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Abstract A smart two-dimensional photonic crystal (2DPC) hydrogel was developed for accurate detection of Hg?" by
combining the Debye diffraction effect of 2DPC and the volume phase transition characteristic of hydrogel. The polystyrene
(PS) 2DPC arrays were first fabricated by needle-tip-flow method, in which the monodispersed PS microspheres were orderly
self-assembled on the water surface to form PS 2DPC and then transferred to glass slide. The poly(acrylamide-allylthiourea)
hydrogels embedded with the PS 2DPC arrays were fabricated by “sandwich” method, in which the polymerization precursor
solution including monomers acrylamide and allylthiourea was added to the PS 2DPC surface and covered with a glass slide,
followed by photopolymerization. The atoms including N, O and S from functional groups on the hydrogel chains selectively
coordinated with Hg?", shortening the distance between the hydrogel chains and increasing the crosslinking density of the
hydrogel. As a result, the hydrogel shrank and the PS microsphere spacing of the 2DPC decreased, which increased the diam-
eter of the Debye diffraction ring. The microsphere spacing changes were acquired by monitoring Debye diffraction ring
diameters before and after the response of the 2DPC hydrogel, achieving the highly sensitive, selective, reversible and fast
detection of Hg?". The linear detection ranges were in 10~ 100 nmol/L and 25~200 pmol/L, and the limit of detection was
found to be 3.32 nmol/L. The prepared smart 2DPC hydrogel was used to detect Hg?* in cosmetics and water samples to
evaluate its practicability. The recovery for the detection of Hg?* was 98.8%~102.6% and the relative standard deviation was
0.57%~1.09% for a commercially lipstick, and they were 97.2%~103.4% and 0.61%~0.99% for the tap water, respective-
ly. The results demonstrated that our constructed smart 2DPC hydrogels have good applicability, accuracy and reliability for
the detection of Hg?" in real samples. The method is simple for testing, only requiring a laser pointer and a ruler, without
needing sophisticated instruments, and it can realize portable detection, providing a new strategy for detecting metal ions.
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Figure 1 SEM images: (a, b) PS 2DPC on glass slide; (c) the freshly
prepared P(AAm-ATU)-PS 2DPCH; (d) the P(AAm-ATU)-PS 2DPCH
after equilibration in PBS solution. Insets: the photographs of the corre-
sponding films
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Figure 2 The particle spacing changes of P(AAm-ATU)-PS 2DPCH
and PAAm-PS 2DPCH after reaction with various solutions
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Figure 3  (a) The polymerization reaction of PCAAm-ATU) hydrogel and the interaction with Hg?". Hydrogels were prepared by photoinitiated polymer-
ization using AAm and ATU as monomers and BIS as crosslinker. The atoms including N, O, and S on the chains of the hydrogel coordinate with Hg*",
leading to volume shrinkage of the hydrogel. The coordinated Hg>" can be eluted by HCI aqueous solution to regenerate the sensing film. (b) The schemat-
ic illustration for interaction of P(AAm-ATU)-PS 2DPCH and Hg?', and the photographs of the corresponding Debye diffraction rings. The d represents
the microsphere spacing and D represents the diameter of the Debye diffraction ring. The hydrogel shrinks after reaction with Hg?', resulting in a decrease
in microsphere spacing of the embedded PS 2DPC array (from d to d’). The corresponding Debye diffraction ring diameter increases from D to D'
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Figure 4 After response to Hg?" at different concentrations, the micro-
sphere spacing changes of the various P(AAm-ATU)-PS 2DPCH fabri-
cated from (a) BIS at different concentrations and (b) different mass ratio
of AAM/ATU

Acta Chim. Sinica 2024, 82, 9—15



F F R

o Hg* 75 H PBS ¥R 5 EE 22 N (—7.60 £ 1.63) nm
(Bl 2), #4EE 5o 1HES 2R MER A 3.32 nmol/L
(SIN=3). Z53E£ M, P(AAm-ATU)-PS 2DPCH 1] SZHj %t
He? i R ill. 5 CH0E REH L CURE R, &R
S2), Jifh] P(AAm-ATU)-PS 2DPCH #&:illl Hg? B.A5 # %
AT IR, HKT7 s, JofF KA S ¥ %, ] sk
IR 485 s .

Hk, %t P(AAmM-ATU)-PS 2DPCH #5:ill Hg2* {3 %
PEFIPL TR REEAT T W FL. P(AAm-ATU)-PS 2DPCH
WS 200 pmol/L ARS8 BT (Fe?'s Cu?'s
Ba’*. Ca’'\ Zn>'. Pb*". Cr¥'. Mg?". Co?". Mn?'#l Fe*")
rmAER, MRDUREK A BE AR Ak, 25 52 i i) 2 B K e IR A
T Hg> ke E; 4N, P(AAm-ATU)-PS 2DPCH 54
J& B IR G (RIS B B & aJm B 7 DL He?,
BRI 4B B TIREEYIN 200 pumol/L)EF, 522 HAG
Hg* ot + v, 4 R 5d pros. 2%,
P(AAm-ATU)-PS 2DPCH H A 7E Hg? ¥ i P ek (e #E A4
RAEAET R B, A T DL R S B K R
WS, FC R Jk/IME 20 HA & 8 B 11 9.6~22.3
B ULIZE AR KR AT I He? B R kR, M
P(AAm-ATU)-PS 2DPCH 7 HAth 4 J& 55 1 A7 (1 150,
TR ik (— 116.64+1.93) nm [IAIREAZ fk, R
{70 w7/

AN, 48 P(AAm-ATU)-PS 2DPCH 73 HIiE A 10

nmol/L. 10 pmol/L. 100 pmol/L 1 200 pmol/L [#] Hg?*
W, A0SR A [F] B 8] J A Ak [R] B AR (B Se) A
g ORI AR, He? RN, M BIA EF
TN TR AN [, o RO, o )P4 1 I TRk, 4
7E 10 nmol/L [ H 75 2 12 min, T 7E 200 pmol/L [
R 4 min PREERIEIEE SURID, BhEB TP, X
RN FIREE He?  HOd NoKE IR B B, sk, A
(73] Pl S B ] 7T v A PS8 A VR R 1] RO /N BE O W, o
TR A I O N KB He? %2, B4 & )
e, KER WA E AR, & REKY,
P(AAm-ATU)-PS 2DPCH HM{i £ Hg? ¥ FEARAR A 0L T
1L 8 SIS A PRI R e

)5, % P(AAm-ATU)-PS 2DPCH 6l i A 336 4 2
TTHFFC. #5200 pmol/L ) He{FEH 5 min J5 K
P(AAm-ATU)-PS 2DPCH #Z A HCI# (1 mol/L) 20 min,
SR )5 PBS e 30 min(&F 5 min #2/K), MARAEFERT
WM EAR, THEMERERE, S5 PR KB IR E RN
200 umol/L ] Hg {EH, M dlime 575 (R4 Bk (|) 2, 4% 17
I 5 HCUA WA S ORI B, B 20534 51K,
g R B st prow . 45 R R, B 6 H &
P(AAm-ATU)-PS 2DPCH f¥K[HFEZN 1227 nm, 5
Hg? 1 H J5 Bk A BE kN 2129 1080 nm, H HCI 435
MAKZ 2% 1217 nm, 1E 5 MEHNEZERLF, Ui
Il (R 7K B e A%l 2wl A A

a)E c)g -60
@E . (B)E L] (©)F
o) > )
o 404 | 1) o -804
c -] c <
8 \ © ©
o < 241 <
© o o © 100
2 80 AN o) o)
o Q. C c
3] ~e b £
g e @ -28 @ -120
~., Q Q -
o120 N @ y =-21.44-0.089x ) y =-65.07-0.410x
S LN 2 R2 = 0.9956 L .140] R?=0.994
= o £ -32 £
© © ©
0. -160 +— . . . . a i . . . Q. -160 . . . . :
0 50 100 15;0 200 0 20 60 80 100 40 80 120 160 200
C,g2+/(umoleL™) Chgz+ /(nmoleL™) Chgz+ /(umolL™)
(dE O (e)E © (f) 1280
£ £ . ‘\;\‘%‘—‘ Fresh P(AAm-ATU)-PS 2DPCH
S S . £ 12401 Treated by HCI (1 mollL)
€ 40 € 401 } £ oy v
Il 2 21200 VoA
S O S Vor o
o Vo
o © Chig2+ [) O |
c g o P \ \
g @ —a—10 nmollL '(E) 1120 I VoD
n 120 el S h s ©-1201 10 pmoliL S 1060 -&' T
©-1e8 > 2 2 o L8 100 ymoll{ O 1 b s :
S O c= T T = e 200 pmoll S by He?*
© mel e e’ Il Fe° © H Reacted by Hg®* (200 umoliL)
T [ Hg* +other i 0.-160 : : : : 1040-— T T T T
&-160 g e 0 2 8 10 12 14 16 T2 3 4 5
Time/min Cycle

B 5 (a) P(AAAmM-ATU)-PS 2DPCH FIBER B EEARAT He? W KM, (b, o) MERMIFERILYS HPWREMLIERXR; (d) P(AAmM-ATU)-PS
2DPCH 5K A 4 J@ B #1200 pumol/L)fE I IR EE A5 1k, # FE: P(AAm-ATU)-PS 2DPCH 5 Hg? i N §if J7 (6248 A5 (e) P(AAm-ATU)-PS
2DPCH 7EAS A& B Hg® VA AWk 1) BE AR Ak, B IS TR R 351 (f) P(AAm-ATU)-PS 2DPCH %2 # 55 200 pmol/L ) Hg> #1 1 mol/L ) HC1 ¥ & B2

J5i FARCER 8] B

Figure 5  (a) Dependence of microsphere spacing change of P(AAm-ATU)-PS 2DPCH on the concentration of Hg*'; (b, ¢) linear relationship between
microsphere spacing change and the concentration of Hg?'; (d) microsphere spacing changes for the P(AAm-ATU)-PS 2DPCH in various metal ions solu-
tions (200 umol/L). Inset: the photographs of P(AAm-ATU)-PS 2DPCH before and after response to Hg?*; () time dependence of microsphere spacing
changes for the P(AAm-ATU)-PS 2DPCH in Hg?" at different concentrations; (f) the particle spacing of P(GAAm-ATU)-PS 2DPCH after alternate reaction

to Hg?* (200 pmol/L) and HCI (1 mol/L)
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2.5 P(AAM-ATU)-PS 2DPCH KRz F

CATHT 3 BT 0 1 200 R KA SR S Bt SR F Bt
IINEWF T P(AAmM-ATU)-PS 2DPCH #6:3ll Hg? sk
B PERE. SRR 3 Rl 2 AR B 1 4R B2,
KK EAERH. £ 04 KB RARFES, 700 50
nmol/L. 50 pmol/L A1 100 pwmol/L ) Hg2 ¥k, Wi
P(AAm-ATU)-PS 2DPCH 53X £e95/E F 1l 5 [ 3k 18]
FEAAL, FEHRE I 5b BRI 5c kMR R, 115 Hg?
W, SRR 1 P, R, K O 2 K
Hg? i [ 43 51N 98.8%~ 102.6%F11 97.2%~103.4%,
FHXHARUE R 2 53 5N 0.57%~1.09%F1 0.61%~0.99%.
ZE BRI, P(AAM-ATU)-PS 2DPCH #] [ F-#Effs. Al45E
ARSI S BRAE: b R Hg? R

R SEPRREM T He” A
Table 1 The detection of Hg?" in real samples

0,
Sample Added Found Recovery/% I({:z/?’?
50 nmol/L  50.2 nmol/L 100.4 0.76
mEAN 50 umol/L  51.3 umol/L 102.6 1.09
100 pmol/L. 98.8 umol/L 98.8 0.57
50 nmol/L  50.2 nmol/L 100.4 0.61
H kK 50 umol/L  51.7 pmol/L 103.4 0.99
100 pmol/L.  97.2 pmol/L 97.2 0.86
3 #Hig

RSO 20 4 61 b A 5 471 e N 5 (7R 7
it~ 475 TR B IR) K e R 28 v, & 4B A 1 1l
FEAT S BN RN K B AR AR Ve, il 2% T —Fhge
P, k. m R He? B B 4k T ik
JK#ERZ P(AAmM-ATU)-PS 2DPCH. Ji7#l P(AAm-ATU)-PS
2DPCH /K#biHE I Ny O. S 257 755 He? e for S
IR IR R A A, 4 T A AR R 1 (P BB T B kDN,
I T AT SR A ELAR PR R ST Hg? A . AR Ak
%11 P(AAm-ATU)-PS 2DPCH 5 Hg> W37, fRk ] FH
/NIKZ) 147 nm. FUERIELERJR/ME S 10~100 nmol/L Al
25~200 umol/L i Bl N Hg? W FE & RUF ML R R, &
AR 3.32 nmol/L. 1% 68 - b M4 7K o i v L
A ik B SRGTTPoME, H4 HC VAL P2 AT 84 8
F. Fil P(AAmM-ATU)-PS 2DPCH FH T4 12040 [ 3
K Heg?, [R50 98.8%~102.6%F1 97.2%~
103.4%, A8 %F br 15 2 53 5 A 0.57% ~ 1.09% F1
0.61%~0.99% , &R IFZKEE AL K 2S RE 8 n] S Uk
T R 0 S2 BRARE S T AR Hg?* . AR 5 T T A A oy 2, )
W, o7 REUER, A8 R R, e
Ja& B T RIS T T S

4 SCEERSY
S P B AR ISR 8
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4.1 P(AAm-ATU)-PS 2DPCH ##I#&

P(AAm-ATU)-PS 2DPCH [l % @525 59K
FEF R iE ] 4 PS 2DPC [FE5110 (SZRR{E R, B S1).
FHVES 28T EL 300 pL R ZIRGHER LR (=15% (w))'5
IEREE PR SRR 301, fEESRKS A A
R PS 2DPC [ 41, Z218H 2 I b, BRI T
H R “ =13R 714 % P(AAm-ATU)-PS 2DPCH. HX
100 pL A7 3% (T il WL 32 3845 501 T B il PS 2DPC &1
R, % LA, 365 nm HIEAMTEIE 30 min, AR5
BNKAF, 10 min 5 Z18FE, B3 H
P(AAm-ATU)-PS 2DPCH. /K% 1 h J& (% 20 min #7K)
T PBS ¥ (10 mmol/L, pH=7.4)i& ¥t 3 h(fF 1 h 5 #e
PBS ), FJEiR N PBS A A A B A K P
SR 5% P(AAm-ATU)-PS 2DPCH #: )4 1 emX 1 cm [
/NFr, BT PBS WA,

4.2 EIFLTEIAANE R MEKBEENITE

1E e 1 dib MK Bt i b F — SR e ok HL
1T I, TRAEBN T Y RS FE AT 5 PR CLRR
B, ES3), MEMEmFEATH I ER D, FIH AKX THHER
EK[E]FE 4 U0,

_AQ, (D2 R
d= D (1)

) HF, Aaser NI K(532 nm), 7 N 46T dndk
IR 5 BRI BE B, ASEIS T =60 mm.
4.3 M B

WS P(AAmM-ATU)-PS 2DPCH 5435 W i N 1T
MAEFEAT IR EAS D, THEMEKIAEE o, M H ek
(RS Ad. AR N 58 BRI AT, I PBS Z2iliis v
AKEEIRE 3 WK, BRI S min, XFFRE—FRFIR, AT
SE 3 MRS, BIER 3 A UIH P(AAm-ATU)-PS 2DPCH
N, BRI 3 NAFALE, SRR R 9 AN
FEATS IR ELAR D, THEERIEE d, BOL-F(E.
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