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1. Experimental details
1.1 Chemicals and materials used in the biopanning process

Unless otherwise specified, all the chemicals used in the present study were
analytical reagent grade obtained from the Sinopharm Chemical Reagent Co.
(Shanghai, China). Deionized water (DI water, 18.2 MQ cm, 25°C) was used
throughout. Affimag™ y-Fe,0; (4-5 um, epoxy content is 200-300 pmol g! as
claimed by the manufacturer) was purchased from Baseline ChromTech Research
Centre (Tianjin, China). Horseradish peroxidase-conjugated anti-M 13 antibody and
2,2’ -azinobis (3-ethylbenthiazoline-6-sulfonic acid) (ABTS) used for ELISA were
received from GE healthcare (US) and Sigma-Aldrich, respectively. The centrifugal
filter device with MWCO of 100 kDa employed to isolate phages from the eluate was
obtained from Millipore (US), and M 13 phage DNA extraction kit for phage ssDNA
extraction was purchased from BioTeke Co. (Beijing, China).

A phage display peptide library for biopanning of Hg?*-binding phage together
with its host cell E. coli. ER2738 (Ph.D., Phage Display Peptide Library Kit) was
purchased from NEB (New England Bio-Labs, US).LB medium (10 g tryptone, 5 g
yeast extract, 5 g NaCl in 1 L DI water, pH 7.0-7.2) with 20 mg L! tetracycline was
used for host cell culture and phage amplification. In order to avoid wild-type phage
contamination, all solutions used were sterilized either by autoclave procedure (121°C,
20 min) or passing through 0.22 um sterilizing filter, and the pipette tips equipped

with filter cartridge were used throughout.



1.2 The immobilization of metal cations on magnetic microbeads

2 mL of Affimag™ y-Fe,0; (1% (w/v)) was incubated in the mixture of 4 mL of
NaHCO;-Na,COs3 (0.1 mol L1, pH 9.5) buffer solution and 4 mL of iminodiacetic
acid (IDA, 5% (w/w), pH 9.16) for 24 h (37°C, 250 rpm), resulting in IDA
functionalized magnetic microbeads, i.e., Affimag™ y-Fe,Os-IDA. It was then rinsed
for 3 times with DI water and stored at 4°Cin PBS buffer solution (pH 7.4) for future
use.

To prepare Hg?"-loaded magnetic microbeads, 500 puL of Affimag™ y-Fe,O;-
IDA microbeads (1% (w/v)) was incubated in 5 mL of Hg?" (0.1mol L!) solution
overnight (37°C, 250 rpm), which was then rinsed for 3 times with PBS buffer
solution (pH 5.8) and stored in PBS (pH 5.8) at 4°C for future use. It was labeled as
Hg?*-y-Fe,03. Microbeads loading with other metals were prepared in a similar
procedure, except for that the metal salts were replaced by ZnSO,4-7H,0,
CdCl,-2.5H,0, Fe(NO3)3-9H,0 and CuSO4-5H,0.

1.3 Screening for Hg?*-binding phage with high selectivity

Negative screening against other metal cations was first conducted to eliminate
phages bind with other metal cations. 10 pL of the phage library (~1.8x10'!virions,
library complexity (unique clones)of ~2.8x10° as claimed by NEB) was dissolved in
500 puL of PBS buffer solution (pH 5.8) and was then mixed with 200 pL of M*-y-

Fe 03 (M* represents Zn?*, Cd?*, Fe3" and Cu?"), followed by shaking for 25 min (100

rpm, 25°C). Thereafter, the supernatant was collected and further amplified.



Considering the phage tittering results (Table S2), negative screening against Zn>",
Cd?*, Fe3" and Cu?" were conducted for 1, 1, 2 and 1 rounds.

Positive screening against Hg?" was afterwards conducted for three rounds to
obtain phages with high affinity with Hg?*. 10 puL of the phage solution amplified
after the previous step (5.6x10!! virions) was dissolved in 500 pL of PBS buffer
solution (pH 5.8). It was then mixed with 200 pL of Hg?*-y-Fe,Os3. The mixture was
allowed to shake for 25 min (100 rpm, 25°C). The supernatant was discarded and the
microbeads were washed for twice with PBS buffer solution (pH 5.8) to remove the
loosely bonded phages. 1 mL of EDTA solution (0.5 M, pH 8.0) was then added and
allowed to shake with the microbeads for 10 min (200 rpm, 25°C). The eluate was
further centrifuged with a centrifugal filter device with MWCO of 100 kDa (5000 rpm,
15 min, 4°C) to separate the phages with co-eluted Hg?* ions. Phages retained on the
filter membrane were carefully collected, amplified and tittered for conducting the
next round of positive screening.

In order to increase the biopanning strength and to get phages with higher
affinity to Hg?*, the Hg?* loaded on the microbeads were reduced by eluting with PB
buffer solution (pH 3) in the third round of the positive screening.

1.4 Enzyme-linked immunosorbent assay (ELISA) of the selected Hg?*-binding
phages

Among the Hg?*-binding phages went through the whole biopanning process, 20
of blue plaques were randomly selected from the final titering plate and the individual

phage clones were amplified. The affinity of the selected phages towards Hg?* was



testified using ELISA assay. Briefly, 100 puL of the amplified individual phage clones
(2x10" pfu mL-!, diluted with LB medium) was mixed with 200 puL of Hg?*-y-Fe,0;.
After incubation at room temperature for 12 h, the microbeads were washed with PBS
(pH 5.8) buffer solution for 3 times to remove the loosely bonded phages. 1 mL of
horseradish peroxidase (HRP)-conjugated anti-M 13 antibody (1:5000 in PBS buffer,
pH 5.8) was then added to allow incubation with phages bond to the Hg?*-y-Fe,O; for
1 h. After washing with PBS buffer (pH 5.8, containing 0.5% Tween 20) for 3 times,
400 pL of a substrate solution (22 mg ABTS in 100 mL PBS (pH 5.8), 30% H,0,
with 10°-fold dilution before use) was added to allow incubation for 1 h. ABTS is
oxidized by H,O, under the catalysis of HRP, resulting in a green product with a A«
at 410 nm. The absorbance of the supernatant at 410 nm was recorded with a
microplate reader. Among the 20 individual phage clones (P1 to P20) tested, all of the
phages showed high affinity for Hg>* except for phage P4 (Figure S1). In order to
screen phages with high binding specificity for Hg>*, phage P1, P2, P5, P6, P7, P8, P9,
P10, P13, P15, P18 were further conducted with phage ELISA assay against foreign
metal ions including Cu?* and Cd**. As can be seen in Figure S2, phage P1, P2, P8
and P9 possess exclusive affinity for Hg?*, thus were picked and further used for the
in situ growth of AuNPs and the ensuing mercury sensing.
1.5 DNA extraction and sequencing

The phages’ ss DNA were extracted using M13 phage DNA extraction kit and
sequenced by Shanghai Sangon Biotech Co. (Shanghai, China). The corresponding

amino sequences of the selected phages were then derived. The sequence of phages



with high specificity for Hg?>* (P1, P2, P8 and P9) and phage P6 as the representative

of the phages with low specificity were identified and compared in Table S3.



2. Supplemental tables and figures

Table S1. Comparison of the present AuNPs colorimetric sensor with reported AuNPs sensors for colorimetric sensing of Hg?*.

Sensing strategy AuNPs functionalization Masking agent Real sample LOD (nM) Ref
Carboxylic group-Hg?" coordination Carboxylated peptide Data not shown None 20,000 {
T-Hg*-T Poly-T;; ssDNA None None 250 2l
Carboxylic group-Hg?" coordination MPA&AMP None None 500 Bl
Hg?*-bis-thymine complex ssDNA PDCA Underground water 10 141
T-Hg?"-T Anti-Hg?" aptamer None Tap/lake water 0.6 Bl
Carboxylic group-Hg?" coordination L-cycteine None None 100 e
Sulfur-Hg?*-Sulfur Dithioerythritol EDTA None 100 1l
Hg-Au alloy Tween 20 EDTA Sea/drinking water 100 8]
S-Hg?*-S Quaternary ammonium group-terminated thiols None Drinking water 30 1l
NTA-Hg?* coordination 3-nitro-1H-1,2,4-triazole None Lake water 7 [10]
Riboflavin-Hg?* Riboflavin None Synthetic samples 14 I
S-Hg?>*-S Thiol-containing ligand of diethyldithiocarbamate None Drinking water 2.9 (2l
T-Hg?-T 5-T -3’ None River water 17.5 [13]
T-Hg**-T ssDNA None River/pond water 50 [14]
Bipy-induced aggregation None None River/tap water 38 Sl
S-Hg?*-S Thiocyanuric acid None Lake/tap water 0.5 (el
T-Hg?-T ssDNA None None 0.025 7y
PSS/(T-80)-AuNPs PSS/T-80 None None 48.95/255.36 [18]
DNA-AuNPs DNA None None 15 (1]
M13-Hg?*and Hg-Au alloy None None River/snow water 80 This work




Table S2. The phage titer results at each stage of the biopanning process.

Biopanning steps Flowthrough Elute Amplified for next Recovery
(x10pfumL-1) (x107 pfumL1) cycle (x10'°pfumL1) (%)
Negative Zn 3.8 — 500 0.150
screening Cd 43 — 2700 0.611
Fe, 0.8 — 1200 0.0136
Cu 13 — 5600 0.715
Fe, 9 — 2800 0.106
Positive Hg, — 21 77 0.0009
screening Hg, — 0.31 276 0.0005
Hgs — 2.56 — 0.0011

For positive screening results, Recovery = output/input = virions of eluate/virions of amplified phage from the

last round;

For negative screening results, Recovery = output/input = virions of supernatant/virions of amplified phage

from the last round;

Table S3. XPS data for AuNPs before and after the addition of Hg?".

C(Hg™) Name Peak BE FWHM  Area(P) At/ %
/nM /eV CPS. /eV
0 Au4f7 83.3 0.52 39110.13 100
30 Au4f7 83.22 0.66 29270.77 94.26
Hg4t7 99.03 0.55 1964.69 5.74
50 Au4f7 83.7 0.62 5307.3 89.5
Hg4af7 99.51 0.74 686.12 10.5




Table S4. Comparison of relative response to other metal cations by the AuNPs-phage networks
prepared by Hg?"-binding phage and phage library. (Concentration of metal cations is 50 umol L-!

and that of Ag™ and Hg?" are 10, 5 umol L', respectively. Data corresponding to Figure 4)

Coexisting ions Respond percentage compare to Hg?*/%
Hg?*-binding phage Phage library
Hg 100.0 100.0
L 6.6 217
Na 2.2 13.9
Ca 1.9 21.1
Mg 1.4 11.2
il 4.8 13.0
Co 1.0 13.1
e 4.0 43
Cu 6.4 16.0
L 2.1 20.1
Mn 5.0 22
Ni 6.0 213
Zn 3.8 8.8
- 4.6 8.4
Ag 6.9 31.4




Table S5. Comparison of tolerance levels of metal cations for the detection of Hg?" between the AuNPs-phage networks and other AuNPs.

Coexisting Tolerance level /pM
ions AuNPs-phage 8-hydroxyquinolines Bismuthiol II Dithioerythritol T-Hg?"-T- Tween 20 T-Hg?*-T- MPA&AMP MPA.-
network &oxalates-AuNPs - AuNPs - AuNPs AuNPs system -AuNPs AuNPs system -AuNPs AuNPs
K* 100,000 6,000 - - - 100 - - -
Na* 150,000 6,000 120 - - 100 - - -
Mg 30,000 3,000 120 600 - 100 100 1,000 100
Ca?* 1,000 6,000 120 600 - 100 100 1,000 100*
AP 30,000 60 120 - 100 100 - - 100
Fe’* 300 30 120 600 - 100 - 1,000 100
Cu? 500 - 120 600 100 100 100 1,000 100
Ni? 1,000 60 120 600 - 100 100 1,000 100
Co* 500 30 120 600 - 100 100 1,000 100
Mn?* 60 300 120 600 - 100 100 1,000 100*
Cr3* 6,000 300 4.8 - - 100 - 1,000 100*
Cd** 1,000 300 48 600 - - 100 - 100*
Zn?** 2,000 60 120 600 - 100 100 - 100
Ref This study [20] [21] [7] [5] [8] [22] [3] [23]

*with masking agent 2, 6-Pyridinedicarboxylic acid (PDCA) added.



RSD%(n=3)
4.9
44
3.6
7.7
10.5
1.5
0.9
6.3
8.9
3.4
0.4

1.7
0.7

Recovery(%)
123.0
96.5
87.8
91.1
100.2
106.7
107.0
94.6
95.8
106.0
110.0
106.6
95.7

Found(pM)
2.46
2.90
3.51
4.55
6.01
7.47
1.07
1.89
2.87
4.24
5.48

6.4
6.7

3.0
4.0
5.0
6.0
7.0
1.0
2.0
3.0
4.0
5.0
6.0
7.0

Added(uM)
2.0

Sample

Snow water
River water

0.90

Table S6. Recovery analysis of the determination of mercury ions in snow and river water as the

real samples.
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Figure S2. Binding specificity of the selected Hg?"-binding phages for Hg?*, Cu**and
Cd>".
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Figure S3. A, for the AuNPs-phage networks with different synthesis conditions of

phage concentration (A) and solution acidity (B).



0.60

—— AuNPs

0.48
0.36

0.24|

Absorbance

0.12

0.00 ) \ .
450 500 550 600 650
Wavelength(nm)

Figure S4. UV-vis absorption spectra of the AuNPs-phage networks before and after

the addition of Hg?*. Hg?" concentration: 10 umol L-'.
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Figure S5. Absorbance at A, for the AuNPs-phage networks as a function of the
phage concentration.

As can be seen in Figure S5, the absorbance at A, for the AuNPs-phage
networks was almost unchanged when the phage concentration is higher than
1.7x10'° pfu mL!, indicating that a final phage concentration of 1.7x10!° pfu mL"! is
already enough to reduce 243 pmol L-! of chloroauric acid, i.e., the phage is excessive

with respect to HAuCl, in the present system.
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Figure S6. XPS spectra of AuNPs in the absence of Hg?* (A); and XPS spectra in the
presence of Hg?* (B: 30 pmol L-!; C and D: 50 pmol L).

For XPS measurements, samples were centrifuged and freeze dried. All the core
level binding energies (BE) were corrected according to the Cls BE at 284.8 eV.

AuNPs: The Au 4f peak in the control sample could be decomposed into two
chemically distinct peaks at 87 and 83.3 eV, which correspond to Au(0)?* (Figure
S6A). The absence of a peak at 84.9 eV corresponding to Au (III) confirmed the gold
atoms are present as Au (0).

AuNPs +30 pmol L' Hg?*: The position of the high intensity Hg 4f peaks were
found to be at 99.05 and 103.15 eV that corresponds to the Hg (0) oxidation state,
which confirmed that elemental mercury was formed by reduction. The absence of
two peaks at 69.3 eV for 5p1 and 74.35 eV for 5p3 suggested the absence of Hg(II)[?].
And the absence of a peak at 101.4 eV indicated the absence of Hg(I). The spectra of

Au 4f can be deconvoluted into two components that correspond to the binding



energies at 86.95 and 83.2 eV suggesting the Au(0) oxidation state (Figure S6B).
AuNPs +50 pmol L1 Hg?*: The core-level spectrum of the Au4f region shows
two peaks at binding energy values of 87.4 and 83.7 for 4f5 and 4f7, suggesting the
presence of Au(0) in the sample (Figure S6C). The core-level spectrum of the Hg 4f
region shows two peaks at the binding energy values of 99.05 and 103.15¢eV for 47
and 4f5, which indicate the presence of Hg in the Hg(0) state due to the formation of
Au-Hg alloy upon the addition of Hg?* into the AuNPs-phage networks solution. The
position and binding energy difference between the two peaks is found to be 4.1 eV
(Figure S6D), which matches the reported value for elemental mercury (Hg(0))¢l.
The XPS survey spectra of Hg 5p region (Figure S6C) shows the absence of peaks at
69.3 and 74.35 eV for Hg5p1 and Hg5p3 indicating the absence of Hg(Il) ions as well.

All of the above have proved the formation of Au-Hg alloy.
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Figure S8. TEM images of AuNPs before (A) and after the addition of 10 umol L-!
(B) and 200 umol L' of Hg**(C) and the corresponding UV-vis absorption spectra

(D).
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Figure S9. UV-vis absorption spectra of AuNPs with excessive phages removed upon
the addition of Hg?".

The AuNPs-phage networks were first repeatedly centrifuged (1,5000 rpm, 15
min, 3 times) and washed to remove the excessive phages. The remaining AuNPs
were re-suspended in DI water with the acidity and concentration adjusted to the same
as the AuNPs-phage networks. Different concentrations of Hg?* (0, 10, 50, 100, 150,
200 and 250 umol L") were added in the re-suspended AuNPs solutions in a volume
ratio of 1:4. UV-vis absorption spectra were recorded after 40 min. As can be seen in
Figure S9, the SPR band of AuNPs showed a redshift and the response was far less

than that achieved by the AuNPs-phage networks.
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Figure S12. UV-vis absorption spectra of the AuNPs-phage networks with the
addition of different metal cations. Hg>*: 5 umol L-!, Ag*™: 10 umol L-!, other metal
cations: 50 pmol L-!

UV-vis absorption spectra of the AuNPs-phage networks before and after the
addition of other foreign metal cations including K*, Na*, Ca?*, Mg?*, Cd**, Co**,
Cr3*, Cu?', Fe’*, Mn?*, Ni**, Zn?*, AI**, and Ag" almost overlap, thus was not

particularly labeled in the figure.
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