
Supplementary 1. A. Description of the Irradiation system, laser output 0,350 W, Ø=3.5 mm, λ=808 nm. B. captured images of 
the infrared camera used for the temperature monitoring. C. Temperature increase of water and a BSA solution as blank control 

of irradiation, showing an insignificant temperature increase.

Supplementary 2. TEM images of AuNPrs after purification by centrifugation.
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Supplementary 3. A. Uv-Vis spectrum of AuNPrs after interaction with BSA ([AuNPr]= 1 nmol L-1 [BSA]= 1000 mg L-1) over time. B 
Hydrodynamic diameters and Z potential before and after protein corona formation.

Supplementary 4. TEM images of AuNPrs after BSA coating. 
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Supplementary 5. Langmuir and Freundlich isotherms and kinetic models linear equations. Ce represents the BSA concentration 
at equilibrium, qm is the number of moles of BSA required to form a monolayer on one gram of AuNPs, qe is the adsorption 

capacity, t is the time, KF and KL are the Freundlich and Langmuir constants, respectively. K1, k2 and ki are the pseudo first and 
second order kinetic constants.



Supplementary 6. Calculation of the type of adsorption and surface area of AuNPrs

A characteristic dimensionless constant is proposed for Langmuir isotherms, in order to examine the progression of adsorption, 
namely RL, which is indicative of the type of adsorption of BSA on AuNPrs. For a favored adsorption process 0<RL<1; for 
unfavored adsorption RL>1; for linear adsorption RL=1 and reversible adsorption RL=0. 1,2  RL was calculated as follows: 

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶0

Where Co is the concentration of BSA at time 0 (1000 mg/L), and KL is the Langmuir constant. For this study, KL was calculated as 
8.8*10-4 L mg-1; hence, the RL value is 0.5, suggesting favored adsorption process of BSA on AuNPrs. 15 Additionally, essential 
parameters such as surface area (SNPr) and monolayer saturation capacity qm (i.e., the BSA maximum mass present in a 
monolayer upon AuNPrs) was calculated from the Langmuir adsorption model. The specific surface area in m2 g-1 of AuNPrs is 
calculated as follows:3

𝑆𝑁𝑃𝑟 =
𝑞𝑚 𝑥 𝑎𝐵𝑆𝐴 𝑥 𝑁𝐴 𝑥 10 ‒ 21

𝑀

Where qm is the mass of BSA adsorbed in a monolayer, calculated as the inverse of the slope for Langmuir linear regression in 
figure 5,  qm= 47.6 mg g-1,  aBSA is the occupied surface area of one molecule of BSA = 56 nm2, 4 NA is the number of Avogadro 
6.022 x 1023 mol-1, and M is the molecular weight of BSA = 66463 g mol-1. By replacing the values in the equation, a surface area 
of 24.2 m2 g-1 was estimated. 

Supplementary 7. Theoretical estimation of the occupation density of BSA on AuNPrs

For AuNPrs of 90 nm edge length, the surface area was calculated as the sum of the two triangular and the three rectangular 
faces, AT and AR as follows:

And the total calculated surface area of AuNPr is 9715 nm2. In addition, BSA dimensions are 14x4x4 nm, as it is presented in the 
supplementary 11 and reported in the literature4. BSA can be attached to the gold surface and aligned in side-on or end-on 
arrange, as it is presented in figure 11 a and b, respectively. In the scenario a, BSA occupied area is 54 nm2, resulting in a 
maximal density of 180 BSA/AuNPr; meanwhile, in the case of end-on arrange, a BSA molecule occupies 16 nm2, thus, the 
maximal density is 607 BSA/AuNPr in the first layer, without considering unfolding of the protein.

(1)

(2)

A𝑇 = 2 ∗ 𝑐2√3
4

= 7015 𝑛𝑚2
A𝑅 =  (𝑎 + 𝑏 + 𝑐) ∗ ℎ = 2700 𝑛𝑚2



(4)

(6)

(5)

Supplementary 8. BSA size in nm and arrangement. A. aligned in side-on or b. end-on arrange

Supplementary 9. Calculation of thermodynamic parameters

As Maleki et al. proposed,5 for the adsorption process in equilibrium, the thermodynamic equilibrium constant of adsorption 
was defined as: 

𝐾0 =
𝑞𝑒

𝐶𝑒

Where qe and Ce are, the amount of BSA adsorbed at equilibrium time and the equilibrium constant, respectively. A linear plot 
between qe and Ln (qe/Ce) has the value of LnKo as a vertical axis intercept (figure 7).

The Standard thermodynamic parameters, ΔG0, ΔH0 y ΔS0, for the adsorption processes were defined as follows:6,7

∆𝐺0 =‒ 𝑅𝑇𝑙𝑛𝐾0

𝑅 𝑇 𝑙𝑛 𝐾0 = 𝑇∆𝑆0 ‒ ∆𝐻0

𝑙𝑛 𝐾0 =‒
∆𝐻0

𝑅
1
𝑇

‒
∆𝑆0

𝑅

The activation energy of the adsorption process can be calculated using the Arrhenius equation: 8

𝐿𝑛𝑘2 = 𝐿𝑛 𝐴 ‒
𝐸𝑎

𝑅 𝑇

(3)



Supplementary 11. Logarithmic graph of relative fluorescence change after increasing 
concentrations of AuNPrs, from Stern-Volmer relationship

Where k2 is the pseudo-second-order rate constant (as it was described in adsorption kinetic parameters section), A is the 
Arrhenius factor, Ea the activation energy, and R the ideal gas constant (8.314 J/mol K). Ea is calculated by plotting ln k2 vs. 1/T 
(figure 7). 

The calculated values for the thermodynamic properties are presented in the following table:

Table 9.1. Values of thermodynamic parameters for the adsorption of BSA on AuNPrs

Temperature (K) ΔG°  (Jmol-1) ΔH° (KJmol-1) ΔS° (Jmol-1K-1) Ea (kJmol-1)
298 -3995.1 ± 396
305 -2524.9 ± 228
310 -212.4 ± 21

-95.4 ± 21 -306.0 ± 69 45.7 ± 4

Supplementary 10. Relative fluorescence change 

 Relative fluorescence change (Q=(Fo-F)/F) is an intrinsic property of the systems and determined for the number of binding 
sites  in the protein. 11,12 The relationship between relative fluorescence and AuNPrs concentration, provide information about 
the number of binding sites in the protein, as well as the binding constant between AuNPs and BSA, from the Hill equation13: 
𝑙𝑜𝑔(𝐹𝑜 ‒ 𝐹

𝐹 ) = 𝑛 ∗ 𝑙𝑜𝑔[𝐴𝑢𝑁𝑃] + log 𝐾

Where Fo and F are the fluorescence before and after the addition of AuNPrs, n is the Hill coefficient, [AuNPr] is the 
concentration of the AuNPr added, and K is the binding constant. By plotting log[(Fo-F)/F] vs. log[AuNP], n can be calculated as 
the slope of the following linear regression:  

Hill coefficients are a measurement of cooperative binding and were calculated as 1.6±0.2 for AuNPrs. The predominant 
process is cooperativity binding, i.e., the binding of one BSA molecule on the AuNPrs surface increases the binding affinity of a 
second one at other sites of the receptor (AuNPrs).14 



Supplementary 12

Using the data from the temperature increase profile over time upon laser irradiation (figure 11), the photothermal 
transduction efficiency, ηT, may be determined as follows: 9

𝜂𝑇 =
ℎ𝐴(𝑇𝑚𝑎𝑥 ‒ 𝑇𝑟𝑜𝑜𝑚) ‒ 𝑄0

𝐼(1 ‒ 10
𝐴𝜆)

∗ 100

Where: h is the heat transfer coefficient; A is the cuvette surface area (4.36*10-5 m2); Tmax and Troom corresponds to the highest 
temperature reached by every system and the room temperature, respectively; Q0 is the energy contribution of the blank, 
calculated illuminating the system without AuNPrs10 (5.4*10-4 W, Supplementary 1); I is the intensity output of the laser (0.35 
W), and Aλ is the absorbance of each nanoparticle´s solution at 808 nm.

For the determination of h, is applied the mass balance proposed by Roper et al.9 First, a dimensionless driving force 
temperature, θ, is introduced, scaled using the maximum system temperature: 

𝜃 =
(𝑇𝑟𝑜𝑜𝑚 ‒ 𝑇)

(𝑇𝑟𝑜𝑜𝑚 ‒ 𝑇𝑚𝑎𝑥)

A sample system time constant τs is assigned in the mass balance:

 𝜏𝑠 =

∑
𝑖

𝑚𝑖𝐶𝑝,𝑖

ℎ𝐴

Therefore, these two parameters (θ and τs), are related by the following equation:

𝜃 = 𝑒
(

‒ 𝜃
𝜏𝑠

)

Equation 10 can be solved by a linear regression of Ln(1-θ) vs. time, where τs= -1/slope of every linear equation (supplementary 
8). After τs determination for each system, equation 9 solves for h, and the results are introduced in equation 7, for the 
determination of ηT. We have chosen the first five minutes for the linear regression of AuNPrs samples because it is the time of 
the more drastic temperature increase. Calculated photothermal efficiency of light to heat conversion on AuNPrs is ηT=32%; 
meanwhile, for AuNPrs-BSA is ηT=25%.
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Supplementary 13. Calculation of τs for photothermal efficiency after NIR irradiation in continuous laser. Line 
regression of Ln (1-θ) vs time: AuNPr-PEG (black) and AuNPr-BSA (green).



Supplementary 14. Aggregation effects after 15 min of 808 nm and 350 mW irradiation on: A. Hydrodynamic diameters and B. Z 
potential. C. summary of the results. Green line AuNPrs-BSA, red line AuNPrs-BSA after NIR irradiation
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