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Applications of Methylene Blue Modified Polymer Core—Shell Nano-
materials in SERS Detection of Perfluorooctanoic Acid
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Abstract: Perfluorooctanoic acid (PFOA) is environmentally persistent, bioaccumulative, and
potentially toxic, and poses a severe threat to ecosystems and human health. A novel core-shell
nanomaterial, gold nanoparticle-dopamine—N—aminoethyl piperazine propane sulfonate (Au@DA-
AEPPS), was constructed for the sensitive detection of PFOA based on surface—enhanced Raman
spectroscopy. Using AuNPs as the core, a core—shell structured nanomaterial with abundant amino
functional groups was successfully synthesized through the self-polymerization of DA and a cross—
linking reaction with AEPPS. The successful construction of the core—shell structure was confirmed
using transmission electron microscopy and X-ray photoelectron spectroscopy. Indirect detection of
PFOA was achieved based on the ion—pairing effect and electrostatic interactions between PFOA and
MB using methylene blue as a Raman signal molecule. The method showed good linear relationship in
the PFOA concentration range of 1. 0x10 * = 1.0x10 * mol+L. "' with a detection limit of 1.2x10 "
mol L' under optimized conditions. Selectivity experiments revealed that the sensor exhibited good
anti—interference ability against common metal ions and surfactants. The recovery rates of the actual
samples were 82. 1% - 91. 6% with relative standard deviations of <3. 5%. This study provides a novel
strategy for the rapid detection of PFOA in the environment.
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EREM (PFOA) VR —Fh A 2 5o FE M 5t , IR LR 00 sl /K 38 T R 1 5 A v i Ak 22 A e
PE, B2 T RETE R KGR B KB IR AR U SR, WFIT#BH PROA YEEREE X
IR, BAAEY RBRERSAESME, MESRGEA AR ER TR B ™ SR " B, @tk
LR, ATEE) PFOA ARSI 5 i 06 - BRI W IR0 JXURS: DA A B35 L,

I TR GERT KIS PROA 10 4% G-I 5 72 1o 2 0% - O B . DA% . b4 7 S SERS
P9 RZE, H, Wt -HERE (LC-MS/MS) VMRS ik, BHEHRMA R, H{E:
A B . FES TR AR e, MELUR S B PR T AR TR 1 ST A R I SR A e A
B, Cheng§ ' FFEMIET EB-CTAB RGEMTENIRERTHIFRIE 11. 8 nmol/L, [ AEZEWRETR L 5%,
SE . Mann 55 B K G A N A% AR A HE BR 24 566 nmol/L, @ FE T YR K, ik
2R PR BN ST S IR S5 Bk, 120, Chakraborty 55 7 BWFIY I % 00 4R B0 S AL A e
K HBR 47 0. 63 pmol/L, ZeVETEHIA 1 pmol/L % 1 pmol/L. (B58EZ 6 NEREZRL ), HZ&ME FR (1 wmol/L)
BRI T %A% G 0 B PROA AR S B E ERE T, 88 IS A S 75 A R e e

RGP 2 CEHER (SERS) W T H S R BUEE | PR B A > T 48 80RMRE ST, C TS
YR A s B Y HOMREON E B T S mAUREE W (. B 00 IR S B AR SRR
B 51 % B sk B i3 5 . B LS st & B AKRPL FAE SRR R EE R A Rtk . SA%E . £
YIRS L2 B B A i A ), BT 17— 204 0 S, B 25 BTSRRI R SR (1 i
TAESCEER DRI R K S o MR RILL S R AUKRL 7 0A% . RIEBITR S Ihae s TR 2,
TE(R A SERS ¥EsAUN W [RIINF, 48 THaE v . it Ry ReBl F 52, ki SERS SR
T E R

Z B — P AL A E S ACENE > T, TES9mPE S5 Pl H R AR 2 Bk, &
% WU BAT RS0 RER R RN RONE P, B8 38 S R M R R R N, 5 B B sl B i) oy -k A
ARER, PRIz N TR R E I REA A 1. N-Z L FEWRER 1, 3- P E R A R B ) P
TAEY N-R L EIRE-1, 3-PILEiiNAE (AEPPS) FEEFfGiATT, BA R IFR Y AR E
KV, TEAEYEE SR B A B RS

T, AFRLLERRT (AuNPs) A%, FIH 2 R B R AR L 5 AEPPS Z 0] 38
ECR N, fE Au NPs R T E SR TREHINR 2 LI-AEPPS E 582, &/ EIeawaik
BB Au@DA-AEPPS, %8 &5 EAMMUREIRTF T Au NPs IR ETE, WIS A PROA HWZRR 243t T
FEAOVE RIS . P B & YR LS (MB) 1R NP 25501, 3T PFOA 5 MB 2 |4
1) ST ROV ISR AH EAE ), @32 1 PROA MTa)#2 SERS Kl J7 ik o @I R R 51 . A 25 4k B2 o3
MR RAEH5E, AT B FENIREEH PROA PR | SR IR (3 —Fhr ks

1 SCIGERSY

1.1 XFEE

WAL =/KEY (AuCLH,0,, 99.9% trace metals basis) . JG/KZEE (CH,CH,OH, 99.6%), %
Mé (CH,NO,, 98%). 2MFEM (CHOF,, 96%) WK LHFE A NPHEIBAAA ) N-HL%
UEME (CHN,, 399%). 1, 3-Pks@iAg (CH,0.S, 299%). Pl (C.H,0, 99.5%). ZJ§ (CH.N,
>99.9%) ., W H F# (C H,N,CIS, Dye content >90%) . M2 (H,PO,, >85 wi%) . il (H,BO,, >
99.5%) . FEME (CH,COOH, 99.5%). &% LA (NaOH, >98%). FrigEmR4N (CH\Na,0,, =99%) . i
FREE (MgSO,, >99%) . BRIRES (CaCO,, >99%) . t7 bt =HIELGALE (C,HLCIN, 97%) . DY T Xk
JEE (CH BN, >99%) . SALAN (NaCl, >99.5%) FIRALAN (KBr, >99%) ¥ E b igkiTH T A4k
BB 7. BRI R /BT, S50 K Milli-Q 1410 22 Tk .

A 3} FE PO OB X (ATRS300AF, B35 R HIAT IR AL 6 5 B At T %8s (F200, H
A JEOL /AR 5 SEANIT WA S HE H (UV-26001, 85 A 8T R 28 7 ) 5 48LHL I 20 516 i 43 B
(Nicolet iS50, FEEK CH/RBHEL A ) ; XHLOLHTREE (K-Alpha, FEBR C/REHER]); 3180k
U531 (Malvern Nano 2890, 2 T /R SUANES A BR 20 7] ) o
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1.2 Au@DA-AEPPS #% 5 MK+ # I #l &

Au NPs il & . PP A BEAR R A KRR R, DUBarKAIK CREERE_T . SROGRTT
27 185 55 nm Au NPs: K5 1 mL 1%HAuCLE M 99 mL @ 2K, JMIE TR 130 “CHl i 5 )d 2
125 °C, BRI 750 WL 1% PR AN, W IR 8 (28 JR AR 2 BRI AL (4, 4RZE)1IF4 20 min,
RHRERGE T4 CR1E.

AEPPS & (ZHOSCHR ' J7i2dFmPMES0) : FRELT. 15 g N-ZA L HEWRERNS5. 90 ¢ 1, 3-PHbiti
B, 2R T 65 mLAI5 mLZEH . LL170 pL/min B3R 1, 3-P9kafil NS 2 I8 W N\ N-
RACHENRER) CREEE T, BB 0.5 he M SEERSG, PR FIREIBES 31K, T 60 'CT HZ FLGd
%], RMEPITES T & AEPPS,

Au@DA-AEPPS il & . FREC15 mg 2 % (DA) H135 mg AEPPS 73 5if T 10 mL % : 7K (2:
5, AR, TR o FH2 mLLEL100 pL/min BRI 10 mL Au NPs H7, FRZEH4E 20 min, I H
WA IR EA, BOWRREERTARE: K (2: 5) 1, 15 Au@DA-AEPPSAZFEAUKITEL
1.3 SERSEKMMES PFOAN

Au@DA-AEPPS-MB SERS E: #1485 : BU1 mL Au@DA-AEPPS AR, NN 50 pLiREEH 1. 0x10°
mol - LW LW (MB) /KIEH, T FIEF0.5h, RIVEKRG, 50083k ERRRL S
FIMB, &= EAET 1| mL ORE-KIRAHEWR (LFF: K=2: 5) ¥, |4 Au@DA-AEPPS-MB
SERS LK.

PFOA () SERS A : 4 50 WL ASEIREE (1. 0x107 ~ 1. 0x10™ mol-L™") HY PFOA FRiEIZE IR 4> SN
200 pL iR SERSFJEH, FEIR TR 6 he S8t RESEEEW T AWK 785 nm, G
50 mW, A4 6000 ms, KRR LOD=3S/Ek (S Al AR RIER 2, & APLE bR ih 2
FIRER) TR

PR T EE WEE ST (Mg, Ca*, K. Na') REmIEIER ANk = B R A 1b ik
(CTAB) . WTHEGREL (TBAB) 1EATHMET, WKEEXIA 1. 010 mol- L™, PFOAVKJEE 1. 010 mol -
| O NP SR ER L priE e

FEIE SFEETET: AEPFOA ME H 1. 0x10° mol- LS E R, 5 10 2HAES: (4H°F473 1K)
PIVEA BN T30 dNIE 41k (BIRCEAT3IR), LI 5iEm i e k.

1.4 KBRFEmTAE

BRI E 4 "CI 24 h, BEEHET /S BY)%0. 5 em x 0. 5 em % fy, FRECL. 5S¢

MINEEE: K (1: 1) IRETEW, BAE2h (600 W), 0.45 pmIEBLDE IR E4. B R RR 28k
PR, NN 20 mL 20K 20 min, 2. RHAINGREMCGE PEML 7 ERE . AR BE 20 0
2.5, 5.0, 10.0x10°mol - L',

2 HRSHE

2.1 MHBBIFRLE

RHES T B (TEM) AP EHES B TRAE, KA ME 1 PR, Frgme and 5 il 45 1)
Au NPs S ATHGENE, FHEDOGHE (1A), BHiDA-AEPPSEIZ)E (& 1B) nl &M s3] Au NPs Hi
7 TIEEZ) 10 nm 39 5)58)2, RUAZFCLER . ERmtEFmr T, SERAESIERE
AR 2 B, o BRNEA ] 5 AEPPS 2+ B S8 Ji R i S 85008 S R N & A A 6, A
1E Au NPs RTE S Z BRI E 782 . S PRES TR (Bl1C) BREseguormefr
TERE Au (111) SHTE, AHTEEIFEO. 236 nm, M5T)2ER TOMAESREL, KIHFEZ NI E L5 . 1t
XHFAi5 (D) SEBFRERATEER, XMW Au (111), (200), (220), (311) &1, SHRiE Au bl
EAE—E L, ShAOGBUTESE R (E2A) WK, Au@DA-AEPPS FXIKii22)75 nm, 5 TEM 4 HEW)
B0 BAM-TTIRICOGE (K2B) B, Au NPs7E 532 nm &b S BUFAF o) 8 36 1 25 85 iR 4E 48 (LSPR)
Wi s BTS2 )G, W LAS 2 540 nm,  HAE 600~800 nm I FBl HBUB Il , XA T2 S
Au NPs Z [0 A 6 B0 28 S S B TIERR B I 8. B 20 4% (B2¢) SR, 5 Au NPs#H L,
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Au@DA-AEPPS 1£ 1650 cm™ F1 1160 em™ Ab H BT B Wz i, 43 550 U9 J@ T —NH, Al C—H A4 45 4 o 4
?}Eaj o]

A)

| i N
o

Au (l_lI-)

N
d=0.236 nm @

1 AuNPs (A) FlAu@DA-AEPPS (B) (&SR8 (TEM) K, Au@DA-AEPPS (K757 60 b o7 i i
(HRTEM) K (C) KIERHFRTS (SAED) &l (D)
Fig. 1 TEM images of Au NPs (A) and Au@DA-AEPPS (B); HRTEM image (C) and SAED pattern (D) of
Au@DA-AEPPS
Zeta LA E 45 (K2D) FBH, Au NPsFEHE AT (-29.5mV), & DA-AEPPS 7%)2 5%«
AT -13. 8 mV, XM T2 S84 7RI, R E TR R E M. X5
AATHTENE (2E) @R, Au@DA-AEPPSYE38.5°, 44.8°, 64.6°, 78. 1°F182. 2°Ab M BUAT I, 4>
B Aufl) (111), (200), (220). (222) Fl (420) i, ShrdERE—2 XSHEOEH TREE 4
it (B2F) B, Au@DA-AEPPS FEEAC1s. Nls, O Is & Au 4f 5%, N CENLETEIFRH DA-
AEPPS5¢ 2 I &M .
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B2 Au@DA-AEPPSIUZNZGHER (DLS) [ (A); AuNPsk5 Au@DA-AEPPS [{)55h-1I L (UV-Vis) Hik (B). fi
HHASGLAN (FT-IR) Jgilf (C), Zeta WAL (D) K XHHEATH (XRD) &l (E); Au@DA-AEPPS ) X SFLOGH T
REIE (XPS) & (F)

Fig. 2 DLS profile of Au@DA-AEPPS (A); UV - Visspectra (B), FT-IR spectra (C), Zeta potential (D), and
XRD patterns  (E) of Au NPs and Au@DA-AEPPS;  full XPS survey spectrum of Au@DA-AEPPS (F)
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2.2 SERS#M#IER ZHEML

Au@DA-AEPPS ] SERS Y i 21 &1 3A P o G EIAE 435 em ™ (S—SEEMZEIRS)) . 630 em™ (C—H
BEMAEIRSN) . 1532 em™ (N—HZ#HIRSN) LI 1596 cm™ (GERR C=C4idRsh) AbHBUSFARDE,
IXUEEL BN RE B G v B ORI P R 1, v 3 i S S i e,
FHEAE AR PFOA . MB /& —FhyBEVR S H 25 7wk}, ml 50 & 7800 PFOA i # B A Al K 1
TG B85 - %F 3R T 52 me) H A B OIS Y AT o8 Y . i 3B R R, 51N PFOA JF
Au@DA-AEPPS/MB [f) SERS {559 B 1G9 . X —BLG 0 IH A T MB 5 PFOA Z[H]JE i) &5 - RHILE

FHEHR I

HHEEH .

B 7 RRR TS TR, (R L SERS " BRI SEBUE SR .

£

Raman Intensity (a.u.)

3 AuNPs 5 Au@DA-AEPPS YR B3R E 2 BUH (SERS) [l (A), Au@DA-AEPPS/MB A Z K5 PFOA [¥) SERS
Fig. 3 SERS spectra of Au NPs and Au@DA-AEPPS (A); SERS response of A u@DA-AEPPS/MB toward PFOA detection
LB EGE T MBIDAGERL . MBYREE . MFE ) JEIRAE . PFOA RIS [a) & & & pH fE4) SERS

fE5020, 45K 4R, BETEREESM N : MBIIAEEL 150 pl, MB¥#SE 1. 0x107 mol- L',
WFE B8] 30 min, FEEEH 2200 pl, PFOA JZMWIE)6 h, KR pH 6.0, HAHEZEA R, EWMESGET

C

Raman Intensity (a.u.)
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Fig. 4 Effects of MB addition volume (A), MB concentration (B), MB incubation time (C), substrate dosage (D),
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2.3 REEDH. EFEHIEN. EMESRENE

TER LI AFAT T, %/T\TTF’J{ZU‘?PFOA (1.0x107~1. 0X10” mol - L™") %} SERS {5 5 I . &
B 441 em™'4b MB E’J#%?ESERSW’W EREWE , %R T MB 40 F C—N—C B9 25 ihi3gsh, 1
BiA . T IIR, H%TLJ?ESERSJ%U“ X PFOA RORGIN RELE, & SAF A, Bl#E PFOA W
ESEDIIR SERanﬁ?ﬁfEﬁﬁﬁi@ﬁo 16 1. 0x107~1. 0x10™ mol - L™ YK BEJEH N, SERS 52 5 PFOA ¥k Ji
I B IR P LPE R R (KISB), LPERIATFEHR y=1808. 4x+18 839, #HEREL 2=0. 9949,
AR LOD=3S/k HHEAF B HBR A 1.2 x 10" mol - L™, FBHiZ 7 1L BA 5 i) ZE0%

(A) (B) 12k (€)
~15k 3 5
= @

H E

= ‘Z 8.0k

Eok §

g =

g 5. = )‘Elxllﬂ.4‘+1llﬂ_!9

— YRR RN N ITO ) s 2 .99

= Sk _. "ﬁ"— 'i‘ﬁ };...LE £ ook R*=0.9949

£ 4 o e —

3 A R 5 o

B e ‘= 9 8 7 6 -5
500 1000 1500 2000 .

Raman shift (em™) ~1gCrroa(molL)

(D) (E) On first day (F)
- B oMo o e maellionl 3
=ISI( & fet koo Y6rvy, (Rl S 3
3 | .?:n Ul On 10th day E,
£'10k1 ‘ | AN GOSN O z
@ - o
§ [ £ I on 1nzua E
= £ AT | A A A =
- o - - — A i - A -

g " ﬂ “ﬂ BN e |
Al L. n lay =
= &
5 - /‘_{ 'L.l 7 l , LMJ'L—’\M—/\\}JI\.,N—.A—_ X
: 500 1000 Hﬂlﬂ zmm 500 1000 1500 2000 A 10 3% prs
Raman shift (cm™) Raman shift (cm™) Time(d)

BEl5  AFEKEE PFOA BISERS G (A) F441 em™ Ab3REERIFHIZL (B), Au@DA-AEPPS/MBHJIEFEENITT (C), 10
ZHPFOA I SERSJGHE (D), 30 d P Au@DA-AEPPS/MB ) SERS K3 (E) 441 em™ AbsgEEAEfE (F)
Fig. 5 SERS spectra of PFOA with different concentrations (A) and fitting curve of peak intensity at 441 em™ (B); selectiv-
ity investigation of Au@DA-AEPPS/MB (C); SERS spectra of PFOA for ten parallel groups (D); SERS spectra (E) and in-
tensity variation at 441 cm™ (F) of Au@DA-AEPPS/MB within 30 days

mEsCHR, DHEIERET (Mg, Ca*, K*. Na*) FIEETEMER (CTAB. TBAB) ATty
B (HEEF R 1. 0x10" mol - L), 48 T i @A & X PFOA (1. 0x10° mol-L™") MEEEtE. FHidm
B IMANXT SERS {55 5 BERZ M4/, 1 PROA W IIN D) 5 ke St 0408 , iX i T PFOA 5 MB 2 0] 77
R RV EAE ), RIHIZALEEERT PFOA B R IFI Btk .

X104 1. 0x10° mol - L' PFOA BIFES A TR, 441 em™'Ab SERS 5 B I AH X FRifi %% (RSD)
H4.2% (K5SD), williZriEEIER IF . Rt B, FEIRES CFRIF30d N, SERSTHEE %
FERR R (ISE), RSD A2.4% (I&5F), IESEZRREA R IFFaE:.

2.4 ELBREMOTH

PR SEFRAE ) PFOA ARSI & A TR, ASIibRas B R, Bt (FEi D) #F
S JCUE PRFOA R, 8 (FESh2) IRIZERE R B AR K PFOA ZRJIE (0. 002 pumol - L
), FESERTSA PRFOA THEAT 2206 o SR A DIFRIIWSCE PEOT BT it 7 iE 7R SE bR i e i B HI PR RE . 3 145
LW, B ARRIIRZ BN AL S P PRFOA B DIFRIENSCZE 4 82. 1%~91. 6%, RSD (n=3) k0. 85%~
3.5%, FWHIZJ7ik 0l TR A5 PFOA BRI
2.5 FHikXfEE

P57 5 1 5 SCHRIRGE B PRFOA A 7 E b TRt (382) . Z5REH, 5 LC-MS/MS Z:bRifk )5 24
th, ATFETOT R AFE P BRI R A e 5 AR B R, AT R AR TE 4 a1
RS PR 3 51545 SERS ZLJEEAH ML, Au@DA-AEPPS-MB LA 4tk A2 e tE bt THbee . I
W, AT IRAERRSEAE S o PROA PRSI 25 7 Tl B A — & T Ty, il S0 = 0 o 5 B D Wl 37
B, NI PFOA A PR BEAS I SR 46 1 %7
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F1 LbRFEShH PROA B ITRRIEN S0 45

Table 1 Results of spike recovery experiments for PFOA in real samples

Sample Added/ (pmol-L™") Found/ (pmol-L™") Recovery/% RSD (n=3) /%

1 0 0.00 - -

2.5 2.29+0. 04 91.6 1.8

5 4.51+0. 07 90.2 1.6

10 8.31+0. 29 83.1 3.5
2 0 0.002 - -

2.5 2.23+0. 03 89.1 1.4

5 4.16=0. 07 83.2 1.7

10 8.21+0. 07 82.1 0.85

2 AlE PFOA K757 iR REXT H

Table 2 Comparison of analytical performances of different PFOA detection methods

Detection method Linear range LOD Sample pretreatment Instrument requirements Applicable characteristics
AR Au@DA- 1. 0x107~1. Ox Lo EURVOKEEAUH RE-AORE . o SRR GG, REUER; 5
b ) e B 33 A L
AEPPS/MB SERS 107 mol-L™" (5 L lelf_l A, UEHRAL R, TC AR gﬁgﬂgggﬁﬁgﬁu JIE s 3 PC B 37 KAtk 7 A
Sef 1 mol- e 7 A N e 8 N A ]
ek MO ) ’ AU, LY " B2 A (LK PROA

Hil A 0~250 nmol - L™
SERSHENE " (L1 ANEUHE)

W~ W

(RETALIEES 78a ATl N EDAE
SR A SRR R, BE AT, VRGO 22 4
il 95 U e BB YRS TR E B )2

KM EAT 5y R 5L

ARSI, (HE PR
JKEETRT B pH AR, 7 6 AR TRl ARRIROER) 28, Rk BEAE o T BR EL

15. 89 ppb~ HLJR Ak A gk . eIl JEh
3.8x10° £ BRSNS EE M EIRER
mol-L”! BHEE

30~250 nmol - L™ 1.2x10™

THR AL (L IASCERYE)  molL FUBT. PRI AL BT A0t LB, & JReM 5 B HAbt, Wil S%s
E " C BRI AT e PFOA & B AR 5 K IR

TELR SPE-LC-MS/  4~400 ng-L”"  0.6~2.4ng
MS Okig) 29 (2 A%k gh) L

B LC-MS/
MS [22]

BE T 52 1 22

] [7] 4 & & 15 AP PFAS 41
IKBEREUE . ELR WAX [ M R S0RAT - = UM AT B 4, EEE R ER ;X
MFERCE L, WK, & BHE, RAR® LR =R RS =4, Joik i
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