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ADDITIONAL RESULTS

Table S1. Summary of the structural characterization in solvent for the three SAM-AuNPs considered in 
this study, including: nanoparticle radius of gyration (Rg); average number of ligand bundles; number of free 
chains; asphericity (δ) and relative ratio of the principal moments of inertia (Iz/Ix, Iz/Iy); fraction of trans 
dihedrals angles. Uncertainties are reported in brackets.

Rg 
(nm)

Average 
number of 
bundlesa

Free 
chainsb

δc

(-)
Iz/Ixc

(-)
Iz/Iyc

(-)
Fraction of 

trans 
dihedrals 

(%)d

S1-AuNP 1.50
(0.01)

2 9.0 
(4.8)

0.86
(0.13)

3.25
(0.35)

2.34
(0.40)

89.3  
(2.7)

S2-AuNP 1.77 
(0.02)

3 2.7 
(1.4)

0.73
(0.09)

3.74
(0.30)

1.29
(0.13)

93.0
(3.4)

S3-AuNP 1.54 
(0.01)

no bundles 47.1 
(2.6)

0.32
(0.07)

1.68
(0.17)

1.30
(0.12)

79.8 
(5.6)

a,b Ligands are assigned to the same bundle based on their relative orientation and end group 
distances; we used the Hierarchical Density-based Spatial Clustering of Applications with Noise 
(HBDSCAN)1 algorithm to identify sets of ligand that belong to the same bundle. We assigned a 
minimum number of 5 ligands to form a bundle. Chains not pertaining to a specific bundle were 
considered as “free”. Low deviation from average values suggests that the bundling structure is 
rather stable on the time scale inspected (400 ns). Monolayer structures formed consistently in 
each system replicate.

c The asphericity δ gives an indication of shape and is defined as Iz-(Ix+Iy)/2, having defined the 
principal moments of the gyration tensor as Iz ≥ Iy ≥ Ix. Values close to 0 indicate a spherical form, 
while values around 1 an oblong shape (e.g., ellipsoid).

d The fraction of trans dihedrals angles (-180° < φ < -120° and 120° < φ < 180°) relative to the 
total number of dihedral angles in the ligand chain is a measure of ligand ordering. The dihedral 
angles were calculated taking into account all the heavy atoms of the alkyl portion and ignoring 
all the hydrogen atoms. A fraction of trans dihedral angles values near 1 indicates a highly ordered 
ligand structure and a value near 0 a highly disordered structure.
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Presence of bundles is already documented for other alkanethiols either experimentally and 
computationally and is related to the number of ligand carbon atoms, terminal moiety, and gold 
core size.2-9
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Figure S1. Distribution of A1, A2, A3 and A4 around the gold core for S1-AuNP based systems. (a) Radial 
distribution function (RDF) of A1 (blue), A2 (light blue), A3 (purple) and A4 (chartreuse) calculated from the 
center of mass of the nanoparticle. (b-e) RDF of sulfonate moieties in S1 ligands (orange) and amine groups 
in A1 (blue), A2 (light blue), A3 (purple) and A4 (chartreuse) calculated from the center of mass of the 
nanoparticle (left axis). For comparison the RDF of the whole S1 ligand is also reported as a grey area 
(right axis).
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Figure S2. Selected examples of salt-bridging in A1 (a), A2 (b), and A3 (c) bound to S1-AuNP. S1 ligands 
are depicted as stick and colored by element. A1, A2, and A3 are represented in blue, light blue, and purple 
sticks, respectively. Salt-bridges are highlighted in cyan.
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Table S2. Binding free energy (Gb)(kcal/mol) and components calculated with MM/PBSA approach and 
binding constant (K)(M-1) taken from Gabrielli et al.10 of analytes A1, A2, A3, A4 to S1-AuNP and S3-AuNP 
at room temperature. 

System Hnonpol Hpol H -TS Gb K

S1-AuNP/A1 -53.2±0.3 -9.1±1.6 -62.3±1.6 5.0±1.0 -57.3±1.9 (2.2± 0.1)×106  

S1-AuNP/A2 -32.1±0.5 -8.6±1.1 -40.7±1.2 3.2±1.1 -37.5±1.6 (6.1±1.4) ×105

S1-AuNP/A3 -28.4±0.4 -5.8±1.2 -34.2±1.3 1.9±1.0 -32.3±1.6 (4.1±1.2) ×105

S1-AuNP/A4 -7.9±0.4 4.0±0.9 -3.9±1.04 0.9±0.6 -3.0 ±1.2
no binding 
observed

S3-AuNP/A1 -31.2±0.2 -17.5±1.1 -48.7±1.1 8.3±1.2 -40.4±1.6 (1.3±0.1)×106

S3-AuNP/A2 -25.3±0.2 -12.1±0.8 -37.4±0.9 7.0±1.0 -30.4±1.3 (5.1±0.3)×105

S3-AuNP/A3 -18.9±0.3 -8.8 ±1.1 -27.7±1.1 3.3±0.9 -24.4 ±1.4 (9.3±1.2)×104

S3-AuNP/A4 -5.8±0.3 3.3±0.9 -2.5±1.0 1.3±0.6 -1.2±1.1 -

Figure S3. Correlation between free energy of binding (Gb) and affinity constant (K) for systems in Table 
S2.
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Figure S4. MD snapshots of AN1 (a) and AN2 (b) with S1-AuNP. S1 ligands are depicted as spheres and 
colored by element. AN1 and AN2 are represented in grey and green sticks, respectively. Water and ions 
are not shown for the sake of clarity.

Figure S5. Top view showing interligand placement of A1 (a) and A2 (b) when bound to S1-AuNP. S1 
ligands are depicted as spheres and colored by element. A1 and A2 are represented in blue and light blue 
sticks, respectively. Water and ions are not shown for the sake of clarity.
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Figure S6. (a) MD snapshots of A1 with S2-AuNP. S2 ligands are depicted as spheres and colored by 
element. A1 is represented in blue sticks. Water and ions are not shown for the sake of clarity. (b) Radial 
distribution function (RDF) of S3 ligands (grey) and A1 (blue) calculated from the center of mass of the 
nanoparticle.
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Table S3. Structural characterization of S2-AuNP upon binding of A1, including: nanoparticle radius of 
gyration (Rg); average number of ligand bundles; number of free chains; asphericity (δ) and relative ratio of 
the principal moments of inertia (Iz/Ix, Iz/Iy); fraction of trans dihedrals angles. Uncertainties are reported in 
brackets.

Rg 
(nm)

Average 
number of 
bundles

Free 
chains

δ
(-)

Iz/Ix
(-)

Iz/Iy
(-)

Fraction of 
trans 

dihedrals (%)

A1 1.78 
(0.01)

2 1.8 
(1.1)

0.81
(0.11)

3.61
(0.26)

1.43
(0.17)

91.9 
(3.3)

Table S4. Structural characterization of S1-AuNP upon A1, A2, A3 and A4 binding, including: nanoparticle 
radius of gyration (Rg); average number of ligand bundles; number of free chains; asphericity (δ) and relative 
ratio of the principal moments of inertia (Iz/Ix, Iz/Iy); fraction of trans dihedrals angles. Uncertainties are 
reported in brackets.

Rg 
(nm)

Average 
number of 
bundles

Free 
chains

δ
(-)

Iz/Ix
(-)

Iz/Iy
(-)

Fraction of 
trans 

dihedrals (%)

A1 1.56 
(0.01)

2 4.4 
(2.9)

0.58
(0.12)

2.31
(0.22)

1.70
(0.29)

88.8
(2.7)

A2 1.57
(0.01)

2 3.3 
(2.3)

0.65
(0.12)

2.48
(0.26)

1.88
(0.29)

89.2
(2.5)

A3 1.55 
(0.01)

2 9.9 
(8.2)

0.90
(0.09)

3.08
(0.26)

2.51
(0.27)

85.6
(2.7)

A4 1.54
(0.02)

2 9.8 
(5.3)

0.82
(0.09)

3.11
(0.31)

2.13
(0.26)

89.7
(2.6)

Table S5. Number of contact molecules (Nc) and total number of ion pairs and water bridges (Nh) for S1 

and S3-AuNP in complex with A1, A2, A3, and A4.

A1 A2 A3 A4

Nc Nh Nc Nh Nc Nh Nc Nh

S1-
AuNP

30 ± 0 27 ± 4 29 ± 1 26 ± 5 27 ± 2 26 ± 4 19 ± 3 16 ± 4

S3-
AuNP

30 ± 0 27 ± 4 29 ± 1 28 ± 2 29 ± 1 27 ± 3 17 ± 3 21 ± 5
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Table S6. Structural characterization of S3-AuNPs upon A1, A2, A3 and A4 binding, including: nanoparticle 
radius of gyration (Rg); average number of ligand bundles; number of free chains; asphericity (δ) and relative 
ratio of the principal moments of inertia (Iz/Ix, Iz/Iy); fraction of trans dihedrals angles. Uncertainties are 
reported in brackets.

Rg 
(nm)

Average 
number of 
bundles

Free 
chains

δ
(-)

Iz/Ix
(-)

Iz/Iy
(-)

Fraction of 
trans 

dihedrals (%)

A1 1.56 
(0.01)

no bundles 45.2 
(2.7)

0.33
(0.06)

1.64
(0.11)

1.35
(0.10)

81.3
(7.7)

A2 1.56
(0.02)

no bundles 48.1 
(1.9)

0.31
(0.07)

1.69
(0.17)

1.25
(0.12)

79.7
(8.7)

A3 1.54 
(0.01)

no bundles 46.4 
(2.5)

0.27
(0.07)

1.57
(0.15)

1.24
(0.12)

81.0
(6.3)

A4 1.56
(0.02)

no bundles 47.0 
(2.2)

0.35
(0.10)

1.89
(0.29)

1.25
(0.15)

80.3
(6.9)

Figure S7. Distribution of A1, A2, A3 and A4 around the gold core for S3-AuNP based systems. (a) Radial 
distribution function (RDF) of A1 (blue), A2 (light blue), A3 (purple) and A4 (chartreuse) calculated from the 
center of mass of the nanoparticle. (b-e) RDF of sulfonate moieties in S3 ligands (orange) and amine groups 
in A1 (blue), A2 (light blue), A3 (purple) and A4 (chartreuse) calculated from the center of mass of the 
nanoparticle (left axis). For comparison the RDF of the whole S3 ligand is also reported as a grey area 
(right axis).
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COMPUTATIONAL DETAILS

Molecular mechanics Poisson–Boltzmann surface area (MM/PBSA) methodology

Binding free energies were computed applying the MM/PBSA methodology. Details on the 
methodology were reviewed recently in [11,12] and are summarized here in the following 
paragraphs. According to the MM/PBSA approach, the free energy of binding an analyte (A) to a 
nanoparticle (N) to form a complex (NA) in solution (Gb,solv = Gb)

 (1)∆𝐺𝑏,𝑠𝑜𝑙𝑣 =  ∆𝐺𝑁𝐴,𝑠𝑜𝑙𝑣 ― (∆𝐺𝑁,𝑠𝑜𝑙𝑣 + ∆𝐺𝐴,𝑠𝑜𝑙𝑣)

can be expressed as

(2)∆G𝑏,𝑠𝑜𝑙𝑣 = ∆𝐻 ― 𝑇∆𝑆 =  〈∆𝐸𝑀𝑀〉 + 〈∆𝐺𝑠𝑜𝑙〉 ―𝑇〈∆𝑆𝑠𝑜𝑙𝑢𝑡𝑒〉

EMM represents the molecular mechanical energy change in gas phase, Gsolv the solvation 
free energy change, and -TSsolute (= -TS) the conformational entropy change of the solute upon 
binding. 

EMM includes three terms:

 (3)∆𝐸𝑀𝑀 = ∆𝐸𝑖𝑛𝑡 +∆𝐸𝑒𝑙𝑒 +∆𝐸𝑣𝑑𝑊

the changes in the internal energies ΔEint (bond, angle, and dihedral energies), the electrostatic 
energy change ΔEele, and the van der Waals energy change ΔEvdW. 

ΔGsolv is separated into electrostatic solvation energy ΔGp_solv (polar contribution) and nonpolar 
contribution ΔGnp_solv between the solute and the continuum solvent. The polar contribution 
ΔGp_solv was calculated using an implicit solvent model, here the Poisson−Boltzmann (PB) model12. 
The nonpolar solvation energy arises from the solute cavity formation within the solvent and van 
der Waals interactions between the solute and the solvent around the cavity and is estimated 
using a fast LCPO algorithm.13 The surface tension (γ) and correction term (b) were set to 0.00542 
kcal*mol-1*Å-2 and 0.92 kcal*mol-1 values, respectively. The change in conformational entropy 
−TΔSsolute was computed by normal-mode analysis as implemented in MM-PBSA.py and nmode 
programs of AmberTools18. For free energy calculation, a solute dielectric constant εin = 2 was 
employed to account for the hydrophobic nature of the inner portion of the monolayer.

Angle brackets in equation (2) indicate averages from an ensemble of representative structures, 
obtained extracting relevant frames from an equilibrated molecular dynamics trajectory. The 



S12

computation for the non-entropic terms was averaged over 100 configurations evenly extracted 
from data collection trajectories, while the entropic term was averaged over a subset of 10 
configurations (out of 100) for each independent simulation.Three replicates were considered for 
each system.

To account for binding-induced conformational changes, we applied a “multi-trajectory”14 
approach taking three trajectories from three independent simulations (the nanoparticle in solution, 
the analytes in solution, and the nanoparticle-analytes complex in solution) to compute the 
different terms in equation (1).
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