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Bacterial antimicrobial resistance (AMR) has emerged as a global challenge, exacerbated by the formation of biofilms. To 

address this issue, the bactericidal effect of gold nanoparticle photothermia has been explored. Gold nanoparticles with 

different morphologies: spherical (AuNSP), rods (AuNRO), stars (AuNST), and flower-shaped (AuNFL) were synthesised and 

characterised. Scanning and transmission electron microscopy images confirm the morphologies and give dimensions for 

the different types of nanoparticles in good agreement with those from dynamic light scattering measurements. Their 

photothermal capacities under irradiation at 808 and 1064 nm were assessed. The specific absorption rates were 

determined, and light-to-heat conversion eficiencies evaluated in the heating and cooling phases. Phothermally induced 

localized hyperthermia significantly increased the mortality rate of planktonic Escherichia coli in the stationary phase, 

approaching 100% for AuNRO, AuNST, and AuNFL, while AuNSP was ineffective. This demonstrates that bactericidal 

efficacy is highly dependent on nanoparticle morphology. These findings highlight the potential of shape-tailored gold 

nanoparticles for developing effective antibacterial treatments. 

1.  Introduction  

The medicinal applications of gold, in metallic form, as colloids 

or as salts, known collectively as “Gold Therapy”, go back 

several millennia. Early preparations would have been, at the 

best, placebos and at the worst, highly toxic
1
. In the 20th 

century gold compounds were proposed for the treatment of 

syphilis, tuberculosis, rheumatic diseases and inflammatory 

skin disorders but, because they were either ineffective or 

associated with severe side-effects, such therapies have been 

largely abandoned
2
. Current medical applications of colloidal 

gold concern primarily imaging and detection, notably of 

malaria, based on the ability of nanoparticles to adsorb 

proteins and DNA
3,4

. The escalating global challenge of 

bacterial resistance, fueled by antibiotic overuse and the rise 

of drug-resistant strains, presents a pressing concern. 

Projections suggest that drug-resistant microbes could lead to 

10 million deaths annually by 2050
5
. Bacterial biofilm 

formation is critical to the development and propagation of 

bacterial resistance. Biofilms, intricate spatially-organized 

bacterial communities encapsulated in extracellular polymeric 

substances (EPS), diverge from their planktonic counterparts 

by adhering to surfaces, creating three-dimensional structures 

that enhance stability, and shield against antimicrobial actions, 

resulting in drug tolerance and localized chronic infections
6
. 

 

Gold nanoparticles (AuNPs) are biocompatible, have large specific 

surface areas, easy-to-groom surfaces, high stability, excellent 

electrochemical properties, the ability to penetrate biofilms and 

interesting optical properties, notably in surface-enhanced Raman 

scattering (SERS)
7
. The free electrons on the surface of gold 

resonate with laser irradiation of the appropriate wavelength, a 

phenomenon known as localized surface plasmon resonance (SPR). 

In the therpeutic medicinal applications of gold nanoparticles, i.e. 

applications other than detection and imaging, there are basically 

two approaches and two fields of concern. The approaches are 

photodynamic therapy (PDT) and photothermal therapy (PTT), and 

the fields are cancer and bacterial infections
8,9

. Without going into 

details of these therapies, which have been largely reviewed 

elsewhere
10

, it is enough to say that PDT involves the release of 

reactive oxygen species (ROS) while PTT produces localized heating, 

both by light irradiation. In either case, the nanoparticles used can 

be functionzalised with molecules that have their own therapeutic 

activity and are released into the target cells, leading thereby to 

synergistic effects
11,12

. Despite a great deal of work on the 

reduction of tumors by PTT this technique has not reached the 

status of a regular procedure in cancer therapy, whereas PDT is 

routinely used on cancers not only of the skin but also of other less 

accessible sites
13,14

. AuNP-mediated PDT and PTT have bactericidal 

effects in vitro and in vivo but there have been few systematic 

studies on the efficacity of different types and sizes of AuNPs
15

. For 
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PTT the critical factor is the photothermal efficiency, i.e. the extent 

to which light energy is transformed into heat, and most current 

knowledge in this field is derived from cancer-related studies. The 

surface chemistry, size and shape of AuNPs modulate the optical 

and electronic characteristics
16,17

. For example, the anticancer 

properties of anisotropic gold nanoparticles synthesized via silk 

fibroin were better than those of spherical nanoparticles
18

. 

In this work, we focus on AuNPs of different morphologies: 

spherical, rod-shaped, star-shaped, and flower-like, designated 

as AuNSP, AuNRO, AuNST, and AuNFL, respectively (Table 1). 

Gold nanospheres (AuNSPs) are uniform spherical particles 

that appear burgundy-red when suspended in water. They 

were among the first gold nanoparticles used widely, due to 

their unique optical properties, making them valuable in 

disease detection, rapid antigen tests, and treatments
19

. In 

contrast, gold nanorods (AuNROs) are anisotropic and have 

tunable surface plasmon resonance, offering variable 

efficiency in converting light to heat
20

. Techniques such as 

seed growth allow precise control over their shape and surface 

chemistry, crucial for biomedical applications. Initially 

stabilized by CTAB, which is toxic, they are now stabilized by 

citrate
21,22

. Gold nanoflowers (AuNFLs) feature a porous, 

flower-like structure capable of absorbing light across a broad 

spectrum, including near-infrared (NIR) wavelengths. They find 

applications in SERS detection, imaging, photothermal therapy, 

and catalysis
23

. Lastly, gold nanostars (AuNSTs) have a 

spherical core with multi-crystalline tips, enhancing their 

ability to capture and utilize light, particularly in the NIR range, 

making them effective as light antennas and for boosting 

electromagnetic fields at their tips
24

.  

 
These AuNPs are synthesised and elaborated by well 

established procedures. Several characterisation techniques 

are used: scanning and transmission electron microscopy (SEM 

and TEM), Fourier-transform infrared spectroscopy (FTIR), X-

ray photoelectron spectroscopy (XPS), dynamic light scattering 

(DLS), and Visible-NIR spectroscopy. Photothermal capacities 

are expressed in terms of the specific absorption rate (SAR) 

and the light-to-heat conversion efficiency (η), and bactericidal 

activities are evaluated on planktonic bacteria (Escherichia 

coli) in the stationary phase. 

2. Materials and Methods 

2.1 Materials: Chloroauric acid trihydrate (HAuCl4.3H2O, 99%), 

sodium citrate (Na3C6H5O7, 99%), cetyltrimethylammonium 

bromide (CTAB, 99%), sodium borohydride (NaBH4, 98%), 

silver nitrate (AgNO3, 99%), L-ascorbic acid (C6H8O6, 99%), 

trisaminomethane-HCl (Tris-HCl), NaOH, dopamine, polyvinyl-

pyrrolidone (PVP, 40 KDa) and polystyrene sulfonate (PSS) 

were purchased from Sigma-Aldrich and used as received.                

 

2.2 Synthesis: Standard procedures were used for the 

preparation of the different types of AuNPs. All solutions were 

prepared in ultrapure water (Millipore, 18.2 MΩ)
25

.  

 

2.2.1 Spherical gold nanoparticles (AuNSP): citrate-capped
26

  

HAuCl4 solution (100 mM, 0.5 mL) was added to 50 mL of 

water and heated to boiling with magnetic stirring. Sodium 

citrate solution (39 mM, 5 mL) was then added. The solution 

darkened and gradually turned red. After 30 minutes the 

mixture was cooled to room temperature and stored at 4 °C. 

Au
0 

concentration is approximately 0.9 mM. 

 

2.2.2 Gold nanorods (AuNRO): CTAB-capped
27

  

CTAB solution (200 mM) was prepared by dissolving the 

appropriate amount of CTAB in water at 30 °C with gentle 

stirring to prevent foam formation. To prepare the seed 

solution, CTAB solution (5 mL) was diluted with water (4.75 

mL) and HAuCl4 solution (10 mM, 0.25 mL) added. Under 

vigorous stirring, pre-cooled NaBH4 solution (10 mM, 0.3 mL) 

was added to the mixture. After 2 minutes, the solution was 

incubated for 2 hours at 30 °C. 

Meanwhile, CTAB solution (200 mM, 50 mL) was mixed with 

water (49.5 mL) and HAuCl4 solution (100 mM, 0.5 mL) added. 

The mixture was stirred until it turned yellow-brown. Then, 

AgNO3 (10 mM, 1 mL) was added, followed by the rapid 

addition of ascorbic acid (100 mM, 0.55 mL). The growth 

solution immediately turned colourless. Freshly prepared seed 

solution (0.12 mL) was added to the mixture, which was well 

stirred, then allowed to stand overnight at 30 °C. The AuNRO 

suspension was centrifuged (14 000 rpm, 30 minutes), and the 

supernatant decanted, resuspended in water (10 mL), and 

stored at 30 °C. Au
0
 and Ag

0 
concentratons are approximately 

0.49 mM and 0.1 mM, respectively. 

 

2.2.3 Gold nanorods (AuNRO): citrate-capped
21

  

A sample of the above-prepared AuNRO suspension (5 mL) was 

dispersed in a solution of PSS in water (0.15 wt%, 20 mL), 

mixed well, incubated for 1 hour, centrifuged and redispersed 

in PSS solution; the process was repeated 3 times. The PSS-

capped AuNROs were dispersed in sodium citrate solution (5 mM, 

20 mL), incubated for 12 hours, centrifuged and redispersed in 

sodium citrate; the process was repeated twice. The resulting 

citrate-capped AuNROs were resuspended in citrate solution (5 

mM) at 4 °C for storage. 

 

2.2.4 Gold nanoflowers (AuNFL): dopamine-capped
23

  

Tris-HCl buffer was prepared by dissolving an appropriate 

amount of Tris-HCl in water and adjusting the pH to 8.5 with 1 

N NaOH. Buffer (16 mL) was degassed with argon for 15 

minutes and previously synthesised AuNSPs (0.1 mL) were 

added with magnetic stirring, followed by dopamine (4 mg/mL, 

0.1 mL) and HAuCl4 solution (10 mM, 0.5 mL). The colour 

changed immediately from light pink to orange-yellow and 

gradually to black. The reaction was allowed to proceed in a 

closed vessel for 6 hours and the suspension, approximately 

0.3 mM in Au
0
, was stored at 30 °C. 

 

2.2.5 Gold nanostars (AuNST): PVP-capped  

HAuCl4 solution (10 mM, 0.4 mL) was diluted in water (20 mL). 

Simultaneously AgNO3 (10 mM, 0.04 mL) and ascorbic acid 

(100 mM, 0.08 mL) were added. The solution was stirred for 30 
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seconds, then PVP40k (1 wt%, 0.02 mL) was added and the 

solution stirred for a further 5 minutes, after which it was 

stored at 4 °C. Au0 and Ag
0 

concentratons are approximately 

0.2 mM and 0.02 mM, respectively.  

 

2.3 Characterisation techniques: The physical and optical 

properties of the AuNPs synthesised were characterised by 

electron microscopy and various spectroscopic techniques, 

and their photothermal properties were studied.   

 

2.3.1 Visible-NIR absorption spectroscopy: The Vis-NIR 

absorption spectra of AuNP suspensions were recorded on an 

Agilent Cary 4000 and a Perkin Elmer Lambda 1050 

spectrophotometers. All measurements were performed using 

a 1 cm quartz cuvette.  

 

2.3.2 ATR-FTIR spectroscopy: ATR-FTIR spectra (500-4000 cm-1) 

were recorded on a Thermo Nicolet-iS50 spectrometer 

equipped with an Attenuated Total Reflectance (ATR) 

accessory. A small amount of the concentrated sample 

suspension was placed on the ATR sample stage and dried in 

air. Background correction was performed using air signals 

before each test. 

 

2.3.3 Dynamic light scattering (DLS): Suspensions of AuNPs 

were diluted several times and ultrasonicated for 1 minute to 

remove air bubbles. The hydrodynamic diameter distribution 

and the charge on the AuNPs were then immediately 

measured on a Malvern Nano ZS with ultrapure water as the 

background electrolyte. Size distribution was determined with 

a Mobius disposable cuvette. For zeta potentials, the diluted 

AuNP suspensions (AuNSP-citrate, AuNRO-CTAB, AuNRO-

citrate, AuNFL-dopamine, and AuNST-PVP) were injected into a 

DTS 1070 cuvette and scanned 100 times; each sample was 

run 3 times. 

 

2.3.4 X-Ray photoelectron spectroscopy (XPS): The superficial 

elemental composition of the nanomaterials was analysed on a 

K-Alpha+ spectrometer (ThermoFisher Scientific) equipped 

with a micro-focused, monochromatic Al Kα X-ray source 

(1486.6 eV, spot size: 400 μm) and a flood gun (charge 

compensation module for insulating samples). The step size 

and pass energy were set to 1 eV/200 eV and 0.1 eV/40 eV for 

the survey and the high resolution regions, respectively. Data 

acquisition and processing were performed with Avantage 

software, version 5.9902. The surface chemical composition 

was determined by using the manufacturer sensitivity factors. 

Typical sample preparation involved concentrating 1 mL of the 

AuNP suspension by centrifugation, discarding the super-

natant, and gently transferring moist pellet material onto an 

indium tin oxide-coated conductive glass slide and allowing it 

to dry at room temperature; the process was repeated several 

times to ensure sufficient thickness for testing. 

 

2.3.5 Transmission Electron Microscopy (TEM): The 

morphology and nanostructure of the AuNPs were 

characterised by TEM by means of a JEOL 2100+ electron 

microscope equipped with a LaB6 electron gun and an 

ultrascanning 2Kx2K CCD camera for high-resolution imaging. 

For sample preparation, AuNP suspensions were dropped onto 

a 200 mesh copper grid and allowed to dry at room 

temperature overnight. The particle size was analysed by 

ImageJ software (version 1.50i), counting no fewer than 50 

particles. 

 

2.3.6 Scanning Electron Microscopy (SEM): The surface 

morphologies of AuNPs were characterised by means of a Zeiss 

Gemeni SEM 360 electron microscope. For sample preparation, 

AuNP suspensions were dropped onto a silicon wafer and 

dried overnight at room temperature. The silicon wafers were 

fixed onto the sample holder with conductive carbon adhesive 

and images were obtained at an accelerating voltage of 5 kV. 

 

2.4 Photothermal properties and bacterial investigations: The 

photothermal capacities of the different AuNPs were 

determined at two NIR wavelengths (808 nm and 1064 nm). 

The bactericidal effect of these nanomaterials on planktonic 

bacteria was then examined with and without laser irradiation.  

 

2.4.1 Photothermal properties: AuNP suspensions (100 µL, 

0.05 mM < [Au
0
] < 0.2 mM), previously stabilised at room 

temperature, were irradiated for 5 min. in 0.5 mL 

polypropylene Eppendorf tubes at 808 nm and 1064 nm (laser 

spot diameter 0.3 cm, sources from Laser Components S.A.S., 

France). The laser-sample distance was set at 10 cm. The 

illuminated surface of the Eppendorf was 1.1 cm
2
, and the 

laser power (continuous pulse mode) was set at 0.3 W or 0.5 

W, so the power densities were 0.273 and 0.455 W cm-2. The 

temperature variation was monitored by a FLIR A615 IR 

thermal-imaging camera (accuracy ± 2% with a reference, 

sensitivity: < 0.05 °C at +30 °C) until it reached a plateau, 

whereupon the laser was turned off and cooling was 

monitored for a further 3 minutes.  

 

2.4.2 Biological investigations: Planktonic bacteria were first 

cultured and subsequently used to evaluate the bactericidal 

effects of the nanomaterials
28,29

. 

 

2.4.2.1 Storing and culturing E. coli from -80 °C: The bacterial 

strain used in this study was Escherichia coli SS2
30

, this strain 

was chosen specifically due to its well-documented ability to 

form biofilms on inert surfaces, making it a model pathogen 

for biofilm-related research. E. coli SS2 stored in a 80 °C 

freezer was sampled by an inoculating loop, mixed with 

sterilised Tryptic Soy Broth (TSB) medium and incubated at 37 

°C overnight. The culture (0.2 mL) was mixed with fresh TSB 

(10 mL) and spread on Tryptic Soy Agar (TSA) solid medium 

plate using the streak-plate method. The plate was incubated 

overnight at 37 °C. Colony morphology was observed under a 

microscope, suitable colonies selected, diluted in TSB, and 

stored at 4 °C as stock suspension. This stock suspension was 

prepared immediately before use. 
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2.4.2.2 Plotting the growth curve of E. coli: E. coli stock 

suspension (0.2 mL) was diluted in TSB medium (20 mL), and 

the diluted culture was divided into 1 mL aliquots. The aliquots 

were incubated at 37 °C and one portion was taken out every 

30 min to determine the absorbance at 600 nm using a glass 

cuvette; pure TSB medium was used as the reference. The 

exponential growth phase shows a steep upward curve, while 

the stationary phase appears as a plateau.  

 

2.4.2.3 Bactericidal effect of AuNPs: The effect of 

photothermia by AuNPs of different morphologies on E. coli in 

vitro was investigated in the stationary phase. E. coli culture 

(0.2 mL) was diluted in TSB (20 mL) and incubated at 37 °C for 

5 hours until it reached the stationary phase. It was then 

centrifuged at 5 000 g for 10 minutes to collect the bacteria 

which were then redispersed in saline. AuNPs were centri-

fuged and resuspended in saline to obtain a 0.9 mM 

suspension of AuNSPs and 0.3 mM suspensions of AuNRO, 

AuNFL and AuNST. AuNPs suspensions (66.6 µL) were mixed 

with E. coli suspension (33.4 µL) to give final concentrations of 

0.6 mM for AuNSP and 0.2 mM for the others, a higher 

concentration being used for AuNSP due to its lower 

photothermal capacity. The control group did not contain any 

AuNPs. The AuNP suspensions mixed with bacteria were 

incubated at 37 °C for 1 hour, allowed to cool to room 

temperature, then irradiated at 808 nm for 10 minutes at 0.5 

W and cooled to 20 °C. Samples were immediately serially 

diluted 10-fold, and 4 sample spots (0.01 mL each) were 

dropped onto TSA plates and incubated at 37 °C for 24 hours. 

Sample spots of appropriate dilutions were selected to 

evaluate the bactericidal effect by counting the colony-forming 

units (CFU). The numbers of E. coli before and after treatment 

are expressed as  LogN(CFU/mL).  

 

2.4.2.4 Bacterial mortality: The mortality is a direct measure 

of the efficacy of a treatment, representing the proportion of 

the initial population of bacteria that has been killed (equation 

1). 

% Mortality     
    

  
                                                                   (1) 

where N0 is the initial number of bacteria, i.e. the number of 

culturable bacteria before treatment and N the final number 

of bacteria, i.e. the number of culturable bacteria after 

treatment. 

 

2.4.2.5 Statistics: The significance of the treatments was 

evaluated using t-tests for pairwise comparisons. To further 

validate these results, Tukey's multiple comparison test was 

applied using PRISM software (GraphPad, California, USA). The 

levels of significance are reported as follows: non-significant 

for P > 0.05, * for P ≤ 0.05 (significant), ** for P ≤ 0.01 (highly 

significant), *** for P ≤ 0.001 (very highly significant), and **** 

for P ≤ 0.0001 (extremely significant).  

 
3. Results and discussion 
 
3.1 Synthesis and characterisation  

Gold nanoparticles with various morphologies, including gold 

nanospheres, nanorods, nanostars, and nanoflowers, were 

synthesised by established methods (Table 1).  

SEM and TEM images of the different nanoparticles confirmed 

that they were of the correct morphologies (Figure 1, Figure 

S1). According to the TEM measurements, particle sizes were 

15 nm for AuNSPs, 14 and 53 nm (transverse and longitudinal 

axes) for AuNROs, 90 nm for AuNFLs, and 98 nm for AuNSTs. 

Hydrodynamic diameters, determined by DLS measurements, 

were generally slightly higher. AuNSPs have an average 

diameter of 18 nm with a half-height width of about 20 nm. 

Values for AuNROs are 9 and 59 nm. Values for AuNFLs and 

AuNSTs reveal broad size distributions with average diameters 

of 96 nm and 106 nm, respectively. The polydispersities of the 

various morphologies, as determined by the DLS 

measurements, are generally low (0.02 - 0.16) except for the 

AuNROs (0.54) where the two size ranges cannot be separated 

(Table 1, Figure S2).  

Zeta potential measurements (Table 1) indicate a range of 

surface charges (-40 mV < ζ < +40 mV) depending on the 

capping agents. Citrate, PVP, and dopamine result in negative 

charges, while CTAB leads to positive charges. Despite these 

variations, all absolute values are sufficiently high to ensure 

suitable colloidal stability of the suspensions. 

The surface chemical compositions of the AuNPs were 

investigated by XPS (Table 1, Figure S3). The spectra reveal the 

presence of gold, along with varying amounts of carbon, 

oxygen and nitrogen, showing good agreement with previous 

work 
26,31–33

. The theoretical N/C and O/C were compared with 

those determined experimentally. For AuNPS-citrate and, even 

better, AuNFL-dopamine there is good agreement between 

the values. For AuNST-PVP there is some disparity, with a 

notable lack of carbon, or an excess of nitrogen and oxygen, 

according to both ratios. The results for AuNRO-CTAB are 

adequate, despite the presence of a small amount of oxygen. 

The replacement of the CTAB by citrate to obtain AuNRO-

Figure 1. SEM images of (a) AuNSP-citrate, (b) AuNRO-
CTAB, (c) AuNFL-dopamine and (d) AuNST-PVP. 
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Table 1.  Synthesis methods, hydrodynamic diameters by DLS, 
zeta potentials, and XPS results for AuNSP-citrate, AuNRO-
CTAB, AuNFL-dopamine and AuNST-PVP. 

a 
AuNRO-citrate.  

citrate does not appear to have been complete: the O/C ratio 

is too low and the N/C ratio is too high.  It is clear therefore 

that all the CTAB has not been replaced by citrate. A possible 

explanation is that residual CTAB near the core is being 

detected by the XPS analyses. However, the similarity of the 

zeta potentials for AuNSP-citrate and AuNRO-citrate suggests 

that citrate is the effective capping agent for the latter. 

 
NanoSPheres NanoROds NanoFLowers NanoSTars 

Synthesis 
Method 

Turkevich 
method 

Seed 
growth 
method 

Seed growth 
method 

Silver-
assisted 
method 

Reducer 
Sodium 
Citrate 

Ascorbic 
acid 

Dopamine 
Ascorbic 

acid 

Capping agent Citrate CTAB Citrate Dopamine PVP 

Shape 
(hydrodynamic 
diameter, DLS) 

    

Polydispersity 0.156 0.542 0.097 0.023 

Shape 
(diameter, 

TEM) 

 

 

  

Zeta potential 
(mV) 

-40.2±0.5 
37.0 
±0.6 

-40.0 
±4.1 

-23.1±0.5 -36.8±0.8 

XPS 

O/C 
Exp 0.9 0.04 0.25 0.18 0.51 

Theo 1.2 0 1.2 0.17 0.25 

N/C 
Exp 0 0.05 0.12 0.18 0.19 

Theo 0 0.05 0 0.17 0.13 

 

3.2 Optical properties of AuNPs of different morphologies  

Figure 2a shows the Vis-NIR absorption spectrum of spherical 

gold nanoparticles (AuNSP) with a strong, sharp and symmetric 

SPR peak around 520 nm, reflecting their uniform spherical 

shape. Gold nanorods (AuNROs) show two distinct SPR 

absorption peaks: one at 520 nm, similar to that of AuNSPs but 

much weaker, due to the short axis and related to transverse 

SPR, and a stronger, broad band at 820 nm related to 

longitudinal SPR. The spectra of gold nanoflowers (AuNFLs) 

and gold nanostars (AuNSTs) are less well defined, featuring 

broad absorption bands over the entire range, due to their 

more complex structures. 

The FTIR spectra of AuNPs (Figure 2b) are primarily influenced 

by the surface chemistry and the morphology, which affect the 

adsorption of molecules and the enhancement of vibrational 

signals, as already well-established in the literature
32–34

. The 

FTIR spectra of the different morphologies show vibrational 

bands corresponding to the stabilising agents adsorbed on 

their surfaces: citrate (AuNSP, AuNRO), dopamine (AuNFL), 

PVP (AuNST) and CTAB (AuNRO). 

 

 

3.3 Photothermal capacities of AuNP suspensions 

Photothermal heating involves the use of specific materials, 

such as AuNPs, that can absorb light and convert it into heat. 

This technique is used to create localised high-temperature 

"hot spots" at the nanoscale level, in contrast to overall 

heating at the macroscopic level. This strategy could thus kill 

bacteria and destroy diseased cells without harming 

surrounding healthy tissue
35,36

.  

The photothermal capacities of AuNPs are intrinsically related 

to their optical properties. Vis-NIR absorption spectra (Figure 

S4) of the different morphologies were recorded at three 

concentrations in order to evaluate their photothermal 

conversion efficiency. When the laser is switched on (808 nm 

or 1064 nm), the temperature of the AuNP suspension 

increases until a plateau is reached (Figure S5), whereupon the 

laser is turned off, and a cooling phase follows. The plateau at 

Tmax corresponds to a state of equilibrium between the 

suspension with the surrounding environment (Figure 3). 

 

Figure 2. (a) Vis-NIR absorption spectra (4001100 nm) of 

AuNSP-citrate, AuNRO-CTAB, AuNFL-dopamine, and AuNST-

PVP, [Au
0
] = 0.2 mM. (b) ATR-FTIR spectra of the same. 

(a) 

(b) 
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The AuNST, AuNRO, and AuNFL suspensions exhibit significant 

temperature increases, unlike that of AuNSPs. These increases 

are consistent with the absorption spectra where, contrary to 

AuNSP, there are pronounced plasmonic effects in the AuNST, 

AuNRO, and AuNFL suspensions (Figure 2a) at these wave-

lengths (808 nm or 1064 nm). The weak photothermal effect in 

the AuNSP suspensions is consistent with their low absorbance 

in the NIR, and a similar behaviour is observed for the AuNRO 

suspensions at 1064 nm (Figure 3). The AuNSP suspensions 

exhibit only minor heating (35 °C), mainly due to the warming 

of the water itself. Suspensions of all AuNPs were found to be 

photothermally stable over 3 cycles at both wavelengths, 

regardless of their capacities (Figure S6). 

In this work, the photothermal capacities of AuNP suspensions are 

evaluated as reported elsewhere,
25,28,37

 and are expressed by 

two parameters: the specific absorption rate (SAR, W g
-1

) and the 

light-to-heat conversion efficiency (  . 

The specific absorption rate is given by equation 2: 

 

     
     

   
  
  

  
                 (2) 

 

 

where       is the sum of the products of the mass and heat 

capacities of the sample components and 
  

  
      represents  

the initial linear rate of temperature increase. Assuming that 

the mass of gold is negligible compared to that of water, we 

replace m by the mass of the sample (0.1 g) and Cp by Cp-water 

(4.185 J g
-1 

K
-1

). SAR corresponds to the heat power dissipated per 

unit mass (W g
-1

) of nanoparticles (Table 2). 

The photothermal capacity is better expressed by an analysis of the 

temperature profile during and after laser irradiation 
35,38,39

: 

Heating, laser on:                            , whence: 

  
       

       
   

 

  
                                                                                 (3) 

Cooling, laser off:                             , whence: 

  
     

       
   

 

  
                                                                                 (4) 

where T0 is the initial temperature, Tt is the temperature at time t, 

           , and    and    are the heating and cooling time 

coefficients, respectively.   

 

At equilibrium, the thermal heat balance is given by equation 5 : 

    
  

  
  =          =              = 0                    (5) 

   represents heating by the solvent. The entering heat flow 

(   ) is mainly given by nanoparticle heating: 

                                                                      (6) 

where I0 and IT are the incident and transmitted laser powers, 

respectively,    represents the absorbance of the dispersion at the 

wavelength  , and   is the light-to-heat conversion efficiency. 

 

The exiting heat flow (    ) is given by: 

                   = 
    

 
                                        (7) 

 

where   is the heat transfer coefficient,   is the exchange surface 

and   is the cooling or heating time coefficient. 

 

The conversion efficiencies ( ) are then calculated by equation 8 for 

the cooling (  ) and heating (  ) processes (Table 2):  

 

    
            

               
                   (8)  

where   expresses the ratio of the heat released by the nanopart-

icles to the energy absorbed.  
 

In view of  the previous results (absorption spectra and plateau 

temperature) with the AuNSP suspensions, their photothermal 

capacities at 808 nm and 1064 nm are very poor. Furthermore 

Figure 3. Plateau temperatures reached after 5 min. of 
irradiation at 808 nm (a) or 1064 nm (b) of AuNP suspensions: 
AuNSP-citrate, AuNRO-citrate, AuNFL-dopamine, and AuNST-
PVP, [Au

0
] = 0.2 mM. 

 

(a) 

(b) 
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the absorption of AuNROs at 1064 nm is so low (Figure 2a) 

that their photothermal capacity is of little interest. Therefore, 

our focus will be exclusively on the three suspensions of 

AuNSTs, AuNROs, and AuNFLs at 808 nm (see also SI, Figure S7 

and Table S1).  

Table 2. Comparative analysis of photothermal capacities of 

AuNRO-citrate, AuNFL-dopamine and AuNST-PVP with 0.3 W 

or 0.5 W irradiation at 808 nm. 

 

Table 2 gives the variation of the temperature, SAR values, the 

heating and cooling time coefficients, τh and τc, and the 

corresponding conversion efficiencies, ηh and ηc, for irradiation 

at 808 nm with different powers and gold concentrations. The 

temperature increments vary from about 9 °C for AuNROs at 

0.05 Mm with the lower power to 45 °C for AuNSTs at 0.2 mM 

with the higher power. Within these limits there is no 

proportionality between the power, the concentration and the 

increment, though there is a tendency for the increment to 

increase with both of the former. The temperature increments 

and the SAR values increase in the order AuNRO < AuNFL ≈ 

AuNST (Figure S8). SAR tends to fall as the concentration 

increases at both wavelengths, with particularly high values at 

0.05 mM, but is very irregular (Table 2). Values for the heating 

and cooling time coefficients vary very little with gold 

concentration and power, but the former are systematically 

lower than the latter. This can be explained by stronger heat 

dissipation because of plasmonic NP vibrations during laser 

irradiation. Consequently, those for the corresponding 

conversion efficiencies are also lower for cooling than for 

heating. Mean values of η for AuNROs and AuNSTs vary little 

with gold concentration, tending to decrease slightly as the 

gold concentration falls and, on average, depend little on the 

power, whereas for AuNFLs η increases as the concentration 

falls, leading to particular high values of about 80% for 0.05 

mM suspensions at both powers. Although comparisons are 

difficult because of the different protocols, concentrations and 

sizes of nanoparticles, the values obtained for   are 

comparable with published results 
40–44

. Overall, the ordering 

is slightly different from that of the SAR values: AuNRO <  

AuNST < AuNFL. A plausible explanation for the higher SAR and 

 for AuNFLs and AuNSTs lies in their larger specific surface 

areas. The porous structure of AuNFLs with multiple dendritic 

tips likely enhances light absorption and heat dissipation from 

the particles to the liquid phase. As the distances between 

particles decrease with increasing concentration, their 

interactions should be more pronounced, but it is not clear 

how this impacts the absorption efficiency and heat release of 

each particle. The contrasting results for AuNFLs and 

AuNROs/AuNSTs indicate that further research is needed to 

explore the interactions between nanoparticles and to gain a 

deeper understanding of the underlying physical mechanisms. 

 
3.4 Antibacterial effect of AuNP suspensions on planktonic 

Escherichia coli 
Escherichia coli (E. coli) is a common bacterium found in the 

intestines of humans and animals. However, certain strains can 

cause serious infections, leading to illnesses such as urinary 

tract infections, gastroenteritis, and even life-threatening 

conditions like sepsis
45–47

. 
Bacterial growth occurs in two phases: the exponential phase, 

when bacteria are actively dividing, and the stationary phase, 

when the number of new cells produced balances the number 

of cells that die. Specifically, E. coli in the stationary phase is 

characterised by membrane rigidification and a slower 

metabolism, as a result of nutrient depletion. Thus, in this 

phase it is more tolerant to stresses by antibiotics, 

nanoparticles and heat
30,48

. 

Stationary-phase planktonic E. coli were incubated with AuNPs 

of different morphologies for 1 hour at 37 °C, and 

photothermal treatment then performed by irradiating the E. 

coli/AuNP mixtures for 10 minutes at 808 nm (Figure S8). The 

temperature increments for the most effective AuNPs were 

very similar at around 2730 °C while that for AuNSPs was only 

10 °C (Table S2). Corresponding survival rates, (logN(CFU/ml)), 

∆LogN(CFU/ml), and mortalities (Section 2.4.2.4) are displayed 

in Figure 4a,b and Figure S8. In the absence of irradiation, 

mortalities (Table S2) increase in the order AuNSP (5%) < 

AuNRO (28%) < AuNFL (76%) < AuNST (98%), which highlights 

the importance of the intrinsic antibiotic capacity of the 

808 nm 
Power 

W 
[Au0] 
mM 

ΔT 
°C 

SAR 
W g-1 

   
sec 

   
% 

   
sec 

   
% 

      
% 

AuNRO 

0.3 

0.2 23.3 19000 93 53 128 34 43 

0.1 13.9 20300 94 48 135 29 38 

0.05 8.9 25500 111 44 156 26 35 

0.5 

0.2 34.0 28700 88 48 119 31 40 

0.1 22.6 40400 92 47 135 27 37 

0.05 12.3 40800 98 39 137 23 32 

AuNFL 

0.3 

0.2 26.9 27100 98 57 139 40 49 

0.1 20.4 39800 93 73 147 46 60 

0.05 17.0 80700 113 82 133 69 75 

0.5 

0.2 36.0 27800 91 48 137 33 40 

0.1 31.1 44600 92 66 143 43 55 

0.05 27.0 77300 106 82 133 65 74 

AuNST 

0.3 

0.2 31.3 20600 101 60 131 46 53 

0.1 19.9 35900 107 55 123 48 52 

0.05 11.7 33100 127 45 135 42 44 

0.5 

0.2 44.5 36100 82 62 113 47 55 

0.1 30.2 53100 94 56 123 44 50 

0.05 20.8 64600 116 52. 143 48 50 
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AuNPs, particularly those with the most complex structures. 

When samples were irradiated at 808 nm, mortalities for the 

most effective NPs rose to roughly 100%, with AuNSTs slightly 

more effective than AuNROs and AuNFLs, while that for 

AuNSPs rises to about 75%. This indicates even a low level of 

heating can increase the antibiotic efficacity.  

 

Another way of looking at the data is to consider the reduction 

in logN(CFU/ml). Reductions by 1, 2, 3 and 4 log units 

correspond to mortalities of 90%, 99%, 99.9% and 99.99%, 

respectively. Any value over 3 is an indication of strong 

antibacterial activity. The logN(CFU/mL) of E. coli in the 

stationary phase, after contact with the AuNPs is represented 

in Figure 3 and the values of the ΔlogN(CFU/mL) in Table S2. In 

the absence of photothermia, the bactericidal effect is low for 

any of the AuNPs, except AuNSTs, where ΔlogN(CFU/mL) is 

almost 2. AuNROs and AuNFLs show log reductions around 2 (P 

< 0.01). When photothermia is applied, AuNSTs show the best 

bactericidal effect, achieving a 3 to 4-log reduction (P ≤ 

0.0001). Clearly, this would be the best material for any 

practical application of gold nanoparticles to the treatment of 

bacterial infections in the second biological window of the NIR. 

 

4. Conclusion  
The idea behind this work was to study the shape dependence 

of the photothermal and biocidal properties of AuNPs. To this 

end, four morphologies (spherical, rod-shaped, star-shaped, 

and flower-like, designated as AuNSP, AuNRO, AuNST, and 

AuNFL, respectively) were selected from the multitude of 

possibilities, and AuNPs capped in various ways and of 

different sizes were synthesised and characterised. The 

temperature increase upon irradiation at 808 nm was rather 

less for AuNSPs than for the other forms, while at 1064 nm the 

order was AuNSP < AuNRO << AuNFL < AuNST. Photothermal 

conversion efficiencies are of the same order of magnitude as 

those reported for a wide variety of morphologies investigated 

with a view to application in inside-out tumor ablation, but 

strict comparisons are impossible because of differences in 

size, capping, concentration, experimental conditions and even 

data-handling. Clearly, AuNPs have the ability to kill bacteria, 

and their efficacy is enhanced via PTT induced by NIR 

irradiation. However, due to the multiplicity of variables 

regarding the make-up of the different particles, it is not 

possible to attribute differences in efficacy to any one factor. 

The most one can say is that small spherical particles are very 

poor nano-heaters (at 808 nm and 1064 nm) and biocides, 

while larger rods, flowers and stars are very effective biocides 

under NIR-PTT conditions.  

The present study demonstrates the differences in 

photothermal performance and in vitro biological efficacy of 

AuNPs with various morphologies. The experimental 

conditions make no attempt to simulate the complex biological 

in vivo environment. Many challenges remain. For instance, 

how can efficient targeting and photothermal conversion of 

nanoparticles in real biological environments be achieved? 

How can the antibacterial efficacy of nanoparticles be 

maximized without compromising biocompatibility? 

Addressing these questions will require collaboration across 

the fields of nanomaterials science, biomedical engineering, 

and biology. By conducting more rigorous experiments in 3D 

cell models for example, we can more accurately predict the 

clinical effectiveness of these nanoparticles. 
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