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Liposomes as nanoreactors for the photochemical synthesis of gold 

nanoparticles  

Sushanth Gudlura,b , Camilla Sandéna , Petra Matouškováa,c, Chiara Fasciania,d and 
Daniel Ailia*

A simple and novel method for the photochemical synthesis of 

AuNPs in liposomes is described. Gold salt is co-

encanpsulated with the photoinitiator Irgacure-2959 in POPC 

liposomes prepared via traditional thin-film hydration 

technique. UVA irradiation for 15 minutes results in 

encapsulated AuNPs of 2.8 ± 1.6 nm in diameter that are 

primarily dispersed in the aqueous interior of the liposomes.  

Gold nanoparticles (AuNPs) have widespread applications in 

plasmonics,1 biosensors,2  electronics,3  catalysis,4  imaging and drug 

delivery.5, 6  A large number of methods have been developed and 

optimized for synthesizing AuNPs with defined sizes and shapes,7, 8  

and typically involves the chemical reduction of Au (III) to Au (0). 

The initial small clusters of reduced gold thus obtained serve as 

nucleation sites for the subsequent growth of nanoparticles. For 

synthesis of spherical AuNPs, besides a reducing agent, an 

additional stabilizing or capping agent is sometimes added to the 

reaction mixture to prevent the AuNPs from aggregating. McGilvray 

et al. (2006),9  reported a simple and rapid photochemical synthesis 

of AuNPs to obtain monodisperse spherical nanoparticles that are 

stable in suspension. In this synthesis, the reduction of Au (III) was 

achieved by ketyl radicals generated due to the UVA-irradiation of 

Irgacure-2959 (Irg), a photoinitiator. Additionally, the 4-

hydroxyethoxy benzoic acid generated from irradiated Irg eventually 

acts to stabilize the AuNPs and thus prevents them from aggregating. 

Liposomes are excellent candidates for the compartmentalized 

synthesis of AuNPs,10  especially if the end-applications are in the 

field of biological probes and drug delivery. Such 

compartmentalized synthesis offers the possibility to: control particle 

size, control the environment of synthesis to include catalytically 

active components, and carry out synthesis in a highly organized 

solvent structure.11  Yet, despite such advantages, previous attempts 

at synthesizing AuNPs within liposomes have resulted in high size 

polydispersity, inhomogeneity in shape, or poor yield.12-14  Recently, 

the synthesis of AuNPs within liposomes was achieved by the 

controlled diffusion of stabilizing agents into encapsulated gold salt 

solutions,15, 16  or by doping the lipids that constitute a liposome with 

glycerol that acts as a reducing agent.17  However, these approaches 

have had the need to either modify the method of liposome 

preparation or use special lipids to achieve controlled synthesis of 

AuNPs. 

 
 

Fig.  1 Schematic illustration of the photochemical synthesis of AuNPs in 
bulk solvent (top panel) and within liposomes (bottom panel). Green circles 

represent liposomes and golden spheres represent AuNPs. 

In this communication, we describe a simple method (Fig.1) for the 

controlled synthesis of spherical AuNPs with an average size of 2.8 

± 1.6 nm, inside palmitoyl oleoyl phosphocholine (POPC) 

liposomes. The resulting AuNPs are homogeneous in size and shape. 

Moreover, this simple method circumvents the need for separating 

unencapsulated AuNPs after their synthesis, which can be 

challenging when employing the more traditional method of 

encapsulating preformed AuNPs within liposomes. All these, 

without having to (1) modify existing liposome preparation 

techniques, (2) introduce additional stabilizing agents in solution, or 

(3) dope/modify lipids that constitute a liposome, with reducing or 

stabilizing agents.  
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A freshly prepared solution of HAuCl4 (0.1 mg/mL) and Irg (1 mM) 

in deionized water was encapsulated into POPC liposomes (2 

mg/mL) obtained via the thin-film hydration technique18 followed by 

extrusion using a polycarbonate filter of 100 nm pore size. After 

removal of unencapsulated HAuCl4 and Irg by separating them over 

a Sephadex G-50 spin column, the samples were irradiated in a 

photoreactor with 108 μW/m2 UVA light (365 nm) for 15 mins, to 

generate stable AuNPs within the confines of the liposome.  

 
Fig.  2 UV-Vis spectra of 0.1 mg/mL HAuCl4 + 1 mM Irg samples 

unencapsulated (gray lines) or encapsulated within POPC liposomes (black 
lines). Samples were prepared in the dark (dashed lines) followed by UVA-

irradiation (IRR) for 15 mins (solid lines) to initiate AuNP synthesis. 

Photochemical synthesis of AuNPs within liposomes was confirmed 

by the presence of the localized surface plasmon resonance (LSPR) 

band centered around 530 nm (Fig. 2). While this LSPR band is 

typically centered around 520 nm for small (~10 nm) and dispersed 

AuNPs, its position is affected by factors such as particle size, shape, 

refractive index of the medium, temperature and by species adsorbed 

on the nanoparticle surface1. The position of the LSPR band for 

AuNPs within liposomes appears red shifted due to the presence of 

liposomes that scatter significantly at lower wavelengths. The effect 

of liposome scattering on the LSPR peak position was confirmed 

using liposome encapsulation of commercial AuNPs. In the absence 

of liposomes they show λ max at ~520 nm, and when encapuslated, 

the peak shifted to λ max ~550 nm (Fig. S1). On the other hand, very 

small AuNPs (< 2 nm) lose their plasmonic properties and hence will 

not show an LSPR band.19-21  This loss of plasmonic properties may 

explain to some extent, the relatively weaker LSPR band from 

samples where AuNPs were synthesized within liposomes.  

Interestingly, transmission electron microscopy (TEM) revealed 

significant differences in nanoparticle size and the overall size 

distribution of the AuNPs synthesized within liposomes and in bulk 

solvent (Fig. 3) using otherwise identical conditions. The AuNPs 

synthesized within liposomes are very homogeneous in shape and 

size (Fig. 3A). Based on the TEMs and size distribution analysis 

performed on these images, the AuNPs are spherical and have an 

average size of 2.8 ± 1.6 nm (Fig. 3A and 4A). In comparison, there 

is a significant difference in the size range of AuNPs synthesized in 

bulk solvent when using the same conditions but excluding 

liposomes (Fig. 3B and 4A). These nanoparticles are significantly 

larger in size and more polydispersed.  

  
 

Fig.  3 TEM Characterization of AuNPs synthesized within POPC liposomes 

(A) or in bulk solvent (B). Insets are magnified images from the same 

samples. Magnification in Inset A is a portion of the liposome. Colored inset 

in (A) is a representation of AuNPs within liposomes.  

The large difference in the AuNP sizes between those synthesized 

within liposomes and those in the bulk solvent is presumably due to 

an effect of confinement as well as the presence of a lipid bilayer. 

The inner membrane of the liposome offers a convenient surface for 

adsorption, formation and growth of nuclei but affects the diffusion 

coefficient of the nuclei.22, 23  Hence, when compared to the bulk 

solvent, the nuclei formation within the liposomes is fast but the 

smaller diffusion coefficient of the nuclei along with the physical 

barrier which inhibits NP diffusion, encounter and agglomeration, 

slows down the rate of the particle growth.24 Such reduced growth 

rates allow for other processes such as the capping/stabilization of 

AuNPs to occur and thus limits and controls the size of the particles 

formed.  

We investigated the effect of HAuCl4 + Irg concentrations and time 

of irradiation on AuNP synthesis in suspension (Fig. S2). We chose 

the minimum concentration and time of irradiation required to 

synthesize stable AuNPs, for synthesis within POPC liposomes. This 

was done to avoid any effects of AuNP aggregation due to high 

concentration of reactants and lipid peroxidation due to excessive 

UVA irradiation. 
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Fig.  4 (A) Size distribution analysis of particles synthesized with 0.1 mg/mL 

HAuCl4 + 1 mM Irg in bulk solvent (gray) where n=231, and encapsulated in 

POPC liposomes (black) where n=509. (B) DLS correlation curve for 
encapsulated samples prepared with 0.1 mg/mL HAuCl4 + 1 mM Irg before 

(gray) and after (black) UVA-irradiation. The inset shows size distribution 

obtained using the CONTIN algorithm. POPC Liposomes retain their size to 
a large extent after irradiation. 

In the case of AuNPs synthesized within liposomes, from the TEMs 

alone, it is difficult to ascertain the exact location of the AuNPs. 

Besides being localized within the aqueous region of the liposome, 

the AuNPs, to a lesser extent, are expected to be trapped both on the 

periphery (via electrostatic interaction) as well as within the bilayer. 

Lipid peroxidation is expected to contribute to some reduction 

within the bilayer or in its vicinity.13, 14  It is known that certain 

lipids are able to spontaneously reduce Au (III) to Au (0) through the 

oxidation of the –OH groups to –COOH groups.25  This type of 

reduction may explain the presence of a weak LSPR band in our 

liposome samples when the samples were prepared in the dark and in 

the absence of UVA-irradiation (Fig. 2, black-dashed line). The 

LSPR band is absent when control HAuCl4 solution containing Irg 

was prepared in the dark and not irradiated (Fig. 2, gray-dashed 

line). Additionally, the presence of Irg and the subsequent UVA-

irradiation of the liposomes can induce an oxidative stress leading to 

some lipid peroxidation, which cannot be avoided given the 

photochemical method of this AuNP synthesis. From the TEMs (Fig. 

3A), it can be seen that some AuNPs are present outside the 

liposomes. This is most likely due to a combination of (1) the 

diffusion of trace amounts of the gold from within the liposomes 

during the separation/purification stage (2) due to normal liposomal 

leakage and/ or (3) disruption of liposomes during TEM sample 

preparation. 

To investigate the effect of UV irradiation on the liposomes, samples 

were analyzed with dynamic light scattering (DLS). The DLS 

instrument consisted of a ALV-CGS-5022F Goniometer system, a 

HeNe laser and a dual multiple-tau digital correlator (ALV-6010-

160). For each sample, the count rate was approximately 350 kHz 

with a measuring time of 10 x 30 s. Correlation curves and 

calculated size distributions were compared and showed little change 

for all liposome containing samples (Fig. 4B). The liposomes retain 

their size which is a good indication that they also retain their 

integrity.  

Conclusion 

Taken together, these results indicate that it is possible to synthesize 

AuNPs of homogeneous size distribution within liposomes without 

the need to modify existing methods of liposome preparation. We 

envision that this method of AuNP synthesis can be extended to 

other methods of liposome preparation as well. While we have 

demonstrated the controlled synthesis of AuNPs in liposomes 

prepared from POPC, which are already in the liquid-crystalline state 

at room temperature, this can be potentially expanded to liposomes 

prepared with other phospholipids having different gel-to-crystalline 

phase transition temperatures. The choice of lipids will therefore 

dictate the stability and release pattern-which is an important trigger 

control when it comes to designing suitable drug delivery systems. 

AuNPs within liposomes have applications as probes in biological 

processes wherein, the course and fate of the liposomes within the 

cell or body can be followed over time. In the case of drug delivery, 

the release of the contents of such liposomes can be triggered by 

thermal ablation via plasmon excitation of AuNPs. While this 

method may not be suitable for all drugs or excipients being 

encapsulated in liposomes, because of the drug’s interaction with 

AuNPs or the drug’s stability towards UVA-irradiation, it can prove 

useful in many other instances. 

An alternative strategy to obtain liposome encapsulated AuNPs is by 

encapsulating pre-formed AuNPs into liposomes. Here, a thin film of 

dried lipids is hydrated with pre-formed AuNPs in suspension. After 

extruding the liposomes, separation of unencapsulated AuNPs is 

achieved via size exclusion chromatography or centrifugation. Due 

to the small difference in their sizes (AuNPs and liposomes), size 

exclusion chromatography is more challenging while centrifugation 

is time consuming. Using the method described in this 

communication, this step can be circumvented since the separation 

step is performed before the AuNPs are synthesized. Removing 

unencapsulated gold salt solution using Sephadex G-50 spin columns 

is both easier and faster than removing unencapsulated AuNPs. 
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Liposomes as Nanoreactors for the Photochemical Synthesis of Gold 

Nanoparticles  

Sushanth Gudlura,b , Camilla Sandéna , Petra Matouškováa,c, Chiara Fasciania,d and Daniel Ailia* 

 

Materials 

1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (16:0-18:1) was purchased from Avanti Polar Lipids, 

Inc (AL, USA). Gold (III) chloride hydrate and 2-Hydroxy-4′-(2-hydroxyethoxy)-2-methylpropiophenone 

(Irgacure-2959) was purchased from Sigma Aldrich (Sweden). All UV-vis absorbance scans were 

obtained on a Shimadzu UV-2450, UV-Vis Spectrophotometer. TEM images were acquired using a 

Tecnai G2 F20U-Twin microscope operating at 200 kV. 15 nm AuNPs were purchased from BBI 

Solutions (Cardiff, UK). 

 

AuNP synthesis in POPC liposomes 

80 μL of POPC (25 mg/mL) in chloroform was dried to a thin film in a 10 mL conical flask under a 

constant stream of nitrogen. The dried lipids were placed under vacuum for 2 hrs to remove residual 

chloroform. Meanwhile, a 1 mg/mL solution of HAuCl4 was freshly prepared in DI water and diluted into 

a freshly prepared solution of Irgacure – 2959 (Irg) such that, the final concentration of HAuCl4 and Irg 

was 0.1 mg/mL and 10 mM respectively. Preparation and mixing of the various solutions were carried out 

in the dark (or under minimal light) and covered with aluminum foil to protect from stray light. This 

HAuCl4 + Irg was added to the thin film of dried lipids to a final lipid concentration of 2 mg/mL and 

vortexed vigorously for 1 hr on a shaker. The resulting samples were then extruded 21 times through a 

polycarbonate filter with 100 nm pore size. After extrusion, the samples were passed through a Sephadex 

G-50 spin column by centrifuging them once at 1500 rpm for 3 mins. After removal of unencapsulated 

HAuCl4 and Irg, the samples were irradiated in a photoreactor with 108 μW/m2 UVA light (365 nm) for 

15 mins, to generate stable AuNPs. These samples were used to collect absorbance, DLS and TEM 

images. 

 

Effect of Light Scattering on LSPR Peak Position 

The LSPR peak position of commercial AuNPs (15 nm) in POPC liposomes is slightly red shifted when 

compared to commercial AuNPs dispersed in buffer (Fig S1, dashed lines). A similar red shift is also 

observed when comparing LSPR peaks of AuNPs synthesized in suspension and within POPC liposomes 

(Fig. S1, solid lines). Considering that the latter are significantly smaller than the commercial 

nanoparticles, and hence should be blue shifted, the observed red shift is most likely an effect of light 

scattering by POPC liposomes.  
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Fig. S1 Effect of light scattering on LSPR peak position. A comparison of the UV-Vis spectra of commercial 

AuNPs unencapsulated (grey dashed line) and encapsulated in POPC liposomes (black dashed line) shows a slight 

red shift in the LSPR peak position. A similar red shift can been seen for unencapsulated AuNPs prepared using 0.1 

mg/mL HAuCl4 + 1 mM Irg  (grey line) and when prepared within POPC liposomes (black line). Dotted vertical 

lines superimposed on the LSPR peaks are meant for ease of comparison of peak positions. 

Effect of concentration of HAuCl4 and time of irradiation on AuNP formation 

The synthesis of AuNPs in bulk solvent using the McGilvray method was monitoring using the intensity 

at λmax of the LSPR band. Different concentrations of HAuCl4 (while maintaining a constant ratio of 

HAuCl4 : Irg) and time of irradiation were investigated. Successful synthesis was achieved at all 

concentrations used (0.1 mg/mL – 1 mg/mL) and up to 60 mins of irradiation.  

 

 

Fig. S2 Effect of HAuCl4 concentration and time of irradiation on AuNP synthesis as monitored by the intensity of 

the  LSPR peak (λmax). Synthesis was achieved at all concentrations used (0.1 mg/mL – 1 mg/mL) and up to 60 mins 

of irradiation. 
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