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Figure S1. Spectrophotometric study of HAuCl4 reduction with AA in the presence of AMP ([HAuCl4] = 0.3 

mM, [AA] = 0.4 mM, [AMP] = 1.2 mM). The arrow indicates the Au(III) CTT that disappears upon the 

addition of ascorbic acid.
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Figure S2. Conformational analysis of AMP. (A) Atom numbering employed for AMP. (B) AMP gas phase 

stable conformers and their relative energies computed at the M062X/6-311+G* level (values between 

brackets in kcal/mol).

As starting point for the theoretical study, we performed a preliminary gas phase conformational 

analysis of AMP employing the GMMX method and DFT calculations. The results obtained (Figure 

S2) predict several stable conformers for AMP within an energy interval of 10 kcal/mol. The most 

stable conformer, labeled as I, shows a geometrical disposition with the six-membered ring of the 

adenine unit in anti orientation with respect to the ribose ring and the phosphate group bent over the 
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adenine ring. This structure, strongly stabilized by the presence of two intermolecular hydrogen 

bonding between one of the P=O and one of the ribose O-H units and between one of the PO-H bonds 

and the N7 atoms of the adenine ring, has been taken as the starting point for the forthcoming 

calculations on the complexation of AMP with the AuCl4
- salt.
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Figure S3. AMP complexation with AuCl4
-. Theoretical energy profiles proposed for the interaction of 

AuCl4
- with AMP and the Au(III)®Au(0) reduction: In the presence of ascorbic acid, the [AuCl4···AMP]- 

complex formed by the initial interaction between the reactants can reduce to different (A) [AuCl···AMP], or 

(B) [Au···AMP]+ species. In all cases, the reduction to [Au···AMP] species is not favorable, which suggested 

that the addition of Au(0) seeds is needed.

Interestingly, theoretical explorations of different complexation mechanisms predict always less 
favoured energy paths than the one shown in Figure 1 in the main text. This is the case if the first 
stage of the interaction between AuCl4

-  and AMP takes place through the formation of an Au-N 
bond, which suggests that the energy required for breaking one of the Au-Cl bonds in AuCl4

- is larger 
than the energy stabilization due to the formation of a new bond Au-N bond (Figure S3). Even more, 
it must be also noted that our calculations indicate that the most favorable energy path for the 
reduction of the initial [AuCl4···AMP]- complex is the one accompanied by the release of two 
chloride atoms, while those paths where three or four chloride atoms are released upon reduction are 
less favored energetically and, as a consequence, the presence of other reduced Au(I) species as 
[AuCl···AMP] and [Au···AMP]+ are expected to be less probable (see also Figures S3 and S4).
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Figure S4. AMP complexation with AuCl4
-. Theoretical energy profiles proposed for the interaction of 

AuCl4
- with AMP and the Au(III)/Au(0) reduction: In the presence of ascorbic acid, the [AuCl3···AMP] 

complex formed by the initial interaction between the reactants can reduce to different (A) [AuCl2···AMP]-, 

(B) [AuCl···AMP], or (C) [Au···AMP]+ species. Additional reduction of these latter forms in the presence of 

Au seeds would produce the [Au···AMP] complex.
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Figure S5. Representative TEM images of Au NSs synthesized with different AMP concentration (left) and 

their corresponding size distribution histograms (right). (A, B) 0.5 mM AMP, (C, D) 0.6 mM AMP, (E, F) 0.7 
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mM AMP, (G, H) 0.8 mM AMP and (I, J) 0.9 mM AMP. The inset in I represents how the NPs were 

measured.
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Figure S6. Representative TEM images of Au NSs synthesized with different seeds concentration (left) and 

their corresponding size distribution histograms (right). (A,B) 160 pM of seeds, (C,D) 320 pM of seeds, (E,F) 

480 pM of seeds, (G,H) 640 pM of seeds and (I,J) 1200 pM of seeds. The inset in I represents how the NPs 

were measured.
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Figure S7. (A) UV-Vis extinction spectra of the HAuCl4 reduction with ascorbic acid in the presence of AMP 

and in the absence of Au seeds. [HAuCl4] = 0.3 mM, [AA] = 0.4 mM, [AMP] = 1.2 mM. (B) Photographs of 

the solutions after 2 and 24 hours, as indicated, revealing a marginal Au reduction.
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Figure S8. UV-Vis extinction spectra and representative TEM images after 24 hours of the HAuCl4 reduction 

with ascorbic acid in the absence of Au seeds and in the presence of different AMP concentrations; 0.6 mM 

(A and B) and 0.3 mM (C and D). Constant parameters; [HAuCl4] = 0.3 mM and [AA] = 0.4 mM.

If the AMP concentration is decreased to 0.6-0.3 mM, the formation of NPs becomes more favourable 

observing the formation of nonuniform star-shaped nanoparticles with sizes ranging between 50 to 

300 nm after 24 h reaction (Figure S2) which exhibited a broad LSPR band at ca. 960 nm (see Figure 

S8). It should be also noted that under these conditions the reduction is not complete (only 20%).
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Figure S9. Extinction spectra of AuNSs synthesized using different ascorbic acid concentrations, as indicated. 

[Au]seed= 320 pM, [AuCl4
-]=0.3 mM and [AMP]= 0.7 mM at 40 ºC, kept constant in all cases.

Figure S10. Extinction spectra of AuNSs synthesized under different temperatures, as indicated. [Au]seed= 320 

pM, [AuCl4
-]=0.3 mM, [AA]= 0.5 mM and [AMP]= 0.7 mM, kept constant in all cases.
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Figure S11. (A) Aberration corrected HR-TEM of a gold nanostar synthesized using 0.6 mM of AMP and 320 

pM of seeds, the white arrows point towards twins in the arms. (B) Zoomed image of the branch taken from 

the white box in (A) with a defect plane running down the centre of the arm. The FFT taken from (B) is shown 

in (C) with two zone axes both viewed down the [110] axis twinned along the (111) spacing. (D-H) are the 

HAADF-STEM images taken from the tomography tilt series with the white arrows indicating when the defect 

plane can be clearly seen along the branches arm. (I) Reconstruction and 3D visualization of the tilt series.



13

Figure S12. HR-TEM images of Au nanostars obtained using 0.9 mM (A-C) and 0.7 mM (D-F) of AMP 

showing the multi twinned crystallographic structure at the center of the nanoparticle.
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Figure S13. Representative TEM images of Au NSs synthesized with different AMP concentration (left) and 

their corresponding size distribution histograms (right). (A, B) 0.4 mM AMP, (C, D) 0.7 mM AMP, (E, F) 0.9 

mM AMP. The inset in I represents how the NPs were measured.
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Analysis of the effect of adsorption on the AMP conformational flexibility

The different conformations of AMP can be described by the O15-C11-N9-C4 dihedral angle (see 

Figure S2 for numbering): For values between 0±90o, the AMP conformation is denoted as syn (the 

six-membered adenine ring confronts the ribose ring), while for values between 180±90o, the 

conformation is characterized as anti.1 On the other hand, the conformations of the ribose unit can be 

described by means of the C14-O15-C11-C12 (p1) and C13-C14-O15-C11 (p2) dihedral angles that 

define the puckering of the ribose ring: Structures with p1 > 0 and p2 > 0 correspond to C12 exo 

conformations and p1 < 0 and p2 < 0 correspond to C12 endo conformations, while p1 > 0 and p2 < 0 

characterize O15 exo conformations and p1 < 0 and p2 > 0 identify O15 endo conformations.2 

According to the results depicted in Figure S10, MD simulations for isolated AMP in water show that 

the adenine ring adopts syn and anti orientations with respect to the ribose unit due to rotation around 

the central C-N bond between both rings, although the latter conformations are more frequent. In the 

same manner, the ribose group in free AMP adopt mostly O15 endo conformations (p1 < 0 and p2 > 0), 

although C12 endo conformations (p1 < 0 and p2 < 0) can also be found during the simulations (see 

Figure S11). 

(A) (B)

Figure S14. Relative orientation of the adenine and ribose units in isolated AMP (magenta line) and AMP 

adsorbed on the Au{111} slab (green line): Variation of the C4-N9-C11-O15 dihedral with time (A) and values 

distribution (B).
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(A) (B)

(C) (D)

Figure S15. Characterization of the ribose unit in isolated AMP (magenta line) and AMP adsorbed on the 

Au{111} slab (green line): Puckering dihedrals C14-O15-C11-C12 and C13-C14-O15-C11 with time (A, C) 

and values distribution (B, D).
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Interestingly, adsorption causes a considerable reduction of the AMP conformational flexibility 

compared to its behaviour in aqueous solution. On the one hand, the adenine and ribose rings only 

adopt syn dispositions and the average O15-C11-N9-C4 dihedral reduces until 22.0o. On the other 

hand, the strong interactions between the metal surface and the ribose oxygen restrain severely the 

puckering of the ring, so that the and the p1 and p2 dihedrals takes values oscillating slightly around 

their average values of -43.8o and 40.9o, respectively. Finally, the restrained mobility also extends to 

the phosphate group which rotates considerably around the P-C bond in isolated AMP in water, but 

remains almost fixed upon adsorption and showing dihedrals around 100o as a consequence of the 

direct interactions between the oxygen atoms of the phosphate group and the gold atoms on the 

surface (see Figure S12). It is Interesting to recall here that restrictions to conformational flexibility 

has been also found in ATP when comparing its behaviour in solution and interacting with proteins 

which can be related to protein activity.2

Figure S16. Rotation of the phosphate group in isolated AMP (magenta line) and AMP adsorbed on the 

Au{111} slab (green line): Variation of the P20-O19-C18-C14 dihedral with time.
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(A) (B)

Figure S17. (A) Average angle between the adenine ring of AMP and the metal surface of the three gold slabs 

considered in this paper. (B) Average distance between the oxygen atom of the ribose ring and the metal 

surface of the {111}, {110} and {100} gold slabs.
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Figure S18. (A-B) Normalized extinction spectra of AuNSs obtained using different AMP (A) and GMP (B) 

concentration, as indicated. (C and D) Representative TEM images of AuNSs synthesized in the presence of 

GMP with a concentration of 0.6 mM (C) and 0.9 mM (D). [Au]seed= 320 pM, [AuCl4
-]=0.3 mM and 

[AA]=0.5 mM.
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Figure S19. (A) Normalized extinction spectra of AMP-stabilized AuNSs redispersed in different solvents as 

indicated. (B) LSPR shift versus the refractive index for AuNSs with LSPR centered at 830 nm in water.

Figure S20. Representative TEM images of silica-coated nanoparticles with plasmon band centered at 900 

nm.
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Figure S21. Results of AuNS700 as the catalyst, varying TMB. (A) Vis-NIR extinction spectra and (B) TEM 

image of the AuNSs used as catalysts. The scale bar is 100 nm (C) Time evolution absorption spectra of the 

oxidation of TMB. (D) Time evolution of the absorbance at 652 nm for different concentrations of TMB 

substrate, as indicated. (E) Michaelis-Menten curve of AuNSs nanozymes. (F) The double reciprocal plots of 

TMB obtained from the Michaelis-Menten curve. Error bars represent the standard deviation derived from 

three independent experiments.
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Figure S22. Time-dependent change in absorbance of oxidized TMB at 652 nm in the absence of AuNSs or 

hydrogen peroxide.

Figure S23. Results of AuNS700 as the catalyst, varying H2O2. (A) Time evolution of the absorbance at 652 

nm for different concentrations of H2O2, as indicated. (B) Michaelis-Menten curve of AuNSs nanozymes. (C) 

The double reciprocal plots of H2O2 obtained from the Michaelis-Menten Curve. Error bars represent standard 

deviation derived from three independent experiments.

Figure S24. Results of AuNS850 as the catalyst, varying H2O2. (A) Time evolution of the absorbance at 652 

nm for different concentrations of H2O2, as indicated. (B) Michaelis-Menten curve of AuNSs nanozymes. (C) 

The double reciprocal plots of H2O2 obtained from the Michaelis-Menten curve. Error bars represent standard 

deviation derived from three independent experiments.
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Table S1. Summary of different synthesis protocols of gold nanostars and their properties.

Growth 
strategy Seeds* Reductor/Stabil

izing molecules Shape directors
Overall 

Dimension 
range/Yield

Main LSPR 
(nm)

Long-
term 

stability
Ref.

Seeded Au, 
15nm DMF/PVP PVP and seed 

crystal structure ~70nm/~100% Broad, 764
Stable 

long time 
at RT

3

Seeded Au, 
15nm DMF/PVP PVP and seed 

crystal structure
~45-116nm/

~100%
Broad, 700-

850

Stable 
long time 

at RT
4

Seeded Pt, 
2.5nm DMF/PVP PVP and seed 

crystal structure
~9-

30nm/~100%
Narrow, 550-

750

Stable 
long time 

at RT
5

Seeded Au, 30 
nm DMF/PVP PVP and seed 

crystal structure
~34-60 

nm/~100%
Narrow, 550-

880

Stable 
long time 

at RT
6

Seeded Au, 5 
nm AA/PAH PAH and seed 

crystal structure
~70-

150nm/~100%
Broad, 580-

1250

Stable 
long time 

at RT
7

Seedless - Fe(II)/PSS PSS ~70-15 
nm/~100%

Broad, 580-
750

Stable 
long time 

at RT
8

Seeded Ag, 
15nm AA/CTAB CTAB and NaOH ~50nm/45% 670

Stable 
<20 days 

a RT
9

Seedless - AA/Triton X Triton X as LLC 
template n.d./n.d. Broad, 550-

650 Unstable 10

Seeded Au, 
2.5nm AA/SDS SDS and seed 

crystal structure ~40nm/n.d. Broad, 550-
612 Unstable 11

Seedless - AA/AOT-BDAC AOT-BDAC and Ag+ ~74-196 
nm/n.d.

Broad, 670-
1000 Unstable 12

Seeded Au, 
<4nm AA/LBL LBL and Ag+ ~55-

100nm/~90%
Broad, 700-

1100 Unstable 13

Seeded Au, 2-
3nm AA/CTAB CTAB and Ag+ ~174nm/70% n.d. n.d. 14

Seeded Au, n.d. AA/Triton X Triton X and Ag+ n.d./n.d. Narrow, 600-
1600 Unstable 15

Seedless - AA/Triton X Triton X and Ag+ ~50-
300nm/~100%

Broad, 700-
2000 Unstable 16

Seedless - NH2OH/Ag+ NH2OH/Ag+ ~100-300 
nm/n.d.

Broad, 600-
1100 n.d. 17

Seeded Au, 5 or 
12 nm AA/ Ag+ Ag+ and seed 

crystal structure
~60-190 
nm/100%

Broad, 650-
800

Stable at 
4◦C 18

Seeded HQ/SC HQ/SC and seed 
crystal structure

~55-200 
nm/100%

Narrow, 555-
702 Stable 

<10 days 
19
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a RT

Seedless - H2O2/SC-BSPP BSPP and seed 
crystal structure ~45 nm/90% Narrow, 650-

700 Stable 20

Seedless - Good´s Buffers Goods Buffers 20-70nm/n.d. Broad, 550-
650

Stable at 
4◦C 21

Seedless - AA/ HEPES HEPES ~30-
50nm/92%

Broad, 550-
700

Stable at 
4◦C 22

Seedless - AA/ Good 
Buffers Good buffers 50 nm/95% Broad, 600-

1100
Stable at 

4◦C 23

Seeded
Au, 40 
or 60 
nm

NH2OH/HEPES HEPES/SC 50-
100nm/100%

Narrow, 550-
750 Stable 24

Seeded
Au, 30, 
60 or 

100 nm

AA/Goods 
Buffers Goods Buffers 40-

150nm/100%
Narrow, 650-

1000 n.d. 25

Seedless - AA/BSA BSA and seed 
crystal structure ~96-100/n.d. Broad ~760

Stable 
long time 

at RT
26

Seeded Ag, 
4nm AA/Gelatin Gelatin and seed 

crystal structure 45nm/90% Narrow, 550-
650 Stable 27

Seedless - L-Dopa L-Dopa 30-
60nm/100%

Broad, 600-
850 Stable 28

Seedless - Trp-GA Trp-GA 200-
1000nm/n.d. Broad, 750 Stable 29

Seedles - L-AA/5’-GMP L-AA/5’-GMP ~65nm/~100% Broad, 650 Stable 30

n.d. (Not determined)
* Composition/Size
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Table S2. Comparing the kinetic parameters (Km and Vmax) of the nanostars of the present work with other 

reported metallic nanomaterials. Km is the Michaelis-Menten constant, and Vmax is the maximum reaction 

velocity.

Km (mM) Vmax (10-8 M·s-1)
Catalyst

TMB H2O2 TMB H2O2

Ref

850 nm NanoStars@AMP 0.154 692.5 23.5 47.8 This work

700 nm NanoStars@AMP 0.155 721 23.7 49.0 This work

HRP 0.434 3.70 10.0 8.71 31

TA – capped AuNPs 0.2 190 6.7 3.8 32

BSA-Au 0.00253 25.3 6.23 7.21 33

Citrate AuNPs 0.134 213 9.65 10.6 34

Citrate AuNPs + ATP 0.168 196 13.1 9.83 34

PEG AuNPs 0.155 191 8.32 6.38 34

Au-Ag CSPNPs 0.369 94.7 1.41 2.92 35

Pt NCs 0.096 3.07 14.1 18.17 36

Au-PtNCs2 0.108 - 106 - 37
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