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Abstract: To overcome current limitations in polar compound separation and better understand
hydrophilic interaction liquid chromatography (HILIC) retention mechanisms, we designed and
synthesized two novel amino acid-functionalized stationary phases using highly hydrophilic L-
hydroxyproline and L-proline as modifiers through a continuous solid-liquid reaction method. The
synthesized stationary phases were thoroughly characterized using Fourier-transform infrared
spectroscopy (FT-IR), thermogravimetric analysis (TGA), and elemental analysis. Comparative
elemental analysis revealed a substantial increase in carbon (C), hydrogen (H), and nitrogen (N)
contents in both L-hydroxyproline-functionalized (L-OH-PSil) and L-proline-functionalized (L-PSil)
stationary phases relative to the cyanuric chloride-bonded aminopropyl silica gel (TCT-Sil) inter-
mediate, confirming successful functionalization. Quantitative analysis demonstrated distinct ligand
densities for each phase, with L-OH-PSil exhibiting a higher loading (0.193 mmol/g) compared to
L-PSil (0.178 mmol/g). Thermal stability assessments indicated both materials maintained excellent
structural integrity across a wide temperature range (20-600 C), as evidenced by TGA results. To

explore the chromatographic separation performance of the prepared L-OH-PSil and L-PSil stationary
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phases, sulfonamides were selected as solutes, and preliminary chromatographic separation in-
vestigations were conducted. The sulfonamide compounds exhibited excellent separation efficiency
on both stationary phases, with retention behavior following consistent elution orders strongly
correlated with analyte polarity. This observed retention pattern strongly suggested hydrophilic
interactions constituted the predominant retention mechanism between the amino acid-functionalized
stationary phases and sulfonamide analytes. Further supporting this conclusion, a systematic de-
crease in retention factors (Ig k values) with increasing aqueous content in the mobile phase was
observed as a characteristic feature of HILIC. Under optimized HILIC conditions, we further sys-
tematically evaluated the separation performance of both stationary phases using heterocyclic amines
and nucleosides as model analytes, with direct comparison to a commercial Hypersil NH, column.
Both custom phases exhibited exceptional column efficiency, with L-OH-PSil achieving 11 582.87
theoretical plates for 2-amino-3-methyl-9H-pyrido[ 2, 3-b ]Jindole (MeAaC) compared to 8 661.45 for
L-PSil, while maintaining excellent performance across diverse analyte classes including plant growth
hormones, flavonoids, and amines. The L-OH-PSil phase demonstrated superior chromatographic
performance relative to both its L-PSil counterpart and the commercial NH, column. This superiority
is attributable to its unique bifunctional design incorporating two hydroxyl groups, which combine
the advantageous features of amino acid and diol-based stationary phases. This structural char-
acteristic enables multiple synergistic interaction mechanisms, including -7 stacking, enhanced
ion-exchange capacity, and additional hydrogen bonding sites, collectively yielding improved se-
lectivity for polar small molecules. To further evaluate the chromatographic performance of the amino
acid-based stationary phases, we investigated the effects of flow rate and column temperature using
nucleosides and heterocyclic amines as model analytes. Remarkably, baseline separation was
maintained even at elevated flow rates, demonstrating the robustness of both phases under high-
throughput conditions. Temperature-dependent studies revealed that retention times exhibited only
minor decreases or remained stable with increasing column temperature, suggesting minimal thermal
effects on retention behavior. Van’t Hoff analysis yielded excellent linear correlations (7°=0.992 9-
0.999 7) for all tested analytes, confirming that the retention mechanism remains unchanged across
the studied temperature range while indicating an exothermic separation process. Method validation
confirmed the reliability of the developed system, with chromatographic peaks maintaining excellent
shape and retention time stability across varying analyte concentrations. The relative standard
deviations (RSDs) of retention times for six nucleosides ranged from 0.29% to 0.59%, underscoring
the outstanding operational stability and analytical reproducibility of the L-OH-PSil stationary phase.
These results collectively demonstrate the robustness of the amino acid-functionalized stationary
phases under varying chromatographic conditions, further supporting their potential for practical
applications in polar compound analysis. These results indicate that the L-OH-PSil stationary phase
has excellent potential for broad applications in pharmaceutical analysis, environmental monitoring,
and bioanalytical separations.

Key words: L-hydroxyproline; L-proline; amino acid-functionalized stationary phase; hydro-

philic interaction liquid chromatography (HILIC)

SIRZRST AR, 55 B, XU EESE 3K SCOF . BRI 2 2k R AT (0 15 (81 7 A A ) 4 B (B P REIPAN . (2315 ,2025,43(7) : 734-743.
XU Gaigai, YI Yang, LIU Pingping, ZHANG Wenfen. Preparation and chromatographic performance evaluation of hydro-
philic interaction chromatography stationary phase based on amino acids. Chinese Journal of Chromatography, 2025, 43
(7): 734-743.



. 736 - @

T H 43

1o 0T H £ 3 v (HPLC) 1 S AR 43 5 43 Hr 4%
AREYRL T B Tal s (B A fin Bl e R B R
S 2 SRR A AT PE T R -
[ 2 HHAH B AR AL B Y 22 57, HPLC 3 287y s 5 5
A48« FAH A €63 (RPLC) ™ | 35 7K AH B AE WA

6, 4i% (hydrophilic interaction liquid chromatogra-

phy, HILIC)*7 | B F 22 e o 3" DL & R~F HERH (&
P Hidh  RPLC™ ' o0k AR b /58 e L 9
R H e B e 3 A (X B A R
BT RS W R B BE 1 5 0 S ok R R A A I
JRBR o AHEC I HILICH " 3k F &5 78 AL ARG K A
TSR Z O T S X 50 B AT S B PR A
Y R LI S R R 28 RO G A T
U EA R M AT 1E o HPLC R 40 10
YL, (o3 [ A 38 2 ) e AL A 4 22 00 4 A
TAEH AL E oy 8 B 500 2k B8, o BB R 0 gy
Fr AR B AT 7 R, B L ) B Ak [ A Y
[ A R @ O 0 N | BL SR YN T GEZ S
kB & R AT B 2 —

e M B BB P (2 3 | 1k e B Nk R 5 ) D) BE b
() HILIC [ A1 O gk vz B T2 LR £
K AT SR 47 M Ay B A B R, B T
FE M 5 K M | 38 B R R B A O T A AR £ R
B, R ) 2 0 B RN AR T R 2 T S R .
SR MR I 25 A R PE T LA S I R4y ek £
gy F A B AR R Can &R LB s i s K /R H
ST A G [ E A T P R B R S A R
JUE NG, 2 SE R ) e A T AHAT AR AE B U S 2
¢ AbERRE MR 2 R BR M E R 2 (R T i
L 42 4 ) fi

BT A ST LUK PR L-32 258 il 20 2 A L-ili
BN EIKNBEIE A, A = R AN ERE T, R
FH 3% 252 [ 9 2 7 ] £ T P Rl ik g AL HILIC [ &
I S S EAN N T VTR R Ve
(B 5 A B 25 B R ME B R AT T R AE o 25 SR 3 W ol
7% [ 72 AH 1A D R a7 B L B B I R e R R
GF SRR L SO0 IR e 2 IR R R
NSNS LTINS 1 s e A 1 R DR ik
W B ERE R A LB EAT T R . AR E
BH BT & %) W R0 % [ 0 A i T LS TR
BT LS BB 1 B AR KAER - 1R VAR
VR AR Z E A AR D), A L R R HILIC [& €
AR BT M o 2 R PR T — i i 7 vk RN S 06 R Al

1 SEEERSY

1.1 XFE5RHA

Agilent 1260 = %08 A €35 (92 [ Agilent 2
Al ) ;Flash EA 1112 J6 % 4 #1{X (35 [E Thermo 2
) ; Bruker Vector 22 £L 4G4 (5 F Bruker 2
] ) ;STA 409 PC i 73 (L (f% 5 Netzsch /23 ) ;
LX-2 4li /K AL (3£ [E Millipore 23 7)) ; Xk96-B 4 i {X
(2R T 7 B B2 97 0 il AT BR A B ) s KQ-2200DA 7
W v kA CEA L 788 A5 AU A BRZA A 5 150 mmx
4.6 mm AN A GBSl A= W RHE A IRA R
CGY-100B a5 2% A4 #L (BRI 17 1E 3 A ML H 15 7%
HIRAFD,

Z ALk R f2 5 pm, fL4& 10 nm, H 3 16
300 m*/g) g [t E R A7 B 22 M Ak 2= ) B 5 T 5 L-
72 B R (99%) (L-ifi 2 R (99%) #l N, N-— 5
55 2 Wi (DIPEA, 99%) ¥ A F g B Hz T A= AL B4
B A7 B2 5 = G (99%) FieE e Ak ik 7] 3-44
3 = 2 A R B (KH-550,99%) 2 1 [ | & 26
AR R A BR 2 A G S e PR R
X MW ER RS R R A (S sl 1
W A A2 bR A AR B A BR S D 3 Al
CNE W F 2 R e 28 vl o HC Al 24 o TG R R U B 1
Vol T
1.2 FEGK=ZRESEBEAEaEREERNG&
1.2.1  E gy 7E

FREL 6.0 g ZALEEICIR A 120 mL £ B2 % i (A £h
i MK AR R R 1:3) v 123 24 h, HLAR S 1 T (9]
WOI2h BREAEE T, GS Wi -k, w ik vk
R HPE, 100 CHZ T, IS IE A Ak (Si0,)
122 3-2AEZCARERKE KN &

B 10 mL KH-550 - 250 mL = B A, 3
A 100 mL B 78 (19 Jo K BRI AT ML +F T 22 18
A5 g TWEAGRE RS N, R4 T THIR 2 Wik 4, S
240 J5 R, AR AR A MR R R DN L el
KPR 45 6 4% 3 Uk, 80 THEZS T4, BN 3-&(1A %
= &S HEBE e B A T IR (3-aminopropyltriethoxy-
silane-bonded silica gel, APS-Sil) .
123 ZREAAHGAWERERN &K

FREC 1.5 g =55 T 250 mL = LB,
A 70 mL £ BRK FEE s BRI 3 g APS-Sil T H i i)
T F o, 3Fm A 100 mL 2 B 7Kk BB A1 5 mL
DIPEA, 75 VK& 25T K L3 I 2 B i b, AL A 3



55 7 3 TR, A

i B 2 A €8 33 [ AR Y i 2 B HG i vk RE PR ARY - 737 -

FER I 9 h 5 1k B, B GS APt U =k 1 v L Ak ok
T 2l K R EER DY I 6 U L 70 CELAS T 12 h, B4
= R AEF A = N LK (cyanuric chloride-
bonded aminopropyl silica gel, TCT-Sil) .
1.2.4 AERHE A K

FREL 1.5 g S A ah (1.5 g &R 4y 3 T H
b R T R SR A TR T R R 1 i N )
MR F B b W N SE R L R ROV 30 min, 45 1F
P FE e ZE R 2500, 80 CH. 2S5 148 9 h, RI A5 2 5
M2 4 (L~ B 22 1 9 A1 L- il = AR ) o
1.3 FKRESEREEHEE &

W4 g TCT-Sil Al 1 g & JE 1R & A 250
mL = FUBE R, I i A 150 mL B A 4
mL DIPEA. Yo7t 50 CJ A 2 h, # [B] 37 0z 8 he
5k SN, G b e O 2 o v R ] Atk
B AR VE %, 80 CHZ T4 12 h, BHILI=RA
TN I TR O A TR B A G IR A, B L A
i & W A fE B [ ® 41 (L-hydroxyproline-
functionalized stationary phase, L-OH-PSil) #ll L-
i & FR B 4 ik i B %2 A (L-proline-functionalized
stationary phase, L-PSil), & &2k LA 1,
1.4 BEFNEE

LY S8 A Btk 1 A 20 S, HY A R TOURE W, 7
AL ) 25 MPa %3 10 min, 40 MPa %64 5
min, K P ] 2 A BT AR SRR AR 1 0 N B N A
(150 mmx4.6 mm) " ,30 min Ji7 , 2 18 b 5 %, 12
B R DR AR AR L R RS B A
RSk br B D7 ) OB AR RCE A B . e
0.2 mL/min A 2 T HI B oh g 24 b, £ T AT AE

it Bl A -
1.5 ®iEEH

a7 B R R IR R A AR KR TR
B | i 25 0 2 AR B SR T S I 7K o Tl B Y K
270 nm, 4K 254 nm, i #E ¥~ 1.0 mL/min,
K FH A5 B2 UE 5 AR IR 340 30 C.

2 #FR5HR

2.1 L-OH-PSil 1 L-PSil B &R1E

K F L0063 43 B o0 R 43 B AR 43 A %
il & BB EM AT TR . EIATUEFES, 5%
i) {4 TCT-Sil #H [t , [& & #H L-OH-PSil #1 L-PSil
) C H N & 47 58k I W (9 38, 2% W S AL g
C BT G B APS-Z N S i o DABR T R &
(U2 APS- = R EU Bk & i) 1T A ) [ E A
L-OH-PSil #l L-PSil (54 & 43514 0.193 mmol/g
A1 0.178 mmol/g. [ 2a & L-OH-PSil il L-PSil (¥
LLANERE KL, AT Si0,, APS-Sil 7E 2 933 cm™ Al
2 884 cm ™ BT BT H L 5 LAY C-H 4 ik
B I e B 3-E N Ik = 2 R LR o i T B
WAL R RS . 5 APS-Sil A b, TCT-Sil 7E 1 595
cm A C=N BUHE W I, 38 BI] = 2R G0 R U 6
A8 APS o FEZlRE R S R Y [ A S A
Z ik Si-0 B (1 110 em™) , & 5 £ 10 3L 4] 2
Si-OH (3 500~3 200 cm™) , 805~465 cm™" &b J& fif i
A ALGEAE R Si-O B 0 FR AIE W U o SR T R MRS 1 R
TIE 2140 6 3% W s e i 55 1 [ A 1 C-C 1 i 4
PRI (1 250~1 140 cm™) FlE ¥8 3 K N-H i fif
45 9% 806 (3 500~3 300 ecm™) , HBE 2 L 52 [F] & A1

cl
CH

CH 3 Cl N‘<
3 Lo N‘< LO/\/\ /</ \N
(0} o Methanol, DIPEA |
Toluene [ VN N\ > @ _qi —
b0t N L @y T o €)o7
He—" | N o N= Ice-water bath, 9 h o cl
N o Ny, 24h j
j CH cl CH,
CH; 3 R
Si0, APS-Sil TCT-Sil
CH, N

N B
H H TCT-Sil

R = OH: hydroxyproline
R = H: proline

R = OH: sodium hydroxyprolinate
R = H: sodium prolinate

N
* 9 A
Methanol, 30 min Methanol, DIPEA 2SN
cooH + NaOH ——8M8M COONa —————> @ 0—5|1 N N==< COOH
N
7

\ COOH
N

R =OH: L-OH-PSil R
R = H: L-PSil

1 SEBRE HILIC BEHMNEHKE
Fig.1 Synthetic route of amino acid-functionalized HILIC stationary phases
DIPEA: N,N-diisopropylethylamine ; HILIC: hydrophilic interaction liquid chromatography.
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Table 1 Elemental analysis results

Elemental contents/% Surface cover-

Analyte

N C H age/(mmol/g)
APS-Sil 1.558 5.570 1.282 0.928
TCT-Sil 2.831 6.482 1.227 0.253
L-OH-PSil 2.885 8.801 1.520 0.193
L-PSil 2.888 8.614 1.320 0.178

APS-Sil: 3-aminopropyltriethoxysilane-bonded silica gel;
TCT-Sil: cyanuric chloride-bonded aminopropyl silica gel; L-OH-
PSil: L-hydroxyproline-functionalized stationary phase; L-PSil:
L-proline-functionalized stationary phase.
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Fig. 2 Characterization of L-OH-PSil and L-PSil
a. FT-IR spectra of SiO,, APS-Sil, TCT-Sil, L-OH-PSil and L-
PSil; b. TGA of L-OH-PSil and L-PSil.
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Fig. 4 Chemical structures of (a) eight heterocyclic amines and (b) seven nucleosides
Glu-P-1: 2-amino-6-methyldipyrido[ 1,2-a:3',2’-d Jimidazole; MeAaC: 2-amino-3-methyl-9H-pyrido[ 2, 3-b Jindole; Glu-P-2: 2-amino-

dipyrido[ 1, 2-a:3’

,2'-d]imidazole; PhIP: 2-amino-1-methyl-6-phenylimidazo [ 4, 5-b | pyridine; Norharman: 9H-pyrido[3, 4-b]indole;

DMIP: 2-amino-1,6-dimethylimidazo[ 4,5-b Jpyridine; Harman: 1-methyl-9H-pyrido[ 3,4-b Jindole; IQ: 2-amino-3-methyl-3H-imidazo| 4,

5-f]quinoline.



. 740 - ta i %43
a b 5.6
1. Glu-P-1 1. 4,6-dichloropyrimidine
3,457 2. MeAaC 7 2. 2-fluoro-6-chloro-purine
. 3. Glu-P-2 3. uracil
: 4. PhIP 34 4. adenosine
6,8 h 12
5. Norharman NH, 5. adenine
6. DMIP o column 6. acyclovir
1 7. Harman 2 7. guanosine
8.1Q column 1
34 5 = L-PSil
6
o _J column 7
column 1
3 WA
PRI 8 L-OH-PSil 43 6 7 o
_ MNANAL Nam S —
T T T T T T 1 T T T T
0 S 10 15 0 10 20
t/ min t/ min

&5

(a)8 Fh IR BZF0 (b )7 7 4% ¥ 7 L-OH-PSil,L-PSil 5 Hypersil NH, ) & % &
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Mobile phase: ACN-H,O (87:13, v/v).
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Table 2 Theoretical plate numbers of the eight heterocyclic amines on two amino acid-functionalized stationary phases

Column Glu-P-1 MeAaC Glu-P-2 PhIP Norharman DMIP Harman 1Q
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L-PSil 2292.08 8661.45 3628.90 4376.20 4696.48 3377.73 3821.84 2950.15
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Fig. 6 Separation of hydrophilic compounds on L-OH-PSil and L-PSil columns
Mobile phases:a. ACN-H,0 (92:8, v/v); b. ACN-H,0 (87:13, v/v); c. ACN-H,0 (87:13, v/v); d. ACN-H,0 (89:11, v/v); e. ACN-H,0

(90:10, v/v); f. ACN-H,0 (89:11, v/v).
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Fig.7 Separation characteristics of nucleosides on L-OH-PSil and heterocyclic amines on L-PSil columns
Separation efficiency of nucleosides on the L-OH-PSil column at (a) different flow rates and (b) different column temperatures; (c)
Van’t Hoff plots of nucleosides on the L-OH-PSil column; separation efficiency of heterocyclic amines on the L-PSil column at (d) differ-
ent flow rates and (e) different column temperatures; (f) Van’t Hoff plots of heterocyclic amines on the L-PSil column.
Mobile phase: heterocyclic amines, ACN-H,0 (87:13, v/v) ; nucleosides, ACN-H,0 (89:11, v/v).
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Table 3 Selectivity factors of the six nucleosides on L-OH-

PSil at different temperatures

P chioropy-  chloro. | U Adenos-  Ad- - acy:

rimidine purine cil ine enine clovir
15 - 10.88 1.61 1.84 1.51 1.44
20 - 10.28 1.72 1.78 1.49 1.46
25 - 10.20 1.79 1.82 1.37 1.50
30 - 11.35 1.76 1.80 1.43 1.52
35 - 9.96 1.87 1.77 1.45 1.50
40 - 9.48 1.89 1.76 1.43 1.52

#4 AEIBETL-PSilx 6 IR MERERE T
Table 4 Selectivity factors of the six heterocyclic amines

on L-PSil at different temperatures

T/C Glu-P-1 AaC Norharman Harman DMIP 1Q

15 - 5.19 2.77 1.41 1.43 2.01
20 - 5.12 2.64 1.36 1.51 1.83
25 - 4.94 2.54 1.33 1.59 1.73
30 - 4.86 2.46 1.30 1.62 1.64
35 - 4.96 2.37 1.26 1.74 1.51
40 - 4.94 2.29 1.22 1.86 1.41

x5 ZEEL-OH-PSil.RKIFPZFE L-PSilHE LR N FSHAH,
ASTIHIE HELMEXRE
Table 5 Thermodynamic parameters (AH, AS) and fitting
quality (r?) of nucleosides on L-OH-PSil column
and heterocyclic amines on L-PSil column

Col Analyte Al As/ ?
olumn ”
v (kJ/mol)  (J/(mol-K))
L-OH-PSil 4, 6-dichloro- -10.54 -60.81 0.9959
pyrimidine
2-fluoro-6- -13.31 -50.95 0.9961

chloro-purine

uracil -8.91 -31.21 0.9953
adenosine -9.94 -29.76 0.9968
adenine -11.29 -31.22 0.9942
acyclovir -9.71 -22.63 0.9949
L-PSil Glu-P-1 -1.85 -27.06 0.9961
AaC -3.33 -18.93 0.9978
Norharman -9.07 -30.08 0.9931
Harman -13.31 -42.29 0.9962
DMIP -5.93 -13.38 0.9997
1Q -16.08 -42.87 0.9928

ol ] 7 A b 1 8 ek R O R A

J & G L-OH-PSil a2 M, LL 6 Fl i 3
Gy F R B BT HEAT e AT E Y . CE 5 pg/mL
% TR A bm HE T WA HE AR B 23 002 1.3.5.7.9.,
10 pL, % 22K [R] 5 f 06 €6 305 43 B3 A 52 ), SE G B
fne 3 1 (] 8) R, 2 40 i i) (i 2 R 1 R 4F

T B B 1) A2 2, A X AR o R 22 (RSD) 2 0.29%-~
0.59% , 7543 1iF 5% L-OH-PSil 8%k H A 1 5 19454
FasE Ve A3 M M S8 AT A TR L g
BIE A3 7 R Y 2, O B8 i [A] RSD 43K T 0.59%,
F WIZM RLE (335 43 25 N F rp B AT 3

1 1. 4,6-dichloropyrimidine
2. 2-fluoro-6-chloro-purine
3. uracil
4. adenosine

3 5. adenine

6. acyclovir

¢/ min

E8 AEFHHEEM T L-OH-PSIlH B 6 MixFHRE M
Fig. 8 Separation stability of the six nucleosides on L-OH-

PSil stationary phase under varying injection vol-
umes
Mobile phase: ACN-H,O (87:13, v/v).
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