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1. Optimization of experimental conditions
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Fig. S1. Results of experimental optimization (N=2). (A) CR-EGs of Na" and BSA with different lengths of front-end capillaries.
(B) CR-EGs of Na* and BSA with different separation voltages. BGE solution: 5 mM ammonium acetate solution (pH 7.5).
Concentration of BSA: 60 uM. Concentration of NaCl: 200 uM. Separation pressure: 689.5 Pa. Back-end capillary (i.d. 75 pm,
0.d. 365 pum) is 7 cm long. Cartridge temperature is 25°C.

Table S1 The results of the quantitative analysis methodology validation (NaCl solution, N=3).

Intra-day Inter-day Inter-batch
Concentration .. . . ..

/M Ions Precision Accuracy Precision Accuracy Precision Accuracy
(RSD%) (RE%) (RSD%) (RE%) (RSD%) (RE%)

Na* 2.6 105.8 4.0 101.5 5.4 105.7

200 Cl- 1.3 100.3 3.6 102.3 6.5 102.0
Na* 1.5 100.6 0.9 101.5 1.2 100.8

400 Cl 4.6 105.3 4.8 100.9 9.7 107.0

Na* 0.8 96.0 1.6 94.0 0.3 95.8

600 Cl- 1.1 106.4 5.6 97.1 4.0 90.8
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2. Precision evaluation of relative mobility (R, ™)
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Fig. S2. The repeatability tests of five consecutive injections of 10% DMSO solution (V/V). (A) Current signal peaks of H,O and
(B) UV absorption peak of DMSO with separation pressure (689.5 Pa). (C) Current signal peaks of H,O and (D) UV absorption

peak of DMSO without separation pressure. BGE solution: 5 mM ammonium acetate solution (pH 7.5). Concentrations of metal

salts: 200 uM. Beckman ProteomeLab P/ACE MDQ CE system. Injection pressure: 6895 Pa. Separation voltage: 8 kV. Capillaries:

the front-end capillary (200 um i.d., 365 pm o.d.) is 43 cm long, the back-end capillary (75 pm i.d., 365 pm o.d.) is 7 cm long.

Cartridge temperature: 25°C.
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Fig. S3. Results of the precision evaluation of relative mobility. (A) Current signal peaks of K*, Ag*, Mg?*, Ca?*, Mn?*, Co?",

Ni%*, Zn?" and Cr*' overlap with the peak of Na*. (B) Current signal peaks of Cu?*, Cd*" and Pb?*" have significant mobility

difference with that of Na*. BGE solution: 5 mM ammonium acetate solution (pH 7.5). Concentrations of metal salts: 200 pM.

Beckman ProteomeLab P/ACE MDQ CE system. Injection pressure: 6895 Pa. Separation voltage: 8 kV. Separation pressure:

689.5 Pa. Capillaries: the front-end capillary (200 um i.d., 365 pum o.d.) is 43 cm long, the back-end capillary (75 pm i.d., 365 um

0.d.) is 7 cm long. Cartridge temperature: 25°C.
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Fig. S4. Results of the precision evaluation of relative mobility of twelve metal ions (N=5). Concentrations of metal salts: 200
uM. Beckman ProteomeLab P/ACE MDQ CE system. Injection pressure: 6895 Pa. Separation voltage: 8 kV. Separation pressure:
689.5 Pa. Capillaries: the front-end capillary (200 pm i.d., 365 pum o.d.) is 43 cm long, the back-end capillary (75 pm i.d., 365 pm
0.d.) is 7 cm long. Cartridge temperature: 25°C.
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3. Formula derivation

In the previous study of PF-ACE methods !, the receptor molecules are injected into the capillary before the ligand
molecules, and the change of migration time of ligand molecules (Af) is proportional to the amount of receptor
molecules (1) when other conditions are fixed, as shown in formula (S1). Since 7 is proportional to the injection time
t,, by changing ¢ of the receptor molecules, the corresponding change of A¢ can be used to qualitatively and
quantitatively determine the ligand-receptor interactiony,

ANt=—o

2
nr°EK ;u; (S1)
where r is the radius of capillary, y is the effective mobility of the ligand molecule (with no receptor molecule).

In this research, it is assumed that changes of mobility occur only when M™" interacts with biomolecules. Therefore,
the parameter Ry"" is introduced to correct the formulas. When there are no biomolecules filled in the capillary, Ry™"

is a certain value, the ratio of Az, ™" (the change of migration time of M™") to Az.n," (the change of migration time

. A
of Na") is constant as: R B tg, Nat te, Nat + te, Na™t
M ¢ Lt + At
baiat PRI Tt (s
At n+ = -t a4+
e, M R nt e,M
e M (S3)

After injecting biomolecules, the change of migration time of M™" actually consists of two parts, one of which is

the change in migration time caused by the metal-biomolecule interaction A¢, and the other is Az, \"" as:

At = At - At
M™ + e i + (S4)

Because Na* is believed to have no interactions with biomolecules in this study, Aty,"=Af.n,", thus formulas (S5)-(S7) can

be derived as: te, Nat + AtNa + te, Nat + Atg, Na™T 1 1
At = R - R = t N + X - R
L, Na
pa® 11 e,M:r n Mt e Mt (S5)
R R 2 t
o+ + nr°EK S+
L I;;n 6),(1\::” t d:uM_n ‘te' Nal+Na (S6)
oM™t T Mt CiNat T 2
mrol K, (S7)

As mentioned above, the injection time is £, and the amount of biomolecules is n. Assuming that ¢ is the required

injection time to make the biomolecules fill the frqttrlt—end capillary, and the concentration of biomolecules is ¢, then:

n=—xmnrilc
t
f (S8)
Combining formulas (S7) and (S8), formula (S9) can be obtainégl s+ ¢y
At = R + Xt + = t + = - Xt
P e M i M™ i,Na texKp r (S9)

where At, is the corrected value of the migration time change of M™, R, ,"* is the value of relative mobility of M™ without
biomolecule filling, # N, and # ™" are the migration time of Na* and M®" with biomolecule filling, respectively, f.n." is the
migration time of Na* without biomolecule filling, c, is the concentration of biomolecule, # is the required injection time to
make the biomolecules fill the capillary and K}, is the equilibrium dissociation constant of metal-biomolecule complex.

The At,-t, fitting curve can be obtained and the value of equilibrium dissociation constant (Kp) can be calculated according

to the slope of the regression equation as formula (S10)
e,Na

th Slope (SlO)

+XCp

D
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4. Determination of metal-biomolecule interactions

4.1 Metal-protein interactions
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Fig. S5. Positive results of metal-BSA interactions using rmsPF-ACE-IICRD. CR-EGs of (A) Zn?*-BSA interaction, (B) Ni>*-BSA
interaction, (C) Cd**-BSA interaction, (D) Co?*-BSA interaction, (E) Mn?"-BSA interaction. BGE solution: 5 mM ammonium acetate
solution (pH 7.5). Concentrations of BSA: 60 uM. Concentrations of NaCl and analyzed metal salts: 200 uM. Beckman ProteomeLab P/ACE
MDAQ CE system. Injection pressure: 6895 Pa. Injection time of metal ion mixture solution: 10 s. Injection time gradients of BSA are shown

in figures. Separation voltage: 8 kV. Separation pressure: 689.5 Pa. Capillaries: the front-end capillary (200 um i.d., 365 pm o.d.) is 43 cm

long, the back-end capillary (75 pm i.d., 365 pm o.d.) is 7 cm long. Cartridge temperature: 25°C.

Fig. S6. Fitting curves of A, (s) against ¢ (s) for metal-BSA interactions (N=3). (A) Zn>*-BSA interaction, (B) Ni>*-BSA interaction, (C)
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Fig. S7. Positive results of metal-bTf interactions using rmsPF-ACE-IICRD. CR-EGs of (A) Cu?"-bTf interaction, (B) Zn**-bTf interaction,
(C) Cd?*"-bTf interaction, (D) Co*"-bTf interaction. BGE solution: 5 mM ammonium acetate solution (pH 7.5). Concentrations of bTf: 60
uM. Concentrations of NaCl and analyzed metal salts: 200 uM. Beckman ProteomelLab P/ACE MDQ CE system. Injection pressure: 6895
Pa. Injection time of metal ion mixture solution: 10 s. Injection time gradients of bTf are shown in figures. Separation voltage: 8 kV.
Separation pressure: 689.5 Pa. Capillaries: the front-end capillary (200 um i.d., 365 pm o.d.) is 43 cm long, the back-end capillary (75 pm
i.d., 365 ym o.d.) is 7 cm long. Cartridge temperature: 25°C.
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Fig. S8. Fitting curves of A, (s) aganist ¢, (s) for metal-bTf interactions (N=3). (A) Cu?*-bTf interaction, (B) Zn?*-bTf interaction, (C)
Cd?*-bTf interaction, (D) Co?*-bTf interaction.
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4.2 Metal-enzyme interactions
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Fig. S9. Positive results of metal-CAT interactions using rmsPF-ACE-IICRD. CR-EGs of (A) Ag"-CAT interaction, (B) Pb?>*-CAT
interaction, (C) Cu?*-CAT interaction. BGE solution: 5 mM ammonium acetate solution (pH 7.5). Concentrations of CAT: 60 uM.
Concentrations of NaCl and analyzed metal salts: 200 uM. Beckman ProteomeLab P/ACE MDQ CE system. Injection pressure: 6895 Pa.
Injection time of metal ion mixture solution: 10 s. Injection time gradients of CAT are shown in figures. Separation voltage: 8 kV. Separation
pressure: 689.5 Pa. Capillaries: the front-end capillary (200 pm i.d., 365 um o.d.) is 43 cm long, the back-end capillary (75 um i.d., 365 pm
o0.d.) is 7 cm long. Cartridge temperature: 25°C.
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Fig. S10. Fitting curves of A, (s) agtainst ¢, (s) for metal-CAT interactions (N=3). (A) Ag*-CAT interaction, (B) Pb>*-CAT interaction, (C)

Cu?"-CAT interaction.
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Fig. S11. Positive results of metal-GOD interactions using rmsPF-ACE-IICRD. CR-EGs of (A) Pb?*-GOD interaction, (B) Zn?>"-GOD
interaction, (C) Ni?*-GOD interaction, (D) Cu?*-GOD interaction. BGE solution: 5 mM ammonium acetate solution (pH 7.5). Concentrations

of GOD: 60 uM. Concentrations of NaCl and analyzed metal salts: 200 uM. Beckman ProteomeLab P/ACE MDQ CE system. Injection

pressure: 6895 Pa. Injection time of metal ion mixture solution: 10 s. Injection time gradients of GOD are shown in figures. Separation

voltage: 8 kV. Separation pressure: 689.5 Pa. Capillaries: the front-end capillary (200 pm i.d., 365 pm o.d.) is 43 cm long, the back-end

capillary (75 pm i.d., 365 um o.d.) is 7 cm long. Cartridge temperature: 25°C.
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Fig. S12. Fitting curves of Az, (s) aganist ¢ (s) for metal-GOD interactions (N=3). (A) Pb?>"-GOD interaction, (B) Zn?>*-GOD interaction,

(C) Ni2*-GOD interaction, (D) Cu?"-GOD interaction.
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4.3 Metal-DNA interactions
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Fig. S13. Positive results of metal-ctDNA interactions using rmsPF-ACE-IICRD. CR-EGs of (A) Pb?*-ctDNA interaction, (B) Zn?*-ctDNA
interaction, (C) Ni?*-ctDNA interaction, (D) Co?*"-ctDNA interaction, (E) Mn?*-ctDNA interaction, (F) Mg?"-ctDNA interaction. BGE

solution: 5 mM ammonium acetate solution (pH 7.5). Concentrations of ctDNA: 60 pM. Concentrations of analyzed metal salts: 200 uM.

Beckman ProteomeLab P/ACE MDQ CE system. Injection pressure: 6895 Pa. Injection time of metal ion mixture solution: 10 s. Injection

time gradients of ctDNA are shown in figures. Separation voltage: 8 kV. Separation pressure: 689.5 Pa. Capillaries: the front-end capillary

(200 um i.d., 365 pm o.d.) is 43 cm long, the back-end capillary (75 pm i.d., 365 um o.d.) is 7 cm long. Cartridge temperature: 25°C.

A Pb2*-ctDNA B Zn?*-ctDNA (o3 200 Ni2*-ctDNA
300 300
150 -~
K,=8.48+0.26 uM ! K,=11.58+0.22 pM % 1 K,=12.99£0.21 uM 2 %
O 4 z ™ i 0
= &—" = 7 ~2100 ,{
e e A £
100 § 7 ¥=16.2660x 100 &y =11.9090x 3. v = 106200K
e R®=0.9924 K R = 0.9982 50 L R?=0.9977
0 o= 0 e
0 5 e 5 0 5 10 15 20 0 : o A
) £(s) t6s)
D 200 E F 200
Co?*-ctDNA 200 Mn2*-ctDNA i Mg?*-ctDNA
150 ,/’i 150 P . 150 3
Ky=21.14£0.19 yM 4~ & | Ko=23.01023 pM o Kp=24.21+0.18 M i_
Z 100 e 100 Y seesrx 20
= 7 y=68240x 1 7 Re=09090 2 ¥ - 5.6052x
& Re=0.9990 & ( y=5
50 e 50 % 50 e R2=0.9988
pd » o
0 . - 0 0 o=
0 10 20 0 10 20 30 0 10 20

t(s)

Fig. S14. Fitting curves of A, (s) aganist #, (s) for metal-ctDNA interactions (N=3). (A) Pb>*-ctDNA interaction, (B) Zn>*-ctDNA interaction,
(C) Ni?*-ctDNA interaction, (D) Co?"-ctDNA interaction, (E) Mn?*-ctDNA interaction, (F) Mg?*-ctDNA interaction.
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Fig. S15. Positive results of metal-hsDNA interactions using rmsPF-ACE-IICRD. CR-EGs of (A) Ag*-hsDNA interaction, (B) Cu?*-hsDNA
interaction, (C) Zn**-hsDNA interaction, (D) Mn2?*-hsDNA interaction, (E) Ni*?*-hsDNA interaction, (F) Co?*-hsDNA interaction, (G) Mg?*-

hsDNA interaction. BGE solution: 5 mM ammonium acetate solution (pH 7.5). Concentrations of hsDNA: 60 uM. Concentrations of

analyzed metal salts: 200 uM. Beckman ProteomeLab P/ACE MDQ CE system. Injection pressure: 6895 Pa. Injection time of metal ion

mixture solution: 10 s. Injection time gradients of hsDNA are shown in figures. Separation voltage: 8 kV. Separation pressure: 689.5 Pa.

Capillaries: the front-end capillary (200 um i.d., 365 um o.d.) is 43 cm long, the back-end capillary (75 pm i.d., 365 um o.d.) is 7 cm long.

Cartridge temperature: 25°C.
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Fig. S16. Fitting curves of Az, (s) aganist ¢ (s) for metal-hsDNA interactions (N=3). (A) Ag™-hsDNA interaction, (B) Cu?*-hsDNA

interaction, (C) Zn?*-hsDNA interaction, (D) Mn?*-hsDNA interaction, (E) Ni?*-hsDNA interaction, (F) Co?*-hsDNA interaction, (G) Mg?*-

hsDNA interaction.
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