framework Al sites (24) decreased
through replacement by Mo oxide species at low Mo load-
ings, followed by a decrease in the intensity of the peak at
3745 cm™ for OH groups on the external surface Si sites (24)
at higher Mo loadings. The isolated Mo oxide structures
preferentially anchored on double Al-atom framework sites,
then single Al-atom framework sites and, finally, Si sites on
the external surface of the zeolite. The isolated Mo oxide
nanostructures anchored on these three types of zeolite sites
are shown schematically in Fig. 1 and with 3D animation in
movie S1.

Dynamic changes of Mo nanostructures under reaction
and regeneration conditions were evaluated by simultane-
ously collecting operando Raman spectroscopy and online
mass spectrometry measurements first with CH. flow at
953-1053 K (fig. S1) (I7) and then under regeneration condi-
tions with gas-phase O, flow at 773 K (figs. S10 and S11) (7).
Upon CH. introduction, CO, was the only initial carbon-
containing product, and the Raman band at 993 cm™ for the
isolated Mo oxide structures gradually disappeared. Because
CH, was the only reactant, Mo oxide nanostructures re-
duced to oxycarbide or carbide species. Several studies with
different techniques, such as XAFS, Mo Ly edge XANES,
and Mo NMR, provide direct evidence that the reduced Mo
phase is a carbide with the stoichiometry of MoCy or MoC,Oy

and that the initial oxide species agglomerate into particles
with a size of ~0.6 nm (25-28). After the induction period,
CO, formation stopped, the Raman band at 993 cm™ for the
initial Mo oxide species was no longer observed (Fig. 2B and
fig. S1) (17), and the catalyst performed CH, dehydroaroma-
tization with CsHs as the main hydrocarbon product.

Our results demonstrate that an O, treatment can re-
verse both the carbide formation and the agglomeration of
Mo nanostructures. The Raman spectra at 753 K for the ini-
tial catalyst with isolated Mo oxide structures and for the
regenerated catalyst after reaction in Fig. 2 are similar with
a single band at 993 cm™ and a shoulder feature at 950
cm™, The similarity in the Raman band positions and inten-
sities before reaction and after regeneration signifies that
the regeneration converts carbided Mo NPs into an oxide
phase, redisperses this phase into isolated oxide nanostruc-
tures with a single Mo atom, and allows these Mo oxide spe-
cies to diffuse and then stabilize on substantially the same
zeolite anchoring sites as in the initial catalyst before the
reaction,

Effects of regeneration time with O, on the identity of
Mo nanostructures and on catalytic performance with CHs
after regeneration were evaluated by combining additional
Raman spectroscopic measurements with reaction testing.
Raman spectra were collected in O, flow at 773 K for two 1.3
wt% Mo/ZSM-5 (Si/Al = 15 and 25) catalysts after their deac-
tivation in reaction with CHs. The evolution of Raman spec-
tra as a function of regeneration time in figs. SI0A and SI1A
(17) shows that isolated Mo oxide nanostructures were re-
generated sequentially. Isolated Mo(=0), species anchored
on double Al-atom framework sites were regenerated first,
as evidenced by a single initial Raman band at 993 cm™
With increased regeneration time, a second Raman band at
975 em™ caused by Mo(=0),0H species anchored on single
Al-atom sites appeared and grew in intensity. Finally, a
third Raman band at 984 cm™ due to Mo(=0), species an-
chored on Si sites on the external surface of the zeolite ap-
peared and grew in intensity for the catalyst with a lower Al
concentration in the zeolite (Si/Al = 25 instead of 15). These
direct spectroscopic observations demonstrate that exposure
to gas-phase O, first regenerates isolated Mo oxide
nanostructures anchored on double Al-atom sites and then
forces these species to migrate to single Al-atom sites and,
eventually, to Si sites on the external surface of the zeolite.

A comparison of CsHs formation rates in CH, conversion
as a function of time on stream for a fresh 1.3 wt% Mo/ZSM-
5 catalyst (Si/Al = 25) and the same catalyst after deactiva-
tion in the reaction with CH, and subsequent regeneration
for 120 min in Fig. 3A demonstrates that the catalytic per-
formance can be fully restored. The CsHs formation rates
after regeneration matched those for the fresh catalyst. Ad-
ditional reaction results for CsHs and H, formation rates for
two 1.3 wt% Mo/ZSM-5 (Si/Al = 15 and 25) catalysts as a
function of regeneration time in figs. S10 and S11 (7) show
that both the overall activity and selectivity to C¢Hg fully
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recovered after regeneration. Thus, rapid catalyst deactiva-
tion can be successfully addressed by regeneration with gas-
phase O,, and the catalyst life time can be extended by re-
peated regeneration cycles.

Correlations between the structure of the initial Mo ox-
ide species and catalytic performance can be established by
comparing the evolution of the Raman spectra with changes
in reaction rates as a function of regeneration time in figs.
S10 and S11 (17). The catalytic activity was restored once Mo
oxide nanostructures on double Al-atom framework sites
were regenerated (after ~20 min). With increased regenera-
tion time, these isolated Mo oxide species migrated from
double to single Al-atom zeolite framework sites and the
catalytic performance with CH. remained unchanged. Fur-
thermore, the catalytic performance of a regenerated cata-
lyst can be optimized and exceed that of a fresh catalyst if
the regeneration treatment is stopped before Mo oxide
nanostructures are forced to migrate to Si anchoring sites
on the external surface of the zeolite. Specifically for the 1.3
wt% Mo/ZSM-5 (Si/Al = 25) catalyst, Mo oxide nanostruc-
tures were regenerated and moved from double to single Al-
atom zeolite framework sites for regeneration times be-
tween 20 and 100 min (fig. SI11A) (I7). Importantly, Mo
nanostructures remained anchored on zeolite framework Al
sites when the regeneration was limited to this duration,
and the rates of CsHs formation for such regenerated cata-
lyst samples actually exceeded those for the fresh catalyst.
The CsHs formation rates for a catalyst regenerated for 100
min shown in Fig. 3A exceeded those for the same catalyst
prior to deactivation during the initial time on stream peri-
od. In contrast, when the regeneration time was extended
beyond 100 min, Mo oxide nanostructures were forced to
migrate from Al framework sites to Si anchoring sites on the
external surface of the zeolite. This change in the anchoring
sites caused the catalytic activity to decrease to the level of
the fresh catalyst, and the CsHg formation rates for the cata-
lyst regenerated for 120 min in Fig. 3A matched those for
the fresh catalyst. With time on stream with CH,, the cata-
Iytic activity likely declined because of migration, growth,
and coking of Mo NPs, and the performance for all regener-
ated catalysts eventually became indistinguishable. Howev-
er, in the first 60 min of time on stream, the benzene
formation rates in Fig. 3A and fig. S11C (17) were dependent
on the identity of the initial Mo oxide nanostructures.

For understanding these initial activity differences, tran-
sition state DFT calculations were used for comparing CH,
activation over catalytic Mo carbide nanostructures an-
chored on the identified three types of anchoring sites: dou-
ble and single Al-atom zeolite framework sites as well as Si
sites on the external surface of the zeolite. The calculations
compared the first step (breaking of the CHs-H bond in me-
thane), which is likely the rate determining, over the Mo
carbide nanostructure with a stoichiometry of MosC, on the
three zeolite anchoring sites (29). The CH, activation mech-
anism is similar for all anchoring sites as illustrated in Fig.

3, which compares reaction pathways for a double Al-atom
anchoring site inside a zeolite framework pore (Fig. 3, B, E,
and F) and a Si site on the external surface of the zeolite
(Fig. 3, B to D). The CH, initially approaches an exposed Mo
atom, an atom which is not directly bonded to the zeolite. In
the transition state (Fig. 3, C and E), CHs forms a Mo-CHs-
H-C cycle where the C atom of CH, binds to the exposed Mo
atom and simultaneously one of the H atoms of CHs binds
to a C atom in the carbide, Thus, a Mo-C pair of atoms in
the Mo carbide nanostructure serves as a single catalytic
active site. This dual Mo-C site activates CH, in a scissoring
motion that produces a CH; group bonded to Mo and an H
atom bonded to C of the carbide (Fig. 3, D and F). Although
the mechanism of CH, activation is similar, differences in
geometries and electronic properties of Mo carbide
nanostructures anchored on Al and Si sites lead to differ-
ences in their catalytic properties. The CH, activation ener-
gy over the Mo carbide anchored on the double Al-atom site
of 112 kJ/mol in Fig. 3E is lower than 140 kJ/mol for the Si
site in Fig. 3C. The transition state for the single Al-atom
anchoring site is analogous to that for the double Al-atom
site in Fig. 3E with a comparable activation energy of 117
kJ/mol (table S6) (17). The CH. reaction is, therefore, pre-
dicted to be dominated by the activity of Mo nanostructures
anchored on framework Al sites. This computational result
is consistent with known experimental observations that the
catalytic activity of Mo nanostructures depends strongly on
the Si/Al ratio of the supporting zeolite and declines sub-
stantially when Al framework sites are lost through dealu-
mination (2, 8, 13-15, 30).

The obtained information on the identity of Mo struc-
tures, their regeneration and influence on catalytic activity
opens new opportunities for rational design of improved
catalyst formulations and for optimizing reaction conditions
for direct conversion of natural gas into liquid transporta-
tion fuels and valuable feedstocks for the chemical industry.
It is important to control the distribution of Mo oxide spe-
cies and limit their anchoring to framework Al sites because
initial Mo oxide nanostructures anchored on Al sites of the
zeolite framework are converting into carbided Mo nano-
particles with higher catalytic activity than those produced
by initial Mo oxide species anchored on Si sites. The number
and distribution of single and double Al-atom anchoring
sites can be optimized by adjusting a zeolite synthesis pro-
cedure. The number of Si anchoring sites on the external
surface of the zeolite can be reduced or these Si sites can be
eliminated completely by adjusting the Mo deposition pro-
cedure. Furthermore, the catalytic performance of Mo spe-
cies and their periodic regeneration can be optimized by
adjusting catalyst formulations, for example with promoter
metals, and by changing the temperatures of the reaction
and regeneration, flow rates and other reaction conditions.

Sciencexpness/ sciencemag org/content/early/recent /9 April 2015/ Page 4/10.1 126/science.aaa7048

64




Rz 2 B 1048ER 5289 # B § Redr

REFERENCES AND NOTES

1. E. McFarland, Unconventional chemistry for unconventional natural gas. Science
338, 340-342 (2012). Medline doi:10.1126/science. 1226840

2. J. H. Lunsford, Catalytic conversion of methane to more useful chemicals and
fuels: A challenge for the 2lst century. Catal. Today 63, 165-174 (2000).
doi:10.1016/50920-5861(00)00456-9

3. S. G. Podkolzin, E. E. Stangland, M. E. Jones, E. Peringer, J. A. Lercher, Methyl
chloride production from methane over lanthanum-based catalysts. J. Am.
Chem. Soc. 129, 2569-2576 (2007). Medline doi:10.1021/ja066913w

4,R. Khalilpour, I. A. Karimi, Evaluation of utilization alternatives for stranded natural
gas. Energy 40, 317-328 (2012). do(.10,1016/.energy.2012.01.068

5. International Energy Agency, “Golden Rules for a Golden Age of Gas - World
Energy Outlook Special Report on Unconventional Gas", Paris, France (2012).
wwayv worldenergyoutiook. org/goldenrules/

6. J. A, Labinger, J. E. Bercaw, Understanding and exploiting C-H bond activation.
Nature 417, 507-514 (2002). Medline doi:10.1038/417507a

7.X. Guo, G. Fang, G. Li, H. Ma, H. Fan, L. Yu, C. Ma, X. Wu, D. Deng, M. Wei, D. Tan, R.
Si, S. Zhang, J. Li, L. Sun, Z. Tang, X. Pan, X. Bao, Direct, nonoxidative conversion
of methane to ethylene, aromatics, and hydrogen. Science 344, 616-619 (2014).
Medline doi:10.1126/science 1253150

8. A. Holmen, Direct conversion of methane to fuels and chemicals, Catal. Today 142.
2-8(2009). d0i:10.1016/j.cattod.2009.01.004

9.L. Wang, L. Tao, M. Xie, G. Xu, J. Huang, Y. Xu, Dehydrogenation and aromatization
of methane under non-oxidizing conditions. Catal. Lett. 21, 35-41 (1993).
doi:10.1007/BF00767368

10. L. Y. Chen, L. W. Lin, Z. S. Xu, X. S. Li, T. Zhang, Dehydro-oligomerization of
methane to ethylene and aromatics over molybdenum/HZSM-5 catalyst. J.
Catal. 157,190-200 (1995). doi:10.1006/jcat.1995.1279

11. F. Solymosi, A. Erdshelyi, A. Széke, Dehydrogenation of methane on supported
molybdenum oxides. Formation of benzene from methane. Catal. Lett. 32, 43~
53 (1995). dai:10.1007/BFO0806100

12. J. Z. Zhang, M. A. Long, R. F. Howe, Molybdenum ZSM-5 zeolite catalysts for the
conversion of methane to benzene. Catal Today 44, 293-300 (1998).
doi:10.1016/50920-5861(98)00202-8

13.Y. Xu, X. Bao, L. Lin, Direct conversion of methane under nonoxidative conditions.
J. Catal. 216, 386-395 (2003). doi;10.1016/50021-9517(02)00124-0

14. Z. R. Ismagilov, E. V. Matus, L. T. Tsikoza, Direct conversion of methane on
Mo/ZSM-5 catalysts to produce benzene and hydrogen: Achievements and
perspectives. Energy Environ. Sci 1, 526-541 (2008). doi:10.1039/b810981h

15.T. V. Choudhary, E. Aksoylu, D. W. Goodman, Nonoxidative activation of methane.
Catal. Rev. Sci. Eng. 45, 151-203 (2003). doi:10.1081/CR-120017010

16. J. J. Spivey, G. Hutchings, Catalytic aromatization of methane. Chem. Soc. Rev.
43, 792-803 (2014). Medline doi:10.1039/C3CS60259A

17. Supplementary materials are available on Science Online.

18. H. Tian, C. A. Roberts, . E. Wachs, Molecular structural determination of
molybdena in different environments: Aqueous solutions, bulk mixed oxides, and
supported MoOa catalysts. J. Phys. Chem. C 114, 14110-14120 (2010).

19. E. L. Lee, I. E. Wachs, In situ spectroscopic investigation of the molecular and
electronic structures of SiO2 supported surface metal oxides. J. Phys. Chem. C
111, 14410~14425 (2007). doi:10.1021/jp0735482

20.E. L. Lee, |. E. Wachs, Molecular design and in situ spectroscopic investigation of

multifayered supported MiO«/M20./SiO: catalysts. J. Phys. Chem. C 112, 20418~

20428 (2008). d0i:10.1021/jp805265m

S. Sklenak, J. Dédetek, C. Li, B. Wichterlov, V. Gabova, M. Sierka, J. Sauer,

Aluminium siting in the ZSM-5 framework by combination of high resolution ZAl

NMR and DFT/MM calculations. Phys. Chem. Chem. Phys. 11, 1237-1247 (2009).

Medline doi:10.1039/B8807755

J. D&detek, Z. Sobalik, B. Wichterlova, Siting and distribution of framework

aluminium atoms in silicon-rich zeolites and impact on catalysis. Catal. Rev. Sci.

Eng. 54,135-223 (2012). doi:10.1080/01614940 2012 632662

J.-P. Tessonnier, B. Louis, S. Walspurger, J. Sommer, M.-J. Ledoux, C. Pham-

Huu, Quantitative measurement of the Brénsted acid sites in solid acids: Toward

a single-site design of Mo-modified ZSM-5 zeolite. J. Phys. Chem. B 110, 10390~

10395 (2006). Medline dai:10.1021/jp0602629

24. P. Hoffmann, J. A. Lobo, Identification of diverse silanols on protonated ZSM-5
zeolites by means of FTIR spectroscopy. Microporous Mesoporous Mater. 106,
122-128 (2007). doi:10.1016/). micromese.2007.02.035

2L

=

22.

S

23,

Sciencexpress/ sciencema

25. H. S. Lacheen, E. Iglesia, Stability, structure, and oxidation state of Mo/H-ZSM-5
catalysts during reactions of CHa and CHs-CO2 mixtures. J. Catal. 230, 173-185
(2005). doi:10.1016/j.jcat 2004.11.037

26. H. Aritani, H. Shibasaki, H. Orihara, A, Nakahira, Methane dehydroaromatization
over Mo-modified H-MFI for gas to liquid catalysts. J. Environ. Sci. (China) 21,
736-740 (2009). Medline doi:10.1016/51001-0742(08)62333-5

27.S. Liu, L. Wang, R. Ohnishi, M. chikawa, Bifunctional catalysis of Mo/HZSM-5 in
the dehydroaromatization of methane to benzene and naphthalene
XAFS/TG/DTA/MASS/FTIR characterization and supporting effects. J. Catal.
181, 175-188 (1999). doi:10.1006/jcat.1998.2310

28. H. Zheng, D. Ma, X. Bao, J. Z. Hu, J. H. Kwak, Y. Wang, C. H. F. Peden, Direct
observation of the active center for methane dehydroaromatization using an
ultrahigh field ®Mo NMR spectroscopy. J. Am. Chem. Soc. 130, 3722-3723
(2008). Medline doi:10.1021/ja7110916

29. J. Gao, Y. Zheng, G. B. Fitzgerald, J. de Joannis, Y. Tang, I. E. Wachs, S. G.
Podkolzin, Structure of MozCx and MoaCx molybdenum carbide nanoparticles and
their anchoring sites on ZSM-5 zeolites. J. Phys. Chem. C 118, 4670-4679
(2014). doi:10.1021/jp4106053

30. J. P. Tessonnier, B. Louis, S. Rigolet, M. J. Ledoux, C. Pham-Huu, Methane
dehydro-aromatization on Mo/ZSM-5: About the hidden role of Bransted acid
sites. Appl. Catal. A 336, 79-88 (2008). doi:10.1016/|.apcata.2007,.08.026

ACKNOWLEDGMENTS

The work in Simon G. Podkolzin's group at Stevens Institute of Technology was
supported by the National Science Foundation under grant CBET-1133987. The
work at in Israel E. Wachs' group at Lehigh University was supported by the
National Science Foundation under grant CBET-1134012. The Materials Studio
software was used under a collaborative research license from BIOVIA Corp. in
San Diego, California, USA. Author contributions: J.G. and Y.Z. obtained the
computational and reaction testing results and discussed the overall results, J.-
M.J. and Y.T. obtained the experimental spectroscopic data and discussed the
overall results, |.E.W. conceived and supervised the spectroscopic experiments
and interpreted the results, and S.G.P. conceived and supervised the
calculations and reaction testing, interpreted the results, and prepared the initial
manuscript.

SUPPLEMENTARY MATERIALS
www.sciencemag.org/cgi/content/full/science.aaa7048/DC1
Materials and Methods

Figs. S1to S12

Tables S1to S6

References

Movie S1

16 January 2015; accepted 26 March 2015
Published online 9 April 2015
10.1126/science.aaa7048

.org/content/early/recent /9 April 2015 / Page 5/ 10.1126/science.aaa7048

65




Bed 810458 ER5 28D 5B § 4

Table 1. DFT calculated vibrational modes for isolated Mo oxide species supported on ZSM-5, cm™.
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Fig. 1. Spectroscopic measurements.
(A) Electronic edge values based on in
situ UV-vis spectra of reference Mo oxide
compounds exhibit a linear correlation
with the number of bridging Mo-O-Mo
covalent bonds around the central Mo
cation. The value of 4.8 eV for 2 wt%
Mo/ZSM-5 (Si/Al = 15) corresponds to
Mo oxide species with a single Mo atom.
In situ Raman spectra of Mo/ZSM-5
catalysts under oxygen flow at 773 Kas a
function of (B) Mo loading for constant
Si/Al = 15 and (C) Si/Al ratio for
constant 1.3 wt% Mo loading with band
assignments to Mo oxide species based
on DFT calculations.
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Fig. 2. Operando Raman spectra of 2 wt% Mo/ZSM-5 (Si/Al
= 15). (A) after initial pretreatment with gas-phase oxygen, (B)
during reaction with methane, and (C) after regeneration with
gas-phase oxygen. The spectra demonstrate that the initial

Mo(=0)** nanostructures

anchored on double Al-atom

framework sites, which are shown schematically on the right
and in a zeolite pore below, with a vibrational mode at 993 cm*
are recovered after regeneration.

Sciencexpress/ sciencemag.org/content/early/recent /9 April 2015 / Page 7/ 10.1126/science.aaa7048

67




Rr? 271045 R % 259778 B 3K

w
w
1

<— Regenerated
for 100 min

Regenerated
for 120 min

154 w
©n =)
T T

Benzene formation rate, 1/s x 10
[ 3]
o
T

—
W

PR IR T

' N e/
20 40 60 80 ,C-H distance: 0.11 nm
Time on stream, min Energy: 0 kd/mol

Fig. 3. Catalytic activity of Mo nanostructures. (A) Benzene formation rates in methane
conversion over a 1.3 wt% Mo/ZSM-5 (Si/Al = 25) catalyst. The catalytic activity declines with
time on stream, but is fully restored after 120 min of gas-phase oxygen regeneration. Initial
activity is enhanced by controlling the distribution of Mo nanostructures: activity is higher
after 100 min of regeneration when Mo oxide nanostructures are anchored mostly on
framework Al sites and not forced to migrate to Si sites on the external surface of the zeolite.
Reaction mechanism calculations show that the energy barrier for methane activation with
the formation of CH; and H species on the surface of the catalyst is lower when a Mo

nanostructure is anchored on a framework Al site (B, E, and F) than on a Si site on the
external surface (B to D).
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Saliva proteome profiling reveals potential salivary
biomarkers for detection of oral cavity squamous
cell carcinoma

Chih-Ching Wu'-2, Hao-Wei Chu®, Chia-Wei Hsu?, Kai-Ping Chang®** and Hao-Ping Liu®

" Department of Medical Biotechnology and Laboratory Science, College of Medicine, Chang Gung University,
Taoyuan, Taiwan

2 Molecular Medicine Research Center, Chang Gung University, Taoyuan, Taiwan

* Graduate Institute of Biomedical Sciences, College of Medicine, Chang Gung University, Taoyuan, Taiwan

* Department of Otolaryngology-Head & Neck Surgery, Chang Gung Memorial Hospital, Taoyuan, Taiwan

5 Department of Veterinary Medicine, National Chung Hsing University, Taichung, Taiwan

Oral cavity squamous cell carcinoma (OSCC), which is frequently associated with poor prog- Received: April 23,2015
nosis and mortality, is a leading cause of cancer-related death worldwide. Discovery of body Revised: June 3, 2015
fluid accessible biomarkers is needed to improve OSCC screening. To this end, we profiled Accepted: July 17, 2015
proteomes of saliva from the healthy volunteers, the individuals with oral potentially malignant

disorders (OPMD), and the OSCC patients by means of SDS-PAGE coupled with LC-MS/MS.

In the control, the OPMD, and the OSCC groups, 958, 845, and 1030 salivary proteins were

detected, respectively. With spectral counting-based label-free quantification, 22 overexpressed

salivary proteins were identified in the OSCC group compared with the healthy controls and

the OPMD individuals. Among them, resistin (RETN) was subjected to further validation with

an independent cohort using ELISA. The data confirmed that the salivary RETN levels in the

OSCC patients were significantly higher than that in the healthy or in the OPMD group. More-

over, the elevated levels of salivary RETN were highly correlated with late-stage primary tumors,

advanced overall stage, and lymph-node metastasis. Our results not only reveal that profiling

of saliva proteome is feasible for discovery of OSCC biomarkers, but also identify RETN as a

potential salivary biomarker for OSCC detection.

Keywords:
Biomarker / Biomedicine / Oral cancer / Resistin / Salivary proteome

Additional supporting information may be found in the online version of this article at
the publisher’s web-site

1 Introduction United States [1]. In Taiwan, OSCC is the fifth most common

malignancy and causes more than 2500 deaths per year [2].
Oral cavity squamous cell carcinoma (OSCC) is a devastating Despite remarkable advances in recent therapeutic strategies,
disease, accounting for 3% of all cancer cases annually in the approximately 50% of patients decease within 5 years after

having been diagnosed with OSCC [3,4]. The poor outcome
of OSCC patients is principally ascribed to the fact that the
disease is often advanced at the time of diagnosis, emerging
that early detection of OSCC is urgent to better the treatment
outcome and reduce the heavy burden of OSCC [3,4].

Up to date, OSCC screening relies on visual exam-

Abbreviations: DAVID, Database for Annotation, Visualization ination of the oral cavity performed by dentists and
and Integrated Discovery; HCL, hierarchical clustering; KEGG, Ky-
oto Encyclopedia of Genes and Genomes; OPMD, oral potentially

Correspondence: Dr. Hao-Ping Liu, Department of Veterinary
Medicine, National Chung Hsing University, No. 250, Guoguang
Rd., South Dist., Taichung 402, Taiwan

E-mail: hpliu@dragon.nchu.edu.tw

malignant disorders; OSCC, oral cavity squamous cell carcinoma; *Additional corresponding author: Dr. Kai-Ping Chang,
RETN, resistin; SC, spectral count E-mail: dr.kpchang@ gmail.com
© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
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Significance of the study

Oral cancer is a devastating disease worldwide. Screening
of oral cancer nowadays still depends on visual examination
of oral cavity performed by dentists and otolaryngologists.
Despite emerging needs to advance detection of oral cancer,
no body fluid accessible biomarker has been approved for
clinical use to date. In an attempt to identify novel salivary
biomarkers of oral cancer, weherein simultaneously profiled
the proteomes of saliva samples from the healthy volunteers,

otolaryngologists to look for possible signs of the malignan-
cies. Although accessing the biomarkers in body fluids could
be a practical approach for cancer detection [5,6], no candidate
marker of OSCC has yet been approved for clinical use. In
spite of many efforts made for discovery of OSCC biomark-
ers, unfortunately, most of the to-date-identified biomarkers
are not effective enough to detect OSCC at early stage (7, 8].
In this regard, identification of useful biomarkers for early
detection of OSCC is still in urgent need.

OSCC cells are surrounded by salivary milieu, and thus
it is clinically practicable to detect salivary protein markers
for OSCC detection [8,9]. Indeed, a few recent reports have
demonstrated the feasibility of discovery of OSCC biomarker
candidates by identification of proteins with elevated lev-
els in saliva of OSCC patients [10-12]. Notably, majority of
OSCC are believed to be derived from oral potentially ma-
lignant disorders (OPMD), i.e. the oral premalignant lesions
including oral submucous fibrosis, erythroplakia, hyperker-
atosis/epithelial hyperplasia, and epithelial dysplasia [13, 14].
The annual rates of hyperkeratosis/epithelial hyperplasia, ver-
rucous hyperplasia, and epithelial dysplasia for OSCC devel-
opment are 3.26, 5.21, and 7.62%, respectively [15]. It is ratio-
nale to comparatively analyze the saliva proteomes between
the OPMD individuals and the OSCC patients to discover
effective biomarkers for early detection of OSCC.

In this study, we aimed to discover salivary OSCC biomark-
ers by comparative profiling of saliva proteomes of the healthy
volunteers, the OPMD individuals, and the OSCC patients
using SDS-PAGE coupled with LC-MS/MS. Protein quan-
tification with a spectral counting-based label-free approach
revealed that the salivary levels of 44 and 45 proteins were el-
evated in the OSCC patients compared with the healthy and
with the OPMD groups, respectively. Among the identified
candidates, the effectiveness of resistin (RETN) was further
validated by ELISA with a larger validation cohort.

2 Materials and methods
2.1 Patient populations and clinical specimens
The saliva samples used for proteome profiling were collected

from ten healthy volunteers, nine individuals with OPMD,
and ten OSCC patients seen at the Chang Gung Memorial

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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the individuals with oral premalignant lesions, and the oral
cancer patients. The salivary proteome of the oral cancer has
been reported previously; however, our study revealed for the
first time the salivary proteome of the individuals with oral
premalignant lesions. Our results not only reveal that profil-
ing of saliva proteome is feasible for discovery of oral cancer
biomarkers, but also identify salivary resistin as a potential
biomarker for detection of oral cancer.

Hospital (CGMH), Taoyuan, Taiwan from 2012 to 2013
(Table 1). The saliva samples used for ELISA were collected
from 99 healthy volunteers, 99 individuals with OPMD, and
87 OSCC patients seen at the CGMH from 2012 to 2014
(Table 1). All volunteers were examined by an oral mucosal
screening test. The cases of OPMD and OSCC were biopsy-
proven, and patients underwent routine check-ups according
to standard protocols. This research followed the tenets of
the Declaration of Helsinki. All subjects signed an informed
consent form approved by the Institutional Review Board of
CGMH prior to participation and/or the use of previously
collected saliva samples.

For the collection of saliva samples, the donors avoided eat-
ing, drinking, smoking, and using oral hygiene products for
at least 1 h before collection, and unstimulated whole saliva
was obtained before oral mucosal examination. The collected
samples were centrifuged at 3000 x g for 15 min at 4°C.
The supernatants were immediately treated with a protease
inhibitor mixture (2 pL/mL; Sigma-Aldrich, St. Louis, MO,
USA), and then aliquoted into smaller volumes and stored at
-80°C. To avoid issues with protein degradation, we did not
reuse thawed saliva samples.

2.2 SDS-PAGE and in-gel protein digestion

Proteins (30 pg) from the saliva samples were separated using
10% SDS-PAGE and stained with 0.5% Coomassie Brilliant
Blue G-250 {AppliChem GmbH, Germany). The stained gel
lanes were cut into 25 slices and subjected to in-gel tryp-
tic digestion as described previously [16, 17]. Briefly, the gel
pieces were destained in 10% methanol (Mallinckrodt Baker,
NJ, USA), then dehydrated in ACN (Mallinckrodt Baker, NJ,
USA) and dried in a SpeedVac. The proteins were reduced
with 25 mM NH,HCO; containing 10 mM DTT (Biosynth
AG, Switzerland) at 60°C for 30 min and alkylated with
55 mM iodoacetamide (Amersham Biosciences, UK) at room
temperature for 30 min. After reduction and alkylation, pro-
teins were digested by sequencing-grade modified porcine
trypsin (20 pg/mL; Promega, Madison, W1, USA) overnight
at 37°C. Peptides were extracted with ACN and dried in a
SpeedVac.

www.proteomics-journal.com
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Table 1. Characteristics of saliva samples used for proteome profiling and ELISA

Characteristics

Groups of saliva samples

Healthy individuals OPMD#! OSCC
Saliva samples for proteome profiling
Number of male/female 10/0 9/0 10/0
Range/median of age (years) 36-74/49 35-75/53 36-62/49
Number of individuals with habitual behaviors
Betel nut chewing 6 9 10
Smoking 9 10
Alcohol consumption 10 8 8
Number of patients with well/moderate/poor - - 2/5/3
differentiated cancers
Number of patients with T1/T2/T3/T4 pT status - - 1/2/3/4
Number of patients with NO/N1/N2 pN status - - 5/3/2
Number of patients with overall stage I/1I/1I/1V - - 2/2/2/4
Saliva samples for ELISA
Number of male/female 95/4 94/5 83/4
Range/median of age (years) 30-83/62 29-86/53 31-79/51
Number of individuals with habitual behaviors
Betel nut chewing 59 74 76
Cigarette smoking 87 90 75
Alcohol consumption 48 58 60
Number of patients with well/moderate/poor - - 11/53/17
differentiated cancers®!
Number of patients with T1/T2/T3/T4 pT statusP! = = 25/26/8/22
Number of patients with NO/N1/N2 pN status? - — 47/8/26
Number of patients with overall stage I/11/11I/1vP} - - 23/16/6/36

a) The individuals with homogeneous leukoplakia, histological hyperkeratosis, acanthosis, squamous hyperplasia, speckle leukoplakia,
erythroplakia, verrucous hyperplasia, submucous fibrosis, or histologically epithelial dysplasia in oral cavity are classified as the oral

potential malignant disorder (OPMD).
b) The information of six patients is unavailable.

2.3 Reverse-phase LC-MS/MS analysis

For protein identification, each tryptically digested peptide
mixture was reconstituted in HPLC buffer A (0.1% formic
acid; Sigma-Aldrich), loaded on to a trap column (Zorbax
3008B-C18, 0.3 x 5 mm; Agilent Technologies, Taiwan) at
a flow rate of 0.2 pL/min in HPLC buffer A, and separated
on a resolving 10-cm analytical Cig column (inner diameter,
75 um) using a 15-um tip (New Objective, Woburn, MA,
USA). The peptides were eluted using a linear gradient of
0-109% HPLC buffer B (99.9% ACN containing 0.1% formic
acid) for 3 min, 10-30% buffer B for 35 min, 30-35% buffer
B for 4 min, 35-50% buffer B for 1 min, 50-95% buffer B
for 1 min, and 95% buffer B for 8 min, all at a flow rate of
0.25 pL/min across the analytical column.

The LC apparatus was coupled with a two-dimensional
linear ion trap mass spectrometer (LTQ-Orbitrap, Thermo
Fisher, CA, USA) operated using the Xcalibur 2.0 software
package (Thermo Fisher). Intact peptides were detected in
the Orbitrap at a resolution of 30 000. Internal calibration
was performed uging the ion signal of (Si(CH3),0)¢H* at
m/z 445.120025 as a lock mass. For the MS analysis, we used
a data-dependent procedure that alternated between one MS
scan and six MS/MS scans for the six most abundant pre-
cursor ions. The m/z values selected for the MS/MS analyses

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

were dynamically excluded for 180 s. The electrospray voltage
was applied at 1.8 kV. Both MS and MS/MS spectra were
acquired using the one microscan with maximum fill times
of 1000 ms and 100 ms for the MS and MS/MS analyses,
respectively. To prevent overfilling of the ion trap, automatic
gain control was used. For the generation of MS/MS spectra,
5 x 10* ions were accumulated and resolved in the ion trap.
For the MS scans, the m/z scan range was set at 350-2000 Da
[18].

2.4 Protein database searching for protein
identification

For database searching, the obtained MS/MS spectra were
analyzed using the Mascot algorithm (Version 2.1, Matrix
Science, Boston, MA, USA) against the Swiss-Prot human
sequence database (released Jun 15, 2010, selected for Homo
sapiens, 20 367 entries) of the European Bioinformatics In-
stitute. The fragment ion mass tolerance was set to 0.5 Da
and the parent ion mass tolerance was set to 10 ppm, with
trypsin as the digestion enzyme. Up to one missed cleavage
was allowed, and searches were performed with the param-
eters of: variable oxidation on methionine (+15.99 Da) and
fixed carbamidomethylation on cysteine (457 Da). A random

www.proteomics-journal.com
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sequence database was used to estimate false-positive rates
for peptide matches.

After Mascot searching, the obtained files were processed
through the Scaffold software (Version 3.1; Proteome Soft-
ware, Portland, OR, USA). The Scaffold software includes the
PeptideProphet, which aids in the assignment of peptide MS
spectra, as well as the Protein Prophet program, which assigns
and groups peptides to a unique protein/protein family when
they are shared among several isoforms. We used Peptide-
Prophet and ProteinProphet probabilities > 0.95 to ensure
an overall false-discovery rate below 0.5%. Only proteins with
two or more identified peptides were retained in this study
[6,19].

25 Saliva proteome quantification and
bioinformatics

For relative quantification of proteins, we performed label-
free comparison between the saliva proteomes of healthy,
OPMD, and OSCC groups using spectral counting to ascer-
tain dysregulated proteins. The numbers of spectra assigned
for each protein were exported from the Scaffold software in
the MS Excel format. The normalized spectral count (SC) of
each protein in the experiment was obtained by dividing the
SC of a given protein with the total SC of the experiment.
The fold change was determined by dividing the average SC
from OSCC by that from control or OPMD. The fold changes
were then transformed into log, scale. We failed to identify all
proteins in all experiments; unidentified proteins or missing
values in a particular example were assigned an SC of one to
avoid dividing by zero and to prevent overestimation of fold
changes [19].

To classify the saliva proteome with principal component
analysis (PCA) and hierarchical clustering (HCL) analysis, all
values of normalized SCs were transformed to Z scores. If
the protein was not identified in a given sample but present
in the others, half the minimum normalized SC from the
other samples was assigned to that protein. The Z scores
were calculated as Z = (X - ) /o5, where X is the individual
normalized SCs, ., is the mean of the normalized SCs for
an identified proteins across samples, and o, is the standard
deviation (SD) associated with ... The Z scores of the identi-
fied proteins were than imported to Partek Genomics Suites
(Partek Inc., St. Louis, MO, USA) for PCA and HCL analy-
ses. For HCL analysis of proteins identified, the unsupervised
two-way clustering was performed using the Z scores of the
identified proteins based on Pearson similarity and Ward's
linkage method [20]. Biological process classifications and
signaling pathway analysis were performed with the tools on
the Database for Annotation, Visualization and Integrated
Discovery (DAVID, v6.7, http://david.abcc.nciferf.gov/) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (http://www.genome.jp/kegg/pathway.html), re-
spectively. The STRING online software (version 10) was
used to search for interaction relationships of the proteins

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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differentially expressed in the OSCC, and the required confi-
dence (combined score) > 0.4 was used as the cut-off criterion
[21).

2.6 ELISA for detection of salivary RETN

Salivary levels of RETN were determined using the ELISA
kit (Cat. No. DY1359) from R&D Systems (Minneapolis, MN,
USA) according to the protocols provided by the manufac-
turer. Saliva samples were diluted 50-fold with PBS. All the
experiments were performed in duplicate.

2.7 Statistic analysis

The Mann-Whitney U test was used for comparing the pro-
tein levels between groups. Survival rates were obtained us-
ing the Kaplan-Meier method and compared by the log-rank
test. The receiver operator characteristic (ROC) curve was
constructed by plotting the sensitivities for given specificity
levels of RETN, and then calculating the area under the curve
(AUC). P values < 0.05 were considered statistically signifi-
cant. All data were processed by SPSS software version 12.0
(SPSS Inc., Chicago, IL, USA).

3 Results

3.1 Profiling of saliva proteome of the healthy, the
OPMD, and the OSCC groups

To identify novel salivary biomarkers for OSCC detection,
the proteomes of saliva samples from ten healthy volun-
teers, nine individuals with OPMD, and ten OSCC patients
were analyzed by using SDS-PAGE coupled with LC-MS/MS
(Table 1). To diminish the influences of between-individual
variations, the saliva samples from individuals in the given
group were pooled equally (Table 1). The pooled salivary pro-
teins (30 g for each group) were separated with SDS-PAGE
and sequentially stained with Coomassie blue (Fig. 1A). Then
the gels were divided into 25 fractions, and each fraction was
sliced into three for technical replicates. After in-gel tryptic
digestion, peptides were analyzed by LC-MS/MS. Spectral
searches were performed with Mascot Server in a Swiss-Prot
database, and the results were further integrated with the
Scaffold software. When cutoffs of peptide probability > 0.95
and protein probability > 0.95 are imposed, 1173 nonredun-
dant proteins with > 2 peptide hits were identified in the
salivary samples (Fig. 1B and Supporting Information Table
1). Among the 1173, 742 (63.26%) proteins were present in
all three groups, whereas 75 (6.39%), 32 (2.73%), and 148
(12.629) proteins were uniquely detected in the control, the
OPMD, and the OSCC groups, respectively (Fig. 1B and Sup-
porting Information Table 1).

To estimate the reproducibility of our proteomic anal-
yses, the salivary proteins identified in three replicates
were analyzed for overlapping members. For each group,
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Oral cavity squamous cell carcinoma (OSCC), which is frequently associated with poor prog- Received: April 23,2015
nosis and mortality, is a leading cause of cancer-related death worldwide. Discovery of body Revised: June 3, 2015
fluid accessible biomarkers is needed to improve OSCC screening. To this end, we profiled Accepted: July 17, 2015
proteomes of saliva from the healthy volunteers, the individuals with oral potentially malignant

disorders (OPMD), and the OSCC patients by means of SDS-PAGE coupled with LC-MS/MS.

In the control, the OPMD, and the OSCC groups, 958, 845, and 1030 salivary proteins were

detected, respectively. With spectral counting-based label-free quantification, 22 overexpressed

salivary proteins were identified in the OSCC group compared with the healthy controls and

the OPMD individuals. Among them, resistin (RETN) was subjected to further validation with

an independent cohort using ELISA. The data confirmed that the salivary RETN levels in the

OSCC patients were significantly higher than that in the healthy or in the OPMD group. More-

over, the elevated levels of salivary RETN were highly correlated with late-stage primary tumors,

advanced overall stage, and lymph-node metastasis. Our results not only reveal that profiling

of saliva proteome is feasible for discovery of OSCC biomarkers, but also identify RETN as a

potential salivary biomarker for OSCC detection.
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1 Introduction United States [1]. In Taiwan, OSCC is the fifth most common

malignancy and causes more than 2500 deaths per year [2].
Oral cavity squamous cell carcinoma (OSCC) is a devastating Despite remarkable advances in recent therapeutic strategies,
disease, accounting for 3% of all cancer cases annually in the approximately 50% of patients decease within 5 years after

having been diagnosed with OSCC [3,4]. The poor outcome
of OSCC patients is principally ascribed to the fact that the
disease is often advanced at the time of diagnosis, emerging
that early detection of OSCC is urgent to better the treatment
outcome and reduce the heavy burden of OSCC [3,4].

Up to date, OSCC screening relies on visual exam-
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Significance of the study

Oral cancer is a devastating disease worldwide. Screening
of oral cancer nowadays still depends on visual examination
of oral cavity performed by dentists and otolaryngologists.
Despite emerging needs to advance detection of oral cancer,
no body fluid accessible biomarker has been approved for
clinical use to date. In an attempt to identify novel salivary
biomarkers of oral cancer, weherein simultaneously profiled
the proteomes of saliva samples from the healthy volunteers,

otolaryngologists to look for possible signs of the malignan-
cies. Although accessing the biomarkers in body fluids could
be a practical approach for cancer detection [5,6], no candidate
marker of OSCC has yet been approved for clinical use. In
spite of many efforts made for discovery of OSCC biomark-
ers, unfortunately, most of the to-date-identified biomarkers
are not effective enough to detect OSCC at early stage (7, 8].
In this regard, identification of useful biomarkers for early
detection of OSCC is still in urgent need.

OSCC cells are surrounded by salivary milieu, and thus
it is clinically practicable to detect salivary protein markers
for OSCC detection [8,9]. Indeed, a few recent reports have
demonstrated the feasibility of discovery of OSCC biomarker
candidates by identification of proteins with elevated lev-
els in saliva of OSCC patients [10-12]. Notably, majority of
OSCC are believed to be derived from oral potentially ma-
lignant disorders (OPMD), i.e. the oral premalignant lesions
including oral submucous fibrosis, erythroplakia, hyperker-
atosis/epithelial hyperplasia, and epithelial dysplasia [13, 14].
The annual rates of hyperkeratosis/epithelial hyperplasia, ver-
rucous hyperplasia, and epithelial dysplasia for OSCC devel-
opment are 3.26, 5.21, and 7.62%, respectively [15]. It is ratio-
nale to comparatively analyze the saliva proteomes between
the OPMD individuals and the OSCC patients to discover
effective biomarkers for early detection of OSCC.

In this study, we aimed to discover salivary OSCC biomark-
ers by comparative profiling of saliva proteomes of the healthy
volunteers, the OPMD individuals, and the OSCC patients
using SDS-PAGE coupled with LC-MS/MS. Protein quan-
tification with a spectral counting-based label-free approach
revealed that the salivary levels of 44 and 45 proteins were el-
evated in the OSCC patients compared with the healthy and
with the OPMD groups, respectively. Among the identified
candidates, the effectiveness of resistin (RETN) was further
validated by ELISA with a larger validation cohort.

2 Materials and methods
2.1 Patient populations and clinical specimens
The saliva samples used for proteome profiling were collected

from ten healthy volunteers, nine individuals with OPMD,
and ten OSCC patients seen at the Chang Gung Memorial
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the individuals with oral premalignant lesions, and the oral
cancer patients. The salivary proteome of the oral cancer has
been reported previously; however, our study revealed for the
first time the salivary proteome of the individuals with oral
premalignant lesions. Our results not only reveal that profil-
ing of saliva proteome is feasible for discovery of oral cancer
biomarkers, but also identify salivary resistin as a potential
biomarker for detection of oral cancer.

Hospital (CGMH), Taoyuan, Taiwan from 2012 to 2013
(Table 1). The saliva samples used for ELISA were collected
from 99 healthy volunteers, 99 individuals with OPMD, and
87 OSCC patients seen at the CGMH from 2012 to 2014
(Table 1). All volunteers were examined by an oral mucosal
screening test. The cases of OPMD and OSCC were biopsy-
proven, and patients underwent routine check-ups according
to standard protocols. This research followed the tenets of
the Declaration of Helsinki. All subjects signed an informed
consent form approved by the Institutional Review Board of
CGMH prior to participation and/or the use of previously
collected saliva samples.

For the collection of saliva samples, the donors avoided eat-
ing, drinking, smoking, and using oral hygiene products for
at least 1 h before collection, and unstimulated whole saliva
was obtained before oral mucosal examination. The collected
samples were centrifuged at 3000 x g for 15 min at 4°C.
The supernatants were immediately treated with a protease
inhibitor mixture (2 pL/mL; Sigma-Aldrich, St. Louis, MO,
USA), and then aliquoted into smaller volumes and stored at
-80°C. To avoid issues with protein degradation, we did not
reuse thawed saliva samples.

2.2 SDS-PAGE and in-gel protein digestion

Proteins (30 pg) from the saliva samples were separated using
10% SDS-PAGE and stained with 0.5% Coomassie Brilliant
Blue G-250 {AppliChem GmbH, Germany). The stained gel
lanes were cut into 25 slices and subjected to in-gel tryp-
tic digestion as described previously [16, 17]. Briefly, the gel
pieces were destained in 10% methanol (Mallinckrodt Baker,
NJ, USA), then dehydrated in ACN (Mallinckrodt Baker, NJ,
USA) and dried in a SpeedVac. The proteins were reduced
with 25 mM NH,HCO; containing 10 mM DTT (Biosynth
AG, Switzerland) at 60°C for 30 min and alkylated with
55 mM iodoacetamide (Amersham Biosciences, UK) at room
temperature for 30 min. After reduction and alkylation, pro-
teins were digested by sequencing-grade modified porcine
trypsin (20 pg/mL; Promega, Madison, W1, USA) overnight
at 37°C. Peptides were extracted with ACN and dried in a
SpeedVac.
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Table 1. Characteristics of saliva samples used for proteome profiling and ELISA

Characteristics

Groups of saliva samples

Healthy individuals OPMD#! OSCC
Saliva samples for proteome profiling
Number of male/female 10/0 9/0 10/0
Range/median of age (years) 36-74/49 35-75/53 36-62/49
Number of individuals with habitual behaviors
Betel nut chewing 6 9 10
Smoking 9 10
Alcohol consumption 10 8 8
Number of patients with well/moderate/poor - - 2/5/3
differentiated cancers
Number of patients with T1/T2/T3/T4 pT status - - 1/2/3/4
Number of patients with NO/N1/N2 pN status - - 5/3/2
Number of patients with overall stage I/1I/1I/1V - - 2/2/2/4
Saliva samples for ELISA
Number of male/female 95/4 94/5 83/4
Range/median of age (years) 30-83/62 29-86/53 31-79/51
Number of individuals with habitual behaviors
Betel nut chewing 59 74 76
Cigarette smoking 87 90 75
Alcohol consumption 48 58 60
Number of patients with well/moderate/poor - - 11/53/17
differentiated cancers®!
Number of patients with T1/T2/T3/T4 pT statusP! = = 25/26/8/22
Number of patients with NO/N1/N2 pN status? - — 47/8/26
Number of patients with overall stage I/11/11I/1vP} - - 23/16/6/36

a) The individuals with homogeneous leukoplakia, histological hyperkeratosis, acanthosis, squamous hyperplasia, speckle leukoplakia,
erythroplakia, verrucous hyperplasia, submucous fibrosis, or histologically epithelial dysplasia in oral cavity are classified as the oral

potential malignant disorder (OPMD).
b) The information of six patients is unavailable.

2.3 Reverse-phase LC-MS/MS analysis

For protein identification, each tryptically digested peptide
mixture was reconstituted in HPLC buffer A (0.1% formic
acid; Sigma-Aldrich), loaded on to a trap column (Zorbax
3008B-C18, 0.3 x 5 mm; Agilent Technologies, Taiwan) at
a flow rate of 0.2 pL/min in HPLC buffer A, and separated
on a resolving 10-cm analytical Cig column (inner diameter,
75 um) using a 15-um tip (New Objective, Woburn, MA,
USA). The peptides were eluted using a linear gradient of
0-109% HPLC buffer B (99.9% ACN containing 0.1% formic
acid) for 3 min, 10-30% buffer B for 35 min, 30-35% buffer
B for 4 min, 35-50% buffer B for 1 min, 50-95% buffer B
for 1 min, and 95% buffer B for 8 min, all at a flow rate of
0.25 pL/min across the analytical column.

The LC apparatus was coupled with a two-dimensional
linear ion trap mass spectrometer (LTQ-Orbitrap, Thermo
Fisher, CA, USA) operated using the Xcalibur 2.0 software
package (Thermo Fisher). Intact peptides were detected in
the Orbitrap at a resolution of 30 000. Internal calibration
was performed uging the ion signal of (Si(CH3),0)¢H* at
m/z 445.120025 as a lock mass. For the MS analysis, we used
a data-dependent procedure that alternated between one MS
scan and six MS/MS scans for the six most abundant pre-
cursor ions. The m/z values selected for the MS/MS analyses

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

were dynamically excluded for 180 s. The electrospray voltage
was applied at 1.8 kV. Both MS and MS/MS spectra were
acquired using the one microscan with maximum fill times
of 1000 ms and 100 ms for the MS and MS/MS analyses,
respectively. To prevent overfilling of the ion trap, automatic
gain control was used. For the generation of MS/MS spectra,
5 x 10* ions were accumulated and resolved in the ion trap.
For the MS scans, the m/z scan range was set at 350-2000 Da
[18].

2.4 Protein database searching for protein
identification

For database searching, the obtained MS/MS spectra were
analyzed using the Mascot algorithm (Version 2.1, Matrix
Science, Boston, MA, USA) against the Swiss-Prot human
sequence database (released Jun 15, 2010, selected for Homo
sapiens, 20 367 entries) of the European Bioinformatics In-
stitute. The fragment ion mass tolerance was set to 0.5 Da
and the parent ion mass tolerance was set to 10 ppm, with
trypsin as the digestion enzyme. Up to one missed cleavage
was allowed, and searches were performed with the param-
eters of: variable oxidation on methionine (+15.99 Da) and
fixed carbamidomethylation on cysteine (457 Da). A random
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sequence database was used to estimate false-positive rates
for peptide matches.

After Mascot searching, the obtained files were processed
through the Scaffold software (Version 3.1; Proteome Soft-
ware, Portland, OR, USA). The Scaffold software includes the
PeptideProphet, which aids in the assignment of peptide MS
spectra, as well as the Protein Prophet program, which assigns
and groups peptides to a unique protein/protein family when
they are shared among several isoforms. We used Peptide-
Prophet and ProteinProphet probabilities > 0.95 to ensure
an overall false-discovery rate below 0.5%. Only proteins with
two or more identified peptides were retained in this study
[6,19].

25 Saliva proteome quantification and
bioinformatics

For relative quantification of proteins, we performed label-
free comparison between the saliva proteomes of healthy,
OPMD, and OSCC groups using spectral counting to ascer-
tain dysregulated proteins. The numbers of spectra assigned
for each protein were exported from the Scaffold software in
the MS Excel format. The normalized spectral count (SC) of
each protein in the experiment was obtained by dividing the
SC of a given protein with the total SC of the experiment.
The fold change was determined by dividing the average SC
from OSCC by that from control or OPMD. The fold changes
were then transformed into log, scale. We failed to identify all
proteins in all experiments; unidentified proteins or missing
values in a particular example were assigned an SC of one to
avoid dividing by zero and to prevent overestimation of fold
changes [19].

To classify the saliva proteome with principal component
analysis (PCA) and hierarchical clustering (HCL) analysis, all
values of normalized SCs were transformed to Z scores. If
the protein was not identified in a given sample but present
in the others, half the minimum normalized SC from the
other samples was assigned to that protein. The Z scores
were calculated as Z = (X - ) /o5, where X is the individual
normalized SCs, ., is the mean of the normalized SCs for
an identified proteins across samples, and o, is the standard
deviation (SD) associated with ... The Z scores of the identi-
fied proteins were than imported to Partek Genomics Suites
(Partek Inc., St. Louis, MO, USA) for PCA and HCL analy-
ses. For HCL analysis of proteins identified, the unsupervised
two-way clustering was performed using the Z scores of the
identified proteins based on Pearson similarity and Ward's
linkage method [20]. Biological process classifications and
signaling pathway analysis were performed with the tools on
the Database for Annotation, Visualization and Integrated
Discovery (DAVID, v6.7, http://david.abcc.nciferf.gov/) and
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database (http://www.genome.jp/kegg/pathway.html), re-
spectively. The STRING online software (version 10) was
used to search for interaction relationships of the proteins
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differentially expressed in the OSCC, and the required confi-
dence (combined score) > 0.4 was used as the cut-off criterion
[21).

2.6 ELISA for detection of salivary RETN

Salivary levels of RETN were determined using the ELISA
kit (Cat. No. DY1359) from R&D Systems (Minneapolis, MN,
USA) according to the protocols provided by the manufac-
turer. Saliva samples were diluted 50-fold with PBS. All the
experiments were performed in duplicate.

2.7 Statistic analysis

The Mann-Whitney U test was used for comparing the pro-
tein levels between groups. Survival rates were obtained us-
ing the Kaplan-Meier method and compared by the log-rank
test. The receiver operator characteristic (ROC) curve was
constructed by plotting the sensitivities for given specificity
levels of RETN, and then calculating the area under the curve
(AUC). P values < 0.05 were considered statistically signifi-
cant. All data were processed by SPSS software version 12.0
(SPSS Inc., Chicago, IL, USA).

3 Results

3.1 Profiling of saliva proteome of the healthy, the
OPMD, and the OSCC groups

To identify novel salivary biomarkers for OSCC detection,
the proteomes of saliva samples from ten healthy volun-
teers, nine individuals with OPMD, and ten OSCC patients
were analyzed by using SDS-PAGE coupled with LC-MS/MS
(Table 1). To diminish the influences of between-individual
variations, the saliva samples from individuals in the given
group were pooled equally (Table 1). The pooled salivary pro-
teins (30 g for each group) were separated with SDS-PAGE
and sequentially stained with Coomassie blue (Fig. 1A). Then
the gels were divided into 25 fractions, and each fraction was
sliced into three for technical replicates. After in-gel tryptic
digestion, peptides were analyzed by LC-MS/MS. Spectral
searches were performed with Mascot Server in a Swiss-Prot
database, and the results were further integrated with the
Scaffold software. When cutoffs of peptide probability > 0.95
and protein probability > 0.95 are imposed, 1173 nonredun-
dant proteins with > 2 peptide hits were identified in the
salivary samples (Fig. 1B and Supporting Information Table
1). Among the 1173, 742 (63.26%) proteins were present in
all three groups, whereas 75 (6.39%), 32 (2.73%), and 148
(12.629) proteins were uniquely detected in the control, the
OPMD, and the OSCC groups, respectively (Fig. 1B and Sup-
porting Information Table 1).

To estimate the reproducibility of our proteomic anal-
yses, the salivary proteins identified in three replicates
were analyzed for overlapping members. For each group,

www.proteomics-journal.com

93

R2ENETHE ¢




WMe? 8 1008585 2807 48 ¢ %

3398 C-C.Wu et al.

A g a C
F z £ 2

kDa = B © ©

200

116

97

66

55

36

31

21

B salivary v
proteome (958)
(1173)
11) (776)

OPMD oscc
(845) (1030)

Figure 1. Proteome profiling of saliva samples collected from
the healthy volunteers, the OPMD individuals, and the OSCC pa-
tients. (A) Saliva specimens from the healthy controls (ctrl), the
OPMD individuals (OPMD), and the OSCC patients (OSCC) were
collected and processed as described in the Materials and meth-
ods. Proteins (30 pg each lane) were separated by 10% SDS-
PAGE and stained with Coomassie blue. (B) Venn diagrams show
overlaps between the salivary proteins identified in the ctrl, the
OPMD, and the OSCC groups. (C) Venn diagrams display overlaps
between the proteins identified in the three replicates. The total
numbers of identified proteins are listed in brackets.

approximately 60% of the proteins were detected in all three
replicates (Fig. 1C). At least 75% of the proteins were identi-
fied in more than two replicates, whereas around 20% were
exclusive to one replicate (Fig. 1C). To investigate the false-
discovery rate (FDR) of our peptide identification, we addi-
tionally searched the spectra against a decoy database. All
FDRs were below 0.05% (Supporting Information Table 2).
The results collectively indicate that the proteome profiling
was performed adequately.

3.2 Hierarchical clustering analysis of salivary
proteins identified in the healthy control, the
OPMD, and the OSCC groups

To reveal the representative feature of OSCC salivary pro-
teome, we attempted to distinguish OSCC patients from
healthy controls and OPMD individuals by using the abun-
dance of the salivary proteins. To this end, we used the SC

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Principal component analysis (PCA) and hierarchical
clustering (HCL) based on the profiles of salivary proteomes. The
normalized spectral counts of all identified proteins were trans-
formed to Z scores and analyzed via PCA and unsupervised HCL.
(A) Front view (left panel) and lateral view (right panel) of the PCA
map for the first three eigenvectors. The numbers in parenthe-
ses represent the percent variation accounted for each principal
component. (B) Unsupervised two-way HCL was performed ac-
cording to Pearson similarity and Ward's linkage method. Saliva
samples are shown in the rows, and proteins are shown in the
columns. The heat map scale of Zscores ranges from -2.5 (green)
to 2.5 (red) with a midpoint of 0.0 (black).

information to conduct relative quantification of the identi-
fied proteins. The SC of each protein was first divided by
the total SC of a given salivary sample to minimize between-
sample variations in protein quantity. Then each normalized
SC was transformed to a Z score to perform principal compo-
nent analysis (PCA) and unsupervised hierarchical clustering
(HCL) analysis. As shown in Fig. 2, analyses of the salivary
proteomes by PCA and HCL clearly discriminated the OSCC
group from the healthy or the OPMD group. Notably, both
analyses could also distinguish between the healthy control
and the OPMD group (Fig. 2), indicating that the present
strategy indeed adds to discover salivary proteins which are
effective to distinguish OSCC from non-OSCC of different
stages.

3.3 Spectral counting-based approach for discovery
of novel OSCC biomarkers

To identify potential OSCC biomarkers, the relative levels
of 1173 proteins detected in all the saliva samples were
determined by spectral counting-based quantification (Sup-
porting Information Table 3). The fold change of each protein
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was determined by dividing the average SC of the protein in
the OSCC group by that in the control or in the OPMD group.
The resulting ratio was then transformed into a log, value.
A protein with a value larger than the mean plus two SDs
(the OSCC-versus-control and the OSCC-versus-OPMD ra-
tios were above 2.685 and 2.865, respectively) were deemed
overexpressed, while a protein with a value less than the mean
minus two SDs (the OSCC-versus-control and the OSCC-
versus-OPMD ratios were below -2.348 and -2.140, respec-
tively) were considered underexpressed. Based on the cutoffs,
44 and 29 proteins were overexpressed and underexpressed,
respectively, in the OSCC group compared with the control.
Moreover, 45 overexpressed and 29 underexpressed proteins
were identified in the OSCC group compared with the OPMD
group (Fig. 3A and Supporting Information Table 4). Among
these differentially expressed proteins, 33 proteins were in
common (Fig. 3A), including 22 overexpressed and 11 under-
expressed proteins (Fig. 3A and Table 2).

3.4 Biological-process-network analysis of the
differentially expressed proteins

To highlight the biological processes potentially involved in
alteration of OSCC microenvironments, the differentially
expressed proteins identified as described above (Support-
ing Information Table 4) were applied for group-wise anal-
yses with DAVID (v6.7). As shown in Table 3, proteins dif-
ferentially expressed in the OSCC group were highly corre-
lated in chorus with biological processes of polysaccharide
metabolism, protein maturation, responses of defense, in-
flammation and immune, response to wounding, and chem-
ical homeostasis. Notably, the differentially expressed pro-
teins in the OSCC-versus-control comparison were mainly
involved in the response to hormone stimulus, cell adhesion,
and chromatin organization (Table 3). On the other hand, the
differentially expressed proteins in the OSCC-versus-OPMD
comparison were functionally associated with the response
to organic substance, lipid metabolism, and apoptosis regu-
lation (Table 3).

Moreover, the differentially expressed proteins were sub-
jected to the pathway-wise analysis with the KEGG database.
The results revealed that the differentially expressed pro-
teins likely participated in the complement and coagulation
cascades, systemic lupus erythematosus, and metabolism of
xenobiotics and sugar (Supporting Information Table 5). Be-
sides, the protein—protein interaction (PPI) network of the
salivary proteins differentially expressed in the OSCC group
(Table 2) was constructed using STRING online database. Fif-
teen interaction links between proteins were depicted in the
built PPI network (Supporting Information Fig. 1), of which
two modules with more than three proteins involved were rep-
resented. One module showed the interaction of KNG1 with
SERPIND1, VTN, EGF, and PRCP, and the other showed
the interaction of APAO2 with APOA4, LPA, and HSD17B4
(Supporting Information Fig. 1).
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Figure 3. Salivary levels of RETN in the OSCC patients. (A) Venn
diagrams show the differentially expressed salivary proteins in
the OSCC group compared with the control or with the oral poten-
tially malignant disorder (OPMD) group. Among these proteins,
22 overexpressed and 11 underexpressed proteins are in com-
mon in the OSCC-versus-control (OSCC/ctrl) and in the OSCC-
versus-OPMD (OSCC/OPMD) comparisons. The total numbers of
identified proteins are listed in brackets. (B) Salivary levels of
RETN in the healthy controls (ctrl; n = 99), the noncancerous in-
dividuals with OPMD (n = 99), and the OSCC patients (OSCC; n
= 87) are analyzed by RETN-specific ELISA. (C) Salivary levels of
RETN were measured in the OSCC patients with early-stage (pT-
T1/T2; n=51) or late-stage (pT-T3/T4; n = 30) primary OSCC, the
patients without (pN-N = 0; n = 47) or with (pN-N > 0; n = 34)
lymph-node metastasis of OSCC, and the patients with OSCC at
overall stages |-l (stage I-Il; n = 39) or overall stages llI-1V (stage
II-V; n= 42). Data are presented as the upper and lower quartiles
(box), the median value (horizontal lines), the middle 80% distri-
bution (whiskers), and the middle 90% distribution (filled circles)
of the salivary levels of RETN.

3.5 The salivary levels of RETN were elevated in the
OSCC patients

The spectral-counting-based quantification revealed that the

salivary levels of nine proteins (SERPIND1, C6, FABP4, LPA,
RETN, APOA2, C9, HPR, and EPHX1) were elevated in the
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Table 3. Enrichment analysis of biological processes for differentially expressed proteins in saliva of OSCC patients

Biological process® Identified proteins involved in the process pvalue

OSCC patients versus healfthy individuals

Polysaccharide metabolic process ITIH1, ITIH2, HEXA, ITIH4, CHIT1, AGL 1.30 x 104

Protein maturation CPE, C4BPA, C9, FCN3, C6 5.66 x 10™*

Defense response HPR, APOA2, ITIH4, C4BPA, H2BFS, C9, FCN3, APOA4, 1.45 x 103
KNG1, C6

Response to wounding SERPIND1, APOA2, LPA, ITIH4, C4BPA, C9, FCN3, KNG1, Cé 2.24 x 103

Response to hormone stimulus MGP, APOA2, RETN, ACTA1, FABP4 2.96 x 103

Inflammatory response APOA2, ITIH4, C4BPA, C9, FCN3, KNG1, C6 3.09 x 107

Innate immune response C4BPA, C9, FCN3, APOA4, C6 3.25 x 10

Cell adhesion AMBP, ICAM3, MGP. MSLN, ROCK1, IGFALS, GMDS, TGFBI, 349 x 107
VTN, APOA4

Chromatin organization HIST1H2AA, HIST1H1D, H2BFS, PADI4, PHB, HMGB1, 6.42 x 102
HIST1H1B

Chemical homeostasis ACO1, HPR, APOA2, HEXA, SLC4A1, FABP4, APOA4, KNG1 7.27 x 107

OSCC patients versus OPMD individuals

Polysaccharide metabolic process PYGM, PPP1CB, ITIH2, HEXA, ITIH4, CHIT1, GALNTS, IL6ST 7.02 x 107

Immune response IL1F9, MYLPF, IGLL1, HSOD1, CHIT1, TUBB2C, C6, C1QB, 5.80 x 10°
C4BPA, C9, VTN, OTUB1, APOA4

Protein maturation DNER, C4BPA, C9, HSOD1, C1QB, C6 2.36 x 10™*

Response to organic substance PPP2R1A, EPHX1, PYGM, APOA2, APOE, DDAH2, RETN, 3.84 x 10*
SERPINA7, HSOD1, FABP4, C1QB, IL6ST

Defense response HPR, APOA2, DDAH2, ITIH4, C4BPA, C9, APOA4, KNG1, 444 x 10*
C1QB, TUBB2C, C6

Chemical homeostasis PYGM, HPR, APOA2, APOE, HEXA, SLC4A1, FABP4, APOA4, 5.04 x 10*
KNG1, IL6ST

Lipid catabolic process HADHA, APOA2, APOE, HEXA, APOA4, HSD17B4 1.16 x 103

Response to wounding SERPIND1, APOA2, LPA, ITIH4, C4BPA, C9, KNG1, C1QB, C6 277 x 103

Positive regulation of apoptosis PPP2R1A, APOE, RPS3A, C9, HSOD1, KNG1, TUBB2C, Cé 3.40 x 102

Inflammatory response APOA2, ITIH4, CABPA, C9, KNG1, C1QB, C6 3.64 x 107

Lipid localization APOA2, APOE, LPA, HEXA, APOA4 578 x 103

Glycerolipid metabolic process APOA2, APOE, PON1, APOA4, IL6ST 6.45 x 10

a) DAVID (version 6.7) was applied to functionally annotate enriched proteins, using the annotation category GOTERM_BP_FAT. Processes
with at least five protein members and p values less than 0.01 were considered significant.

OSCC group, either compared with the control or with the
OPMD group (Table 2). Noteworthily, these nine proteins
were detected only in the saliva of the OSCC group but not
in the other groups (Table 2). Among them, RETN was sub-
jected to further verification because RETN is involved in the
regponse to hormone stimulus/organic substance which has
not been linked to OSCC until this study (Table 3). With
a larger validation cohort, we carried out ELISA to analyze
the salivary levels of RETN in the healthy controls (n = 99),
the OSCC patients (n = 87), and the noncancerous patients
with OPMD (n = 99). The OPMD group was used to evalu-
ate whether chronic inflammatory diseases in the oral cavity
might lead to the elevated levels of RETN in saliva. As shown
in Fig. 3B, the salivary levels of RETN in the OSCC group
were significantly elevated compared to the healthy controls
(24.27 £27.61versus 13.18 & 14.73 ng/mL, p = 0.005) and to
the OPMD group (24.27 + 27.61 versus 16.00 £ 18.04 ng/mlL,
p = 0.008). The effectiveness of utilizing RETN for detection
of OSCC was further evaluated by receiver operating charac-
teristic (ROC) curve analysis. For discriminating the OSCC
group from the non-OSCC groups (healthy and OPMD), the
area under ROC curve (AUC) of RETN was determined as

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

0.719 (95% confidence interval, 0.715-0.734). With a cut-
off of 16.97 ng/mlL for the salivary RETN, the sensitivity
and specificity for OSCC detection were 54.23 and 80.81%,
respectively.

3.6 The utility of the salivary RETN for 0SCC
prognosis

Next, we investigated whether the salivary levels of RETN
were correlated with the clinical manifestations of OSCC.
As shown in Fig. 3C, the salivary levels of RETN were sig-
nificantly elevated in the patients with late-stage primary
OSCC (pT-T3/T4) compared with those with early-stage pri-
mary OSCC (pT-T1/T2; p = 0.018). Importantly, the sali-
vary levels of RETN in the OSCC patients with lymph-node
metastasis (pPN-N > 0) were higher than that in the pa-
tients without lymph-node metastasis (pN-N = 0; p = 0.002;
Fig. 3C). Counsistently, a similar phenomenon was observed
in the patients with OSCC at overall tumor stages III-IV
compared with those at overall tumor stages I-II (p = 0.002;
Fig. 3C). These results suggest that the salivary levels of
RETN could be useful for prognosis of OSCC. In contrast, no
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97




Bled @22 1048 R 528D ] 5B ¢ %

3402 C.-C.Wuet al.

apparent correlation was observed between the level of sali-
vary RETN and the patient age, habitual behaviors (betel nut
chewing, alcohol consumption, and smoking), and cell dif-
ferentiation (data not shown).

4 Discussion

Screening of OSCC nowadays still depends on visual exami-
nation of oral cavity performed by dentists and otolaryngolo-
gists. Despite emerging needs to advance detection of OSCC,
no body fluid accessible biomarker has been approved for
clinical use to date. This obstacle mainly lies in the inade-
quate effectiveness of the investigated candidates and/or a
lack of rigorous validation with unabridged cohorts. Analy-
sis of salivary proteome has been proposed as a practicable
approach for exploring potential disease biomarkers that are
probably detectable in saliva. In an attempt to identify novel
salivary biomarkers of OSCC, we herein simultaneously pro-
filed and pair-wisely analyzed the salivary proteomes of the
healthy controls, the OPMD individuals, and the OSCC pa-
tients. The salivary proteome of the head-and-neck cancer has
been reported previously [9-12]; however, our study revealed
for the first time the salivary proteome of the OPMD group,
and pair-wisely analyzed the salivary proteomes between the
OSCC and the OPMD groups.

For OSCC screening, the salivary biomarkers appear to be
more practical than the serum biomarkers are, because OSCC
is bathed in salivary milieu. Here, we showed that the salivary
levels of RETN were significantly raised in the OSCC patients
compared with the healthy controls (Fig. 3B). Importantly, the
elevated levels of salivary RETN in the OSCC patients were
highly correlated with late-stage primary tumors, advanced
overall stage, and lymph-node metastasis (Fig. 3C). As saliva
specimens can be acquired readily in clinical practice, our
study suggests that salivary RETN holds the potential to be a
screening biomarker of OSCC. For instance, the level of sali-
vary RETN could be examined, in conjunction with the visual
inspection of oral cavity, to improve detection of OSCC. In
addition to RETN, the salivary thrombospondin-2 (THBS2)
and salivary autoantibodies (auto-Abs) have also been shown
to be effective to distinguish the OSCC patients from the
healthy individuals [8, 19]. Follow-up investigations with the
same cohorts will be warranted to evaluate whether the ef-
ficacy for OSCC detection could be enhanced by utilizing a
panel of salivary biomarkers comprising RETN, THBS2, and
auto-Abs.

We conducted spectral counting-based quantification and
hierarchical clustering analysis to embed the differential sali-
vary proteome with a biological framework (Fig. 2 and Sup-
porting Information Table 3). Our data revealed that the
abundances of salivary proteins could discriminate the OSCC
group from the healthy volunteers and the OPMD group
(Fig. 2). Furthermore, the enrichment analyses of biologi-
cal processes suggested that these differentially expressed
salivary proteins were functionally associated with polysac-

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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charide metabolism, protein maturation, responses of de-
fense, inflammation and immune, response to wounding,
and chemical homeostasis (Table 3). The highlighted pro-
cesses are consistent with the previous notion that the im-
mune, defense, and inflammatory responses are dysregulated
in the OSCC patients [7, 8], and the metabolism program is
altered in cancer cells [22]. On the other hand, the KEGG-
pathway analysis indicated that the differentially expressed
salivary proteins in the OSCC group are highly involved in
the biological pathways of complement/coagulation cascades,
systemic lupus erythematosus, and xenobiotics metabolism,
in agreement with the previous findings that the immune,
coagulation systems, and xenobiotic metabolism are dysreg-
ulated in the patients with head-and-neck cancers [23-25].

RETN is an adipocytokine, which is physiologically se-
creted by adipocytes and involved in regulation of inflamma-
tory responses via inducing the production of IL-6, IL-8, IL-12,
and TNF-« in white adipose tissues [26,27]. RETN promotes
cell growth, differentiation, and migration of endothelial cells,
the processes which are crucial for tumorigenesis and angio-
genesis [28)]. Besides, the elevated levels of serum RETN have
been linked to lung, colon, esophageal, and gastric cancers
[27-30]. Notably, a higherlevel of serum RETN was correlated
with a higher TMN stage and primary tumor progression of
gastric and esophageal cancers [30, 31]. In line with these
findings, we herein showed for the first time that the levels
of salivary RETN were significantly elevated in the OSCC pa-
tients compared with the healthy controls. It is noteworthy
that the elevated levels of salivary RETN are associated with
the positive lymph-node metastasis and the advanced stages
of OSCC. Based on these findings, we propose that alteration
in the protein level of RETN may affect the systemic inflam-
matory responses in the cancer patients and metastasis of the
cancer cells.

In conclusion, we comparatively analyzed the salivary pro-
teomes of the healthy volunteers, the OPMD individuals, and
the OSCC patients by means of the spectral counting-based
protein quantification coupled with the pathway-enrichment
analysis. To the best of our knowledge, this study is one of
the few investigations on the discovery of OSCC biomark-
ers, in which profiling of salivary proteome is integrated with
data-mining bioinformatics to prioritize candidates that are
worthy to be further evaluated. Among the identified marker
candidates, RETN was confirmed to be effective for OSCC
detection, and the elevated level of salivary RETN was highly
correlated with the worse outcome of OSCC. Our study in-
deed demonstrates a practical approach for discovery of sali-
vary biomarkers, and also reveals the potential of utilizing
salivary RETN for detection of OSCC.
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