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A B S T R A C T   

Boosted by the indiscriminate use of antibiotics, multidrug-resistance (MDR) demands new strategies to combat 
bacterial infections, such as photothermal therapy (PTT) based on plasmonic nanostructures. PTT efficiency 
relies on photoinduced damage caused to the bacterial machinery, for which nanostructure incorporation into 
the cell envelope is key. Herein, we shall unveil the binding and photochemical mechanisms of gold shell-isolated 
nanorods (AuSHINRs) on bioinspired bacterial membranes assembled as Langmuir and Langmuir-Schaefer (LS) 
monolayers of DOPE, Lysyl-PG, DOPG and CL. AuSHINRs incorporation expanded the isotherms, with stronger 
effect on the anionic DOPG and CL. Indeed, FTIR of LS films revealed more modifications for DOPG and CL owing 
to stronger attractive electrostatic interactions between anionic phosphates and the positively charged AuSH
INRs, while electrostatic repulsions with the cationic ethanolamine (DOPE) and lysyl (Lysyl-PG) polar groups 
might have weakened their interactions with AuSHINRs. No statistical difference was observed in the surface 
area of irradiated DOPE and Lysyl-PG monolayers on AuSHINRs, which is evidence of the restricted nano
structures insertion. In contrast, irradiated DOPG monolayer on AuSHINRs decreased 4.0 % in surface area, while 
irradiated CL monolayer increased 3.7 %. Such results agree with oxidative reactions prompted by ROS gener
ated by AuSHINRs photoactivation. The deepest AuSHINRs insertion into DOPG may have favored chain 
cleavage while hydroperoxidation is the mostly like outcome in CL, where AuSHINRs are surrounding the polar 
groups. Furthermore, preliminary experiments on Escherichia coli culture demonstrated that the electrostatic 
interactions with AuSHINRs do not inhibit bacterial growth, but the photoinduced effects are highly toxic, 
resulting in microbial inactivation.   

1. Introduction 

Noble metallic nanoparticles possess unique optical, electrical, and 
catalytic properties [1], in addition of the resistance to corrosive attacks, 
and great optic-thermal conversion efficiency [2,3]. Gold nanoparticles 
have demonstrated low toxicity to animals [4] and mammalian cells, 
besides of a tunable localized surface plasmon resonance (LSPR) [5–8], 
which depends on size, shape, charge distribution and circulating 
environment [9,10]. A wide variety of gold nanostructures have been 
designed for health care applications in the diagnosis of diseases [11], 
drug delivery [12], biosensors [13,14] and also as light-based thera
peutic agents [15,16]. For instance, the use of gold nanoparticles as 
photothermal agents has aroused enormous interest in photothermal 

therapy (PTT) of carcinogenic tissues owing to its selectivity, minimal 
invasiveness, and low systemic toxicity [17–20]. PTT is a therapeutic 
modality that consists on the scattering and absorption of an incident 
light by nanostructures irradiated at the LSPR, promoting a coherent 
oscillation of free electrons in the conduction band to generate localized 
heating [21]. Among the explored classes of photothermal agents, rod- 
shaped gold nanoparticles (AuNRs) stand out owing to their high effi
ciency in converting near infrared (NIR) light into heat [22,23]. Indeed, 
the LSPR of AuNRs can be easily adjusted within the NIR range [24] by 
tuning the longitudinal and transversal size parameters, overcoming the 
limited penetration of visible light into tissues, which is highly desired 
for in vivo treatments [25,26]. 

PTT has also been explored as an alternative for conventional 
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treatments to combat serious infectious diseases, such as those caused by 
multidrug-resistant bacteria (MDR) [27–29]. The development of 
resistant pathogens has become an issue of global public health [30,31], 
especially because the generation of new antibiotics does not keep up 
with the growing number of MDR bacteria [32–34]. Since the effec
tiveness of PTT does not necessarily depend on cellular internalization, 
but on the photothermal harm induced to the cell, the MDR phenome
non might be circumvented. Photoinduced heating by PTT can generate 
localized hyperthermia [35] causing denaturation of biological struc
tures such as proteins and lipid membrane impairment [36–38], which 
eventually end up deactivating the microorganisms. For instance, 
AuNRs have been successfully applied as photothermal agents against 
Gram-negative and Gram-positive bacteria, such as Pseudomonas aeru
ginosa [39] and Staphylococcus aureus [40,41], respectively. Neverthe
less, bare AuNRs have shown to be sensitive to ionic media and pH 
changes, which can lead to dissociation, aggregation, and loss of the 
photothermal efficiency by plasmonic coupling [42,43]. Suitable stra
tegies to mitigate the effects of the environment on the stability of 
AuNRs are thus required, such as the surface coating with silica, forming 
gold shell-isolated nanorods (AuSHINRs) [44]. The silica shell is not 
only transparent to visible and NIR light but has also little effect on the 
plasmonic properties of AuNRs, besides high biocompatibility, hydro
philicity, and chemical stability [45,46]. 

Despite the eminent potential of AuSHINRs for PTT, applications 
aimed at microbial inactivation have been poorly explored. Designing 
AuSHINRs for such applications, however, demands understanding of 
the molecular-level effects triggered by photoinduced hyperthermia. 
The cell envelope of bacteria is known to be the initial target in PTT, but 
its complexity is a challenge to be overcome for understanding the un
derlying mechanism of interactions with photothermal agents and 
further effects of hyperthermia. In this context, the Langmuir and 
Langmuir-Schaefer (LS) techniques [47,48] have been widely used to 
assemble lipid monolayers with molecular-level control, as bioinspired 
system of cell membranes [49–52]. For instance, molecular-level in
teractions between photosensitizers, such as toluidine blue-O (TBO) 
[53] and eosin decyl ester (EosDEC) [52,54], and bioinspired bacterial 
membranes have been unraveled using Langmuir and LS platforms. 
Herein, we shall unveil the molecular mechanism of AuSHINRs insertion 
and further photoinduced effects on cell membrane models build with 
phospholipids found in both Gram-negative and Gram-positive bacteria. 
For instance, cell membranes of Escherichia coli (E. coli) consist primarily 
of phosphatidylethanolamine (PE), phosphatidylglycerol (PG), and 
cardiolipin (CL), whereas Staphylococcus aureus contains lysyl- 
phosphatidylglycerol in addition to PG and CL [55,56]. Therefore, 
Langmuir and LS techniques were used to assemble phospholipid 
monolayers of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 
1,2-dioleoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))] (Lysyl- 
PG), 1,2-dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG) and 1′- 
3′-bis[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol (cardiolipin, CL) on 
AuSHINRs subphase, which were synthesized with an average length of 
41 nm and width of 22 nm. The adsorption mechanisms of the AuSH
INRs onto the monolayers and the photoinduced effects were evaluated 
by surface pressure (π) vs mean molecular area (Å2) isotherms, while the 
binding mechanisms was assisted by Fourier-transform infrared spec
troscopy (FTIR). The effects on the stability of the monolayers were 
analyzed at 30 mN/m, as this is the lateral pressure believed to be found 
in the cell envelope [57]. Finally, the potential of AuSHINRs in the 
photodynamic inhibition of microbial growth was analyzed in E. coli 
culture. 

2. Experimental section 

2.1. Materials 

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), 1,2-dio
leoyl-sn-glycero-3-[phospho-rac-(3-lysyl(1-glycerol))] (Lysyl-PG), 1,2- 

dioleoyl-sn-glycero-3-phospho-(1′-rac-glycerol) (DOPG), and 1′-3′-bis 
[1,2-dioleoyl-sn-glycero-3-phospho]-glycerol (cardiolipin, CL) were 
purchased from Avanti Polar Lipids. The hexacyltrimethylammonium 
bromide (CTAB, ≥98 %), sodium borohydride (NaBH4, ≥98 %), tetra
chloroauric acid (HAuCl4, 99 %), silver nitrate (AgNO3, 99 %), L- 
ascorbic acid (≥99 %), tetraethyl orthosilicate (TEOS, ≥99 %), and 
chloroform were acquired from Sigma Aldrich. All materials were used 
without further purification. Ultrapure water (pH 5.8 and 18.2 MΩ.cm), 
used as subphase to produce Langmuir films and to synthesize the 
nanorods, was supplied by a Milli-Q system (Direct-Q 3UV). 

2.2. Synthesis and characterization of gold shell-isolated nanorods 
(AuSHINRs) 

Gold nanorods (AuNRs) were synthesized, adapting the procedures 
proposed by Aroca et al. [58] First, a seed solution was prepared by 
adding 10 mL of CTAB at 0.1 mol/L and 50 μL of HAuCl4 at 0.05 mol/L 
into a flask, under constant stirring at 28 ◦C, until the solution was 
completely yellow. The stirring was increased and 600 μL of NaBH4 at 
10 mmol/L was added, changing the colour of the suspension to yellow- 
brownish. The seeds were left undisturbed for a minute before used. The 
growth solution was prepared by the sequential addition of 250 mL of 
CTAB at 0.1 mol/L, 750 μL of AgNO3 at 4 mmol/L, 2.5 mL of HAuCl4 at 
0.05 mol/L, and 2.5 mL of ascorbic acid at 0.1 mol/L, until the solution 
becomes colorless. Finally, 600 μL of the seeds were add to the growth 
solution and the reaction was finished after ca. 30 min, with the final 
suspension turning completely blue. The AuNRs suspension was then 
allowed to rest for 24 h in dark, at room temperature. Gold shell-isolated 
nanorods (AuSHINRs) were prepared by the alkalization of AuNRs sus
pension, adding NaOH at 1 mol/L until the pH reaches 10.5. The sus
pension was transferred to a flask and kept under vigorous stirring at 
28 ◦C. Three 1.25 mL additions of TEOS (20 % v/v in methanol) were 
then made within 30 min intervals, being the suspension stirred for 24 h. 
All these procedures are represented in Fig. S1a. The AuSHINRs pro
duced were centrifuged three times at 12000 rpm for 10 min to remove 
the excess of CTAB. For each cycle, the supernatant was removed and the 
sedimented AuSHINRs were resuspended in ultrapure water. The char
acterization of AuNRs and AuSHINRs was carried out by UV–Vis ab
sorption spectroscopy (Agilent Cary 60), zeta potential (Malvern 
Panalytical, Zetasizer Nano S90) and transmission electron microscopy 
(120 kV FEI Tecnai). The photothermal conversion efficiency (η) of the 
AuSHINRs was investigated by irradiating the colloidal suspension with 
a LED (BioLambda) source at 630 nm and 20 mW/cm2. During irradi
ation, the LED was switched off/on several times in order to confirm the 
light-to-heat conversion. η was calculated from Eqs. (1) and (2), 
following well established protocols in the literature [32,51,59,60]. In 
the equations, Q is energy (J), m is mass of colloidal suspension (g), c is 
the specific heat of water (J/ g◦C), ΔT is the temperature increase, I is the 
incident laser power (J), Aλ is the absorbance of colloid, and ƞ is pho
tothermal conversion efficiency. 

QI = mcΔT (1)  

QI = I
(
1 − 10− Aλ

)
η (2)  

2.3. Langmuir and Langmuir-Schaefer films 

Langmuir monolayers of DOPE, Lysyl-PG, DOPG and CL were pre
pared in KSV-NIMA (KN1002, Biolin Scientific), using ultrapure water 
and AuSHINRs colloidal suspension as subphases, as observed in 
Fig. S1b. For all the experiments, AuSHINRs were used with a previous 
dilution of 1:2 v/v (colloid: ultrapure water), achieving a final concen
tration of 1.2 × 1010 AuSHINRs/mL. Surface pressure versus area (π-A) 
isotherms were acquired by dropping the chloroform solutions (10− 3 

mol/L) of the phospholipids onto the subphases. The solvent was 
allowed to evaporate for 10 min, followed by the symmetrical 
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compression of the barriers (5 mm/min). The surface pressure (π) was 
measured by the Wilhelmy method with a platinum plate. At least, three 
experiments were performed for each phospholipid, ensuring repro
ducibility within ±2 mN/m. The subphase temperature was maintained 
at 21 ◦C using an ultra-thermostatic bath system (SolidStell SSDu - 10 L) 
coupled to the Langmuir trough. The irradiation experiments were 
performed at constant surface pressure of 30 mN/m using a 630 nm (20 
mW/cm2) LED (BioLambda) source positioned 20 cm above the mono
layers. Fourier-transform infrared absorption spectroscopy (FTIR) was 
performed with spectral resolution of 4 cm− 1 and 256 scans, using a 
Bruker spectrometer (Alpha II) in transmission mode. The spectra were 
taken in Langmuir-Schaefer (LS) films deposited on germanium (Ge) 
substrates [50–52]. The growth of the LS films was monitored by UV–Vis 
absorption spectroscopy (Agilent Cary 60), from 190 to 1100 nm, whose 
deposition was carried out on quartz substrates. 

2.4. Evaluation of singlet oxygen (1O2) generation 

1,3-Diphenylisobenzofuran (DBPF) (Sigma-Aldrich) was used to 
evaluate the generation of 1O2 by the AuSHINRs in acetonitrile (Merck, 
P.A.) adapting a protocol proposed by Tada and Baptista [61]. DPBF 
reacts irreversible with 1O2, resulting in the decrease of the intensity of 
the DPBF absorption band at 410 nm. Immediately before use, in the 
dark, 40 μL of DBPF stock solution in acetonitrile (8 mmol/L) were 
added to 2 mL of a AuSHINRs suspension in acetonitrile inside a quartz 
cuvette. For comparative purposes, all the samples were prepared to 
have the same absorption factor close to 630 nm (laser wavelength), 
considering the light scattered by the AuSHINRs. The experiments were 
carried out by irradiating samples with a 630 nm (20 mW/cm2) LED 
source (BioLambda), while absorption spectra were obtained at varied 
time intervals (FS5 Spectrometer, Edinburgh SA). The DBPF absorption 
band was measured every 10 s of light irradiation. 

2.5. Antimicrobial activity 

The antimicrobial activity of the AuSHINRs (Fig. S1c) was evaluated 
against the bacteria Escherichia coli (ATCC 25922). Mueller Hinton (MH, 
Sigma Aldrich) was used as culture media and the bacteria was stan
dardized to 0.5 McFarland scale at 490 nm wavelength. Then, the 
microorganism was diluted to 103 cells/mL and 190 μL of the bacterial 
suspension were plated in 24 well-plate. 10 μL of AuSHINRs suspensions, 
ultrapure water or tetracycline were then added to each well. For these 
experiments, the colloids were diluted at a ratio of 1:7 v/v of AuSHINRs 
in ultrapure water. This concentration was chosen as the lowest con
centration at which no loss of photothermal efficiency due to particle 
aggregation was observed. Two plates were irradiated twice at 660 nm 
(170 mW/cm2) for 5 min using the IrradLED (Biopdi) and two plates 
were kept in the dark. Subsequently, the plates were incubated at 37 ◦C 
for 24 h. The bacterial growth was quantified by measuring the absor
bance of each well at 600 nm (A600) in a plate reader (Biotek). The 
bacterial growth was calculated by considering the negative control 
group as 100 % of bacterial growth. Since the extinction band of 
AuSHINRs is at the same region used to evaluate the concentration of 
E. coli, three wells of the cell plate were plated with the same concen
tration of AuSHINRs, but in the absence of inoculum. The absorbance 
values of the wells containing AuSHINRs incubated with E. coli were 
subtracted by the average absorbance values of these wells. The % of 
bacterial growth was calculated according to the Eq. (3). 

%of bacterial growth =
A600 sample

Anegative control
× 100 (3) 

Afterwards, the content of each well underwent the drop plate (DP) 
CFU counting technique [62], where 10 μL of each dilution were dripped 
onto a Petri dish containing agar culture medium. The Petri dishes were 
then incubated at 37 ◦C for 24 h for CFU counting. 

Fig. 1. (a) UV–Vis extinction spectra of AuNRs and AuSHINRs, both diluted in ultrapure water (1:1 v/v). (b) TEM images recorded for AuNRs (i and ii) and AuSHINRs 
(iii and iv). (c) Photoinduced heating triggered by AuSHINRs using a 630 nm LED source (20 mW/cm2). The highlighted drops in temperature are due to the 
momentary interruption of irradiation, subsidizing the light-to-heat-conversion effect. 
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3. Results and discussion 

3.1. Gold shell-isolated nanorods (AuSHINRs) 

Fig. 1a and b show the UV–Vis extinction spectra and the trans
mission electron microscopies (TEM) of AuNRs and AuSHINRs, respec
tively. The first extinction band at 540 nm corresponds to the transversal 
localized surface plasmon resonance (LSPR), while the second at 640 nm 
is equivalent to the longitudinal LSPR [58,63,64]. The average length 
(L) and width (W) distribution of the nanorods are summarized in 
Table 1, along with the thickness of silica shell (SS), determined by 
histograms (Fig. S2) built up from the TEM images of Fig. 1b. The small 
aspect ratio (AR = L/W) of 1.9 is consistent with the red-light absorption 
of the longitudinal band (~640–660 nm) [58,63,64], within the 
required range of the therapeutic window [63,65]. The longitudinal 
LSPR is displaced from 640 nm to 655 nm upon silica coating, referring 
to changes in the refractive index of the AuSHINRs [8,58,66,67]. The 
silica shell also affects the zeta potential of the nanostructures (Table 1), 
which is diminished from +32.5 mV (AuNRs) to +19.9 mV (AuSHINRs), 
similarly to previous reported data [68–70]. 

Fig. 1c shows that light irradiation of AuSHINRs produces a sharp 
increase in temperature until a plateau, suggesting that an equilibrium 
between energy absorption and dissipation has been reached. The 
temperature increased ca. 15 ◦C upon 144 J/cm2 of light dose, which is 
lower than the light dose reported for hybrid nanomaterials based on 
nanorods [71]. For instance, 1800 J/cm2 and 600 J/cm2 were required 
to achieve similar temperatures in gold nanorods functionalized with 
polypyrrole (Ppy) [72] and L-cysteine reduced graphene oxide [71], 
respectively. A photothermal conversion efficiency (η) of 85.4 % was 

calculated for AuSHINRs, using Eqs. (1) and (2). Although a direct 
comparison with other systems may not be straightforward, the η of 
AuSHINRs has shown to be significantly higher than for gold nanorods 
(AuNRs - 60 %) [73] and nanorods functionalized with biocompatible 
polydopamine (AuPt@PDA - 81.78 %) [74]. 

3.2. AuSHINRs insertion into bacterial inspired membranes 

The π-A isotherms of DOPE, Lysyl-PG, DOPG, and CL on ultrapure 
water and AuSHINRs are shown in Fig. 2a–d, respectively. Subsidiary 
experiments revealed that AuSHINRs are not surface active and cannot 
produce Langmuir films by their own. The colloidal suspension shifts the 
π-A isotherms to larger molecular areas, indicating AuSHINRs incorpo
ration into the lipid monolayers. According to Table S1, the displace
ments in relative molecular area were more significative for DOPG and 
CL, while smaller displacements were noted for DOPE and Lysyl-PG 
monolayers. Considering that the main structural differences among 
the phospholipids are in the polar region, one may assume that AuSH
INRs adsorption have been driven by electrostatic forces. Stronger 
attractive interactions are expected for the anionic DOPG and CL owing 
to the positive surface charge of AuSHINRs (ζ = + 20 mV), which is 
consistent with the larger displacements in the π-A isotherms. A similar 
behavior was found for the cationic toluidine blue-O (TBO) and meth
ylene blue (MB), whose interactions were predominantly established 
with the anionic phosphates of the monolayers [53,75,76]. On the other 
hand, the electrostatic attraction may have been weakened by the 
repulsion with the cationic ethanolamine and lysine amine groups, 
decreasing the AuSHINRs adsorption on the DOPE and Lysyl-PG 
monolayers, respectively. 

The molecular-level interactions of AuSHINRs incorporated into 
DOPE, Lysyl-PG, DOPG and CL monolayers were probed by Fourier- 
transform infrared spectroscopy (FTIR). Langmuir monolayers of each 
phospholipid on ultrapure water and AuSHINRs (1.2 × 1010 AuSHINRs/ 
mL) subphases were transferred to solid substrates, forming Langmuir- 
Schaefer (LS) films. A controlled deposition was ascertained by 
UV–Vis absorption spectroscopy shown in Fig. S3, recorded every 5 

Table 1 
Zeta potential and average dimensions of AuNRs and AuSHINRs.  

Nanostructure Zeta potential (mV) Size by TEM (nm) 

AuNRs +32 ± 1 L = 41 ± 2; W = 21 ± 2 
AuSHINRs +20 ± 2 SS = 15 ± 2  

Fig. 2. π-A isotherms of (a) DOPE, (b) Lysyl-PG, (c) DOPG and (d) CL monolayers on ultrapure water and AuSHINRs (1.2 × 1010 AuSHINRs/mL). The colloidal 
compression is provided as non-surfaceactive reference. 
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Fig. 3. FTIR spectra of the (a) polar heads and (b) aliphatic chains from DOPE and Lysyl-PG LS films assembled on ultrapure water and on AuSHINRs colloidal 
suspension. The FTIR spectra were collected on 40 LS layers deposited on Ge substrate. The spectrum of the AuSHINRs drop casting film is also provided as 
reference (blue). 

Fig. 4. FTIR spectra of the (a) polar heads and (b) aliphatic chains from CL and DOPG LS films assembled on ultrapure water and on AuSHINRs colloidal suspension. 
The FTIR spectra were collected on 40 LS layers deposited on Ge substrate. The spectrum of the AuSHINRs drop casting film is also provided as reference (blue). 
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deposited layers. The FTIR spectra taken on the LS films are displayed in 
Figs. 3 and 4 and the assignments of the main vibrational modes pro
vided in Table 2. No additional manipulation was performed to reduce 
the background noise at 1500–1700 cm− 1 originating from water 
vibrational modes. The hydrophilic groups are more evidently affected 
by the AuSHINRs insertion than the aliphatic chains of both Lysyl-PG 
and DOPE LS films (Fig. 3a). For instance, the υas(PO2

− ) at 1212 and 
1228 cm− 1 turned into a single band at 1220 cm− 1 and the υas(C-O-C) at 
1169 cm− 1 became a shoulder merged with the phosphate band in the 
Lysyl-PG + AuSHINRs LS film. Regarding the DOPE + AuSHINRs LS 
film, the phosphates υas(PO2

− ) at 1233 cm− 1 and υ(C-O-PO2
− ) at 1075 

cm− 1 shifted to 1237 and 1070 cm− 1, respectively. The displacement of 
υas(PO2

− ) to higher wavenumbers suggests dehydration of the phosphate 
groups [51,77]. Comparable changes on the phosphate groups were 
reported for DOPE monolayers on TBO subphase and attributed to the 
electrostatic nature of the phenothiazine adsorption [53]. AuSHINRs 
incorporation caused only minor modifications in the aliphatic chains 
(Fig. 3b), such as the displacement of the υas(CH3) from 2962 cm− 1 to 
2957 cm− 1 and from 2960 to 2956 cm− 1 for DOPE and Lysyl-PG LS films, 
respectively. Therefore, one may assume that attractive electrostatic 
interactions with the anionic phosphates are the main driving forces 
allowing adsorption of the positively charged AuSHINRs on both DOPE 
and Lysyl-PG monolayers. The repulsive interactions with the cationic 
ethanolamine (DOPE) and lysyl (Lysyl-PG) might have hampered the 
AuSHINRs insertion, which are likely to be forming a sublayer under
neath the polar groups of the monolayers. 

AuSHINRs incorporation into the anionic monolayers caused 
significantly more modifications in the FTIR spectra, such as for the 

vibrational modes of both DOPG and CL polar groups (Fig. 4a). For 
instance, the υ(C-O-PO2

− ) at 1050 cm− 1 shifted drastically to 1062 cm− 1, 
while the relative intensity of the υs(PO2

− ) increased in the DOPG +
AuSHINRs LS film. Besides, the rise of the υas(PO2

− ) and the υ(C=O) at 
1239 cm− 1 and 1735 cm− 1 respectively suggested reorientation of these 
groups owing to the AuSHINRs insertion [78]. Phosphates have 
demonstrated susceptibility to H-bonding with H2O molecules and the 
strong binding of AuSHINRs might have interfered it, similar to that 
reported for DOPG monolayer on subphase of cationic photosensitizers 
[53]. Regarding CL, the υ(C-O-PO2

− ) at 1042 cm− 1 and υas(C-O-C) at 
1141 cm− 1 shifted to 1062 and 1169 cm− 1 while the υs(PO2

− ) and 
υas(PO2

− ) displaced from 1081 and 1219 cm− 1 to 1094 and 1241 cm− 1, 
respectively. The υ(C=O) at 1734 cm− 1 also increased in intensity upon 
AuSHINRs incorporation. Significantly stronger attractive electrostatic 
interactions with the anionic phosphates may have thus allowed 
AuSHINRs insertion, generating rather expanded DOPG and CL mono
layers, as discussed in Table S1. 

Differently from DOPE and Lysyl-PG, the extent of modifications 
reached the υ(C=O), which might be indicative of deeper insertion of 
AuSHINRs into DOPG and CL monolayers. Indeed, the displacements of 
the υs(CH2) at 2849 cm− 1 and υas(CH2) at 2917 cm− 1 to 2853 and 2927 
cm− 1 are evidences of AuSHINRs insertion up to the chains of DOPG 
monolayers (Fig. 4b). Besides, the intensity ratio (Is/Ias) between υs(CH2) 
υas(CH2) increased from 0.99 to 1.01 suggesting that the aliphatic tails 
undergo disorganization upon AuSHINRs incorporation [79,80]. The 
υ(CH2) modes of CL are not straightforwardly detected possibly due to 
the high disorganization of the chains in the LS films (Fig. 4b), which 
prevents determination of the AuSHINRs impact on the aliphatic tails. It 

Table 2 
Assignments of the main vibrational modes of the DOPE, Lysyl-PG, DOPG and CL LS films deposited from ultrapure water and AuSHINRs subphases.    

LS films 

Assignments  DOPE DOPE + AuSHINRs Lysyl-PG Lysyl-PG + AuSHINRs DOPG DOPG + AuSHINRs CL CL + AuSHINRs 

υ(HC=CH)  3005 3005 3012 3006 – 3013 –  3006 
υas(CH3)  2962 2957 2960 2956 – 2945 –  2957 
υas(CH2)  2925 2925 – – 2917 2927 –  2925 
υs(CH3)  – – – – – 2873 –  – 
υs(CH2)  2854 2854 2854 2854 2849 2853 –  2854 
υ(C-O)  1738 1738 1738 1738 – 1735 –  1734 
δ(CH2)  – – 1457 1463 1443 and 1466 1471 – – –  1460 
υas(PO2

− )  1233 1237 1212 1228 1220 1243 1239 1219  1241 
υas(C-O-C)  1169 1169 1169 1169 – – 1141  1169 
υs(PO2

− )  – 1096 1094 1094 – – 1081  1094 
υ(C-O-PO2

− )  1075 1070 1062 1062 1050 1062 1042  1062 
AuSHINR 2850 2918          

Fig. 5. Schematic representation of the interaction mechanisms between AuSHINRs and (a) DOPE and (b) DOPG monolayers.  
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is likely that the interactions stablished upon the AuSHINRs adsorption 
have diminished the electrostatic repulsion between the dianionic heads 
of CL, as observed in previous reports with divalent cations [81,82], 
allowing not only a greater LS deposition (Fig. S3) but also an orienta
tion of the υ(CH2) modes. The mechanism of AuSHINRs insertion in the 
surroundings of the DOPE head groups is contrasted in the scheme of 
Fig. 5 with the insertion into the aliphatic chains of DOPG monolayers. 
While a DOPE-like mechanism is expected for Lysyl-PG monolayers, the 
insertion of AuSHINRs into the aliphatic chains of CL could not be 
ascertained. 

3.3. Photoinduced effects on lipid monolayers triggered by AuSHINRs 

The relative surface area evolution (A/A0) of irradiated and non- 
irradiated DOPE, Lysyl-PG, DOPG and CL monolayers on 1.2 × 1010 

AuSHINRs/mL subphase was recorded at constant surface pressure of 30 
mN/m, as shown in Fig. 6a–d. Significant effects were not detected upon 
irradiation of the phospholipid monolayers on ultrapure water sub
phase. Also, the modifications caused by the irradiation of DOPE and 
Lysyl-PG monolayers on AuSHINRs subphase (Fig. 6a and b) were not 
shown to be statistically different. On the other hand, irradiated DOPG 
monolayer on AuSHINRs (Fig. 6c) increased the rate of material loss to 
subphase causing a surface area decrease of ca. 4 % ± 1 %, while an 
increase in surface area of ca. 3.7 % ± 0.9 % was measured for irradiated 
CL monolayers (Fig. 6d). 

AuSHINRs sustain localized surface plasmon resonance (LSPR) at 
visible-light excitation, which can increase the local temperature due to 
the collective oscillations of electrons [66]. Excited electrons from 
irradiated AuSHINRs can decay into hot electrons and sensitize molec
ular oxygens (O2), producing ROS via energy and/or electron transfer 
[83,84]. The generation of 1O2, one of the main types of reactive oxygen 
species (ROS), was evaluated here by irradiating AuSHINRs in presence 

of 1,3-diphenylisobenzofuran (DPBF) probe (Fig. S4). Notably, the 
extinction spectra are at a lower wavelength than previously shown 
because the nanoparticles are here dispersed in acetonitrile. Although a 
slight decrease in the extinction bands of AuSHINRs could be observed 
along with irradiation time, the decay in the DPBF absorption band at 
410 nm was much more evident, pointing out the increasing concen
tration of 1O2. It is well-known that ROS can trigger several oxidative 
reactions and cause damage to DNA, proteins and lipid membranes 
[74,83,85]. For instance, hydroperoxidation of unsaturated chains is a 
likely outcome that affects the hydrophilic-hydrophobic balance of lipid 
membranes, resulting in an increase of the surface area [86]. On the 
other hand, the propagation of hydroperoxidation reactions can lead to 
the cleavage of carbon tails generating water-soluble aldehydes or al
cohols, which results in a decrease in the surface area of the lipid 
membrane [86]. 

We have previously shown [52,53] that hydroperoxidation can 
modulate cleavage reactions triggered by photosensitizers that pene
trate deeper into the lipid membranes. Therefore, the increased rate of 
material lost from irradiated DOPG monolayers (Fig. 6c) is consistent 
with chain cleavage reactions and generation of water-soluble by- 
products, favored by the deepest insertion of AuSHINRs into the mem
brane. In contrast, hydroperoxidation explains the increase in surface 
area (Fig. 6d) of irradiated CL monolayers, subsidized by the AuSHINRs 
insertion into the surroundings of the CL polar groups. The mild modi
fications in the irradiated DOPE and Lysyl-PG are supported by the 
limited insertion of the AuSHINRs into these membranes. Similar surface 
area modifications were reported for irradiated lipid extract monolayers 
of tumoral cells on gold shell-isolated nanoparticles (AuSHINs), whose 
loss of lipidic material was only observed for monolayers where 
AuSHINs had greater insertion [51]. Despite the differences in the shape 
and size of AuSHINs and AuSHINRs, the mechanisms of insertion in the 
lipid films have been shown to be key for the photochemical outcome. 

Fig. 6. Relative molecular area (A/A0) evolution of irradiated and non-irradiated (a) DOPE, (b) Lysyl-PG, (c) DOPG and (d) CL Langmuir monolayers on AuSHINRs 
subphase (1.2 × 1010 AuSHINRs/mL). A0 is the extrapolated molecular area of the isotherms at 30 mN/m. 
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Subsidiary experiments were performed using in vitro culture of 
E. coli, whose lipid membrane is composed approximately of 75 % PE, 
20 % PG, and 5 % CL [87]. The goal was to assess the antimicrobial 
activity of AuSHINRs when incorporated into E. coli cultures and sub
jected to photothermal effects induced by irradiation. Fig. 7a–d show the 
Petri dishes containing the bacteria incubated under different condi
tions: absence of sample (negative control), AuSHINRs and with the 
antibiotic tetracycline (positive control). The samples containing 
AuSHINRs were irradiated, and the results were compared to those 
obtained without irradiation. In the negative control, highly dense 
bacterial colonies were observed, while the Petri dishes prepared by 
seeding bacteria with non-irradiated AuSHINRs showed sparsely 
distributed colonies. Notoriously, no bacterial colonies were observed in 
the plates containing the seeding of bacteria with irradiated AuSHINRs, 
suggesting the phototoxic effects and bacterial inactivation. As ex
pected, the positive control also showed no bacterial growth. This result 
suggests an antimicrobial potential of photoactivated AuSHINRs in 
inhibiting the growth of E. coli, which was further confirmed by the 
quantitative assays shown in Fig. 7e. The presence of AuSHINRs resulted 
in E. coli growth of 98 %, which significantly decreased to 7 % upon 
irradiation. Although the antimicrobial assay used here serves as a 
preliminary investigation, the results indicate that electrostatic in
teractions alone, which govern the AuSHINRs adsorption into the lipid 
membranes, cannot induce significant changes to inhibit bacterial 
growth. However, the photoinduced effects are extremely toxic, pro
moting a series of cellular alterations that lead to the bactericidal effect. 
These results are consistent with the photoinduced modifications trig
gered by AuSHINRs on the lipid monolayers, suggesting that the 
photodynamic damage caused to the cell envelope is key in triggering 
the phototoxic effect on bacteria. 

4. Conclusions 

Langmuir and Langmuir-Shaefer (LS) films of DOPE, Lysyl-PG, DOPG 
and CL were assembled here as bioinspired system of bacterial mem
branes to unravel the binding mechanisms and further photochemical 
outcomes triggered by gold shell-isolated nanorods (AuSHINRs). DOPG 
and CL π-A isotherms were significantly more expanded upon the 
insertion of the positively charged AuSHINRs owing to stronger elec
trostatic attractions with the anionic phosphates, as revealed by the 
FTIR taken from the LS films. Although similar electrostatic interactions 
may have driven the AuSHINRs into the DOPE and Lysyl-PG mono
layers, repulsive forces with the cationic ethanolamine (DOPE) and lysyl 
(Lysyl-PG) might have diminished the AuSHINRs insertion, which are 
likely to be forming a sublayer underneath the polar groups of the 

monolayers. Such limited penetration into the monolayers might be the 
origin of the lack of significant effects caused by the irradiation of the 
DOPE and Lysyl-PG films on AuSHINRs subphase. On the other hand, 
irradiated DOPG and CL monolayers containing AuSHINRs presented a 
surface area decrease of ca. 4.0 % and a surface area increased of ca. 3.7 
%, respectively. Despite the anionic nature of both monolayers, such 
behavior suggests different oxidation outcomes triggered by reactive 
oxygen species (ROS) generated by the photoinduced hyperthermia. 
Chain cleavage reactions are consistent with the increased loss of ma
terial of DOPG monolayer and might be associated with a deeper 
insertion of AuSHINRs into the film. Hydroperoxidation explains the 
surface area increase of CL, suggesting the AuSHINRs accommodation 
within the polar groups of the monolayer. In vitro experiments revealed a 
substantial decrease in E. coli cell viability when exposed to irradiated 
AuSHINRs, confirming the significant phototoxic effects capable of 
causing bacterial inactivation. Therefore, the binding mechanisms of 
AuSHINRs depend on the membrane composition, modulating AuSH
INRs insertion and consequently the photochemical outcome, whose 
understating is key for designing highly efficient phototherapeutic 
nanomaterials. 
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Fig. 7. Photographs of the culture plates taken 24 h after drop plate counting technique (dilutions of 10− 4; 10− 3; 10− 2 and undiluted) of bacterial medium incubated 
with AuSHINRs in the (a) absence and (b) presence of irradiation (170 mW/cm2), with (c) culture medium only (negative control) and (d) tetracycline (positive 
control). (e) Percentage of bacterial growth of the cell wells that were irradiated or non-irradiated in the absence and presence of AuSHINRs. 
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