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Abstract: To investigate whether a series of water-soluble cross-linked chitosan derivates synthesized in the
guide of imprinting technology could be used as a uranium chelating agent to protect cells exposed to depleted
uranium (DU), the imprinted chitosan derivates with high UO,>" chelating ability were screened, and cell model
of human renal proximal tubule epithelium cells (HK-2) exposed to DU (500 pmol-Lfl) was built, chitosan
derivates (400 mg-L™") was added to test group and diethylenetriaminepentaacetic acid (DTPA, 50 mg-L™") was
added to positive control group. The results showed that three Cu®" imprinted chitosan derivates had higher
uranium chelating ability (>49 pg-mg ') than chitosan and non-imprinted chitosan derivates. Compared to the
cells exposed to DU only, survival of cells in group added chitosan derivates rose up significantly (increased
from 57.3% to 88.7%, and DTPA to 72.6%), and DU intracellular accumulation decreased, membrane damage
and DNA damage also eased. Among the imprinted chitosan derivates, Cu’" imprinted penta dialdehyde
cross-linked carboxymethyl chitosan (Cu-P-CMC) was the best, and better than DTPA. From ultrastructure
observation, the DU precipitates of test group added Cu-P-CMC were most grouped in a big hairy clusters in a
string together outside cells. It is possible that the DU-chitosan derivates precipitates are too big to enter into
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cells, and from this way, the DU uptake by cells decreased so as to detoxication.

Key words: depleted uranium; uranium chelating agent; imprinted chitosan; detoxication; human renal

proximal tubule epithelium cell
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Figure 1 Ion imprinted cross linked chitosan chelating UO,*
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S My A LE R e O T DNA B R B B e v vik -
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Table 1 Chelating depleted uranium (DU) capacity of water-
soluble chitosan and its derivates.
for 24 h was measured by ICP-MS.
CTS; “P <0.05, &2
cross-linked chitosan

The DU chelating capacity
"P<0.01 vs
P < 0.01 vs corresponding non imprinted

n=3, x+s.

Chelating DU /ug (DU)-mg ' (chitosan)

Template

Non cu* Ag’ Pb>
CTS 129+2.4 - - -
E-CTS 482+52"  424+35" 10012 347+33
E-H-CTS  367+197 38.0+40" 87+09 308+24
E-CMC 29.5+3.8"  34.1+£33"" 9.9+25 19.3+2.0
E-H-CMC  343+54" 300+28" 150+£1.3 32.0£4.0
P-CTS 402+43"  494+377% 137432 402425
P-H-CTS  34.6+5.0" 49.1+537%% 17.0+14 208+1.1
P-CMC 473+23"  49.6+2.17%% 169+04 39.1+08
P-H-CMC  40.5+42" 41.8+53" 177+1.5 30.6+28
2 Cu™ENR S BRHE A B a1 & 3 23 40 35 15 20 A AY 17
F1EH
Xf DU AR E ST 3 MEAY) Cu-P-CTS. Cu-

P-H-CTS Al Cu-P-CMC, KH MTT e Ho 40 i 5
P, 76 1600, 800, 400 F1 200 mg-L ™" K% F,48h
SN AT IR R (76.5+3.5)%- (87.5£2.5)%
(96.5+3.5)% A1 (98.0+2.0)%, 4w tEIRA%.

DU X 21 i i 25 1 523 5 — ) (R A g 1, 24 ho PN B
DU MR (634 125, 250, 500 1 1 000 pmol-L™"),
MIAEHER B E P (ICso 4 537 umol-L7Y), 4w
A E R BT (B 2A); Bfi DU (500 pmol-L ™)

VERI IS T) B SEC, 0 R A 375 22 FeAEK,  400 Jf P aln 8
WETHE (B 2B). IMAFE R 541 DU &R 2
. DU V54 [A I in N Cu-P-CTS. Cu-P-H-CTS 1§
Cu-P-CMC J&5, 4llMaA7 3% B35 1m17t, #57E400 mg- L
ik B f &, DTPA A — & MR &M DU #EPEAE
H, 50 mg-L™" AR UE, H 75 mg L B 40 i A5
RKEFE N, WHES DTPA A 41 M 218 K %
(H 20).
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Figure 2 Cell viability and cellular accumulation of DU in HK-2
cells were detected by MTT and ICP-MS. A: Administration of
DU in different concentrations for 24 h; B: At different times
after administration of DU (500 pmol-L™"); C: The viability of
cell protected by different concentrations of CTS and DTPA after
exposed to DU (500 umol'L™") for 24 h. n=3, x+s. P<
0.05, "P < 0.01 vs DTPA (50 mg-L™") group

3 Cu™ENiEFEBRIEN A SR
kA

DU 75 441 f 5 410 N DU &5 1 55 40 o A7 ih R 5
S (B 2A 1 2B), IO SEERBERT AW 5 nl A8 4 f
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DU & i i BRAK, A% BT m, b cu®
ENE5¢ 3 ME Cu-P-H-CTS F1 Cu-P-CMC LA [ E
EN32E 5% BB P-H-CTS 1 P-CMC B i 2 Hi [4 4K DU &
R S A A % (P <0.01), I BALTRIPEE A
7 DTPA FIHAh 7 RBERTEY) (K 2).

Table 2 Effects of chitosan and its derivates on DU cellular
accumulation and cell viability in HK-2 cells. DU: 500 pmol-L™";
DTPA: 50 mg-L™"; CTS, P-CTS, P-H-CTS, P-CMC, Cu-P-CTS,
Cu-P-H-CTS, Cu-P-CMC: 400 mg'L™". The level of DU cellular
accumulation was measured by ICP-MS, and normalized by
the protein content of cells on each specimen determined by the
BCA method with bovine serum albumin as standard. »n = 3,
"P<0.05, P <0.01 vs DU group; ““P < 0.01 vs DU +

corresponding non imprinted cross-linked chitosan group

xX=*s.

DU cellular accumulation

Group /ug-meg™" (protein) Cell viability /%

DU 21424202 573+29

DU + DTPA 179.4 +15.8"” 72.6+27"
DU +CTS 191.1 244" 70.7+3.9”
DU + P-CTS 142.9 £20.0™ 82.7+3.0"
DU + P-H-CTS 170.8 +13.9™ 78.1+6.6"
DU + P-CMC 1453 +19.7" 80.2+4.3"
DU + Cu-P-CTS 149.1 +28.2" 80.8+3.3"

83.1 £3.57 4%
88.7 £4.174%

140.9 + 12,1744
129.5+17.0744

DU + Cu-P-H-CTS
DU + Cu-P-CMC

4 Cu"ENBERERR R HMSBNAMAEIRG
20 P 5 P R 1 O S BT A L P R 48 40
JE (3 3): XA LR, DU 5440/ LDH. AKP.
ACP HI NAG i tH #B % 25 3 =y, DU 3 35040 o A B4
5, 40 B B KRR HE Cu-P-CTS. Cu-P-H-CTS.
Cu-P-CMC 1 DTPA Z & IR 415 DU 5 Q41 Lh 82,
LDH. AKP. ACP Hl NAG ¥ H #545 T F4AE, AST 2
SV NER
5 Cu"ENFERERRRMSBAmELIRG
4 A AR TG R A 1 R I A, W RERLA

1, 17 H 4 8 AR B B R S o A A
Wk DU V5441 SOD Fl GSH-PX /K P& X i
H, MM FIZ K SOD A GSH-PX /K- B &[]
T 9.

Table 4 Changes of antioxidase content in HK-2 cells exposed
to DU and Cu®" imprinted chitosan derivates for 24 h. GSH-PX
and SOD in cells were measured and normalized by the protein
content of cells on each specimen, determined by the BCA
method with bovine serum albumin as standard. DU: 500
pmol-L™"; Cu-P-CTS, Cu-P-H-CTS, Cu-P-CMC: 400 mgL";

DTPA: 50 mg'L™". n=6, x+s. P<0.05 "P<0.01 vsDU
group; “P <0.05 vs DU + DTPA group
Group GSH-PX/umol-mg™" SOD/U-g™!

Blank 207 + 28" 20.1+1.2°

DU 124+ 45 18419

DU + DTPA 168 + 50" 218+1.6"

DU + Cu-P-CTS 169 + 42" 229412

DU + Cu-P-H-CTS 159 + 46™ 24.1+26""

DU + Cu-P-CMC 180 +3974 28+2.1"

6 CVWEHTEREREAMSHMNARATR
DNA #if5

s an f o e g5 L (B 3) o, DU 58040 i
M, B % 51.2%, i Cu-P-CTS. Cu-P-H-CTS #lI
Cu-P-CMC (400 mg-L™") J% DTPA (50 mg-L™") 1] &
FWD M A, 22 A 27.1% 25.9%. 22.0% Al
33.2%. DNA BfEhH R LIk 45 R v WL, DU V5 34
AW DNA B T3 2 i 1E 0] B4 4 K53
THSEHY DNA, Joiti R elikfik DNA JyBt; DTPA
AT A4 W % DNA #2; i hnA Cu® B
HEFEHEWE Cu-P-CTS. Cu-P-H-CTS }% Cu-P-CMC (400
mg-L™") 41 DNA )2 i, H Cu-P-CMC (400
mg- L") AEHBEHRE (E 4).
7 Cu™ENiRFE B HE A B 7S R B S M RO B2 0

IO IR HK-2 g AE K R, HEFIEESE, &

Table 3 Enzyme leakage from HK-2 cells exposed to DU and Cu®* imprinted chitosan derivates for 24 h. LDH (lactate dehydrogenase),
NAG (N-acetyl-f-glucosaminidase), AKP (alkaline phosphatase), ACP (acid phosphatase) or AST (aspartate aminotransferase) in culture

media was detected. DU: 500 pmol-Lfl; Cu-P-CTS, Cu-P-H-CTS, Cu-P-CMC: 400 mg-Lfl; DTPA: 50 mg-Lfl. n=6, x=*s. P< 0.05,
*P <0.01 vs DU group; “P < 0.05 vs DU + DTPA group
Group LDH/U-L™' NAG/U-L™" AKP/U-L™ ACP/U-L™ AST/U-L™!

Blank 127.8 +13.27 17057 262+2.7" 42.1+5.1" 55+1.1

DU 667.3 +44.9 3.8+0.7 73.3+9.1 57.6+79 7.0+0.9

DU + DTPA 343.4+29.8" 274057 39.4+5.8" 533+7.4 6.7+1.1

DU + Cu-P-CTS 354.7+30.17 22+08" 42.1+4.17 524+49 59+12"

DU + Cu-P-H-CTS 379.9 +45.9™ 20+£057 48.6+7272 482+6.1"" 89+15

DU + Cu-P-CMC 301.2 +28.2"2 21+08" 409+52" 543+7.2 5.7+0.9"
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Figure 3 Flow cytometry analysis of cell apoptosis according to DNA content of human renal proximal tubule epithelium cells (HK-2)

after exposed to Cu®"

imprinted chitosan derivates and DU for 24 h using PI staining. HK-2 cells were treated with 500 pmol-L™' DU (B),

500 pmol-L™" DU and 400 mg-L™" Cu-P-CMC (C), 500 pmol-L™ DU and 50 mg-L™" DTPA (D) for 24 h compared with normal control (A)

Figure 4 DNA damage of human renal proximal tubule
epithelium cells (HK-2) determined by DNA laddering, after
exposed to DU and Cu®" imprinted chitosan derivates. 1: Blank
control; 2: DU (500 pmol-L™"); 3: DU (500 pmol-L™") + DTPA
(50 mg-L™"); 4: Marker; 5: DU (500 pmol-L™") + Cu-P-CMC
(200 mg-L™"); 6: DU (500 pmol-L™") + Cu-P-CMC (300 mg-L™");
7: DU (500 pmol-L™") + Cu-P-CMC (400 mg-L™")

[ JENGEER; DTPA G FIR T AHA MRS R I, 5
XA RIS %= 5. %2 DUAER 24 h )5, 4
W2 REREAE TS, PG AN 2 S TIRAs, W BE AL,
HEHIZAL, EKAR, LR IRIE Ay B ZOR YU
). DTPA ZA IR A4 i bk DU b 8 40 4h ks
B SR 0, B 2 )R S 08 At ROR S AR e, T
A ik o

FERRENE (K 5), DU V5441 DU mfiEid i
THENAI M, DU YU My, ERE— e RES
0 M o e, A0 B Y SRR . I R WA
DU ViU, VI TN RGR; DU P3RS A,
oy BB LA N ER A . SR RBE R4 ALy DU
PUREND, DU YT O BRIR, D> 8T /N i 2k
N A, HR 2 SR BROIR /N [T 7% SOER 4R T8 K B
PR TR, o3 A (e dh oAb, R AC 5 e SR 1 45 1)
R RUBCRE PR, 3K P T UE I 1% 2 B R AT B e 5 b
4 DU GIMEGY), EMEEW K2 Mk, 1Rk
JH I A N PR

Figure 5 Transmission electron microscopy (TEM) observation
of ultrastructure of human renal proximal tubule epithelium
cells (HK-2) exposed to DU and Cu”" imprinted penta dialdehyde
cross-linked carboxymethyl chitosan (Cu-P-CMC) for 24 h.
A, B: Normal control; C, D, E, F: DU (500 umol-L_l); G, H: DU
(500 pmol-L™") + Cu-P-CMC (400 mg-L™"). DU group: DU
precipitates were observed, outside or inside the cells (C),
concentrated in lysosomes and damaged lysosomes and
mitochondria (D). DU formed thin needle-shaped structures
either isolated or grouped in a cluster reaching 1 pum diameter,
swallowed by cells and mainly concentrated in vesicles (E, F).
DU + Cu-P-CMC group: the DU precipitates, different from
those in DU group, become larger, dozens of cluster grouped
long strings or big clusters outside cells (H), which were more
difficult to enter into cells (G), of course there were some small
DU precipitates inside the cells
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ARG R BB E AR R E A KA S
B, HEE TR U0 A LM . g &s iR
UEW] Cu EBAZ BEFE M6 U0, (B & B b J LA 72
FRAWERS & 1), XS5 HE DI 228k
Jii [0 570 SO0 Ay PRIR 45 g, LE B () e SRR 4y
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