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S.1. Stimuli-responsive intracellular DOX release 

 

Figure S1. (A) Representative schematic of stimuli-responsive intracellular DOX release following strategy-I (15 

min pre-incubation with LNPs). (B) Different control groups of DOX-Au-LNPs (50 µg/mL) and DOX-LNPs (50 

µg/mL) with and without the irradiation. 

 



 

 

Figure S2. (A) Representative schematic of stimuli-responsive intracellular DOX release following strategy-II (1 h 

pre-incubation with LNPs). (B) Different control groups of DOX-Au-LNPs (50 µg/mL) and DOX-LNPs (50 µg/mL) 

with and without the irradiation. 

 

 



 
Figure S3. (A) Representative schematic of stimuli-responsive intracellular DOX release following strategy-III (4 h 

pre-incubation with LNPs). (B) Different control groups of DOX-Au-LNPs (50 µg/mL) and DOX-LNPs (50 µg/mL) 

with and without the irradiation. 

 

Figure S4. Representative fluorescence micrograph of the nuclear accumulation of DOX.  

 

S.2. Scanning speed 

Due to the Gaussian spatial beam profile, there is, conceptually, a trade-off between the sample 

irradiation coverage at a certain fluence value while ensuring at the same time single pulse 

exposure. This is related also to the fact that, in the numerical modeling, the attained temperatures 



at the peak of the pulse are considered. For instance, at a scanning speed of 200 μm/s, ~ 22% of 

the sample is exposed to < 80% of the peak laser fluence (see Figure S1).  Our choice of 100 and 

50 μm/s ensures nonetheless, both high sample coverage and exposure to at least a single pulse of 

>91% of the peak fluence. The low repetition rate of the laser provides an advantage to this end 

since each consecutive pulse is launched with a delay of ~100 ms, which is far larger than the 

thermal relaxation of the sample. As such, each effect caused by a given incident pulse is 

considered nearly independent in the scanning speed regime of 50-100 μm/s. 

 

 

Figure S5. Beam profile sample coverage upon scanning. (A) For a scanning speed of 200 μm/s, a partial overlap of 

the beam is attained when ~22% of the sample is exposed to less than 80% of the laser peak fluence. (B) By employing 

a scanning speed of 100 μm/s, the whole sample is exposed to >91% of the peak fluence, whereas (C) for a scanning 

speed of 50 μm/s, the whole sample is exposed to >98% of the peak fluence. Thus, conceptually there is a trade-off 

between sample coverage and ensuring single pulse exposure. Nonetheless, the repetition rate of the laser is low (10 

Hz), so each consecutive pulse is launched with a delay of ~100 ms, which is far larger than the thermal relaxation 

time of the sample and each incident pulse is nearly independent.  

 

S.3. Numerical simulations 



The two-temperature model (TTM) approximation [1, 2]was followed, assuming that the laser energy is 

first deposited to the electron gas of the particle and subsequently transferred to its phonon subsystem. A 

boundary condition was imposed at the interface with the surrounding medium so that a diffusion equation 

can be coupled to the TTM as:  
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where the subscripts 𝑒, 𝑙 and 𝑚 stand for “electron”, “lattice” and “medium”, respectively,  𝐶 denotes the 

heat capacity, 𝐺 is the electron-phonon coupling, 𝑔 ∝ 𝐶𝑚𝑘𝑚 [3] is the interface (Au-medium) conductance, 

𝑅𝑛𝑝 is the radius of the Au particle, 𝑘𝑚 the thermal conductivity of the medium (see Table S1) and 𝐼(𝑡) the 

laser pulse intensity, formulated by 𝐼(𝑡) = 2
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 where F is the laser pulse fluence and 𝑡𝑝 

stands for the FWHM (full width at half maximum) pulsewidth. 

The AuNPs absorption cross-section is known to undergo substantial variations as a function of 

temperature. To model this effect, we first employed the following analytical description of the Au 

dielectric function [4] 𝜀(𝜔) = 𝜀∞ −
𝜔𝑝
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) (see Table S1). We assigned 

temperature dependence accounting for modulations due to i) electronic temperature increase and ii) lattice 

temperature increase [5, 6]. The first typically induces a broadening 𝛿𝛾𝑒−𝑒(𝜔, 𝑇𝑒) ≈ 𝛾
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+ 𝑖) is the corresponding shift of the dielectric function. 

Lattice temperature results typically on broadening 𝛿𝛾𝑒−𝑝ℎ so that a shift 𝛿𝜀𝑙,1(𝜔, 𝑇𝑙) ≈ 𝑖
𝜔𝑝

2
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estimated, where we have used 
𝜕𝛾𝑒−𝑝ℎ

𝜕𝑇
 ≈ 0.11 meV/K [5, 6]. In addition, the Au lattice expands affecting 

the real part of the dielectric function, with a shift 𝛿𝜀𝑙,2(𝜔, 𝑇𝑙) ≈
𝜔𝑝

2

𝜔2 3𝑎𝐿𝛿𝑇𝑙 where we have used the value 

of linear expansion coefficient of gold 𝑎𝐿 ≈ 1.42 × 10-5 K-1 [5, 6]. Finally, Fermi level smearing following 

electron thermalization affects interband transitions and induces a shift 𝛿𝜀𝑙,𝑖𝑛𝑡(𝜔, 𝑇𝑙) =
𝜕𝜀𝑖𝑛𝑡

𝜕𝑇
𝛿𝑇𝑙, where we 

have used 
𝜕𝜀𝑖𝑛𝑡

𝜕𝑇
 ≈ 2.9 × 10-3 K-1 [5, 6]. Conclusively, the total shift on the dielectric function reads:  

𝜀(𝜔, 𝑇𝑒 , 𝑇𝑙) ≈ 𝜀(𝜔) + 𝛿𝜀𝑒(𝜔, 𝑇𝑒) + 𝛿𝜀𝑙,1(𝜔, 𝑇𝑙) + 𝛿𝜀𝑙,2(𝜔, 𝑇𝑙) + 𝛿𝜀𝑙,𝑖𝑛𝑡(𝜔, 𝑇𝑙) 
Subsequently, we use the quasi-static approximation to estimate the absorption cross section of a single 

gold nanoparticle according to the relationship  

𝜎(𝜔, 𝑇𝑒 , 𝑇𝑙) =
8𝜋2𝜀𝑚

1/2

𝜆
𝑅𝑛𝑝

3𝐼𝑚 {
𝜀(𝜔, 𝑇𝑒 , 𝑇𝑙) − 𝜀0

𝜀(𝜔, 𝑇𝑒 , 𝑇𝑙) + 2𝜀0
} 

where 𝜀𝑚 denotes the permittivity of the lipid layer and 𝑉𝑛𝑝 is the volume of the particle. 



To account for collective heating effects, the solutions of TTM for the maximum temperature spatial profile 

around a single nanoparticle were summed spatially for a cluster of particles (varying from 2 to 7 particles) 

as 𝛥𝑇𝑚𝑎𝑥
𝑡𝑜𝑡𝑎𝑙(𝑟) = ∑ 𝛥𝑇𝑚𝑎𝑥

𝑖 (𝑟 − 𝑟𝑖)𝑖
1 , for the case of the interparticle distance of 1 nm and 𝑟 in the 

surrounding medium (lipid or water. 

Table S1. Parameters used for numerical simulations. 

Parameter Symbol Value Ref. 

Au permittivity 

Background contribution to permittivity* 𝜀∞ = 4  

Fermi velocity 𝑢𝐹 = 1.4 × 106 𝑚 𝑠−1 [7] 

Bulk plasmon decoherence* 𝛾𝑏 = 1 × 1014 𝑠−1  

Particle plasmon decoherence 𝛾 = 𝛾𝑏 + 𝑢𝐹/𝑅𝑛𝑝 [8] 

Plasma radial frequency 𝜔𝑝 1.37 × 1016 𝑟𝑎𝑑 𝑠−1  

Interband transition threshold radial frequency* 𝜔𝑖𝑏  = 3.87 × 1015 𝑟𝑎𝑑 𝑠−1 [7] 

Interband transition broadening* 𝛾𝑖𝑏 = 3.8 × 1014 𝑠−1  

Interband transition oscillator strength* 𝐴𝑖𝑏 = 40  

 𝜕𝛾𝑒−𝑝ℎ 𝜕𝑇⁄  = 0.11 𝑚𝑒𝑉 𝐾−1 [5, 6] 

Linear expansion coefficient 𝑎𝐿 = 1.42 × 10−5 𝐾−1 [5, 6] 

 𝜕𝜀𝑖𝑛𝑡 𝜕𝑇⁄  = 2.9 × 10−3 𝐾−1 [9] 

Au Nanoparticle properties 

Medium permittivity (water) 
𝜀𝑚 

= 1.77  

Medium permittivity (lipid) ≈ 2.3  

Au density 𝜌𝐴𝑢 19 300 𝑘𝑔 𝑚−3  

Radius of nanoparticle 𝑅𝑛𝑝 2.5 𝑛𝑚  

Electron-phonon coupling parameter 𝐺 2.5 × 1016 𝑊 𝑚−3 𝐾−1 [10] 

Lattice heat capacity 𝐶𝑙 = 𝜌𝐴𝑢(119 + 3.061 × 10−2𝑇𝑙) (𝐽 𝑚−3 𝐾−1) [11] 

Electron heat capacity 𝐶𝑒 70𝑇𝑒  (𝐽 𝑚−3 𝐾−1) [12] 

Medium properties 

Medium permittivity (water) 
𝜀𝑚 

= 1.77  

Medium permittivity (lipid) ≈ 2.3 [13] 

Thermal conductivity** 𝑘𝑚 ≈ 0.58 𝑊 𝑚−1 𝐾−1 [14] 

Medium density** 𝜌𝑚 ≈ 1000 𝑘𝑔 𝑚−3 [15] 

Cholesterol molar heat capacity 𝑐𝑚,𝑐ℎ ≈ 600 𝐽 𝐾−1𝑚𝑜𝑙−1 [16] 

Molar weight of cholesterol 𝑀𝑚,𝑐ℎ ≈ 387 𝑔 𝑚𝑜𝑙−1 [17] 

DSPC molar heat capacity 𝑐𝑚,𝐷𝑆𝑃𝐶  ≈ 1600 𝐽 𝐾−1𝑚𝑜𝑙−1 [15] 

Molar weight of DSPC 𝑀𝑚,𝐷𝑆𝑃𝐶  ≈ 790 𝑔 𝑚𝑜𝑙−1 [17] 

Heat capacity (water) 

𝐶𝑚 

= 4.2 × 106 𝐽 𝑚−3 𝐾−1 [1, 2] 

Heat capacity (lipid) 
≈ 𝜌𝑚(0.4𝑐𝑚,𝑐ℎ  𝑀𝑚,𝑐ℎ

−1 + 0.6𝑐𝑚,𝐷𝑆𝑃𝐶  𝑀𝑚,𝐷𝑆𝑃𝐶
−1) 

(𝐽 𝑚−3 𝐾−1) 
 

Interface conductance (water) 
𝑔 

= 105 MW m-2 K-1 [18] 

Interface conductance (lipid) ≈ 46 MW m−2 K−1 (Estimated by 𝑔 ∝ 𝐶𝑚𝑘𝑚) [3] 
* Fitting parameters based on data found in [7] 
** Considered almost unchanged for both water and lipid medium 

 



 

Figure S6. Simulation of the collective heating effect of a cluster (trimer) of AuNPs at a laser fluence of 1.6 J/cm2. 

(A) Three AuNPs are located within a lipid bilayer. (B) Three AuNPs reside within an aqueous compartment of an 

oligollamelar vesicle. Interparticle distance: 1 nm. 

 



 

Figure S7. Simulation of the collective heating effect of clusters of AuNPs of increasing number at a laser fluence of 

1.6 J/cm2 at the peak of the pulse. Clusters in line formation are considered with an interparticle distance of 1 nm. The 

surrounding medium is assumed to be lipid. The isolines of temperature are drawn on each figure with a step of 100 

K. 

 



 

Figure S8. Same as Figure S2, however, a closed-packed cluster is considered, and the particles are assumed to be 

surrounded by water. 

 

 

 



 

Figure S9. (a) The distance 𝑑600 (from the perimeter of a cluster) at which 600 K absolute temperature is reached at 

the peak of the laser pulse, as a function of the number of particles in the cluster. The two distinct cases presented in 

Figures S1-S3 (line formation in the lipid bilayer and close-packed formation in water) are considered. The 

temperature of 600 K is associated with the thermal degradation of DSPC/cholesterol/DDAB liposomes (6:4:1 molar 

ratio) [19]. (b) Same as (a), but for the distance 𝑑500 at which 500 K absolute temperature is reached at the peak of 

the laser pulse. The temperature of 500 K is associated with thermal degradation onset of doxorubicin [20]. 
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