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WANG Zirui, ZHENG Haijiao, JIA Qiong’
(College of Chemistry, Jilin University, Changchun 130012)

Abstract: As a clinical sample, serum is widely used in disease research due to the minimally
invasive nature of its collection and easy accessibility. Exosomes in serum not only carry various
bioactive substances such as proteins and nucleic acids but also participate in intercellular com -
munication, which is closely associated with the development of multiple diseases. As one of the
most critical post-translational modifications, protein phosphorylation dynamically regulates cellular
signaling networks and participates in disease pathogenesis. However, due to the low abundance
of exosomes in serum and the fact that phosphoproteins constitute only 1%—2% of the total proteome,
direct analysis of exosomal phosphoproteins from serum faces significant challenges. The specific
expression of phosphoproteins in exosomes provides novel perspectives for disease diagnosis. In
this study, magnetic bifunctional nanoparticles (MagphTi" ) based on 2-trifluoromethyl-4-amino-
benzoic acid and Ti" were synthesized, which anchor the exosome bilayer membrane through the
hydrophobic interactions of 2-trifluoromethyl-4-aminobenzoic acid and the electrostatic interactions

of Ti*", and the magnetic responsiveness ensures the isolation of exosomes. Simultaneously, the
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enrichment of phosphopeptides was achieved by the chelation between Ti* and phosphate groups.
MagphTi" was characterized by cold field scanning electron microscopy, thermogravimetric analysis,
Fourier transform infrared spectroscopy, X-ray photoelectron spectroscopy and zeta potential
measurement, demonstrating the successful synthesis and functional characteristics of MagphTi*".
The precise recognition and rapid separation of exosomes were validated by cold field scanning
electron microscopy, transmission electron microscopy and sodium dodecyl sulfate-polyacrylamide
gel electrophoresis. Using B-casein as a standard phosphoprotein model, a magnetic solid-phase
extraction (MSPE) -matrix-assisted laser desorption ionization-time of flight mass spectrometry
platform was established, which demonstrated high selectivity (mass ratio of 8-casein to bovine
serum albumin was 1:5000) and sensitivity (detection limit was 0.4 fmol/wL) for phosphopeptide
detection. Subsequently, the method was applied to saliva and nonfat milk samples; 11 phos-
phopeptides were identified in saliva and 20 were identified in nonfat milk, which demonstrates
excellent enrichment capability for phosphopeptide detection in real samples. When applied to clinical
serum samples, the method successfully achieved the extraction of exosomes in serum and en-
richment of phosphopeptides with low abundance. This integrated approach provides a powerful
tool for exosome capture and phosphopeptide enrichment from complex biological samples, showing
significant potential for high-throughput phosphoproteomic analysis of exosomes from clinical serum
and the screening of disease biomarkers. Further application of the method developed in this study
holds promise for elucidating the mechanisms of exosome-mediated intercellular transmission of
phosphorylation signaling, thereby identifying novel targets related to tumor metastasis and immune
escape.
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Iy BF- A AT AE 5 min PN LA 92% Y (8] i R 52 B A
YA 06 R B w8 R K, OF AN 100 WL I 7 FE A P 2
FEH T 320 P AN AR
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1.1 B ARFSH R

SU8020 #1¥& 37 % 5t 49 4 v 456 (SEM) \HT7820
3% B | 7 8 38 (TEM) (Hitachi, Japan) ; Q500
7 $4 & 4 BT (TGA, TA, USA) ; SQNicolet IS5 %!
i L kAR 0 21 AP 6 1% (Y (FTIR , Bruker, Germany ) ;
ESCALAB250 %! X §f £k ¢ L F 6E % 1L (XPS,
Thermo, USA) ; Zetasizer Nano ZS ZEN3600 7!
ZETA Hi A7 F14H K kL B 5 BT (Zeta, Malvern, Brit-
ain) ; JY-SCZ2 % Hi ik { (SDS-PAGE, b 0 & &,
[ ) ; AB Sciex 5800 %Y K& Jit 4 By SO i A L 29 - AT
i ) 5 3% /Y (MALDI-TOF MS,AB SCIEX,USA) .

TEOS (4} £ >98%) ,2- = i B 3t -4- % JL 7% H iR
(4l BF >98%) . fii fR % K - i IR 7K & ¥ (TiOSO,-
xH,S0,-xH,0, 4l & >93%) | % I {52 i (40 i >
70%) . M5 (2l iE 99%, ACN) (3-8 N 5L = 2, 4 M ik
Bt (41 >98%) (N-F6 3 T 1k W e ( 40 % >98%) .2,
5- R iR (DHB, 46 % 99%) /K % (H,NCONH,,
4 iF 99%) i ik (CHLN,S, 4l iF 99%) , — B 7 B %
(DTT, 4 F£ >98%) L £, [t e (TAA, 46 i >98%) . —
TR (TFA, 2l B 99%) 4 HY SL ik 1 960 (PMSF, 41
i >98%) \ H R (FA, 4 Jif >98%) . 1-(3- . H & &N
B5)-3- 2 B R W R R ER (4l >98%) PBS ¥ Tl
(pH 7.2~7.4) W R (4 & 85%) W T Aladdin i 7
()N ) 5 JR R A B (trypsin, 4 >98%) . 4 ML
4 11 (BSA, 4[i i >98%) . B-# % 11 (B-casein , 4fi i
99%) 1 T+ Sigma i 7l A PR 2 Al 5 = & Ak Bk (FeCl,-
6H,0, 4li J& 99%) il id & (NaAc, 4 J& >98%) . £k iz
(HC1, 4fi & 35%) .4 /K (NH,-H,0, 4l £ 25%) . JC K
. (EtOH, 4l % 99%) . & W (EG, 4l 99%) . —
(2l 99.5%) SR K A ) (H,0,,PW - 2H,0),
afi i 299.995%) A Ak &l (NaCl, 4l & 99%) . ik i &
B (NH,HCO,, 4l ff 99%) . — & W % (CHCL, 4fi J&
99%) W F b 5t Ak 2 a0 28 | o AR 2R W R L Il T
A A LTI 5 N L T A A R VR A R LT 7 AR
K2FH HBRIE B B, B9 28 5 MROK 2% v H B B B
P Dy e HEES 2 2021113000,
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1.2 LIWHE
1.2.1 MagphTi* t 4 i

FRHL 2.6 g FeCl,-6H,0 #1 5.9 g NaAc i# T 90
mL EG 1 ¥ E WL 2 N 2T, T 200 Th#k
15 ho =¥ B MK 28 whise 6 U, B 7 B 4%
#| Fe,0, B VE N Y. HL 400 mg Fe,0, & T & 76
mL 47K 290 mL JG/K ZEEF 2.1 mL &K IR A%
W, LL 300 W B R 15 min i /4 Bk 4> HLE 40,
fA 1.9 mL TEOS, T 40 C .50 r/min ¥ £ 4 F it
FE 15 h, 0 5y 85 45 2 BE S 10 09 #E 2Rk (fii FR Fe,O,-
Si0,) .

Bl 90 mg Fe,0,-SiO, # T 22 mL Z EE i, LU
300 W T3 A 15 min ff H AR B 50, A 0.65
mL APTES, T 65 °C.50 r/min % 5k F#t £ 20 h,
2 BG4y B AT B s 1B M 1 G Bk (R FR Fe,0,-
NH,)"™,

FREL 370 mg 2- = FH L -4- K H R ,3.0 g
EDC F1 2.4 g NHS, i T 28 mL 4li/K IR G415
A Fe,0,-NH,, T* 37 °C .50 r/min [¥J & {1 F $if £ 24
h, 28 W W 43 B A B 2- = 0 HY S -4 LR R 18 1
4 G 1 0k ({87 FR Magph) o

Bt 370 mg Magph 43 #{ #] 30 mL 47K, i A
13 g mMAK-MMRKEY S 1 pL ¥R (12
mol/L) , F 37 °C .50 r/min ) 5/ FHiHE 20 h, X
S CBER A K S GV W), £ Sy #5715 3] Mag-
phTi*

1.2.2 & oy 7 4L 32

FEZ R0 T AR 1 5Ltk b 52 B 2B R i b 3
of B IEAT CE o AR 150 pL JBAR AR W AR S P oim A
300 pL & A 40 mmol/L NH,HCO, iy 2% shix W , T
4 000 r/min . 4 CH &M F &0 16 min, FLIER T
95 Ci A T 4 15 min & (1248 M, R 2R G
A 15 pg JEE B, T 37 CTHE 14 h Bl 51
JOR B VS W T KA R R o

£ 100 wL ME & 4 Jm A 400 pL 40 mmol/L
NH,HCO, i 2% W% , T 4 000 r/min .4 THISME T
B0 16 min, B35 WS T KA R R H

£ 100 pL i 3 1 A 400 wL 40 mmol/L
NH,HCO, 2% % i, T 4 000 r/min .4 CH FFMF T
B0 16 min, B 100 wL 35, A B4 80 1
mg MagphTi* ) 100 pL PBS £ ik (pH=7.4) ",
TEEMFE 30 min J5, # % 30 s IFBE L LW .
F1 100 wL PBS 2% vh i (pH=7.4) Yk & i ¥k , & 3

W, ¥ REEkE E T 100 wL &4 2 mol/L ik .8
mol/L JR % .1 mmol/L PMSF .60 mmol/L DTT #Y %4
il 2% s W, F 95 T Hm# 10 min, ¥ #1 2
FiR LA 10 pg AE A, T 37 CHE 14h, 25
BT KA RO AL LR RS T .

SRR TEM RAE §FE 8 5 42 s Sh WK 1
W ERE AT 100 wL 50 mmol/L #Y = Z M, T
HORFE 5 30 min J5 L #0% 30 s Sl W .
SpL BWEW S S wl 2% B MRERIR S W IREE
10 min, & T4 M, F 5T T8
123 #HKwEs

B 6.5 mg MagphTi* 4> # T 0.13 mL % 1%
TFA 1) 70% £ i 7K %5 W v AR 0% 3K o HOR o B v
VA5 R RE T R R il B 10 L A5 20 BT 10
b TR 10 WL G BK 4 B, A 80 pL & 1%
TFA 1 70% £ /KW, 8 5 min {f f#% 5k 14 5 73
B, W IR AR Y 35 min S5, B4 30 s J5 4y B G ER
100 wL 5 1% TFA [ 70% 2 7K 75 008 VEREER , 15
Ve R E L 3 R, RIEH BRI BT 25 wL 1% %
K H IR AR 35 min 5, 40043 B YA VR BT
1.2.4 MALDI-TOF MS % #

e S5 I B A B IR AIR S 110 T,
H I 55 A9 L R A 2.3 KV, I L m/z 1 000~
3500, H¢ 40 mg DHB # T 40 mL % 1% H,PO, Y
T0% M 7KV W30 2 TV T o K A MR R R R TR
FIRE G W S0 IR & L B0 1 WL IR & 1 20 19 7 WO
T MALDI #4% .

2 ZR5HR

2.1 MagphTi"H& R 5 R

& 1 24 MagphTi' 197 i 2 K 5 & B Ik
MK . SEM E{E/R T Fe,O, 1 MagphTi' i) J&
AR F . E 2a s, Fe,0, JE 51 2 )6 Wt 19 Bk
T HEH AR 2R 267 nm; 40K 2b TR &1 S (19 #E
P 550k 2 T MRS | UKL B4R RS IS K F Fe,O,, HEH
%2254 290 nm.,

k%l FTIR %} Fe,O,.Fe,0,-NH, . MagphTi* i
T #4F o & 3a 7] U, Fe,0,. Fe,0,-NH,, Mag-
phTi*7£ 580 Al 1 080 e &b F7 76 H5: fE W Wi g, mT I
J&F O-Fe # ¥ 3h. Fe,0,-NH, #iZkh , 7 1 560
cm™ Al 1261 em™ &b 45 JHJE T N-H Fil C-N 9 1z it
W, GiE W] APTES B Py 6 1 75 #% 3k 2 1 . MagphTi*
i, 1123 em™ 4bFH HJE F C-F-C 1 W Wi g ¢
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TEOS EDC/NHS
— |
APTES CF,C¢H;(NH,)CO,H
b

Phosphopeptide

Non-phosphopeptide

 —

1000 1500 2000 2500 3000 3500
m/z

Bl1 MagphTi"f(a) ERBEERHE (b)EEBKNITE
Fig. 1 (a) Synthetic route of MagphTi*" and (b) workflow of phosphopeptides enrichment by MagphTi*"
TEOS: tetraethyl orthosilicate; APTES: 3-aminopropyltriethoxysilane; EDC: I-ethyl-3- (3’-dimethylaminopropyl) carbodiimide;

NHS: N-hydroxysuccinimide.

SU8000 3.0V 8.4mm x80.0k SE(UL) 500nm

SU8000 3.0kV 8.7mm x100k SE(UL) 500nm

El2 (a)Fe,0,%1(b)MagphTi*# SEM &
Fig.2 SEM images of (a) Fe,O,and (b) MagphTi*

3399 e Ab AT UH JE T B B 0 R AR W Wi e L TE 697
cm™ AbAH VA JE T Ti-F-Ti A9 55 AE W 0%, 156 B Mag-
phTi* il £ W 2 .

%} Fe,0,.Fe,0,-NH, MagphTi*" #4171 Zeta i,
{32 F1 DLS K7 B 0. B 3b B/R T8R0T
MagphTi* (1) % i H. faf , #H 4L T Fe,O, #l Fe,0,-NH,,
MagphTi* 2 i [# £ A K& Ti', FER &4 F A
S T HL AT, AT 5 A R I BEIKSE S . DLS 4tk W]
MagphTi* 7E 7K H i R 5F 2928 270 nm,

& 3c /&% Fe,0,.Fe,0,-NH, MagphTi* {1 # &
Oy M 45 5 M4 Fe,O, Al Fe,0,-NH, 7 58 5 il #4 i
i v B A R IR AIG , MagphTi* 1 5 & 4 2k K2
24.0%, 7 30~225 T [l N By 5212k 5 (29 2.5%) 72
M T KRR LN 53 1 28 4 5 7E 300~490 THE A

KA T IR AR E (K 21.5%) , 3% 2 KR I 18 i
B RS EA. DLE S R0 MagphTi A
SR SRRV i

BE R X 4O T RgiE 4T Fe,0, . Fe,0,-
NH, .MagphTi*' #17 T #£4E . WE 3d fin, 5K 4%
&1 1Y) Fe,O, %t L, 28 20 B Ak 1% #6 M 41 B Fe,O,-NH,
i BN 1s (400 eV) (19 51 06, Ud B 5 Dy 15 i
APTES. 7E MagphTi" B K3 8 th 8 7 F 1s(689
eV) Hl Ti 2p (459 V) WA~ R B 1 2- = 0 I ik -4-
SRR A TIN5 2R T TitF =
B R Z RIE S E B AEAE, b, i SEM EHE AT
AL EEZ R (290 23 nm) & T XPS MR E (<10
nm) , KL, A 3d fis , Fe,0,-NH, 5 MagphTi* ()
Fe 2p XPS {5 5 JL-F A& K.
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Fig. 3 Characterization of Fe,0,, Fe,0,-NH, and MagphTi*
a. FTIR spectra; b. Zeta potentials; c. TGA curves; d. XPS curves.

2.2 MagphTi"E &£ B IR RE

DA )5 B89 10 pmol/pL B 25 1 0 Fn HEARE
2% 4% MagphTi" X @ KB 19 & 68 1 o E AR R
FAF T, MagphTi X5 H b ik Bt 14 W B 8 ) 23 & A= 7%
b o ABIF 5 A 4 o B — AR ik 40 RN TR I
A TR B X % b i VR R AR RE I RS . M 2% o
S WTR FE R 1% TFA B, £ Ak A R R 20 550 (50% il
70%) B ACN; >4 ACN & 705k 70% B, 1 Ak 22
R W R B 5 (1% F1 0.1% TFA) . 45 530, %}
R 2w RN B- I B N A R HE AT O A B LT
TG ¥ K D 38 ol O 1 O 0 (B da) o MR RN
1% TFA 1) 50% & i 7K ¥ Wi, ot % (6] v A7 78 % 1
L O 0 £ M b AR T IR (L 4b) o R TR R
& 1% TFA (1) 70% &G 7K % WA, BT s & b JL-F- 6
F W LB UK ) U8 15 MR L AR X B v (TR 4e) o MR o
VW & 0.1% TFA 1Y 70% 2% 7K v W, 5t 1% %]
HH U 1 1 £ M b AF AR (R 4d) o PR, e By
1% TFA ) 70% G 7K WAE R I 205 S 325 v i
% Ph W o

UL BRI R SR A T BRI EN R
HORE N B R S B- AR R R HE AT AR OBE (4004 AN
0.4 fmol/uL) . W Kl 5 " WL, A J7 3% Al )k 0.4

fool/pL 14 FE & oA I 2 3 4% BK (m/z 2 062.9 .
2556.2 Fl1 3124.4), H S/N>3, %} b T3 4F HoAt SCRik
FTGER T (R D ARG R&SREE LT
AR R 2 8O T vk o

F1 REAMRMBREEEONHER

Table 1 Analysis results of phosphopeptides after enrich-
ment by different materials

loctivi
. LOD/ Se e(?t1v1ty
Material (B-casein:BSA, Ref.
(fmol/pL) .
mass ratio)
GO@PEI@RCS@Ti* 5 1:100 [38]
SPIOs@PVP- 10 1:1000 [39]
PEI@MOF@Arg
Fe,0,@GO@PEI@Ti" 2.5 1:1000 [40]
Fe,0,@ILI-01@Ti" 0.5 1:1000 [41]
Fe,0,@Ui0-66-NH,- 1.0 1:200 [42]
Zr*" HFs
MagphTi* 0.4 1:5000 this work

BSA: bovine serum albumin.

R ST IR B N B-I R 1 S AR R
F BSA BT & B W 4% BR1:5 000 A9 BT it LW IR &
FE IR FE S . MALDT J5 3 A6 I 45 5 3 0, X 42 2%
i TR AT BB A I HsF TG 5 G 0 38 ol K 1 3 0 (
6a) ; 2 MagphTi' & 4 5 , I 8 K (0 0 4 1 2 il
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c 100r 2062.9 d 100r 2062.9
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Fig. 4 MALDI mass

spectra of B-casein digests

a. direct analysis; b—d. analysis after enrichment with different loading buffers: (b) S50%ACN+49%H,0+1%TFA ; (¢) 70%ACN+29%H,0+

1%TFA; (d) 70%ACN+29.9%H,0+0.1%TFA.

244

a 100f 3124.4 b 100} c 100} 31244
80 - 80 80}
2556.2
8 s 8
< 60 < 60t A
Q £ 2556.2 £
2 é 2062.9 : 2
15} L 2
g 40r | k|
20
0 ‘ 0 0
1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500 1000 1500 2000 2500 3000 3500
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Fig. 5 MALDI mass spectra of B-casein digests after enrichment by MagphTi*
Concentrations of B-casein digests: a. 40 fmol/pL; b. 4 fmol/pnL; c. 0.4 fmol/pL.
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(d) the sixth time.

a, c. direct analysis; b, d. analysis after enrichment by MagphTi*". p in Fig. (b) and (d) represents phosphopeptide.
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Fig. 6 Mass spectra of (a, b) mixed samples and (c, d) B-casein digests
a. direct analysis; b. analysis after enrichment by MagphTi**; ¢ and d. analysis after enrichment by MagphTi** for (c) the first time and
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Fig.7 Mass spectra of (a, b) saliva samples and (¢, d) nonfat milk samples
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Table 2 Phosphopeptides obtained from saliva samples af-
ter enrichment by MagphTi*

No. m/z Peptide sequence

1 998.06 ssEEKFL

2 1159.15 ssEEKFLR

3 1187.70 DsSEEKFLR

4 1231.64 SsEEKFLRR

5 1270.75 DssEEKFLR

6 1305.53 GPPPQGDKsRSP

7 1424.19 DssEEKFLRR

8 1589.70 GGDsEQFLDEERQ

9 1703.96 DGGDsEQFLDEERQ
10 1731.92 GPPAQGGsKSQSARAPPG
11 2003.99 VISDGGDsSEQFIDEERQ

& 3 % MagphTi

R R JE I B R W R R B Bk

Table 3 Phosphopeptides obtained from nonfat milk

samples after enrichment by MagphTi*

No. m/z Peptide sequence

al 1237.50 TVDMESTEVF

a2 1267.92 YLGYLEQLLR

a3 1337.70 HIQKEDVSER

a4 1466.86 TVDMESTEVFIK

a5 1660.79 VPQLEIVPNSAEER

ab 1759.75 HQGLPQEVLNENLLR

a7 1832.73 YLGEYLIVPNSAEER

ad 1847.82 DIGSESTEDQAMEDIK

a9 1927.56 DIGSESTEDQAMEDIK

al0 1943.79 DIGSESTEDQAMoEDIK

all 1952.68 YKVPQLEIVPNSAEER

al2 2619.25 NTMEHVsssEESIIsQETYK

al3 2678.23 VNELsKDIGSESTEDQAMEDIK

ald 2704.06 QMEAEsIsssEEIVPNSVEA

al5 2720.89 QMEAEsIsssEEIVPNPNsVE

al6 2935.24 EKVNELsKDIGSESTEDQAMEDI

Bl 2062.14 FQsSEEQQQTEDELQDK

B2 2556.46 FQsEEQQQTEDELQDKIHPF

B3 2965.98 ELEELNVPGEIVEsLsssEESI

B4 3122.68 RELEELNVPGEIVEsLsssEESI

* All phosphopeptides obtained from each sample are num-
bered in ascending order of m/z.

«a represents a-casein. 8 represents S-casein.
i Jii , 5 MagphTi* 1] T &5 B s Ji J & i s o
WA 1 B BB A1 AR i JIK 1 5 4 70 B o WnI&] 8a.8b
B 7R, i SEM .\ TEM KAE A WL, I8t A7 75 A2 29 90

SUB000 3.0kV 8.6mm x70.0k SE(UL)

¢ 100 |

80

60

401

Intensity / %

20

0
1000

Fig. 8

&8

2000 2500 3000

m/z

3500

b
x80.0k Zoom-1 HC-1 100,0kV 2025/04/16 10:39 IR R N e |
Hitachi TEM system 500nm
d 100+
80t p
=
z
172}
=
L
K
0 e M . disde
1000 1500 2000 2500 3000 3500
m/z

(a,b) X HRELA SN b A B RAEFN (¢, d) M0 775 S b 5 45 & 19 SR 1

(a, b) Characterization of isolated exosomes and (¢, d) mass spectra of exosomes in serum samples

a. SEM images; b. TEM images; c. direct analysis; d. analysis after enrichment by MagphTi*".
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Fig. 9 Results of sodium dodecyl sulfate polyacrylamide
gel electrophoresis (stained with Coomassie blue)
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Table 4 Phosphopeptides obtained from exosomes in se-
rum after enrichment by MagphTi*

No. m/z Peptide sequence
1 1389.92 DsGEGDFLAEGGGV
2 1460.01 ADsGEGDFLAEGGGV
3 1545.06 DsGEGDFLAEGGGVR
4 1616.11 ADsGEGDFLAEGGGVR
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