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Experimental section

Materials. Estrone (E1, 99%), 17p-estradiol (E2, 99%), estriol (E3, 98%), p-aminothiophenol
(PATP, 99.9%), chloroauric acid (HAuUCIs, 99.0%), silver nitrite (AgNO3, >99.0%), trisodium
citrate (NazCeHs07, 99.5%), 2-aminoterephthalic acid (APA, 99%) and a-carboxyl-m-mercapto
poly (ethylene glycol) (CPEG-SH) were provided by Titan-Reagent Co., Ltd. (Shanghai, China).
Human serum (ERMDAA474IFCC), bovine serum albumin (BSA, >98%), estradiol benzoate, and
nilestriol were purchased from Shanghai Reagent Company. Deionized-water with a conductivity
of 18.2 MQ-cm was utilized throughout this study.

Synthesis of PEG-modified silver seeds. Ag seeds were prepared in aqueous solution using
the method described previously. ! Specifically, a silver nitrate stock solution (0.56 mM) was first
prepared by dissolving 9.52 mg (0.056 mmol) of AgNOs3 in 100 mL of deionized water, and 20
mL of trisodium citrate (12.9 mg, 0.50 mmol) was added dropwise under stirring. Then, 0.50 mL
0f 0.01 M freshly prepared sodium borohydride (NaBH4) was added to the mixture and the color
of solution changed from colorless to yellow. The as-synthesized Ag seeds were used 2 h after
preparation but cannot be used after 5 h.

PEG-modified Ag seeds were obtained by a ligand exchange procedure. Specifically, 10 mL of
Ag seeds colloids were centrifuged at 8,500 rpm for 10 min to remove citrate in the solution. The
precipitate was then re-dispersed in water (10 mL), and subsequently 0.5 mL of 10 mM CPEG-
SH was added dropwise under vigorous stirring. Excess CPEG-SH was removed by centrifugation
at 8,000 rpm for 10 min. The concentration of PEG-modified Ag seeds was estimated according
to the concentration of Ag seeds based on the Lambert-Beer law.

Preparation of plasmonic MIL-101(Fe) nanoparticles (PMNs). AQNPs@MIL-101(Fe) core-
shell nanoparticles (PMNs) were synthesized using a self-assembled strategy. Specifically, 5.0
mL of PEG-modified silver seeds was dispersed in 10 mL of deionized water and then placed in
a Teflon-coated stainless-steel cylinder. Next, 0.635 g of FeCls, 0.208 g of APA ligands and 0.106
g of NasCeHsO7 were added into the mixture under stirring. The resultant mixtures were heated
at 80 °C for 10 h. The impurities were removed by washing with DMF and ethanol for several
times. The resultant PMNs was centrifuged and then dried overnight at 60 °C under vacuum. The
concentration of PMNs (~ 0.5 nM) was estimated according to the Lambert-Beer law. 2

SERS measurement on the PMNs. The PATP-modified PMNs were synthesized by a self-
assembly procedure. Specifically, 10 uL of PATP (0.1 uM) was mixed with 1 mL of PMNs
dispersions (0.5 nM). Non-bound PATP was eradicated by centrifugation at 8,000 rpm for 5 min.
The resultant precipitates were dispersed in water and stored at room temperature. For the first
step diazotization reaction, 10 puL of sodium nitrite (0.5 pM) containing 0.15 M PBS (pH 6.0) was
added into PMNs colloids. After reaction for 2 min, the resulting PMNs were subsequently mixed
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with E1, E2 and E3 following the same procedure to create azo dyes. After the Griess reaction, 5
uL of the mixture was transferred onto hydrophobicity-modified Si substrates, and SERS
spectrum was recorded. SERS measurement was conducted on a BAC151B micro-Raman system
with a 785 nm laser (15 mW). The accumulation time for each SERS analysis was 20s with 3 lots
of data accumulation.

Peak differentiation and peak imitating. The peak-fitting procedures were carried out using
the linear progressive baseline correction option of PeakFit 4.12 and an exponentially-modified
Lorentzian fit. The number of fitted PEs peaks was accorded to the DFT-simulated spectrum and
literature-related peak data. To develop a reliable SERS method for PEs detection, additional
PATP peaks were involved in the deconvolutions, using the peak-position and full widths at half-
maxima (fwhm) obtained from a PATP-capped PMNSs as a reference. To avoid spectra overfit, we
fixed the peak position and fwhm during spectral deconvolutions, utilizing the fwhm of PATP-
modified PMNSs peaks as a guideline.

Discrimination and detection of PEs in actual specimens. Hospital wastewater were selected
as complex matrices. PTFE membrane with a pore size of 0.1 um was employed for removing
indissoluble solid matter from wastewater specimens. Milk, duck, and fish samples were obtained
from a local supermarket. 10 mL of H202/HNO3 (2:8) was used for extraction of 0.1 g of
homogenized samples in 20 mL centrifugal tubes. Then the mixture was transferred to 50 mL
beaker and heated nearly to dryness. Afterward, the solution was spiked with different PEs
concentrations. Prior to the detection of PEs, 1 mL of PATP-capped PMNs (0.5 nM) containing
0.15 M PBS (pH 6.0) and 0.5 uM sodium nitrite was incubated with the extracted solutions for 3
min at 25 £+ 2 °C. The resultant solution was analyzed by SERS spectra.

Raman enhancement factor. The enhancement factor (EF) can be calculated using the following

formula:
EF=(Isgrs/Tpun)*(Npui'Nsers) 1)
Nsers=NpaTPS Laser (2)
Nputk=CVN 4S LaserSbuik 3

where Isers and loui are the vibration intensities in the SERS of p-aminothiophenol (PATP) and
normal Raman spectra of PATP, respectively. Nouk and Nsers are the numbers of PATP molecules
under laser illumination for the bulk specimen, and the numbers of PATP molecules on the PMNSs,
respectively. The number of PATP molecules was calculated using equation S2 and S3, where C is
the molar concentration of the PATP solution, V is the volume of a droplet, Na is the Avogadro
constant (6.02>10%% mol™). Siaser and Spuik are laser spot size and the area of the PATP solution dropped
on the silicon wafer (mx (0.1/2)’cm?= 0.008 cm?). In the experiment, 20 uL of PATP solution (1.0
mol-L!) was dried onto the Si wafer (dpatp=1 mm) and thus Npuk can be estimated as: Npux =

CVNASLaser/Sbulk: [(20 HLXIO mOl'L-l%.OZﬂOZB mOI-l)/OOOS sz] xSLaser =1.5><.I.013 um-2>€Laser.
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Nsers is determined by laser spot illuminating on the sample and density of PATP molecule
adsorbed on the surface of AgNPs. According to the statistical data, the surface area of single AgNPs
is about 1256 nm? (mx400 nm?=1256 nm?). The surface area of the PATP molecule (Spate) is
approximately 0.2 nm?, so the number of PATP molecules adsorbed by one AgNPs is about 6280
[NpaTP=1256/0.2=6280]. There are approximately 796 AgNPs per square micron (Nagnes = (1/1256)
x10°% um™?=796 um2), and thus Nsers can be estimated as: Nsers = Siaserx796 um2>6280 = 5.0%10°
UM 258 acer.

Isers and louik Were obtained on the peak intensity at 1431 cm™ in SERS spectrum and normal Raman
spectrum as shown in Fig. S5, Isers=12638 and lhux=29. Substituting these values of into equation S1,
EF can be calculated to be around 1.3x10° (12638/29%[1.5x10%/ (5.0x108)] = 1.3x10°).

DFT calculations. All-electron DFT calculations have been carried out by the latest version
of ORCA quantum chemistry software (Version 5.0.1). The corrected version of B97 exchange-
correlation functional proposed by Grimme (B97-3c) was utilized for all calculations. The B97-
3c functional which is based on the well-known B97 functional, is a highly efficient method which
exploits three corrections: the D3BJ method including three-body term to account for long-range
dispersion interactions, a short-range bond-length correction which corrects for systematically
overestimated covalent bond-lengths for electronegative elements and a modified stripped-down
triple- basis to obtain accurate geometries and relative energies. The nature of noncovalent
interaction was studied by using IGM method through Multiwfn software. 3 The visualization of
IGM and orbitals were rendered by VMD. The binding energy between PEs and APA was
calculated by the following formula: 4

E binding=E complex'(E PEs +EAPA)

Finite-difference time domain (FDTD) simulation. The electric-field simulation was
performed on the finite-element-method solver in COMSOL Multiphysics in the frequency
domain. The dielectric constants of MIL-101 and AgNPs were adopted from references. > © The
mode of PMNs was constructed according to the corresponding TEM image. The diameter of
AgNPs is set as 50 nm. The inter-particle distance between AgNPs is 5 nm. The perfect matched
layer was obtained by truncating the simulation area and absorbing the reflected wave. The
polarization of the incident light is along the horizontal direction (indicated in the figures). The
surrounding medium for both MIL-101, AgNPs and PMNSs is air, and the refractive index was
taken to be 1.0 for the calculations.
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Fig. S2 Corresponding EDS elemental mappings of PMNSs. The scale bar is 200 nm.
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Fig. S5 (a) Normal Raman spectrum of 0.5 M PATP. (b) SERS spectrum of E1 (1 nM) on the
surface of PMNss.
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Fig. S6 (A) SERS spectra of PMNs with the presence of PATP (1 uM) in the 15 different positions
of the same substrates. (B) SERS intensities distributions of the 1079 cm™ as shown in part (A).
The average intensities of 15 spectra are indicated by the red line, intensity variations of +10%
and #15% are indicated by the orange and green zones, respectively.
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Fig. S7 (A) Comparison of the Raman intensities at 1431 cm™ of E1 (1 nM) absorbed on various
substrates. (B) SERS spectra of E1 (1 nM) acquired on (a) AgNPs-capped SiO2 (PSNs), (b)
AgNPs-modified Fe3O4 (PFNs) and (c) PMNs. (C) Comparison of the stability of as-synthesized
PMNSs, PFNs and PSNs. N=N stretching at 1431 cm™ is employed as the indicator. (D) The
distribution of surface electric field for single MIL-101 (upper) and PMNs (lower). The white line
represents the outer boundary of MIL-101 layer. (E) Calculated EF using an intensity at 1431 cm"
! for various substrates. (F) Schematic energy-level diagram of PATP on the PMNSs structure with

respect to the vacuum level.
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Fig. S8 Scheme for SERS differentiation of estrone (E1), 17p-estradiol (E2) and estriol (E3) based
on Griess-reaction between diazonium ions and estrogens using PMNs.
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Fig. S10 SERS response of Raman-active linker molecules to E1. PMNs were individually
modified with (a) thiophenol, (b) 4-mercaptopyridine, (c) 4-mercaptobenzoic acid and (d) PATP.
There are no discernible SERS signals of vn=n) are identified for a, b and c, indicating that the
amino group is necessary for specific binding of E1. The red label indicates the N=N stretching

mode.
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Fig. S11 The effects of (A) incubation temperature (a-f: 15-40 °C), (B) reaction time (a-g: 0-10
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standard deviations.
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Fig. S12 The effects of (A) incubation temperature (a-f: 15-40 °C), (B) reaction time (a-g: 0-10
min) and (C) pH (a-e: 2-10) on the SERS performance PMNs toward E2 (1 nM). SERS intensities
at 1435 cm™ with different (D) temperature, (E) reaction time and (F) pH. Each data point
represents the average value from three measurements on the same samples. Error bars show the
standard deviations.
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Fig. S13 The effects of (A) incubation temperature (a-f: 15-40 °C), (B) reaction time (a-g: 0-10
min) and (C) pH (a-e: 2-10) on the SERS performance PMNs toward E3 (1 nM). SERS intensities
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Fig. S21 H-NMR spectra of (A) APA, (B) E2, (C) E2-APA complex. (D) Partial *H NMR spectra
from the (B-C).
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Fig. S26 (A) Schematic representation of the interaction of PMNs with E1, E2 and E3. SERS
spectra of PMNs in the presence of (B) El, (C) E2, (D) E3 at 1 nM and various interfering
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Fig. S27 The detection of the E1, E2 and E3 (1 nM) in the presence of 1 uM potential interfering
substances (a), including quinestrol, epimestrol, nilestriol, estramustine, norgestrel, estradiol
benzoate, histidine, estrone acetate and estradiol dipropionate. The upper SERS spectrum (b) was
the corresponding PMNs reacted with the mixture containing E1, E2 and E3 (1 nM). The green,
cyan and pink zones indicate the representative vibration peaks of the E1, E2 and E3, respectively.
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Fig. S28 SERS spectra of PMNs with the presence of (a) milk, (b) fish, (¢) duck meat and (d)
wastewater specimens. The yellow zone indicates the representative vibration peaks of the PEs.
There are no significant SERS signals of PEs among three spectra, indicating that the background
matrices have little impact on the SERS detection of PEs.

Intensity (CPS)

Table S1 Assignments of SERS Bands of the E1

1107 OCH ring; yCH

1145 5(CH,)

1180 y(CH,)

1217 V(CN)+d(CNN); 8(CH) +&(OH)+v(CC) from phenol groups
1241 v(CO); v(CC) ring

1208 5(0H)

1326 B(CCH) + 3(NCC) from phenyl rings

1388 v(CC) from phenyl rings; 3(CH) + (OH) from phenol groups
1412 v(CC)

1472 oCH,

1487 5(CH,)

1589 v(CC)ring

1617 v(CC) ring

@ v, stretching
0, in-plane bending
y, out of plane bending
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Table S2 Assignments of SERS Bands of the E2

1113 OCH ring; yCH

1143 O(CH,)

1176 Y(CH,)

1222 V(CN)+3(CNN); 3(CH) +8(OH)+v(CC) from phenol groups
1242 v(CO); v(CC) ring

1300 6(OH)

1327 O(CCH) + 3(NCC) from phenyl rings

1388 v(CC) from phenyl rings; 8(CH) + 8(OH) from phenol groups
1488 8(CH,)

1589 v(CC) ring

1621 v(CC) ring

a v, stretching
0, in-plane bending
y, out of plane bending

Table S3 Assignments of SERS Bands of the E3

1105 6CH ring; yCH

1142 &(CH,)

1178 y(CH,)

1298 5(OH)

1325 O(CCH) + 8(NCC) from phenyl rings

1388 v(CC) from phenyl rings; 8(CH) + 6(OH) from phenol groups
1411 v(CC)

1474 o(CH,)

1487 o(CH,)

1589 v(CC) ring

a v, stretching
0, in-plane bending
y, out of plane bending
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Table S4 SERS detection limits of three PEs in complex matrices

LOD (pg/kg)

Samples
E1 E2 E3
Milk 0.42 0.58 0.72
Fish 0.33 0.51 1.06
Duck 0.29 0.35 0.62
Wastewater 012 0.26 0.38

Table S5 Determination of E1 in the complex samples and comparison with HPLC (n=3)

Spiked PDI-SERS HPLC
Samples

(M) Found R2 RSD Found RP  RSD

M) (%) (%) (uM) (%) (%)

0 NDP - - ND - -
Milk 50 4326 8651 88 4568 9136 3.2
100 9213 9213 76 96.16  96.16 4.8

0 ND - - ND - -
Fish 50 4436 8872 9.1 4527 9053 38
100 93.52 9352 7.8 95.16 9516 4.3

0 ND - - ND - -
Duck 50 4471 8942 9.3 46.85 9369 46
100 91.54 9154 6.3 9165 9165 5.2

0 ND - - ND - -
V\‘,’vzierr 50 4359 8718 75 4861 9721 59
100 90.82 9082 64 1025 1025 4.3

a R: recovery of the method

b ND: lower than LOD
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Table S6 Determination of E2 in the complex samples and comparison with HPLC (n=3)

Spiked PDI-SERS HPLC
Samples
(M) Found R?2 RSD Found Rb  RSD
(M) (%) (%) (M) (%) (%)
0 NDP - - ND - -
Milk 50 5281 1056 105 4565 9129 538
100 9261 9261 9.6 9535 9535 3.2
0 ND - - ND - -
Fish 50 4537 9073 038 4681 9362 38
100 9542 9542 75 9013 90.13 56
0 ND - - ND - -
Duck 50 4408 88.16 11.2 5065 1013 5.1
100 9328 9328 8.9 9462 9462 35
0 ND - - ND - -
Waster 50 5412 1082 9.1 4763 9525 6.3
water
100 9136 9136 7.8 103.6 1036 42

a R: recovery of the method
b ND: lower than LOD

Table S7 Determination of E3 in the complex samples and comparison with HPLC (n=3)

Spiked PDI-SERS HPLC
Samples
(M) Found R2 RSD Found RP  RSD
My (%) (%) (HM) (%) (%)
0 NDP - - ND - -
Milk 50 4526 9052 92 3842 9283 47
100 93.44 9344 86 96.41 9641 3.1
0 ND - - ND - -
Fish 50 4911 9822 74 4021 1032 52
100 9289 9289 59 95.18 9518 43
0 ND - - ND - -
Duck 50 4721 9442 84 4132 9526 638
100 90.17 9017 82 9253 9253 52
0 ND - - ND - -
Waster
50 5488 109.8 105 3734 9365 538
water
100 92.48 9248 93 102.8 1028 3.2

a R: recovery of the methed
b ND: lower than LOD
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Table S8 Comparing the detection performance of different methods for PEs sensing

Methods Materials Targets Linearity LOD References
{nM) (nM)
Fluorescence Ru-QDs E2 80-400 37 7
Fluorescence Fe304,@MIPs E2 100-7000 30 8
Fluorescence Fe304@Si0o-Dye-MIPs E2 1000-20000 190 9
Electrochemistry Pt/Se/RD E2 50-85000 11 10
Electrochemistry CuPc-P6LC-Nafion E2 80-7300 5 11
Electrochemistry Fe5;0,-MIP/SPCE E2 50-10000 20 12
Electrochemistry rGO-AgNPs E3 100-3000 21 13
SERS Au@Ag NPs E2 10741 106 14
SERS Au@Ag CS NPs E2 104-10 5%10-° 15
SERS Au@Ag CS NPs E1/E2 0.01-50 0.005 16
SERS PMNs E1/E2/E3 1075-100 2)(10'6/4x‘1()'6/6x10'ES This Work
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