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Supplementary Information 

 
S1.   Synthesis of nanomaterials 
 

S1.1. Materials 
 

Gold(III) chloride trihydrate (HAuCl4 · 3H2O ≥99.9%), citric acid monohydrate (ACS reagent grade 
≥99.0%), heptane (anhydrous, 99%), Tris-base (Trizma), hydrogen peroxide (H2O2, 30%wt), L-cysteine, 
silver nitrate (AgNO3, 0.01 M) and NaOH (2M) were purchased from Sigma Aldrich. Trisodium citrate 
dihydrate (99%) was purchased from Alfa-Aesar. Hydroxylamine hydrochloride (≥99%) was purchased 
from Fisher Scientific. Carbon monoxide (CO) was obtained from BOC gases. 
 

S1.2. Synthesis of Au and Au/Ag nanoclusters 
 

Atomically precise Au25Cys18 nanoclusters were prepared via a flow chemistry approach, using a flow 
method developed in our group with some modifications.1 An aqueous solution containing HAuCl4 

(final concentration 10 mM) and L-cysteine (HAuCl4 : L-cysteine, molar ratio 1:1.5) was prepared, and 
its pH was adjusted to 11.6 using NaOH. This solution was pumped through a tube-in-tube membrane 
reactor at a temperature of 80 °C, where CO diffused through the membrane and was dissolved in the 
solution. CO acts as reducing agent leading to the formation of the gold nanoclusters. The tube-in-
tube membrane reactor consisted of a 2 m long Teflon AF-2400 tube (0.8 mm inner diameter (ID), 1.0 
mm outer diameter (OD), Biogeneral) as the contacting interface placed inside a 
polytetrafluoroethylene (PTFE) tube (2.4 mm ID, 3.2 mm OD, VICI Jour) and assembled together by a 
T-piece (Upchurch, hole size: 1.0 mm) and a union (Upchurch, hole size: 1.0 mm). The solution of gold 
and cysteine was pumped using a milliGAT pump (VICI Valco) at a flow rate of 5 µL/s (average 
residence time inside the reactor of 3 min). The liquid inlet was pressurised to 5 bar using a Zaiput 
back pressure regulator (Zaiput) and monitored with a pressure sensor (Little Things Factory), while 
the gas inlet pressure was set at 4 bar with a gas pressure regulator (Swagelok, K series) and monitored 
with a pressure sensor (40PC150G, Honeywell). Gold/silver nanoclusters were prepared in the same 
system by only changing the liquid feed composition. For these clusters, a 23 mL aqueous solution 
containing HAuCl4 and AgNO3 and L-cysteine was prepared, then 2 mL of NaOH (2 M) was added to 
this solution. The final concentration of the sum of gold and silver precursors was equal to 10 mM, 
with a molar ratio of HAuCl4 : AgNO3 equal to 16:9. The molar ratio between gold and silver precursors 
and L-cysteine HAuCl4+AgNO3 : L-cysteine was 1:1.5. The colloidal solutions of gold and gold/silver 
clusters were stored in the fridge before use for no more than 2 days. 
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S1.3. Citrate-capped 11 nm gold nanoparticles 
 

Citrate-capped 11 nm gold nanoparticles were synthesised via a flow chemistry approach according 
to Panariello et al..2 A solution of passivated gold precursor was prepared the day before the 
experiment by adding NaOH to a solution of HAuCl4 (gold concentration 8 mM, NaOH : HAuCl4 molar 
ratio 27 : 1). This solution was then diluted to a final gold concentration of 0.4 mM with DI water and 
used as gold precursor. A solution of citric acid (4.8 mM) was used as reducing agent. The two aqueous 
solutions were pumped through a T-mixer (Upchurch, 0.5 mm internal diameter) at a volumetric ratio 
of 1:1, and then segmented with heptane in a second T-mixer (Upchurch, 0.5 mm internal diameter), 
generating a trail of moving droplets. The droplets then entered a heated coil (PTFE, 1 mm internal 
diameter, Thames Restek) at a temperature of 90 °C for an average residence time of 7 min, where 
the synthesis of the gold nanoparticles took place. The aqueous solution containing the 11 nm gold 
nanoparticles solution was separated by the heptane through decantation and pipetting once the 
reactor operation terminated. Subsequently, the colloidal solution was transferred to the fridge 
before further use. 
 

S1.4. Tris-capped 50 nm gold nanoparticles 
 
Tris-capped 50 nm gold nanoparticles were synthesised via a flow chemistry approach developed in 
our group,3 where 11 nm gold nanoparticles (obtained as described in section S1.3) were used as seeds 
and grown up to 50 nm using the seeded-growth method reported by Li et al..4 A solution of 11 nm 
gold seeds (colloidal Au(0) concentration of 0.06 mM and Tris (7.5 mM)) and a solution of HAuCl4 

(1.875 mM) were pumped through a T-mixer (Upchurch, 0.5 mm internal diameter), each one at a 
flow rate of 0.055 mL/min. This stream was then mixed with a H2O2 stream (1.85% wt) and segmented 
with a heptane stream within the same cross-junction (Upchurch, 0.5 mm internal diameter). The flow 
rate of H2O2 was set at 0.55 mL/min, while the flow rate of heptane was set at 0.165 mL/min. The 
droplets then entered an 11 mL PTFE coil (2.4 mm internal diameter) at room temperature, where the 
growth took place. A two-channel syringe pump (Legato® 200, KD Scientific) was employed to deliver 
the solutions of gold precursor and seeds, while two piston pumps (milliGAT, VICI Valco) were used 
for the H2O2 and the heptane solutions. The colloidal solution of 50 nm gold nanoparticles was 
manually separated from heptane through decantation and pipetting, once the reactor run 
terminated. Subsequently, the colloidal solution was transferred to the fridge before further use. 
 

S1.5. Seeded-growth synthesis of citrate-capped 25 nm gold nanoparticles using 
citrate as reducing agent 

 

Citrate-capped 25 nm gold nanoparticles were prepared through a seeded-growth approach using 11 
nm gold nanoparticles as seeds (synthesised as in section S1.3). 18 mL of an aqueous solution of 11 
nm gold seeds (colloidal Au(0) concentration 0.11 mM) was preheated to 90 °C in a stirred three-neck 
round-bottom flask. To this solution, 1 mL of an 8 mM solution of passivated gold precursor (prepared 
as in section S1.3) was added. After 5 min, 1 mL of a 72 mM citric acid solution was injected in the 
flask. After 10 min, the flask was removed from the hot bath and allowed to cool to room temperature. 
Subsequently, the colloidal solution was transferred to the fridge before further use. 
 

S1.6. Seeded-growth synthesis of citrate-capped 20 and 50 nm gold 
nanoparticles using hydroxylamine as reducing agent 

 

Citrate-capped 20 and 50 nm gold nanoparticles were prepared through a seeded growth protocol 
proposed by Brown and Natan5 using hydroxylamine as reducing agent. 11 nm gold nanoparticles were 
used as seeds, synthesised as in section S1.3. For the synthesis of 20 nm particles, 2 mL of an aqueous 
solution of 11 nm gold seeds (colloidal Au(0) concentration 0.2 mM) was diluted with 1.895 mL of DI 



water. 0.057 mL of a 0.2 M hydroxylamine hydrochloride solution was then added to the solution 
under vigorous stirring. After 1 min, 0.048 mL of a 25 mM HAuCl4 solution was added under vigorous 
stirring at room temperature. The solution immediately turned from light to dark red. Stirring was 
maintained for 5 min, then the colloidal solution was transferred to the fridge before further use. For 
the synthesis of 50 nm particles, an iterative procedure was adopted. A first growth step was 
performed, where 1.25 mL of an aqueous solution of 11 nm gold seeds (colloidal Au(0) concentration 
0.2 mM) was diluted with 23.4 mL of DI water. 0.35 mL of 0.2 M hydroxylamine hydrochloride solution 
was then added to the solution under vigorous stirring. After 1 min, 0.3 mL of a 25 mM HAuCl4 solution 
was added at room temperature. Stirring was maintained for 5 min. After the first growth step, 9.867 
mL of the colloidal solution synthesised was diluted with 3.08 mL of DI water, and to this solution 
0.188 mL of a 0.2 M hydroxylamine hydrochloride solution was added under stirring. After 1 min, 0.16 
mL of a 25 mM HAuCl4 solution was injected. Stirring was maintained for 5 min, then the colloidal 
solution was transferred to the fridge before further use. 
 

S2.  Dye molecule surface area calculation 
 

To determine the van der Waals surface area of dye molecules, Multiwfn software6 was employed. 
This model was based on promolecular density. Solvent accessible surface area and space filling 
projection surface areas were calculated using Visual Molecular Dynamic (VMD) software.7 The 
formulae for calculating the dye concentration required for monolayer coverage of the AuNP surface 
is: 8 
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N is the number density of AuNP solutions, A450 is the absorbance at λ = 450 nm and d is the particle 
diameter in nm.  S is the surface area of dye projected onto the AuNP. For VDWSA and SASA methods, 
S is half of the dye surface area. 𝑁# is the Avogadro constant.  
 

S3.  Nanoparticle number density 
 

In addition to using Eq. (1) to determine the number density of nanoparticles, we also tested the 
method introduced by Hendel et. al.9 Their method uses the extinction coefficient ε at 400 nm for 20 
nm AuNPs synthesized by reduction with sodium citrate which is  2.38 L mmol−1 cm−1, 
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Where N is the number density of AuNP solutions, A400 is the absorbance at λ = 400 nm, MAu is the 
molar mass of gold, b is the light path length, d is the particle diameter in nm, ε is the extinction 
coefficient in L mmol−1 cm−1 and 𝜌>? is the density of gold. From Fig. 1 in the main manuscript, we 
deduce that A400 = 0.51 and 0.49 for CV and MB, respectively, giving  N = 4.66 × 1011 mL–1 and 4.50 × 
1011 mL–1 for CV and MB, respectively. The surface area of CV is estimated to be 7.46 nm2 (VDWSA), 
10.56 nm2 (SASA) or 1.72 nm2 (SFP), and that of MB is estimated to be, 3.63 nm2 (VDWSA), 6.01 nm2 
(SASA) or 0.93 nm2 (SFP). From these values, we can calculate the concentrations of dye required for 
monolayer coverage of the AuNPs and compare these with the threshold concentrations determined 
from the UV-vis spectra (Table S1); we find that they are very similar to those obtained using Haiss’s 
method. 
 



 
 
 
Table S1. Comparison between the calculated dye concentration required (using Hendel’s model) for monolayer 
coverage of the AuNP surface compared with the threshold concentration determined from UV-vis absorption 
spectra (Fig. 1 in the main manuscript). 
 

  20 nm citrate-capped AuNP 
 Model MB CV 

Concentration of dye / µM 
VDWSA 0.52 0.26 
SASA 0.31 0.19 
SFP 1.01 0.57 

Experimental threshold conc. / µM  0.55 0.36 
Corresponding solution Vol. / mL  6.0 5.0 

 
 

 

S4.  Additional data 
 
Table S2. Particle size measurement for TEM images. Analysed by imageJ, only counting monomers and not 
including agglomerated particles. 
 

MB (mL) Size  (nm) Std. dev 
(nm) 

Particle 
count 

CV (mL) Size 
(nm) 

Std. dev 
(nm) 

Particle 
count 

0 19.60 3.68 48 0 19.60 3.68 48 
5 20.94 5.06 33 5 21.34 7.30 131 

10 22.08 6.18 73 10 19.30 3.59 51 
15 Not enough monomer 15 Not enough monomer 

 
 
 
 
 
 
 
 
 
 
 
 



 

 
Figure S1. UV-vis absorption of 2 mM MB (top) and 1.5 mM MB (bottom) in solutions of 20 nm citrate-capped 
AuNPs (Figure 1). The red curve is the absorption spectrum of the dye. The other curves represent spectra 
recorded following the addition of 1 - 9 ml dye solution (the numbers at the ends of the labels in the key state 
the measurement number) with the dye contribution subtracted and spectra corrected for dilution effects.  
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