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Nanoparticles: their potential use in antibacterial photodynamic therapy†
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Photodynamic therapy (PDT) has been proposed as a new technique to inactivate microorganisms as it
does not lead to the selection of mutant resistant strains; a clear benefit compared to antibiotic
treatment. PDT has also attracted the interest of nanotechnology as the effectiveness of the treatment
can be greatly enhanced by the use of nanoparticles. In the last decade, different approaches to the
combination of nanoparticles and PDT have been investigated in relation to the antimicrobial
applications of the technique. One use of the nanoparticles is to improve the delivery of photosensitiser
to the bacteria; others use the nanoparticles to improve the inactivation kinetics. A different approach
utilises nanoparticles as a photosensitiser. In this review these diverse types of interactions will be
described.

1. Introduction

Compounds can absorb the energy associated with an electro-
magnetic wave promoting electron excitation from the ground
to the excited state. This state can experience a great number of
processes as such excited states are unstable; the energy absorbed
is quickly released and the compound returns to its original
ground state. Examples of such processes are (Fig. 1): energy
transfer, proton transfer, rearrangement, fluorescence, internal
conversion and intersystem crossing. Fluorescence is a radiation
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Fig. 1 Schematic representation of processes involved in photodynamic
therapy. The photosensitiser in its ground state (S0) absorbs the energy of
a photon and moves to an excited state (Sn), from here, it can release the
energy as radiation (fluorescence), can undergo internal conversion (IC)
or intersystem crossing (ISC) to the triplet state (T1). From the triplet state
the energy is either released as radiation (phosphorescence) or transferred
to the substrate (type 1) or to O2 (type 2) returning to the ground state. The
result is the direct oxidation of the substrate or the production of singlet
oxygen that subsequently oxidises the substrate.

process, whilst internal conversion and intersystem crossing are
radiationless processes; in internal conversion the molecular spin
state remains the same whilst it changes for intersystem crossing.1

Photosensitisers (PS) are chemicals capable of transferring the
energy absorbed to other compounds that, in turn, generate
metastable species that are very reactive. These reactive species are
responsible for the outcome of the process called photodynamic
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therapy (PDT). The light source is generally a laser at the
wavelength corresponding to the absorbance peak of the PS; in
some applications, however, white light has been employed.2,3

There are two pathways for the reactions associated with
PDT; in type 1 reactions, the excited PS reacts directly with the
substrate oxidising it. Alternatively, the PS in the excited state
can react with oxygen in the ground state (triplet oxygen, 3R -

g)
forming reactive oxygen species (ROS) such as singlet oxygen
(1O2), superoxide (O2

∑) and OH∑. This mechanism is called type
2 and the ROS are responsible for oxidising the substrate and
generating the products of the PDT reaction4 these two pathways
are schematically described in Fig. 1.

There are two different singlet oxygen states, called 1R +
g and

1Dg; they differ from the spin and orbital occupation of the two
electrons in the two degenerate antibonding pg-orbitals. 1Dg has
23 kcal mol-1 higher energy than the ground state and has a longer
life time compared to 1R +

g that has 37 kcal mol-1 higher energy
than the ground state; due to the short lifetime of 1R +

g , only 1Dg is
considered to be involved PDT5 and is denoted 1O2.

The application of PDT to cancer treatment has been widely
studied and successfully applied for the treatment of oncological
pathologies. Antimicrobial photodynamic therapy (APDT) has
been suggested for the treatment of infections because the ROS
produced during irradiation of a PS can react with microbes,
resulting in their death. Further interest in the antimicrobial
use of this technique is generated by the fact that the microbial
inactivation is the result of a multi-target process. Cell membrane
damage with consequent leakage of cytoplasm material has been
reported;6–11 moreover DNA is also affected by PDT.12 The
possibility of bacteria acquiring resistance has been assumed to
be minimal because of these various targets;13 this hypothesis has
also been recently experimentally verified.14,15

There is a general consensus that Gram negative bacteria are
less susceptible to APDT than Gram positive bacteria; this has
been attributed to the different cell wall structures found in these
microbes. Other microorganisms such as yeasts,16 fungi17,18 and
viruses19 are also vulnerable to APDT; therefore, this technique
can be applied to the treatment of various kinds of infectious
diseases, not just bacterial infections.

APDT has been used in dental applications such as
periodontitis,20 root canal disinfection,21 gingivitis,22 and oral
candidosis,16 probably due to the easy access of the light source
to the mouth. Other medical applications of APDT are burn
wounds23,24 and acne.25 All these applications are possible as
the lethality towards human tissues is significantly lower than
towards microbes.26–29 More recently, PDT has been suggested
also as an antibiofilm and antibiofouling30 method; for this type
of application a PS is incorporated into a solid substrate and its
capacity to generate ROS is retained.

Nanoparticles have been successfully included in PDT to
improve the therapy of cancer, through a combination of enhanced
drug delivery and light absorption.31 Furthermore, nanoparticles
have been prepared for diagnostic assay based on PDT.32

There is a vast literature concerning the application of nanopar-
ticles in cancer treatment4 but little has been done on the
antimicrobial aspects of such interactions. The drive in the devel-
opment of non-antibiotic-based approaches for treating infectious
diseases has been instrumental in expanding the application of
antimicrobial techniques such as PDT. The increasing isolation

of bacterial species showing resistance to antibiotics is a growing
concern for health authorities around the world; great effort has
been dedicated to the improvement of the performance of APDT
through the design of new PS or using nanoparticles. In this
review we describe the different approaches used to enhance the
performance of APDT processes in coupling nanotechnology to
PDT.

2. Photodynamic therapy and nanoparticles

Nanoparticles have been recently used in APDT to enhance the
effectiveness of the treatment. Four different types of interactions
between nanoparticles and PS have been reported:

∑ PS embedded in polymeric nanoparticles
∑ PS bound to the surface of nanoparticles
∑ PS alongside nanoparticles
∑ nanoparticles as the PS
This classification is consistent with that proposed by Chat-

terjee et al.33 of active (nanoparticle as the PS) and passive
nanoparticles (the other three). Active nanoparticles can be
divided further in biodegradable (PLA and PLGA, liposomes)
and non-biodegradable types (gold, silica). Each of these will
be individually described in this review, only for combinations
that have been proved to act against microorganisms. Studies
where nanoparticle-PS combinations were prepared but their
antimicrobial activities were not tested will not be covered.

2.1. PS embedded in polymeric nanoparticles

Nanoparticles loaded with PS have been used as carrier to deliver
the PS into microorganisms and improve antimicrobial perfor-
mance; particular attention has been placed on biocompatible
and biodegradable matrixes such as liposomes,34–38 polylactic-
glycolic acid (PLGA)39 or cyclodextrins,40 because the application
of APDT is likely to be in medical (wounds, surface sterilisation)
or environmental situations (food industry, water purification).

Nanoparticles containing PS have several advantages over free
PS:41

[1] larger concentrations of PS (critical mass) for the production
of lethal reactive oxygen species;

[2] reduced ability of the target cell to pump out the PS, hence
reducing the possibility of multidrug resistance;

[3] selectivity of treatment by localized delivery agents, achieved
through either passive targeting or by active targeting (charging
of the nanoparticle surface);

[4] the nanoparticle matrix is non-immunogenic.
Further benefits of the encapsulation of PS in nanoparticles

have been proposed:
[5] stopping the PS from dimerising and trimerising as occurs

in the free state, these forms are ineffective;42

[6] if the PS is not soluble in water, the encapsulation can be
used to enhance solubility.43

Two mechanisms of action were postulated; in one, the nanopar-
ticles disrupted the three-dimensional organisation of the cell
wall increasing its permeability to the PS. In the other, the
photo-inactivation occurs directly in the cell wall.39 The improved
penetrability of PS seems more likely as the PS can be recovered
from the cells36,37 and the disruption of the membrane with EDTA
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or induction of competence rendered bacteria more vulnerable to
APDT.35

The surface charge and the fluidity (in physiological con-
ditions) of the liposomes containing the PS are determinant
characteristics of the antimicrobial properties of such delivery
vehicles.34,36,37 Monocationic lipid N-[1-(2,3-dioleoyloxy)propyl]-
N,N,N-trimethylammonium methylsulfate (DOTAP), as well as
neutral DL-a-dipalmitoyl-phosphatidyl-choline (DPPC) and L-
a-dimiristoyl-phosphatidyl-choline (DMPC), have been used to
delivery porphyrin-based PS against methicillin-resistant Staphy-
lococcus aureus (MRSA) and DOTAP has consistently returned
the highest inactivation results. The comparison of the activity
against Escherichia coli of porphyrins delivered using neutral
liposomes (DPPC) was found to be lower than the activity of
the free PS.34,35 Therefore, cationic liposomes are more effective
than neutral ones in APDT possibly because their charge is
opposite to the negatively charged cell wall. This electrostatic
attraction brings the liposomes and the microbial cells close and
facilitate the delivery of the PS; for the same reason cationic
PS44 are more effective in APDT than neutral or anionic ones.
Using cationic liposomes, also non-cationic PS could be used
in APDT36 as the neutral charge of the PS would be “masked”
by the liposome surface charge. The encapsulation of porphyrin
in neutral liposomes (DPPC) resulted in a lower amount of PS
recovered from the cells, and also made the attachment to bacteria
weaker, as the PS was easier to wash out than if delivered as a free
solution.34

Another example of encapsulation was provided by Tsai et al.45

using hematoporphyrin in liposomes or micelles; the encapsulation
prevented the PS aggregation resulting in a higher antimicrobial
effect against a series of Gram positive bacteria. The micelles
prepared were smaller and resulted in more effective treatments
than the liposomes; this was regarded as advantageous as micelles
are easier and cheaper to prepare.

Another important parameter of the liposomes used in APDT
is the zeta potential of the nanoparticles; if this is close to zero
the liposomes tend to aggregate and the antimicrobial properties
are reduced.40 As a counterpoint, if this is too high (>40 mV),
dark toxicity is also present.38 A negative zeta potential results in
repulsion between bacterial cells and nanoparticles.

Poly(lactic-glycolic acid) (PLGA)39 and polyacrilamide (PAA)46

nanoparticles containing methylene blue (MB) have been prepared
and shown to inactivate both planktonic and biofilm cells. Pagonis
et al.39 demonstrated how these concentrated on the surface of
Enterococcus faecalis (Fig. 2), suggesting that the mechanism of
action is an increased delivery of PS through the cell wall; similar
images were presented by Ferro et al.40 for E. coli.

Wu et al.46 showed that MB-loaded particles have antimicrobial
properties against a range of both Gram positive and Gram neg-
ative bacteria; the latter were also more resistant to the treatment
when in the planktonic state but the inactivations were comparable
when biofilms were analysed. The PLGA nanoparticles, but not
the PAA, had dark toxicity but the microbial inactivation was
greater when irradiated with light.

Calcium phosphate, used as the core of nanoparticles func-
tionalised with different polymers containing MB and porphyrin,
has been used against S. aureus and Pseudomonas aeruginosa.43

Another layer of a different polymer was also applied to these
nanoparticles in order to change the surface charge. As for the

Fig. 2 TEM images of nanoparticles containing MB adhering to the
surface of E. faecalis after (A) 0 min, (B) 2.5 min, (C) 5 min and (D)
10 min of incubation. Reprinted from T. C. Pagonis, J. Chen, C. R. Fontana,
H. Devalapally, K. Ruggiero, X. Song, F. Foschi, J. Dunham, Z. Skobe,
H. Yamazaki, R. Kent, A. C. R. Tanner, M. M. Amiji and N. S. Soukos,
Nanoparticles-based Endodontic Antimicrobial Photodynamic therapy,
J. Endod., 36(2), 322–328. Copyright 2010, with permission from American
Association of Endodontists.

liposomes, the surface charge was not influential in the inactivation
of S. aureus, but was a determining factor for P. aeruginosa
that could only be reduced with positively charged nanoparticles.
Another important benefit of this type of encapsulation was that
the porphyrin used in this study was effective against P. aeruginosa
only if on the surface of the nanoparticles and completely
ineffective if free in solution. Therefore, the use of calcium
phosphate nanoparticles is essential to obtain the phototoxic
effect.

2.2. PS bound to the surface of nanoparticles

PS have been covalently bound to the surface of nanoparticles to
prepare what, in essence, is a new PS with better properties than the
original PS; this is the main difference of this approach compared
to the previous PS encapsulation, which is an improved delivery
method. A few reports of antibacterial PS linked to nanoparticles
are available: rose bengal (RB) has been linked to glass47 and
polystyrene,48 toluidine blue (TBO) has been bound to the surface
of Au nanoparticles,49 and porphyrin has been bound to carbon
nanotubes.50

The first report of nanoparticles immobilised on the surface of a
nanoparticle was by Bezman et al.,48 who linked RB to polystyrene
particles. They showed that RB-polystyrene particles exposed to
white light were capable of inactivating E. coli, whilst S. aureus has
been inactivated with porphyrin–carbon nanotubes, Au-TBO and
RB-silica particles have also been shown to be effective against S.
epidemidis. E. coli was killed by RB-polystyrene but not by carbon
nanotubes.
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In order to bind the PS to the nanoparticle surface, both the PS
and the nanoparticle surface have to exhibit some reactive groups
where the linking can occur. Generally, nanoparticles do not have
such moieties; therefore, the synthesis of such conjugates has been
carried out first by functionalising the surface of the nanoparticles
with tiopronin,49 with amine groups,47 chloromethyl groups48 or
carboxylic groups (acid-functionalisation).50 The second step is
the reaction between the functionalised group on the nanoparticle
surface and the PS. In the case of porphyrins, the PS needed to
be preliminary functionalised.50 This way of covalently binding a
PS to the surface of the material has been used also in the surface
functionalisation of silicone51 and nylon.52 The use of tiopronin to
functionalise Au nanoparticles is shown in Fig. 3.

Fig. 3 Synthesis scheme of Au–tiopronin–TBO nanoparti-
cles. J. Gil-Thomas, S. Tubby, I. P. Parkin, N. Narband, L. Dekker,
S. P. Nair, M. Wilson and C. Street, J. Mater. Chem., 2007, 17, 3739–3746.
Reproduced by permission of the Royal Society of Chemistry.

The inactivation outcome was greater when the same amount
of PS was covalently bound to the particles as free in solution
(Fig. 4). Possible explanations for such enhancement are: bacteria
can bind the nanoparticles and, therefore, are more easily exposed
to the lethal ROS produced by the PS; alternatively, the PS-
nanoparticle conjugates generate a greater quantity of ROS. The
latter hypothesis was disproved by Guo et al.47 for RB-silica as
the quantum yield of singlet oxygen production by pure RB was
higher at the beginning of the irradiation than RB-silica (Fig. 5).
However, the decay (photobleaching) of RB-silica nanoparticles
was slower than RB suggesting that, despite not being initially
as effective as free RB, silica nanoparticles coated with RB could
provide antimicrobial efficacy for a longer period of time.47

It is also interesting to point out that when the PS is linked to the
nanoparticles the distribution is not uniform in the medium but
is locally concentrated. Consequently, the ROS produced are not
homogeneously distributed in the medium either; it is reasonable
to speculate that the locally concentrated ROS, caused by PS-
nanoparticles, can have a higher lethal effect than in the case of
free PS, although at lower overall concentrations.

Fig. 4 Effect of TBO (grey bars) and the TBO–tiopronin–gold nanopar-
ticle conjugate (black bars) on viability of S. aureus following exposure
to 633 nm laser light for 1 min, or incubation in the dark with TBO
(diagonal striped bars) or the TBO–tiopronin–gold nanoparticle conjugate
(horizontal striped bars). The white bar denotes the viable count of the
original bacterial suspension, and the dotted bar represents the viable
count of the bacterial suspension after exposure to 633 nm laser light
alone. J. Gil-Thomas, S. Tubby, I. P. Parkin, N. Narband, L. Dekker,
S. P. Nair, M. Wilson and C. Street, J. Mater. Chem., 2007, 17, 3739–3746.
Reproduced by permission of the Royal Society of Chemistry.

Fig. 5 Fluorescence change of disodium salt of 9,10-anthracenedipropi-
onic acid (ADPA) due to singlet oxygen produced by RB and RB-silica
nanoparticles at different irradiation times. Y. Guo, S. Rogelj and P. Zhang,
Rose Bengal-decorated silica nanoparticles as photosensitizers for inacti-
vation of gram-positive bacteria, Nanotechnology, 2010, 21, 065102, DOI:
10.1088/0957-4484/21/6/065102. C© 2010 IOP Publishing Ltd.

It has been demonstrated that both bacterial membrane dis-
ruption and penetration of the PS-nanoparticles through the
membrane are highly unlikely to be the reason for the increased
antibacterial properties of PS-nanoparticles.48 This was studied
with RB-silica using much larger nanoparticles (200–400 mesh)
than for RB-glass (50–80 nm)47 or Au-TBO (2–3 nm).49 However,
free PS can always cross the bacterial membrane, hence, even if
absorption of PS-nanoparticles can occur, this is an improbable
cause of lethal photosensitisation of microorganisms.

Interestingly, it has been suggested by Banerjee et al.50 that
the binding of insoluble PS to the surface of water-soluble
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Fig. 6 Inactivation of E. coli on silicone containing (a) TBO, (b) TBO + Au nanoparticles, (c) polyurethane containing TBO and (d) TBO + Au
nanoparticles (L+ = laser irradiation, L- = no laser, S+ = with TBO, S- = without TBO). S. Perni, P. Prokopovich, C. Piccirillo, J. R. Pratten, I. P. Parkin
and M. Wilson, J. Mater. Chem., 2009, 19(17), 2715–2723. Reproduced by permission of the Royal Society of Chemistry.

nanoparticles can produce a water soluble dye, allowing the use of
a wider range of PS for antimicrobial applications.

A different approach, involving the use of a viral protein cage
to bind a PS, has been proposed by Suci et al.53 and antimicrobial
properties demonstrated against S. aureus. They used a genetically
modified virus to produce a viral cage presenting cysteines instead
of serine, then a ruthenium-based PS, Ru(bpy2)phen-IA, was
covalently bound to the cysteine residue. The benefit of using a
protein cage structure is the possibility of dual functionalising
of the nanoplatform to achieve both selectivity (possibly with
antibodies) and more effective antimicrobial properties.

2.3. PS-accompanying nanoparticles

In this kind of interaction the nanoparticles are too big to penetrate
the bacterial cell wall, and therefore the possible mechanisms
are thought to be physical/chemical interactions between PS and
nanoparticles in the microbial surroundings.

Nanoparticles, predominantly Au, in combination with PS
have been employed to achieve greater bacterial killing through
PDT. Studies have employed TBO or MB in solution or embedded
in polymeric matrixes such as silicone and polyurethane.54–57

The encapsulation of TBO and Au nanoparticles into polymer
matrixes, such as silicone and polyurethane, seems to prevent
interaction between the PS and the nanoparticle as the inactivation

of both E. coli and MRSA deposited onto polymers containing
such components is not different from that of the same material
containing only the PS57 (Fig. 6). On the contrary, the antimi-
crobial properties of MB are improved by Au nanoparticles.54,56

This could be due to some interaction of the matrix or from the
prevention of the adsorption of TBO onto the nanoparticle surface
during the encapsulation process.

However, silicone containing MB that went through the same
swell encapsulation procedure did show antibacterial character-
istics that were improved when Au nanoparticles were added.56

Therefore, the interaction of the polymeric matrix seems an
unlikely explanation; a different behaviour between MB and TBO,
despite their close structural similarities, could be the reason for
the opposite effect of the Au nanoparticles. Differences between
these PS have also been highlighted by the larger amount of MB
encapsulated in silicone compared to TBO.

Narband et al.58 demonstrated that adding Au nanoparticles to
a solution of TBO improved the inactivation kinetics of S. aureus
on irradiation. They found that nanoparticles of 2 and 15 nm
diameter achieved greater bacterial inactivation depending on the
ratio of TBO to nanoparticles. The reasons for such improved
lethal properties were speculated to be a higher light capture of
the PS when adsorbed on the surface of the nanoparticle and
a different decay of PS from the “excited state” to the ground
state. This is through a pathway leading to the formation of ROS
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(e.g. hydroxyl radicals) different from singlet oxygen, the yield of
which appeared to be reduced in the presence of Au nanoparticles.
The improved light capture hypothesis was demonstrated later by
Narband et al.;59 in this study the extinction coefficient of a variety
of thiazine cationic dyes (TBO and MB being the main members of
such group and these are known antibacterial PS) is greater in the
presence of Au nanoparticles. In the same study, other anionic PS
did not show such behaviour; as the nanoparticles are positively
charged, it appears that adsorption of the PS onto the surface of
the nanoparticles, caused by electrostatic attraction, is essential
for the enhancement of the PDT outcome.

The possibility that Au nanoparticles interacted as catalysts
was proposed by Perni et al.;60 the inactivation of E. coli and S.
epidermidis on silicone containing MB was differently influenced
by the presence of Au nanoparticles of different size. Nanoparticles
of 2 nm diameter were the only ones demonstrating an improved
inactivation process, bigger particles 5, 10 and 20 nm in diameter
returned progressively worse antimicrobial outcomes (Fig. 7).
As Au nanoparticles of 2 nm are the most effect catalysts of
oxidation reaction, Perni et al.60 speculated that Au nanoparticles
improve the antibacterial efficacy catalysing the reactions resulting
in bacterial death.

Xing et al.61 proposed a different approach to the combination
of nanoparticles and PS. They chose an anionic particle (poly-
thiophene) to electrostatically bind a cationic porphyrin, and
showed an improved antibacterial effect against E. coli over that
of the free porphyrin. The electrostatic interaction removed the
need for a covalent linking step in the preparation; furthermore,
poly-thiophene improved the singlet oxygen yield of the porphyrin
enhancing the antimicrobial properties.

Quantum dots (QD) made of CdSe/ZnS were used to improve
the APDT of TBO;62 the effect depends on the concentration of
quantum dots and is beneficial to the bacterial inactivation only
at low quantum dot concentrations. QD increase the photosensi-
tizing ability of TBO through absorbing light with a wavelength
less of 488 nm and upshifting this via an emission process to
approximately 627 nm that is close to the absorption maximum of
the TBO. FRET (Förster resonance energy transfer) is the mech-
anism where excitation energy is transferred to a neighbouring
compound in a radiationless process. The fluorescence found for
mixtures of QD and TBO was a non-FRET mechanism as the
interaction was only possible through a radiation process because
the separation between compartments was far greater than that
needed in a FRET mechanism.61 There appears to be another role
for quantum dots: they suppress the formation of singlet oxygen
from the excited TBO molecules; in the presence of QD more
TBO is found in the excited state, but its relaxation to the ground
state is not through the formation of singlet oxygen but through
other cytotoxic molecular species as such hydroxyl radicals that
responsible for the bacterial inactivation observed.

2.4. Nanoparticles as the PS

TiO2 has been known to be capable of photo-oxidation for a long
time. However, the main obstacle to the use of TiO2 nanoparticles
for medical applications was that their absorption is essentially in
the UV region of the electromagnetic spectrum. The application
of TiO2 for the disinfection of water contaminated with E. coli
was shown by Sanabria et al.;63 in this case the light source was the

Fig. 7 Inactivation of (a) E. coli and (b) S. epidermidis on silicone
containing MB or MB and Au nanoparticles of different size. With kind
permission from Springer Science + Business Media: S. Perni, C. Piccirillo,
A. Kafizas, M. Uppal, J. Pratten, M. Wilson and I. P. Parkin, Antibacterial
Activity of Light-Activated Silicone Containing Methylene Blue and Gold
Nanoparticles of Different Sizes, J. Cluster Sci., 2010, 21(3), 427–438.

sun, removing the need for a UV lamp and the health and safety
risks associated with such radiation in medical applications.

Most of the focus of research has been in shifting the absorbance
spectrum of TiO2 towards the visible region through doping
with other elements; Er3+ and Yb3+ have been used by Wang
et al.64 together with Fe3+, the results highlight that TiO2-Er3+-
Yb3-Fe3+ nanopowder was able to inactivate A. hydrophia under
IR (980 nm), whilst TiO2-Er3+-Yb3 did not reduce the number
of viable bacteria. Another element used to dope TiO2 bringing
the absorption in the visible part of the spectra was Ag.65

These nanoparticles had dark toxicity caused by Ag, but under
irradiation with white light the microbial reduction was greater
than in the dark, demonstrating the photoinduced lethal process.

This journal is © The Royal Society of Chemistry and Owner Societies 2011 Photochem. Photobiol. Sci., 2011, 10, 712–720 | 717



Fullerenes are the third type of carbon structure; they consist
of 60 carbon atoms arranged in a spherical structure. They can
absorb light and have been shown to be active PS;66 they generate
different ROS according to the solvent, in polar solvents they
produce superoxide and hydroxyl radicals, whilst in non polar
solvents they predominately generate singlet oxygen. Many studies
have focused on the possible functionalisation of fullerenes making
them more soluble in water or other biological fluids.67

Tegos et al.68 were the first to show the possibility of APDT with
fullerenes functionalised with six different cationic compounds,
and examples of the structures of such compounds are shown
in Fig. 8. Alcohol functionalised fullerenes were less effective
than cationic functionalised fullerenes, however the cationic ones
exhibited a higher dark toxicity. Cationic functionalised fullerenes
at a concentration low enough to result in minimal dark toxicity
were still highly effective PS against both S. aureus and E. coli.
Furthermore, they were more effective than TBO and did not
induce photodamage in mammalian cells under the conditions
achieving 4–6 log10 bacterial reduction (2 J cm-2 under white light).

Fig. 8 Structure of fullerene with attached photosensitisers. Reprinted
from L. Huang, M. Terakawa, T. Zhiyentayev, Y. Y. Huang, Y. Sawayama,
A. Jahnke, G. P. Tegos, T. Wharton and M. R. Hamblin, Innovative cationic
fullerenes as broad-spectrum light-activated antmicrobials, Nanomed.:
Nanotechnol., Biol. Med., 2010, 6, 442–452. Copyright 2010, with per-
mission from Elsevier.

A different functionalisation was performed by Spe-
sia et al..69 They prepared a non-charged N-methyl-2-(40-
acetamidophenyl)fulleropyrrolidine (MAC60) and a dicationic
N,N-dimethyl-2-(40-N,N,N-trimethylaminophenyl) fulleropyrro-
lidinium iodide (DTC60

2+). They found that DTC60
2+ reduced E.

coli about 3.5 log10 after 30 min irradiation under white light.
Recently, additional cationic fullerenes have been synthesised70

and their antimicrobial properties under light assessed against
bacteria and yeasts. All these results also confirmed how the
surface charge of the PS is essential for the binding of the PS to the
bacterial cells, particularly of Gram negative bacteria, to achieve
effective photosensitisation of the target cells. The importance of
the proximity of the PS to the target organism in APDT was also
shown using viruses.71

3. Conclusions

The enhancement of APDT using nanoparticles is a vibrant
research area inspired by the need to minimise the use of antibiotics

in the treatment of infectious diseases. APDT should not result
in resistant mutants because of the multi-target mechanism of
killing. Nanoparticles have improved the efficacy of APDT in
different ways, enhancing the delivery of PS to microorganisms
(encapsulating the PS in nanoparticles) or increasing the 1O2

yield of the PS (covalently binding the PS to the surface of the
nanoparticles or simply mixing nanoparticles and PS). Inorganic
nanoparticles (TiO2 and fullerenes) have also been shown capable
of photodynamically inactivating microorganisms.
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