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Figure S1. Antibacterial photothermal treatment (APTT) of free AuNR against E. coli after 20 
min of irradiation (808 nm) at different power density: bulk temperature as measured by a 
thermal camera (red plot, right axis) and log of bacterial reduction (columns, left axis). Inset 
depicts the full thermal image of the irradiated well in the 96-well plate.  
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Figure S2. STEM-EDX analysis for AuNR-Ab-HNTs hybrid (left panel), Ab-HNTs (middle 
panel) and pristine HNTs (right panel) including high-angle annular dark-field (HAADF) 
image with the corresponding elemental mapping (Si, Al, O, and Au). The measured wt. % of 
each element is indicated at the right corner of each micrograph. 
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Figure S3.  Stability monitoring of the AuNR-Ab-HNTs hybrid by absorbance measurement 
at 808 nm for the suspending medium at various storage conditions in comparison to free 
AuNR suspension. 
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Calculation of the photothermal conversion efficiency of AuNR (20 µg mL-1) and AuNR-Ab-
HNTs hybrid (1.5 mg mL-1) under 4 W cm-2 irradiation of 808 nm laser [1,2] 

 

During irradiation, heat balance is expressed by Eq. S1: 

෍ 𝑚௜𝐶𝑝௜ 𝑑𝑇𝑑𝑡௡
௜ = 𝑄ேோ + 𝑄஽௜௦ − 𝑄ௌ௨௥௥ (S1) 

where 𝑚௜ and 𝐶𝑝௜ are the mass and heat capacity of each component in the system, 𝑇 is the temperature 
of the whole system, 𝑄ேோ is the heat generated by the localized surface plasmon resonance (LSPR) 
effect, 𝑄஽௜௦ is the heat dissipated by all the system components other than the gold nanorods  that absorb 
the laser, and 𝑄ௌ௨௥௥ is the heat conducted to the surroundings by air due to the temperature gradient. 

Assuming the mass of the suspended particles is small compared to the PBS in the well, Eq. S1 is 
simplified into Eq. S2: 𝑚௪𝐶𝑝௪ 𝑑𝑇𝑑𝑡 = 𝑄ேோ + 𝑄஽௜௦ − 𝑄ௌ௨௥௥ (S2) 

where 𝑚௪ and 𝐶𝑝௪ are the mass and heat capacity of water in the irradiated well, given the the values 
0.2 g and 4.2 J g-1 °C-1, respectively. 

When the system reaches maximum temperature, it is at a heat transfer steady state, therefore ௗ்ௗ௧ = 0 
and input energy equals to the heat conducted away by air, described in Eq. S3: 𝑄ேோ + 𝑄஽௜௦ = 𝑄ௌ௨௥௥ (S3) 
 

The laser induced heat input by LSPR, 𝑄ேோ is given by: 𝑄ேோ = 𝐼(1 − 10ି஺ఴబఴ ೙೘)𝜂 (S4) 
where 𝐼 is the laser intensity, 𝐴଼଴଼ ௡௠ is the absorbance of the nanorods at 808 nm, and 𝜂 

is the photothermal conversion efficiency of the investigated compound. 

The heat conduction to the surroundings by air during steady state, 𝑄ௌ௨௥௥is expressed by the heat 
transfer equation: 𝑄ௌ௨௥௥ = ℎ𝑆(𝑇௠௔௫ − 𝑇௦௨௥௥) (S5) 
where  ℎ is the heat transfer coefficient, 𝑆 is the effective area for heat transfer, 𝑇௠௔௫ is the maximum 
temperature of the system during steady state and 𝑇௦௨௥௥  is the surrounding temperature. 

Combining Eq. S3, S4 and S5 gives: 𝜂 = ℎ𝑆(𝑇௠௔௫ − 𝑇௦௨௥௥) − 𝑄஽௜௦𝐼൫1 − 10ି஺ఴబఴ ೙೘൯  (S6) 

 

Assuming ℎ𝑆 is not temperature dependent, it is possible to derive it from the cooling stage when the 
laser is turned off (𝑄ேோ = 0 𝑎𝑛𝑑 𝑄஽௜௦ = 0), and Eq. S2 and S5 becomes: 
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𝑚௪𝐶𝑝௪ 𝑑𝑇𝑑𝑡 = 0 + 0 − ℎ𝑆(𝑇 − 𝑇௦௨௥௥) 𝑑𝑇𝑇 − 𝑇௦௨௥௥ = − ℎ𝑆𝑑𝑡𝑚௪𝐶𝑝௪ ln ൬ 𝑇 − 𝑇௦௨௥௥𝑇௠௔௫ − 𝑇௦௨௥௥൰ = − ℎ𝑆𝑡𝑚௪𝐶𝑝௪ 
 

(S7) 

 

When plotting − ln ቀ ்ି ೞ்ೠೝೝ೘்ೌೣି ೞ்ೠೝೝቁ against 𝑡 during the cooling stage we obtain the slope ℎ𝑆𝑚௪𝐶𝑝௪ = 0.0038 sିଵ ℎ𝑆 = 0.0038 sିଵ ∙ 0.2 𝑔 ∙ 4.2 𝐽 𝑔ିଵ °𝐶ିଵ = 0.0032 𝑊 °𝐶ିଵ  
 

 

 𝑄஽௜௦ is calculated according to the irradiation of only PBS at steady state where 𝑄ேோ = 0, according 
to Eq. S3 and S5: 0 + 𝑄஽௜௦ = ℎ𝑆(𝑇௠௔௫ − 𝑇௦௨௥௥) (S8) 
In that case 𝑇௠௔௫ was 28°C (see Figure 4b in the manuscript) and 𝑇௦௨௥௥ was 26 °C, and 𝑄஽௜௦ thus 
calculated to be 0.0063 W. 

 

Combining the calculated ℎ𝑆 and 𝑄஽௜௦, it is possible to calculate 𝜂 according to Eq. 6 given that under 
4 W cm-2, 𝑇௠௔௫ was measured to be 36 and 30 °C for AuNR and Ab-AuNR-HNTs hybrid, 
respectively (see Figure 4b in the manuscript) and the surrounding temperature was 26 °C. 𝐼 is 4 W 
cm-2 x 0.32  cm2

 (well area) = 1.28 W, and A808 nm is 0.13 (see Figure 2b in the manuscript). 

Thus, 

𝜂஺௨ேோ = ℎ𝑆(𝑇௠௔௫ − 𝑇௦௨௥௥) − 𝑄஽௜௦𝐼൫1 − 10ି஺ఴబఴ ೙೘൯ = 0.0032 𝑊 °𝐶ିଵ(36 − 26°𝐶) − 0.0063 𝑊1.28 𝑊(1 − 10ି଴.ଵଷ) ∗ 100 = 𝟕. 𝟖% 
𝜂஺௨ேோି஺௕ିுே்௦ = ℎ𝑆(𝑇௠௔௫ − 𝑇௦௨௥௥) − 𝑄஽௜௦𝐼൫1 − 10ି஺ఴబఴ ೙೘൯ == 0.0032 𝑊 °𝐶ିଵ(30 − 26°𝐶) − 0.0063 𝑊1.28 𝑊(1 − 10ି଴.ଵଷ) ∗ 100 = 𝟐. 𝟎% 
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Table S1. Summary of previous reports for HNTs incorporated with gold nanoparticles for photothermal applicaitons 

Sample Gold particles Application Concentration Irradiation Maximum 
Temperature (°C) Antibacterial Ref 

Gold nanoparticles in 
HNTs-chitin hydrogel 

Round 5-10 nm synthesized inside 
HNTs lumen Wound healing Au: unknown 

HNTs: 12 mg mL-1 808 nm, 0.8-2.2 W cm-2 5-8 min 40 E. coli, S. aureus 
106 cell mL-1 2 log reduction [3] 

Gold nanoparticles on 
HNTs 

Round 10 nm synthesized  
onto HNTs Antimicrobial Au: 50 µg mL-1 

HNTs: 1 mg mL-1 
Continuous: 515 nm, 1 W cm-2, 180 min 

Pulse: 532 nm 20 ns 12 W cm-2 25 Paramecium caudatum  
2 log reduction [4] 

Gold nanorods in HNTs 
loaded with doxorubicin 

Rods synthesized inside HNTs lumen. 
HNTs modified with folic acid Antitumor Au: 20 µg mL-1 

HNTs: 0.4 mg mL-1 808 nm, 1 W cm-2, 8 min 58 N/A [5] 

Gold nanoparticle or 
continuous shell on HNTs 

Round 20-40 nm particles or a 
continuous shell synthesized onto HNTs N/A Au: 40 µg mL-1 

HNTs: 2 mg mL-1 808 nm, 0.8 W cm-2, 12 min 32 N/A [6] 
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Table S2. Summary of previous reports for gold nanorods utilized for antibacterial applications 

Sample Concentration 
(µg mL-1) Irradiation Maximum Temperature (°C) Bacteria Antibacterial Effect Ref 

Hydrophilic and hydrophobic 
AuNR length: 40, diameter: 10 nm 

Hydrophilic: 8 
Hydrophobic: 

170 
808 nm, 3 W cm-2 15 min Hydrophilic: 60 

Hydrophobic: 55 (on agar) 
Staphylococcus aureus 

Propionibacterium acnes 
4 log reduction 

Initial conc: 106 cell mL-1 [7] 

Silica coated AuNR 
length: 40, diameter: 15 nm 30 808 nm, 3 W cm-2 up to 5 min 45-61 E. coli 50% - 2 log reduction 

Initial conc: 106 cell mL-1 [8] 

AuNR 
length: 33, diameter: 7 nm 

6 
2 810 nm, ~0.6 W cm-2 20 min 65 Staphylococcus aureus 

E. coli 
4 log reduction 

Initial conc: 104 cell mL-1 [9] 

AuNR functionalized with antibodies 
length: 68, diameter: 18 nm Unknown 785 nm, 0.08 W (unknown 

area), 5 min Unknown Pseudo aeruginosa 80 % reduction [10] 

AuNR functionalized with protease 
length: 32, diameter: 8 nm 

50 
40 808 nm, 2 W cm-2, 20 min ~60 Staphylococcus aureus 

E. coli 
2 log reduction 

Initial conc: 106 cell mL-1 [11] 

Phospholipid-decorated gold nanorods 
length: 50, diameter: 12 nm 7.5 808 nm , 3 W cm-2,  15 min 62 Pseudomonas aeruginosa 6 log reduction 

Initial conc: 106 cell mL-1 [12] 

AuNR modified with an Ag and Pt shell 
Length: 60, diameter: 20 20 808 nm , 22 W cm-2,  5 min 65 E. coli 7 log reduction 

Initial conc: 108 cell mL-1 [13] 

AuNR  
Length: 50, diameter: 13 

10 785 nm , 0.05 W cm-2,  10 min 44 E. coli 

50 % reduction 
Initial conc: 103 cell mL-1 

[14] 
AuNR modified with an Ag shell 

 Length: 50, diameter: 13 2 log reduction 
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Figure S4. Antibacterial photothermal treatment (APTT) of AuNR-Ab-HNTs hybrids compared with 
free AuNR at power density of 3 W cm-2. Upper panel – temperature measurements by a thermal 
camera as a function of irradiation (808 nm) time for AuNR-Ab-HNTs hybrids (blue), free AuNR 
(red), and Ab-HNTs without AuNR (green). Lower panel – antibacterial effect measured by plate 
count as a function of irradiation (808 nm) time (color scheme similar to all other results in this 
figure). Error bars represent SD (n=3). 
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