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Preparation of multi-functional magnetic nanoparticles for
harvesting low-molecular-weight glycoproteins
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Chemical Engineering, Nanjing University, Nanjing 210023, China)

Abstract: Low-molecular-weight glycoproteins ( LMW-GPs) are considered promising candi-
dates for disease biomarker discovery. Selective sorbents are essential for the extraction and
enrichment of this class of compounds. Boronate affinity chromatography is a unique separation
mode in liquid chromatography. It enables the selective separation and isolation of cis-diol-
containing compounds such as glycoproteins and saccharides. Recent years have witnessed the
rapid development of boronate affinity materials, particularly for use as selective sorbents in
proteomics and metabolomics. However, studies are scarce on the specific design of such mate-
rials for the selective extraction of LMW-GPs. Herein, we present multifunctional magnetic nan-
oparticles (MNPs) for selectively harvesting LWM-GPs. The multifunctional MNPs were ration-
ally designed and prepared by wrapping magnetic core nanoparticles with a phenylboronic acid-
grafted poly(acrylic acid) (PAA) network. In addition to fulfilling the primary function of con-
ventional MNPs in magnetic separation, multifunctional MNPs can offer three pre-determined
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advanced functions: 1) the size-restriction effect, which enables the elimination of the interfer-
ence of high-molecular-weight proteins and other species; 2) the selective extraction of LMW-
GPs; and 3) protection of the harvested LMW-GPs against degradation and contamination. The
multifunctional MNPs enable selective extraction due to the affinity of the boronic acid ligand to
the cis-diol moieties of the glycoproteins. The size-restriction effect and protection function
depend on the polymer network on the surface of the MNPs, which allows the selective passage
of low-molecular-weight molecules. Transmission electron microscopy (TEM) characterization
showed that the MNPs were well-shaped nanoparticles, with a diameter of approximately 60
nm. The size-restriction effect was first predicted by a thermogravimetric analysis-based theo-
retical calculation, where for MNPs prepared using PAA with an average molecular weight of
240 kDa, the estimated pore size of the network was 0.9 nm. The boronate affinity and size-
exclusion effect were verified by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and capillary zone electrophoresis (CZE). To investigate the dependence of the
selectivity of the MNPs to LMW-GPs in a complex environment and the size-restriction thresh-
old for the PAA chain length, nano-liquid chromatography-tandem mass spectrometry ( nano-
LC-MS/MS) was performed to analyze the molecular mass of fragments harvested by the MNPs
from the tryptic digest of horseradish peroxidase (HRP, a typical glycoprotein). The polymer
chain length or the molecular weight of the PAA used played a critical role in determining the
molecular weight thresholds of proteins above which the size exclusion effect will occur. The
threshold values were found to be 5.0, 9.3, 4.1, 5.1, and 2. 7 kDa for MNPs prepared using
PAA with average molecular weights of 2, 5, 15, 100, and 240 kDa, respectively. This depend-
ence enabled adjustment of the threshold value for inducing the size-exclusion effect of the mul-
tifunctional MNPs by changing the PAA chain length. The multifunctional MNPs can be further
developed into promising nanoprobes for selectively harvesting not only LMW-GPs, but also
other cis-diol-containing biomolecules of biological importance, such as nucleosides and gly-
cans. Thus, the material preparation strategy reported herein offers new insights for the rational
design and synthesis of multifunctional-affinity sorbents to selectively extract target compounds
from a complex sample matrix.
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2.1 kDa [ PAA 14 H 3¢ [H Sigma A wl, NG/
FH SOSUPS s B B VR ( C = 2. 6% ) WU HH 3 2, — i
(TEMED ) F135 % % ¥ H 5 [ Bio-Rad 2~ F], 1-4
- (3-SR F N ) Bkt W% (EDC) | 7] %
FORNAR (APBA) A1°F-3 40+ it i 240 kDa 1Y) PAA
) H Alfa Aesar ARl (K . T T heSEB IR EH- R
PRI Tk iz B2 5 R, 1K ( SDS-PAGE ) AHX 731+ I H b v
sl H Promega 23 A ( 1) , R H 14 H Pro-
mega (dbnt), HAEHIE A R/ a2zl A ],
Bk ohral, HPR 752 BOCHE ™ 50 pg

1 ESEEFMEREERR BRSNS K BH ( APBA-PAA-MNPs ) I R ~HHE RS R N R S WIS &R B E
Fig. 1 Schematic of the size exclusion effect and polymer chain structure of 3-aminophenylboronic
acid-grafted poly( acrylic acid) chain-modified magnetic nanoparticles ( APBA-PAA-MNPs)
HMWP . high-molecular-weight protein; LMW-GP . low-molecular-weight glycoprotein; LMW-NGP. low-molecular-weight non-glyco-

protein.
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HRP 5 2 pg IR FRR 5% T 25 pL 50 mmol/L
WRIR S A T P 1E 37 C N B0, P A7 T
-20 CUk4th,

BHWIE 35 R AE 2R H H 48 JEOL /A wl Y JEM-
1010 AY3% 5 o+ AU, ek e & 100 KV, HilFE 2
FEGKA B 5 53 B K 5 T AR L AR X
T8 H., a4M6iE% R 3E E Thermo Fisher 2 & Y
Nicolet 6700 BI{# B AR e 2T S GEAY, Zeta FLA
%2 % F 9% [ Malvern 2 7 i) Nano Z zeta i {i/
ASC I 7 B 1 P 9 K A L B A BCEE 2K . SDS-
PAGE & 32 [ Bio-Rad /3 F] 1Y) Mini Protean 3
VKA HL RSN Powerpac HV, HLUK 45 o )5 K
F H e iE R-250 44k (1 H 2% [E Bio-Rad 23 7))
479, I H] Gel Doc XR documentation %5 il
BAGHATICT, FE A B OGS T 25 ©ATRT
[] fii ( MALDI-TOF MS) 7 f# & Brucker 72\ & Y
Autoflex JEIEAX I 5¢ i, 40 I T0ROF €635 5 335 B FH
(nano-LC-MS) 5Z 5 7+ 3¢ [# Thermo Fisher 2\ &]
Y43 LC-LTQ-Orbitrap XL R4 F5E M., BAEH
Pk 52 B 7F 5 [ Beckman Coulter 2\ &) ) P/ACE
MDQ E 404 IR F5E R,

1.2 INEELREMEA KRS B
1.2.1 & 33k # foak b 45 K+ 8 (AMNPs)

1.0 g SKE =AM 6.5 g 1,6-C el
2.0 g TO/AKBRBRENTA T 30 mL £ 2 AG
PUFR M A 19 50 mL i K & P 7E 198 C
JNE 6 o, il A5 A0 038 T e Ak 7 M 4 oK R K RN
BT UE 3 IR TE 50 C FE= M4,

1.2.2 S btk a4 kAt

# 500 mg AMNPs 43 8T 50 mL 30 g/L 11
PAA %W, I im A 500 mg EDC #1 1 g¢ NHS, ##
FRIRE A AU 2 b, HIA5 9 PAA TG AL PE
YK A1 Kl ( PAA-grafted AMNPs ) 7K 1 2, 4%
YE3 WEFE S0 C F EA M+ % H ., B 200 mg
PAA-grafted AMNPs 731t 40 mL 5 g/L [A] 2 54
iR — /K &P Wb, 3F A 400 mg EDC #1800 g
NHS, #r R A5, MU FE2 h §il15 0 2 D) feg
WEEAN KA1 B APBA-PAA-MNPs ) FH /K Fl 2 854537
Yk 3 WETE 50 CTFESMT &M,

1.2.3  [8 & LA B o db ek M40 Kk AL R

4 400 mg AMNPs 53 F 40 mL & 5% (v/v)
% W 100 mmol/L B FRHNZE 1 ¥ (pH 7. 0) H
PUME 2 b, 7533 5 00 S 15 1b R RE PR 90 K A1 R}

FH 100 mmol/L B FREHZE thigs WiE vk 3 WG /3 it T
40 mL 5 g/L [A| Z IR IR — /K-S P I 1% (&
O3B0 B IE I S AL AR K 100 mmol/L i R 4 2% i
S, RN 2 h S WAOAR AR A ) 2 T R ) g
A REVE DN K 44 B ( APBA-GA-MNPs) /K 1 2 B %%
THUE 3 YR TE 50 C FEZ M &,
1.3 ZFEENAfER

SDS-PAGE % #f ¥ HRP Fl BSA ¥ fift 7 &
500 mmol/L NaCl f#J 50 mmol/L NH,HCO,-NH, -
H,O(pH 10) ', R & (I 4 1 g/L, H2 mg
MNPs 1 50 wL bR A, 7E—1> PCR &
B2 PR ZE 1 h, B K MNPs A 3 %
fiET 45 B 3225 1S W, MNPs % 500 mmol/L
NaCl #J 50 mmol/L NH,HCO,-NH, - H,0(pH 10)
150 mmol/L NH,HCO,-NH, - H,O (pH 10) % ¥
U3 WG ELT 25 L 50 mmol/L R o R 3 fi
1 h, feJ5¥s MNPs HAMIGG 7 W B 457 BE | i 48 i
W J S PR A MR AE 28 1 — 20 50T

FaE BT ARBURTLIRAE i — A
[F] ) 2 7E A< AT ) HRP BSA IR G W mA T
1 g/L Rt

nano-LC-MS 4 #1 ¥ HRP [ fi# /=95 &
1 mol/L NaCl #J 100 mmol/L NH,HCO,-NH, -
H,0(pH 10) ZFABUR A5 B 50 wL FH A5, HoAtb
HRRIA L
1.4 SDS-PAGE %#f

SDS-PAGE 43 H7% ] 1 mm JE 2 1EER, 0T
AR TS HE ) 1 25 P VRO E EL AR 2 15 mL 30% 119
P TERE / F SCSON As TE R TR I (C=2. 6% ) , 6.3
mL 0. 5 mol/L Tris-H & fR 2% v (pH 6.8) , 0.25
mL 10% SDS ¥ ,15 mL #4fi7K 0. 125 mL 10% i
TR EZ A1 0. 025 mL P4 H 3 2 — i (TEMED) , H
T3 B EHE i A A AP R R TE L 407 2 4. 0 mL 30%
4 PR TE i/ Y SUSUTR s T e FUTR R (C = 2. 6% )
2.5 mL 1.5 mol/L Tris-H & R 2% ¥ (pH 8.8),
0.10 mL 10% SDS # ¥, 3.35 mL #4li/K, 0. 050
mL 10% i3 Hi 4% H1 0. 005 mL TEMED il g i 5%
F 10 FLE I FLAR ., FEM S SxiY EFESE vhilk (100
g/L SDS .10 mmol/L i J3HEEE .20% (v/v) H i,
0.2 mol/L Tris-HCI (pH=6.8), 0.5 g/L IR E %)
Fie 4:1(v/v) B HBIE S, 76 100 °C Fn#4 3 min,
SERE S HI B IR JEHL 20 wL oA BREFL . 7EFRTK
af AR ET 25 min B 100 V110 /5 4 HL s e 2
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200 V L2 IREY A I8 AT I BERIGHR
1.5 EHEBRKDH

SRR R B0 N 60 cm (A ALK 50
em)x75 um 1.D.x375 pm O.D., g A ] b 7k 456
), BRI AT, ¥ A AR A 4T B A
.1 mol/L NaOH ¥t 20 min, 2l /K /%t 20 min,
5 M (BGE) #h{k 20 min, B PIIRKSEL 2
i), AR 24P B 4095 . 0. 1 mol/L NaOH #hik
2 min, 47K %k 2 min, BGE #¥%E 2 min, BGE 41
AR 35 mmol/L AP 4% v (pH 10.0) , BAIE R
JEFEHIAE 25 °C ., #FRE HCR 0 | iR )
3.45 kPa(0.5 psi) , #EFERTIE] 3 s, 20 B HL R BEE
FE 20 KV, AR ARSI 4 5 2 A 214 nm,
1.6 Nano-LC-MS % #7

LC-LTQ-Orbitrap XL ¥ AH & 1i&- it i I H & 4¢
BCA PR 15 DU TCHRE B 2R, — A SRR R AT
IR LTQ-Orbitrap XL &2 ¥l . S0 3
i1 Agilent 2 7 /%) & 44 (5 mmx0. 3 mm, 3H
#L4 Zorbax 300SB-C18 5 pm) . ZrHra:h H il 1)
Hide C18 BN At , N2 75 pm, KJE 12 cm,
HVED MR AT e e —BeAa e B4 (75 pm
LD.) i — g FH T e JOEBe il B — S48 5~ 10
pm IS s Bl S R A E LAY AR C18 AQ
AR A B2 5 pm, L4212 nm, W [ 72 [
Sunchrom 23 7] ) 23 FF7 ) 4 (1) B ARAE v e 3R
J12y 4 MPa, 7EHURHK FEIA 2] 12 em B3 1R300

WA AA BN (A)0. 1% (v/v) H R KB,
(B)0. 1% (v/v) HERH LGV, L8 FRER Y
TSAHTE E R 98% A, Wit 60 wL/min, i i
AR € 3% 46 BE 40 R .0 ~ 5 min, 2% B; 5 ~40 min,
2% B~60% B; 40~45 min, 60% B ~90% B; 45~ 55
min, 90% B {£f§ 10 min; 55~75 min, 2% B, i3k
FHAEE A AT HT A 2 i 2852 =38 20 3 I A9 I i 2 R
200 nL/min, 3SR 7 VAR AT L W55 HL R
FEN 1.8 KV, B A4 I, 7E Orbitrap H #47 — 4>
10 T30 PR A3 4 , FIRHE LTQ h kAT 6 s
RO vE — s . BRI A
Y& — micro scan, &3 M F T b (m/2)
L 400 3 2 000, SR A sk s
S R 6 A BT AT R S A S A
2, 0 —AL Al i BB ' 1% 2 O 35% . Orbitrap ) H Fr
BTN 2% 107, i KRR H]52 4 500 ms,
LTQ ) BFR B Fom BB R 3x10*, e KR HE I [H] %

9100 ms, SMAHERR B T ERE 2K,
BRI 30 s, HEFRAT K 60 s,
1.7 MALDI-TOF MS 4 #f

MALDI-TOF MS /) #7 7 Autoflex MALDI-
TOF/TOF Juitk A% | 5¢ i, 525 R FH IE B 1=,
WOCPEA N 337 nm, K of it [E] 250 ns, JEHE 20
KV, g RS, BTN o--4- R R A
2 (CHCA) R AN, T 510 0. 1% (v/v) =3 &
W3- (70:30, v/v) , RE5KIEE B 100 KOG A
S A R B I A

2 GRS

2.1 HHRMBIRIE

AT R B B i T WO X A L APBA-
PAA-MNPs 49K # BHAIE ST T R AE, WEl 2a
Jis A RIS S S8 4, R AR 3 5] S ELAR R 60
+15 nm, Bf5, FRATE LM ERERME T R ITAE
REA (ULIE 2b) 7 3 Fh4 KM R LTSN b, 7E
576 e Ab A — AR BER A IR IS , X R ) & Fe-O
BERIIRBIE, [RIREE 2 855 em ™' 12927 em ALKy
XL D] i B % - CH, - ‘B B A1, %I AMNPs, 1623
cm” ' Fl 1048 e AR YRV N T C-NH, A4
Sl 1 B 4 4% 4 K A L 52 -NHL, DhREfL T
%} PAA-grafted AMNPs, 1407 cm™ &b 14 3iE 52 1
BRILMILEAE 1456 cm ™ FT 1715 e &b s i %o 7
H I, BB PAA B S S s 2 31 T 40k
#ELF M, % APBA-PAA-MNPs, 18111783 #l
1590 cm™' Ab AT A R A R BRAEAE T 1 208
e A2b FR I T XoF I —C —N =48 35 A | 3ok BB 4R 15 A A1 k)
L EAER: T R IR

AT T Zeta HLA7AYAS L, AMNPs f) Zeta
HLA A +2 mV, &4 T 240 kDa PAA i) MNPs fi}
zeta H3 07 2R - 25 mV, i & i T R) 22 R R 0 R 1Y
MNPs [/ Zeta {7 -20 mV, Zeta 7 FH+2 mV
AR -25 mV, Ui B AR R TH 9K I PAA 55, N0
Zeta HL{i =25 mV 25} -20 mV, ¥i8] HA #41
FRIEEE T M RN

BAUGE T PAA ML AFLAR I R AR B 1
MNPs ({3 LN 5 g/cm’® | iy Al 0 A0 oL B %
HE SR HEARZ K 60 nm , 7] DI85 940 K 9
B R H 4.5x107° g, ZHIMHT4E R
7N, PAA BETE 260 C I EALE (WA 2¢) , #E—2P11
PAEMT (LA 2d) B, PAA S5 B E S 200 R
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Fig. 2 Characterization of the nanomaterials
a. TEM image of the APBA-PAA-MNPs. b. FTIR spectra of amino-functionalized magnetic nano particles (AMNPs) , PAA-grafted AM-
NPs and APBA-PAA-MNPs. c. Differential thermal analysis ( DTA) of AMNPs and PAA-grafted AMNPs. d. Thermo gravity analysis of

AMNPs and PAA-grafted AMNPs. 240 kDa PAA was used.

PR R 2%, X R, 7E 1% PAA BRI
() MNPs - 119 155 43T (0 12 24 |5 8 1Y) 2%,
UG AT DATHRAR 2] RS G OK JBORL L 14 85 43 4 B o
PN 10131077 g, bk PAA 851934501
Fiit Ry 240 kDa, W% 4% PAA &1 i i 29 4. 0
107" g, P b A A Ve g oK UKL 1 R 204 25 4%
PAA(240 kDa) i, 534k, 4553+ & 7T L5
PAA BERY RS E 2 3300, 1 C-C BEEK 4N
0. 15 nm, K JL 7] 145 55 PAA 4 -F XK 208
990 nm, FATEE PAA BE AT LY A0 40, 3 76 74 40
RAURE L, D) phy R 43— ) 2 1 ke 1) X 2% g FL AR T LA
fHEARBI KL A 0.9 nm,, Hi i, FATAT LT
PAA W 457 35 1) MNPs B A RS HERR AN . T+
FESEBRG LT 1 434 2 e KA W R B T Y
1 L2 e HEAR LS AR XA, DR HL L A% AT i
TRk —8 ) R, SEBR A RS HEBH AN (1 5 12
(BN DASEIR 25 5

2.2 ZINBEEEMEANK AR E R AN R~ HEBE 1
BERAE

L) APBA-GA-MNPs i %t #8371 # FH SDS-
PAGE #/F T APBA-PAA-MNPs A4 ) st HERH 1 BE
HRP F1 BSA 73 5iI/E A8 8 1 AR RS & A AR A
TFIAE, W& 3 i, APBA-GA-MNPs 1] L) e #44:
Hu )\ HRP Fl BSA R A ¥ h % 5 HRP, I APBA-

66 kDa - -
e

43kDa | M- 6 P

3k -
a b c d

B 3 EIFMEFRTHEE A SDS-PAGE R1E
Fig. 3 Characterization of the selectivity and
size-exclusion effect by SDS-PAGE
a. molecular weight markers; b. standard mixture of horse-
radish peroxidase (HRP) and bovine serum albumin (BSA) ; c.
extract of the standard mixture of HRP and BSA with the
APBA-GA-MNPs; d. extract of the standard mixture of HRP
and BSA with the APBA-PAA-MNPs.



- 1108 - Ll

i 539 &

PAA-MNPs WX 5 (A BT AR S G i as R 3%
W, i F HRP (4> T it 44 kDa) i 5 KT APBA-
PAA-MNPs R T 55 53 W 2508 B FL Y B AR,
(K TG 9 APBA-PAA-MNPs &4 .

bR s 7 1 T N T R o 04 N s = W L
LAY (43 T it 267 Da) 5 HRP Fl BSA IR
BB IRAE R, 28 [ A R LS 15
NI &Y B UK T, IRl 4 P,
APBA-PAA-MNPs # ¥t H fig 4l 48 B 11, 1M APBA-
GA-MNPs FEHU AT LA 4 2 B 0 HRP ., Hy itk
AT LAAS 4598, APBA-PAA-MNPs #1 kL E A 0 55
FRGT HEBH A S B

HRP
Adenosine
| BSA

I 5 mAU

Adenosine

S

HRP Adenosine

0 2 4 6 8 10 12
¢t/ min

4 R RTHEE S A E BRIk R

2.3 ZINEEEME MK A R4S B AN R~ HEBE 1
B 5 PPA i KHIX R

AT % %% APBA-PAA-MNPs 7£ 4 2% FR 58 v Xof
A F- 0 B 1 B AR AR T LA B RUST I BH 154 {8 A
PAA B K B9 & &R, B A'TH nano-LC-MS/MS 434 T
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Table 1 Mass reduction due to glycan neutral loss

Neutral loss under different charge states

Sugar
Fig. 4 Characterization of the selectivity and size- U8 +1 +2 +3
exclusion effect by capillary electrophoresis Hexose 162.1 81.0 54.0
a. mixture of HRP, BSA and adenosine; b. extract of the Deoxyhexose 146.1 73.0 48.7
mixture of HRP, BSA and adenosine with the APBA-PAA- Pentose 132.0 66.0 44.0
MNPs; c. extract of the mixture of HRP, BSA and adenosine N-Acetylhexosamine 203.1 101.6 67.7
with the APBA-GA-MNPs.
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Fig. 5 MBS? spectrum for identification of a precursor ion as a glycosylated peptide
The peak at m/z 1198. 39 marked with an asterisk is produced through losing a deoxyhexose from double-charged precursor ion
1271. 58. The diagnostic oxonium ions are highlighted in red and the neutral losses are indicated in blue lines. HexNAc, Hex and Pent are
the abbreviations for N-acetylhexosamine, hexose and pentose, respectively.
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Fig. 6 Deconvoluted averaged mass spectra of glycopeptides
in the range of 1800—5200 Da

a. HRP tryptic digest; b-f. extract of the HRP tryptic digest
with different APBA-PAA-MNPs ( average molecular weights of
PAA: 240 kDa (b), 100 kDa (c¢), 15 kDa (d), 5 kDa (e) and
2 kDa (f) ). The spectra were integrated over the whole range
of detected glycopeptides obtained from the nano-LC-MS/MS.
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Table 2 Non-glycopeptides and glycopeptides
identified for HRP tryptic digest in
the range of 1800—-5200 Da

Type Molecular mass/Da
Non-glycopep-  2103.05, 2200.95, 2216.98, 2248.16, 2316.18,
tides 2475.28, 2580.04, 2638.13, 2944.36, 2988.49,

3048.54, 3173.66, 3402.56, 3447.73

Glycopeptides  1887.84, 1916.74, 2029.82, 2173.88, 2286.98,
2363.01, 2436.23, 2542.615, 2612.20, 2932.24,
3021.20, 3095.30, 3184.27, 3257.52, 3354.41,
3390.46, 3553.52, 3591.65, 3606.62, 3673.71,
3726.63, 3753.65, 3766.64, 3776.73, 3825.67,
3840.65, 3895.66, 4057.71, 4114.70, 4223.85,

4276.77, 4482.99, 4895.19, 5067.08, 5165.36
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Fig.7 Deconvoluted averaged mass spectra of glycopeptides
in the range of 5200—-15000 Da
a.extract of the HRP tryptic digest with APBA-PAA-MNPs (5
kDa PAA) ; b. HRP tryptic digest.
The spectra were integrated over the whole range of detected
glycopeptides obtained from the nano-LC-MS/MS.
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