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TiO,-based MOAC (metal oxide affinity chromatography) nanomaterials are regarded as one of the most
promising materials for phosphopeptide enrichment. However, the serious non-specific adsorption of
acidic peptides and the limited chemisorption performance to phosphopeptides will greatly reduce the
enrichment efficiency. To overcome the above problems, a novel TiO, hybrid material with guanidyl-
functionalized TiO, nanoparticles (GF-TiO,) anchored on the surface of a graphene oxide (GO) platform
(denoted as GF-TiO,—GO) is successfully synthesized and applied as a biofunctional adsorbent for selective
enrichment of trace phosphopeptides. Due to the improved selectivity to phosphopeptides and larger
loading capacity, the novel GF-TiO,—GO nanohybrids exhibited higher selectivity toward phosphopeptides

Received 11th June 2018 and a lower detection limit even when the concentration of B-casein was decreased to only 1 x 1072 M.
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The selective enrichment test toward phosphopeptides from the tryptic digests of nonfat milk and human

DO 10.1039/c8ra05006f serum further validated that the GF-TiO,—GO nanohybrids were capable of selectively capturing global
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1. Introduction

TiO,-based metal oxide affinity chromatography (MOAC)
nanomaterials are regarded as one of the most promising
materials for phosphopeptide enrichment due to the specific
chemisorption toward phosphate groups.'* However, the
serious non-specific adsorption of acidic peptides greatly
reduces the specificity for enrichment of phosphopeptides and
the limited surface area also results in a limited chemisorption
performance of phosphopeptides. Although there exists some
drawbacks for the TiO,-based MOAC nanomaterials in the
enrichment of phosphopeptides, the performance of TiO,-
based materials toward phosphopeptide enrichment is still
better than that of conventional enrichment materials.>™®
Therefore, it is necessary to circumvent the above problems
existing in TiO,-based materials to develop a novel TiO,-based
MOAC nanomaterial to selectively and sensitively enrich trace
phosphopeptides in real biological samples.**
Graphene-based materials have attracted extensive research
interest in recent years due to their high specific surface area
and biocompatibility. These unique features have made these
materials become an ideal support in the preparation of the
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phosphopeptides from complicated biological samples.

novel graphene-based hybrid materials for the enrichment of
phosphopeptides.*** Recently, it has been proved that guanidyl
groups could be regarded as a better functionalized group to
improve the binding of the phosphate groups and prevent the
binding of other peptides.®” Inspired by this, the guanidyl
groups are modified on the TiO,, which will offer higher
capacity of phosphopeptides binding due to the interaction
between the phosphate groups and guanidyl groups.***

The aim of this work is to design and synthesize a novel
MOAC material with guanidyl-functionalized TiO, nano-
particles (GF-TiO,) anchored on the surface of graphene oxide
(GO) platform (denoted as GF-TiO,-GO) for selective enrich-
ment of phosphopeptides. The high specific surface area of
graphene will offer higher capacity for loading GF-TiO, and thus
enhance the interactions between GF-TiO, and phosphopep-
tides, which will result in a higher enrichment capacity to
phosphopeptides. On the other hand, the introduction of gua-
nidyl groups will also significantly enhance the capacity of
phosphopeptides binding. The GF-TiO,-GO nanohybrids with
the above properties are anticipated to have a highly selective
enrichment ability toward phosphopeptides.

2. Experimental

As shown in Fig. 1, the TiO, nanoparticles were synthesized
through a sol-gel method in accordance with previous report.
Graphene oxide (GO) was prepared from graphite powder (from
Alfa Aesar) by a modified Hummers method and dispersed in
water to form a homogeneous solution with a concentration of

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic illustration for preparation of GF-TiO,—GO nanohybrids and the typical protocol for phosphopeptide enrichment.

0.5 mg mL ™. 20 mg of TiO, particles were dispersed in aqueous
solution of GO (30 mL) and stirred for 10 h at room temperature
(RT) to obtain the TiO, hybrid material (TiO,-GO). Then the
obtained TiO,-GO nanohybrids were redispersed in aqueous
solution of 1,6-hexanediamine (3 mg mL™", 30 mL) and stirred
at RT overnight to synthesize the 1,6-hexanediamine modified
TiO,-GO nanohybrids (NH,-TiO,-GO). The NH,-TiO,-GO
nanohybrids were collected and washed with water and then
dispersed in aqueous solution of O-methylisourea hemisulfate
(100 mg mL ", 30 mL), the pH was adjusted to 11 by 1 M NaOH
aqueous solution. The mixture was stirred at 60 °C for 8 h to
obtain the GF-TiO,-GO nanohybrids. After washing by water
several times, the obtained GF-TiO,-GO nanohybrids were
dried under vacuum.

The enrichment performance of GF-TiO,-GO nanohybrids
for phosphopeptides was investigated. A typical process is
described as below: the tryptic protein digests were mixed with
0.3 mg GF-TiO,-GO nanohybrids in loading buffer (50%
acetonitrile and 0.1% TFA water solution (v/v), 100 pL), and
vibrated for 30 min and centrifuged to obtain the precipitates.
Then, the obtained precipitates were rinsed with loading buffer
(100 pL) three times. Finally, the phosphopeptides trapped by
the GF-TiO,-GO nanohybrids were eluted using 10 pL 10%
NH;-H,O under sonication for 10 min and the eluate was
analyzed by matrix-assisted laser desorption/ionization time-of-
flight mass spectrometry (MALDI-TOF MS). The human serum
sample could be directly used for the enrichment of phospho-
peptides by mixing the diluted human serum sample (100 pL)
aqueous solutions and 0.3 mg GF-TiO,-GO nanohybrids and
then treating the mixture in the procedure elucidated above for
capturing the tryptic digestions of proteins.

3. Results and discussion

3.1. Characterization of GF-TiO,-GO

The SEM images of GO and GF-TiO,-GO nanohybrids were
shown in Fig. 2a and b. Obviously, GO exhibited a rather flat and
clean surface. As a comparison, the GF-TiO,-GO nanohybrids
had a much rougher surface (Fig. 2b), revealing that guanidyl-
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functionalized TiO, nanoparticles had been assembled on the
surface of GO with a robust layer. Moreover, the result of TEM
images also indicated that the modified TiO, nanoparticles (10-
20 nm) has been anchored on the surface of GO (Fig. S11). EDX
spectrometry further showed that the GF-TiO,-GO nanohybrids
were composed by Ti, C, N, O, S elements (Fig. 2¢). The weight
percentage was 15.9 wt% for N after C (40.1 wt%) and O
(34.8 wt%), which indicated that amounts of N elements existed
in the GF-TiO,-GO nanohybrids, further confirming the
successful modification of TiO, by the guanidyl groups.

The GF-TiO,-GO nanohybrids were also analyzed by IR
spectroscopy. As shown in Fig. 2d, the characteristic absorbance
peaks at 2931 cm™ " and 2858 cm™ " were assigned to C-H bonds
on the alkyl chains of 1,6-hexanediamine moieties. Another, the
strong absorption band at 1641 cm ' was attributed to N-H
bonds from the guanidyl groups. Also, the stretching vibration
of C-N bonds from the guanidyl groups was observed at
1114 cm™ . As a comparision, the IR spectrum of TiO, was also
shown in Fig. S2,1 the two peaks at 3425 cm ™" and 1351 cm ™"
were assigned to the stretching and bending vibrations of the
surface OH groups.****

3.2. Selectively enrichment of phosphopeptides from tryptic
digestion of standard proteins

The enrichment capacity of GF-TiO,-GO nanohybrids toward
phosphopeptides by MALDI-TOF MS was firstly validated. Direct
analysis of B-casein digests (4 x 107° M) without enrichment
only observed two phosphopeptides with poor signal/noise ratio
(S/N), along with intensive signals of non-phosphopeptides
(Fig. 3a). After enrichment by GF-TiO,-GO, the signals for the
phosphopeptides significantly increased and dominated the
spectrum with high S/N and clear background in Fig. 3b. As
a comparison, the enrichment experiment was also carried out
with the TiO, nanoparticles. The mass spectrum showed only
two phosphopeptides and some non-phosphopeptides with
strong signals were observed (Fig. 3¢). The results indicated that
the GF-TiO,-GO nanohybrids had a better enrichment

RSC Adv., 2018, 8, 29476-29481 | 29477
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Fig. 2 SEM images of (a) GO; (b) GF-TiO,-GO; (c) the spectra of EDX and (d) FTIR of GF-TiO,-GO.

performance for the phosphopeptides. The detailed informa-
tion of the observed phosphopeptides was listed in Table S1
(ESTH).

The GF-TiO,-GO nanohybrids also had a high sensitivity for
phosphopeptides. As shown in Fig. 4a, the signals from phos-
phopeptides in 5 x 107" M of B-casein digests could be easily
detected. For the GF-TiO,-GO nanohybrids, two phosphopep-
tides could still be detected when the concentration of B-casein
digests was as low as 1 x 10~ '* M (Fig. 4b), while the signals
were not detected when the concentration of phosphopeptides
was 5 x 10 '° M for the TiO, (Fig. $31). The detect sensitivity
was higher than our previous report (5 x 10~ " M) and some
other reported enrichment materials.”*** The improved
enrichment capacity and higher detection sensitivity might be
attributed to the introduction of GO and guanidyl groups. GO
will expand the contact surface between GF-TiO, and phos-
phopeptides, and thus enhance the interactions. The guanidyl
groups modified on the surface of TiO, will improve global
phosphopeptides detection by the interactions between phos-
phate groups and amino groups.>*?®

The MS signals in Fig. S4a and b7 also suggested that the GF-
TiO,-GO nanohybrids can be used as a stable enrichment

29478 | RSC Adv., 2018, 8, 29476-29481

material for continuous 20 days without signal reduction. To
further confirm the reusability, the regenerated GF-TiO,-GO
nanohybrids was reused to selectively capture B-casein digests
for three times. As shown in Fig. S5a and b, the result of
enrichment in the third time is similar to that in the first time,
indicating that GF-TiO,~-GO nanohybrids could be reused for
phosphopeptides enrichment. All these results further proved
that the obtained GF-TiO,-GO nanohybrids had a remarkable
performance in phosphopeptide enrichment.

The special selectivity of the GF-TiO,-GO nanohybrids
toward phosphopeptides was also investigated using a more
complex tryptic digests of B-casein and BSA mixture at a molar
ratio 1:1 and 1: 100 as a mimic biological sample for test. As
shown in Fig. 5a, without enrichment, nonphosphopeptides
peaks dominated nearly the whole spectrum, and there were
only two phosphopeptides observed. However, after enrichment
by GF-TiO,-GO, there were no nonphosphopeptides peaks, and
the peaks from phosphopeptides were clearly detected (Fig. 5b).
Even when the molar ratio of B-casein and BSA was decreased to
1:100, three phosphopeptides could be still be detected with
high S/N (Fig. 5¢). For TiO,, when the tryptic digests of B-casein
and BSA were at a molar ratio 1 : 1, two phosphopeptides with

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 MALDI-TOF mass spectra of tryptic digests of B-casein: (a) direct analysis and after enriched by (b) GF-TiO,-GO and (c) TiO, (#

dephosphorylated fragment).

background interference ions were observed, while no phos-
phopeptides were detected using the digests mixture of 1 : 100
(Fig. Séa and bt). Comparing with TiO,, the results further
demonstrated that the GF-TiO,-GO nanohybrids had an excel-
lent performance in selective capture of phosphopeptides from
the complex peptide mixture.
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3.3. Highly specific selective enrichment of
phosphopeptides from human serum and nonfat milk

To further test the application of GF-TiO,-GO nanohybrids
toward phosphopeptides enrichment, the human serum and
a tryptic digest of nonfat milk were chosen as a real biological
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Fig. 4 MALDI-TOF mass spectra of tryptic digests of (@) 5 x 1072° M and (b) 1 x 107 M B-casein after enriched by GF-TiO,-GO (#

dephosphorylated fragment, * doubly charged phosphopeptide).
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sample to validate the enrichment performance.”” As shown in
Fig. 6a, before enrichment, no phosphopeptides were detected
from the diluted human sample. In contrast, four endogenous
phosphopeptides derived from phosphorylated fibrinopeptide
A in the human serum could be detected with high S/N after
enrichment (the detailed sequence information of four endog-
enous phosphopeptides in the human serum was listed Table
S2, ESIY). Similar results were also observed in the direct anal-
ysis of the tryptic digests of nonfat milk, in which non-
phosphopeptides dominated the spectrum and only 4 weak
peaks were generated from phosphopeptides. However, 17
phosphopeptides were identified after enrichment with GF-
TiO,-GO (Fig. 6b). (The detailed sequence information of 17
phosphopeptides in the tryptic digest of nonfat milk was listed
Table S3, ESIT). These results further demonstrated that the GF-
TiO,-GO nanohybrids were capable of selectively capturing
phosphopeptides from the extremely complicated biological
samples.

4. Conclusion

A novel TiO,-based MOAC hybrid nanomaterial, GF-TiO,-GO,
was successfully synthesized by guanidyl-functionalized TiO,
nanoparticles anchored on the surface of graphene oxide plat-
form for the selective enrichment of phosphopeptides. GF-
TiO,-GO exhibited large capacity of phosphopeptides enrich-
ment and improved selectivity to phosphopeptides and showed
a higher enrichment efficiency toward phosphopeptides for the
complicated biological samples. This work provided an
approach to prepare more efficient TiO,-based MOAC hybrid
nanomaterials for phosphoproteome research.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This research was jointly supported by the National Natural
Science Foundation of China (Grant No. 41772360), and the
Project of State Key Laboratory of Environmental Geochemistry
(Grant No. SKLEG2018918). We thank two anonymous
reviewers for their insightful comments and suggestions.

References

1 Z. D. Ly, ]J. C. Duan, L. He, Y. X. Hu and Y. D. Yin, Anal
Chem., 2010, 82, 7249-7258.

2 Q. Gao, S. Wang, W. J. Luo and Y. Q. Feng, Mater. Lett., 2013,
107, 202-205.

3 Y. H. Yan, X. N. Sun, C. H. Deng, Y. Li and X. M. Zhang, Anal.
Chem., 2014, 86, 4327-43321.

This journal is © The Royal Society of Chemistry 2018

View Article Online

RSC Advances

4 J. A. Paulo, J. Navarrete-Perea, A. R. Erickson, J. Knott and
S. P. Gygi, J. Am. Soc. Mass Spectrom., 2018, 29, 1505-1511.

5 X. M. He, G. T. Zhu, X. S. Li, B. F. Yuan, Z. G. Shi and
Y. Q. Feng, Analyst, 2013, 138, 5495-5502.

6 Q. H. Min, X. X. Zhang, H. Y. Zhang, F. Zhou and ]. J. Zhu,
Chem. Commun., 2011, 47, 11709-11711.

7 W. F. Ma, Y. Zhang, L. L. Li, Y. T. Zhang, M. Yu, J. Guo,
H. J. Lu and C. C. Wang, Adv. Funct. Mater., 2013, 23, 107-
115.

8 S. S. Hinman, R. C. T. Nguyen and Q. Cheng, RSC Adv., 2017,
7, 48068-48076.

9 Z. G. Wang, N. Lv, W. Z. Bi, J. L. Zhang and J. Z. Ni, ACS Appl.
Mater. Interfaces, 2015, 7, 8377-8392.

10 L. L. Ren, C. Y. Li, W. L. Shao, W. R. Lin, F. C. He and
Y. Jiang, J. Proteome Res., 2018, 17, 710-721.

11 C. K. Chang, C. C. Wy, Y. S. Wang and H. C. Chang, Anal.
Chem., 2008, 80, 3791-3797.

12 J. Su, X. W. He, L. X. Chen and Y. K. Zhang, ACS Sustainable
Chem. Eng., 2018, 6, 2188-2196.

13 H. F. Sun, Q. Q. Zhang, L. Zhang, W. B. Zhang and
L. Y. Zhang, J. Chromatogr. A, 2017, 1521, 36-43.

14 W. B. Jie, F. X. Song, X. C. Li, W. Li, R. Wang, Y. ]. Jiang,
L. B. Zhao, Z. J. Fan, J. Z. Wang and B. Liu, RSC Adv., 2017,
7, 34415-34424.

15 X. Huang, J. P. Wang, C. C. Liu, T. Guo and S. Wang, J. Mater.
Chem. B, 2015, 3, 2505-2515.

16 Y. H. Yan, Z. F. Zheng, C. H. Deng, Y. Li, X. M. Zhang and
P. Y. Yang, Anal. Chem., 2013, 85, 8483-8487.

17 B. Luo, M. G. Yang, P. P. Jiang, F. Lan and Y. Wu, Nanoscale,
2018, 10, 8391-8396.

18 Q. L. Deng, J. H. Wu, Y. Chen, Z. J. Zhang, Y. Wang,
G. Z. Fang, S. Wang and Y. K. Zhang, J. Mater. Chem. B,
2014, 2, 1048-1058.

19 L. N. Xu, L. P. Li, L. Jin, Y. Bai and H. W. Liu, Chem.
Commun., 2014, 50, 10963-10966.

20 H. L. Liu, J. H. Zhou and H. Y. Huang, Talanta, 2015, 143,
431-437.

21 D. ]J. Bartkowiak and B. N. Kolarz, Eur. Polym. J., 2002, 38,
2239-2246.

22 Y. Zhang, H.]J. Wang and H. J. Lu, Mol. BioSyst., 2013, 9, 492-
500.

23 H. L. Liu, T. Y. Yang, J. Y. Dai, J. Y. Zhu, X. R. Li, R. Wen and
X. H. Yang, Analyst, 2015, 140, 6652-6659.

24 C. Y. Shi, C. H. Deng, S. E. Zou and X. M. Zhang, Talanta,
2014, 127, 88-93.

25 Z. C. Xiong, Y. J. Chen, L. Y. Zhang, J. Ren, Q. Q. Zhang,
M. L. Ye, W. B. Zhang and H. F. Zou, ACS Appl. Mater.
Interfaces, 2014, 6, 22743-22750.

26 G. Cheng, Z. G. Wang, S. Denagamage and S. Y. Zheng, ACS
Appl. Mater. Interfaces, 2016, 8, 10234-10242.

27 G. J. Zhai, L. P. Yang, Q. Luo, K. Wu, Y. Zhao, J. N. Liu,
S. X. Xiong and F. Y. Wang, RSC Adv., 2017, 7, 21630-21637.

RSC Adv., 2018, 8, 29476-29481 | 29481


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ra05006f

	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f
	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f
	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f
	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f
	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f
	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f
	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f

	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f
	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f
	A guanidyl-functionalized TiO2 nanoparticle-anchored graphene nanohybrid for enhanced capture of phosphopeptidesElectronic supplementary information (ESI) available. See DOI: 10.1039/c8ra05006f


