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Abstract

Background—Antimicrobial photodynamic therapy uses photosensitizers designed to bind to
microorganisms and generate reactive oxygen species when illuminated with visible light.

Materials & method—We synthesized a highly water-soluble [70]fullerene monoadduct,
C70[>M(C3Ng*C3)2]-(17)10 (LC17), and bisadduct, C70[>M(C3Ng*C3)2][>M(C3NgCs)2] (LC18),
both with a well-defined decacationic quaternary ammonium iodide moiety with ten positive
charges per Cyq to give water solubility and bacterial binding. We determined the antimicrobial
effects against human pathogens, Gram-positive (Staphylococcus aureus) and Gramnegative
species (Escherichia coli and Acinetobacter baumannii) when activated by UVA or white light.
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Results—White light was more effective with LC17, while UVA light was more effective with
LC18. Both compounds were effective in a mouse model of Gram-negative third-degree burn
infections determined by bioluminescence imaging.

Discussion & conclusion—We propose that the attachment of an additional deca(tertiary-
ethylenylamino)malonate arm to Cq allowed the moiety to act as a potent electron donor and
increased the generation yield of hydroxyl radicals under UVA illumination.

Keywords

antimicrobial photodynamic therapy; bioluminescence imaging; decacationic Cyq fullerene;
deca(tertiaryamino)malonate arm; hydroxyl radical; mouse model of burn infection; singlet
oxygen

Antimicrobial photodynamic therapy (PDT) uses photosensitizers (PS) designed to bind to
microorganisms and generate reactive oxygen species (ROS) when illuminated with visible
light, which kill the microorganisms by nonspecific oxidative damage [1-3]. This
mechanism of action gives the approach a broad spectrum of activity to kill all known
classes of microorganisms. The technique has attracted increasing attention due to the
relentless and ever-increasing spread of antibiotic resistance not only amongst bacteria
(Gram positive, Gram negative and mycobacteria), but also viruses [4], fungi [5] and
parasites [6]. In fact, several commentators have referred to the present time as “‘the end of
the antibiotic era’ [7-9]. Antimicrobial PDT can be applied in vivo, for instance in animal
models of localized infections, provided care is taken to ensure selectivity of binding of the
PS between microbial cells and host mammalian cells [10]. One way of increasing binding
and penetration of PS to microbial cells and increasing selectivity of killing microbes over
host cells is to design PS with a large number of cationic charges [11]. The reasons for this
structural requirement are threefold. Firstly, all known classes of microbial cells have
pronounced negative charges on their outer surface that provide rapid and strong binding
with cationic PS [11]. Secondly, Gram-negative bacteria have a double-membrane cell-wall
structure that can be disrupted by polycations allowing better penetration of the PS into the
bacterial cell [12]. Thirdly, mammalian cells take up polycationic molecules by the
relatively slow process of adsorptive endocytosis, so if light is delivered soon after
application of the cationic PS to the infected tissue, the desired selectivity for bacteria in
tissue can be achieved [13]. A pronounced increase in the number of charges on the PS
molecule may not always increase the efficiency of the PS in antimicrobial PDT [14,15] if
these charges serve solely for the purpose of targeting bacteria. However, we have recently
demonstrated the use of these multiple cationic charges to carry the same number of iodide
atoms as counter anions to improve type | photochemistry by allowing a photoinduced
electron-transfer mechanism from the iodide to the fullerene cage [16]. Accordingly, an
analogous compound carrying a large number of charges with a large number of associated
iodides may be a better PS.

Fullerenes are closed carbon cage molecules whose system of delocalized n-electrons
imparts a large absorption of visible light and which have a good quantum yield of a long-
lived triplet electronic excited state [17]. They can produce ROS via both the type Il
photochemical pathway (singlet oxygen) and the type | photochemical pathway (hydroxyl
radicals) [18]. Furthermore, they have a high degree of photostability compared with PS
based on the tetrapyrrole or phenothiazinium backbones. Moreover, the broad absorption
spectrum allows them to be excited with a range of wavelengths ranging from UVA (360
nm) to red (635 nm). For these reasons fullerenes have recently attracted significant amounts
of interest [19,20] as PS to mediate PDT of infections as well as cancer. Since fullerenes are
highly insoluble in biological media they must be chemically functionalized to provide
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water solubility and to prevent aggregation [21]. Attachment of addends containing a large
number of cationic charges therefore plays a dual role of bacterial targeting and providing
water solubility.

The fullerene C7¢ monoadduct exhibits higher molar optical absorption extinction
coefficients than its Cgp analog at 380-600 nm. The capability of hydrophilic Cq
monoadducts to absorb more photon energy should increase correspondingly the
photoinduced PDT activity during light activation in the same wavelength range. The
tertiary amino-based functional group with two unpaired electrons located on the nitrogen
atom is electron rich in the presence of the electron-accepting C7q cage. Electron transfer
from a tertiary amine to Cyq can be activated by irradiation at short-visible and UVA to
UVB wavelengths, leading to the formation of a anionic (C7q)~ - radical and the
corresponding cationic amine radical. The former anionic fullerene is then capable of
transferring one electron to O, resulting in the production of a superoxide radical (O,™).
Accordingly, we proposed the use of a high number (ten) of tertiary amino groups linked
and bound on C7q as two N,N’,N,N,N,Nhexapropyl- hexa(aminoethyl)amido)malonate arms
for enhancing O, production, and subsequently to hydroxyl radical (HO:) in biological
media, during PDT treatments. The hypothesis is that 20, can diffuse more easily into
porous cell walls of Gram-positive bacteria to reach sensitive sites, while the less permeable
Gram-negative bacterial cell wall needs the more reactive HO- to cause real damage.

The objective of the present study was to compare two Cyq fullerene derivatives: one with
an attached decacationic side chain (LC17) and another with the same decacationic side
chain plus an additional deca tertiary amine side chain (LC18) as antimicrobial PS against
Grampositive and Gram-negative bacteria. Excitation with both white and UVA light was
compared. A mouse model of third-degree burn infection with bioluminescent Gram-
negative bacteria was used to test the in vivo effectiveness of the therapeutic approach using
the more effective UVA excitation.

Materials & methods

Full synthetic methods for di(tert-butyl) [70]fullerenyl malonate, C7o[>M(t-Bu),]; bis (20-
0x0-4,7,10,13,16 -pent apropyl - 4,7,10,13,16,19-hexaazatricosan-23-yl)[70] fullerenyl
malonate quaternary ammonium iodide salt, C7g[>M(C3Ng*C3)2]-(17)19 (LC17); and
deca(tertiary-ethylenylamino)malonated decacat ionic bi s(20-oxo-4,7,10,13,16-
pentapropyl-4,7,10,13,16,19-hexaaza-tricosan-23-y1)[70]fullerenyl malonate methyl
quaternary ammonium iodide salt, C7g[>M(C3Ng*C3)s] [>M(C3NgC3),] (LC18) are
provided in the Supplementary material (see online at www.futuremedicine.com/doi/suppl/
10.2217/nnm.13.22). Spectroscopic characterization details are also given in the
Supplementary material.

Light sources

A broad-band white light source (400-700 nm band pass filter; Lumacare, Newport Beach,
CA, USA) was used to deliver light over a spot diameter of 3 cm at an irradiance of 100
mW/cm? as measured with a power meter (model DMM 199 with 201 standard head:;
Coherent, Santa Clara, CA, USA). An ultraviolet A lamp (360 + 20 nm; American
Ultraviolet Co., Lebanon, IN, USA) delivered light in a spot diameter of 15 cm at an
irradiance of 30 mW/cm?2 measured using a model IL-1700 research radiometer/photometer
(International Light, Inc., Newburyport, MA, USA) over the wavelength range of 250 to 400
nm.
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Production of ROS using fluorescent probes

The fluorescent probes used, hydroxyphenyl fluorescein (HPF; H36004) and Singlet Oxygen
Sensor Green (SOSG; S36002), were from Molecular Probes, Life Technologies (New
York, NY, USA). LC17 and LC18 were dissolved in phosphate-buffered saline (PBS)
containing 5-pM probes in wells in a 96-well clear microplate (353072; BD Falcon, San
Jose, CA, USA). The total volume of each well added up to 100 pl and the plates were then
irradiated with the UVA or white light sources as described above. The fluorescence
emission was measured (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA) using
excitation/emission wavelengths of 490/515 nm, as the fluences increased up to 0.5 J/cm?
for the UVA group and up to 5.0 J/cm? for the white light group. Experiments were repeated
three times.

Bacterial strains & culture conditions

The bioluminescent bacteria used in this study were as follows: Gram-positive
Saphylococcus aureus 8325-4 (XEN 8.1) and Gram-negative E. coli EPEC WS2572 (XEN
14) and Acinetobacter baumannii ATCC BAA 747. Escherichia coli EPEC WS2572 (XEN
14) with stable constitutively expressed transposon-mediated integration of lux operon were
a kind gift from Xenogen Corp (Alameda, CA, USA). A. baumannii ATCC BAA 747 was
transduced with a plasmid containing the lux CDABE operon (originally cloned from
Photorhabdus luminescens) as previously described [22]. The bacteria were routinely grown
in brain-heart infusion (BHI) broth (Fisher Scientific, Braintree, MA, USA) with aeration in
an orbital shaking incubator at 130 rpm at 37°C overnight to stationary phase. An aliquot of
this suspension was then refreshed in fresh BHI to mid-log phase. Cell numbers were
estimated by measuring the optical density at 600 nm (optical density of 0.5 = 108 colony
forming units [CFU]/ml) for all three bacterial species.

Photodynamic inactivation studies

Suspensions of bacteria (108 CFU/mI) were incubated in the dark at room temperature for 30
min with various concentrations of LC17 or LC18 (0.1-10 pM for S, aureus, 0.1-100 pM
for E. coli and A. baumannii) in pH 7.4 PBS. 1.0-ml aliquots were transferred to a 24-well
plate and illuminated from the top of the plates at room temperature with 10 J/cm?2 of UVA
or 100 J/cm? of white light. Cells treated with LC17 or LC18 in the dark were covered with
aluminum foil and incubated for the same time as the PDT groups (30 min). The cells
incubated with the lowest concentration of fullerene and then illuminated acted as a light
alone control. At the completion of illumination (or dark incubation), aliquots (100 pl) were
taken from each well to determine CFU. Care was taken to ensure that the contents of the
wells were mixed thoroughly before sampling, as bacteria can settle at the bottom. The
aliquots were serially diluted tenfold in PBS to give dilutions of 1071 to 107 times in
addition to the original concentration and 10-pl aliquots of each of the dilutions were
streaked horizontally on square BHI agar plates as described by Jett et al. [23]. Plates were
streaked in triplicate and incubated for 12-18 h at 37°C in the dark to allow colony
formation. Each experiment was performed at least three times.

Survival fractions were routinely expressed as ratios of CFUs of microbial cells treated with
light and LC17 or LC18 (or LC17 or LC18 in the absence of light) to CFUs of microbes
treated with neither.

In vitro PDT studies with mammalian (HeLa) cells

A human cervical cancer cell line, HeLa, was obtained from ATCC (Manassas, VA, USA).
The cells were cultured in RPMI-1640 medium with L-glutamine and NaHCO3 (Gibco-
Invitrogen, Carlsbad, CA, USA) supplemented with 10% heat-inactivated fetal bovine serum
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and penicillin (100 U/ml; Sigma, St Louis, MO, USA) at 37°C in 5% CO,-humidified
atmosphere in 75-cm? flasks (Falcon-Invitrogen, Carlsbad, CA, USA). When the cells
reached 80% confluence, they were washed with PBS and harvested with 2 ml of 0.25%
trypsin-EDTA solution (Sigma). Cells were then centrifuged and counted in trypan blue to
ensure viability and plated at a density of 5000/ well in flat-bottom 96-well plates (Fisher
Scientific, Pittsburgh, PA, USA). On the following day, dilutions of LC17 and LC18 were
prepared in PBS. These dilutions (1-16 M) were added to the cells and incubated for 30
min. The dimethylacetamide (DMA) concentration in the medium did not exceed 0.2%. The
PBS was replaced with complete medium, and 100 J/cm? of white light was delivered. The
light spot covered four wells, which were considered as one experimental group illuminated
at the same time. Control groups were as follows: no treatment, light alone, and dark control
with fullerene dilutions described above. Following PDT treatment the cells were returned to
the incubator overnight. A 4-h MTT assay [24] was carried out the next day and read at 562
nm using a microplate spectrophotometer (Spectra Max 340 PC; Molecular Devices).
Experiments were repeated three times.

All animal procedures were approved by the Subcommittee on Research Animal Care
(IACUC) of Massachusetts General Hospital and met the guidelines of the NIH. Adult
female BALB/c mice (Charles River, Wilmington, MA, USA), 6-8 weeks old and weighing
17-21 g, were used in the study. The animals were housed one per cage and maintained on a
12-h light/dark cycle under a room temperature of 21°C with access to food and water ad
libitum. Mice were divided into groups of n = 6 mice per group and there were five groups
for the E. coli study, and six groups for A. baumannii study, plus mice for the initial
optimization studies.

Creation of burn injury & bacterial infection

Before the creation of burns, the mice were anesthetized by intraperitoneal (ip.) injection of
a ketamine—xylazine cocktail and shaved on the dorsal surfaces. Burns were created by
applying a single preheated (~95°C) brass block (Small Parts, Inc., Miami, FL, USA) to the
dorsal surface of each mouse for 10 s, resulting in a nonlethal, full-thickness, third-degree
burn. The brass block area was 10 x 10 mm, giving an area of 100 mm? and corresponding
to 2.5% of the total body surface area. Immediately after the creation of the burns, the mice
were resuscitated with ip. injections of 0.5-ml sterile saline (Phoenix Scientific, Inc., St.
Joseph, MO, USA) to prevent dehydration. At 5 min after the creation of burns (allowing the
cooling down of the burns), a suspension (50 pl) of bacteria in sterile PBS containing 1.5 x
108 CFU for E. coli or 5 x 107 CFU for A. baumannii was inoculated onto the surface of
each burn with a yellow-tipped pipette and was then smeared onto the burn surface with an
inoculating loop. The mice were imaged with the luminescence camera immediately after
applying the bacteria to ensure that the bacterial inoculum applied to each burn was
consistent.

Bioluminescence imaging

The low-light imaging system (Hamamatsu Photonics KK, Bridgewater, NJ, USA) consists
of an intensified CCD camera mounted in a light-tight specimen chamber, fitted with a light-
emitting diode, a set-up that allowed for a background gray-scale image of the entire mouse
to be captured. By accumulating many images containing binary photon information (an
integration time of 2.0 min was used), a pseudo-color luminescence image was generated.
Superimposition of this image onto the grayscale background image yielded information on
the location and intensity in terms of photon number. The camera was also connected to a
computer system through an image processor (Argus-50; Hamamatsu Photonics). Argus-50
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control program (Hamamatsu Photonics) was used to acquire images and to process the
image data collected.

Prior to imaging, mice were anesthetized by ip. injections of a ketamine—xylazine cocktail.
Mice were then placed on an adjustable stage in the specimen chamber, and the wounds
were positioned directly under the camera. A gray-scale background image of each wound
was made, and this was followed by a photon count of the same region. This entire wound
photon count was quantified as relative luminescence units and was displayed in a false
color scale ranging from pink (most intense) to blue (least intense).

10 min after application of the E. coli bacteria to the burns, 100 pl of LC17 or LC18 solution
at a concentration of 80 pM in PBS containing 8% v/v DMA was applied to the surface of
the burn and smeared over the total burned area. The mice were again imaged using a
luminescence camera 30 min after the addition to allow the LC17 or LC18 to bind to and
penetrate the bacteria, and any dark toxicity to the bacteria was quantified. Mice were then
illuminated with UVA at an irradiance of 30 mW/cm? as described above. An aluminum foil
template was constructed to expose the burn and a 0.5-cm margin of normal tissue around
the burn. Mice were given total fluences of up 72 J/cm? for UVA light in aliquots (6, 12, 24,
48 and 72 J/cm?) with luminescence imaging taking place after each aliquot of light.
Immediately after PDT, the mice were resuscitated with a second ip. injection of 0.5-ml
sterile saline to prevent dehydration.

In the A. baumannii studies, the infected burns were treated as above with 100 pl of LC17 or
LC18 solution at a concentration of 300 pM in PBS containing 15% v/iv DMA. UVA
illumination (72 J/cm?) was then delivered all at once. There were six groups each of six
mice: A: no fullerene, no light, no DMA; B: UVA + DMA; C: LC17 + DMA; D: LC18 +
DMA; E: LC17 + DMA + UVA; F: LC18 + DMA + UVA. Aliquots of light with periodic
imaging were not used in this case as the initial application of fullerene in DMA resulted in
a significant loss of bioluminescence. In this case the mice were imaged daily to quantify the
recurrence of the bioluminescence.

Mouse follow-up

Statistics

Results

The mice were anesthetized by ip. injection of a ketamine—xylazine cocktail and the
bacterial luminescence from the mouse burns was recorded daily until the bioluminescence
disappeared or the animals were determined to be moribund and euthanized.

Values are means of three separate experiments, and bars presented in the graphs are
standard errors of the means. Differences between means were tested for significance by
one-way analysis of variance and Tukey post-hoc test. p < 0.05 were considered significant.

Optical absorption spectra of LC17 & LC18

The PDT efficacy can be correlated by the quantum yield of ROS production by
[70]fullerene derivatives. High quantum efficiency can be achieved by a combination of two
events as: large absorption extinction coefficients at the wavelength range of light applied
sufficient to initiate photoexcitation of the C;q cage from its ground state to the
corresponding singlet excited state; and a high yield of intersystem crossing from this singlet
excited state to the triplet excited state. The latter often occurs in a quantitative yield for
many fullerene monoadducts. Therefore, absorption extinction coefficient becomes a crucial
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parameter for determining suitability of a light source for PDT treatment using a particular
PS. Accordingly, we measured UV- visible spectra of C;g[>M(C3Ng*C3),] (LC17) and
C70[>M(C3Ng*C3),][>M(C3NgC3),] (LC18) in dimethylformamide at the concentration of
2.0 x 107> M and correlated their spectral profiles to the emission peak of several UVA and
visible light sources used in this study, as shown in Figure 1.

The absorption characteristics of LC17 (Figure 1B) and LC18 (Figure 1C) were found to
vary from that of the parent monoadduct C7g[>M(t-Bu),] (Figure 1A, in CHCI3) with the
disappearance of all characteristic C;q bands into a featureless curve even though all three
compounds share the same monofunctionalized C;q cage. The difference implied the
occurrence of cage cluster formation of LC17 and LC18 in polar solvent.

Several extinction coefficients () of LC17 and LC18 recorded at Amax Of the light applied
are summarized in Table 1. The values for LC18 were consistently 2.8-3.0-fold lower than
those for LC17 using the white light. In the case of the UVA light, the value is 1.4-fold
lower. Based on the area of overlap of the UV-visible spectrum profiles of LC17 and LC18
with the emission band of white and UVA lights, we estimated the relative area integration
over the wavelength range at the half-peak width of the light emission band with the value
shown in Table 1. The results also revealed a similar trend showing a consistently 2.8-fold
lower value for LC18 than those of LC17 using the white light. In the case of the UVA light,
the value is 1.5-fold lower. All these optical absorption differences were applied in the
correlation of relative PDT efficacy between LC17 and LC18 described below.

ROS production measured by fluorescence probes

ROS generation by fullerenes in PBS solution illuminated by either UVA light (360 + 20
nm) or white light (400-700 nm) was assessed by fluorescent probes that have been reported
to be (reasonably) specific for singlet oxygen (SOSG) or for hydroxyl radical (HPF) [25,26].
The results are shown in Figure 2 where it can be seen that we used ten-times higher
fluences of white light than UV A light, as the absorption spectra of the compounds were
ten-times higher in the UVA than in the visible spectra regions. Furthermore, the rate of
ROS generation is much higher for LC18 than for LC17 (compare Figure 2A with Figure
2B, and Figure 2C with Figure 2D). As the absorption spectrum is comparable for both these
molecules, the difference in ROS generation is likely to be due to differences in the
aggregation state in aqueous solution. Because LC18 has the second set of arms attached, it
is likely to aggregate less than LC17 because of added steric hindrance preventing fullerene
molecules coming together. For singlet oxygen production white light gives a higher rate
than UVA light for both LC17 and LC18. However, although white light provides a greater
rate of hydroxyl radical production than UVA light for LC17, the opposite is the case for
LC18, where UVA light gives a higher rate than white light. These differences were
significant (p < 0.05).

PDT killing of S. aureus, A. baumannii & E. coli by LC17 or LC18 excited by white light or

UVA light

Figure 3 shows the survival fraction curves obtained against the Gram-positive bacterium S,
aureus or Gram-negative bacteria A. baumannii and E. coli incubated for 30 min with
various concentration of LC17 or LC18. The bacterial suspensions were illuminated with 10
Jlcm? of UVA light or with 100 J/cm? of white light, due to differences in the absorption
spectra as described above. All species were eradicated (greater than 6.0 logs or 99.9999%
killing) with the appropriate concentrations of fullerene. For the Gram-positive S. aureus,
LC17 (Figure 3A) showed significantly more killing when excited with white light
compared to UVA light, but for LC18 (Figure 3B) the killing was identical. For the Gram-
negative A. baumannii, identical killing was obtained for both light wavelengths for both
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LC17 (Figure 3C) and LC18 (Figure 3D). Interestingly, for another Gram-negative species,
E. coli, although both wavelengths gave the same killing when LC17 was employed (Figure
3E), when LC18 (Figure 3F) was used, there was significantly more killing with UVA light
than was found with white light. There was only small toxicity (<1 log) with light alone, as
can be seen by inspecting the survival fraction of the PDT groups at the lowest fullerene
concentration tested (0.1 pM for S. aureusand 1 pM for the Gram-negative bacteria). LC17
exhibited more dark toxicity against Gram-negative species than LC18, giving 2-4 logs of
killing at 100 uM, but there were still 3-4 logs more killing under illumination.

Selectivity for bacteria over mammalian cells

In order to demonstrate selective killing of bacterial cells compared with mammalian cells
we incubated the human carcinoma cell line (HeLa) with fullerenes under the same
conditions (30 min incubation in PBS) as were employed for bacterial cells and illuminated
the cells with either 10 J/cm?2 of UVA light or 100 J/ cm? of white light. Figure 4 shows that
for both LC17 (Figure 4A) and LC18 (Figure 4B) there was only a small amount of PDT
killing (up to 30%) as determined by the MTT assay. It should be noted that if the
incubation was much longer (6-24 h) then significantly more killing of mammalian cells
might be expected.

In vivo PDT treatment of mouse third-degree burns infected with E. coli

We tested the in vivo PDT activity of these fullerenes in a mouse model of a third-degree
burn infected with Gram-negative bioluminescent bacterial species. We initially used the
pathogenic variant of E. coli (EPEC) and inoculated the burns with 1.5 x 108 CFUs. We
used UVA light, as judged by the results in Figure 3, and overall this wavelength appeared
to be the most effective in Kkilling all the tested species. After considerable experimentation
we settled on an 80-M solution of fullerene in PBS containing 8% v/v DMA. The DMA
solvent is important in keeping the fullerene in solution and encouraging penetration of the
PS into the infected tissue of the burn. The light dose-dependent reduction of bioluminescent
signal is shown in Figure 5. It can be seen in Figure 5A that UVA plus PBS containing 8%
DMA (no fullerene) as a light alone control gave only a slight reduction in bioluminescent
signal even after 72 J/ cm? of light had been delivered. When LC17 was used (Figure 5B)
there was a significant reduction in bioluminescence signal apparent at 48 J/cm? and only a
trace remaining after 72 J/cm2. When LC18 was used (Figure 5C) it can be seen there was a
noticeable drop in signal after only 12 J/cm? had been delivered, and by the time 72 J/cm?
had been delivered the signal had been effectively eliminated. There was no significant
reduction in bioluminescence after application of either LC17 or LC18 without light
exposure as a dark control (data not shown). The average bioluminescence signals as
quantified by Argus software for the three groups (n = 6 mice per group) are shown in
Figure 6. The values from both PDT groups were significantly lower than values from the
UVA control at all fluences, and the bioluminescence values from mice treated with LC18
were significantly lower than the corresponding values from LC17 at 12, 24 and 48 J/cmZ.

When these mice were examined on succeeding days (days 1-6) it was apparent that the
bacterial infection had recurred in the burns, and despite the successful PDT on day 0, there
was no significant difference in bioluminescence signal between treatment and control
groups on days 1-6 (data not shown).

In vivo PDT treatment of mouse third-degree burn infected with A. baumanii

Because we observed recurrence of the E. coli in the mouse burn in the days following the
PDT treatment, we asked whether a therapeutically useful single PDT treatment could be
demonstrated. We formed the hypothesis that the recurrence observed with PDT of E. coli
was due to a combination of factors. Firstly, that a few remaining viable bacteria were left in
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the burn even after disappearance of the luminescence signal. Secondly, that the virulence of
the bacteria was an important factor. To overcome these adverse factors we changed several
parameters in the experiment. Firstly, we changed to A. baumannii, which although is
clinically problematic due to its high antibiotic resistance, appears to be less virulent in this
mouse model and we used a lower inoculum (5 x 107 compared with 1.5 x 108). Secondly,
we raised the concentration of fullerene from 80 to 300 uM. Thirdly, we raised the
concentration of DMA from 8 to 15%. Figure 7 shows the bioluminescence signals of
representative mice captured daily from days 0 (before PDT) to day 6 post-PDT. It can be
seen that the absolute control (Figure 7A, no light, no fullerene, no DMA) showed a
continuing infection in the burn that lasted for 6 days. All other groups (Figures 7B-7F)
showed a loss of bioluminescence signal on day 1 (the day after PDT). However, in the three
control groups (UVA alone [Figure 7B], LC17 dark control [Figure 7C], and LC18 dark
control [Figure 7D]) there was significant recurrence of bioluminescence on day 2 that
lasted until day 6. In the LC17 PDT group (Figure 7E) there was only a tiny amount of
recurrence visible at day 4 that remained minute on days 5 and 6. In the LC18 PDT group
there was no recurrence of bioluminescence visible on any day of follow-up.

Discussion & conclusion

We have shown that decacationically armed C;q fullerenes are highly effective broad-
spectrum selective antibacterial PS that are able to kill 6 logs of both Gram-positive and
Gram-negative bacteria in vitro. Furthermore, these compounds can have therapeutic effects
in mouse models of hard-to-treat Gram-negative bacterial burn infections.

It is known that fullerenes are able to generate ROS via both type I (hydroxyl radicals) and
type Il (singlet oxygen) photochemical mechanisms [18,27]. We formed the hypothesis that
by attaching a second arm containing ten tertiary amine groups that could act as electron
donors, we could increase the proportion of hydroxyl radical generation, which is thought to
occur initially by electron transfer from the excited fullerene to molecular oxygen to form a
superoxide radical anion [28,29]. The fluorescent probe experiments provided some
evidence to support this hypothesis. The large increase in activity of LC18 versus LC17 was
attributed to reduced aggregation due to the steric hindrance provided by the second arm
preventing fullerene molecules coming together. In fact, we can envision that the likely
hydrophobic— hydrophobic interactions between the second deca(tertiary-
ethylenylamino)malonate arm and Cq cage in PBS solution should force the deca-amino
arm to wrap around the cage moiety resembling a molecular encapsulation of Cvg. In this
event, we would expect an intrinsic molecular photophysical behavior of fullerenes without
the interference of self-quenching effect and bimolecular triplettriplet annihilation
processes of 3(C7p>)* in the aggregated form of either [70]fullerene monoadducts or
bisadducts [30]. Disregarding the deca-amino arm, we proposed that the mechanism led to
the generation of hydroxyl radicals by LC17 and LC18 under visible irradiation raised from
a sequential reaction of 10, with iodide anion (17) consistent with the reported phenomena
[31]. When HPF detection of hydroxyl radicals was compared it can be seen that LC18 had
more activation with UVA light versus white light, while the reverse was the case with
LC17. It appears that electron transfer reactions are favored when the more energetic UVA
photons are used to excite the fullerene molecule.

LC17 was able to kill more Gram-positive S. aureus when it was excited by white light than
when it was excited by UVA light, which are conditions that are hypothesized to favor
generation of singlet oxygen. We have recently obtained evidence [32] that Gram-positive
bacteria are relatively more susceptible to singlet oxygen than Gram-negative bacteria.
There are reports in the literature that also support this hypothesis [33-36]. The explanation
may be that the porous cell wall structure of Gram-positive bacteria allows singlet oxygen to
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penetrate more easily than the less permeable cell wall of Gram-negative bacteria. The
Gram-negative A. baumannii was Killed equally by fullerenes excited by UVA light and by
white light, although LC17 did appear to be somewhat more effective than LC18 (which was
the opposite to the finding for E. cali). Although A. baumannii is Gram negative, it has been
shown by several reports [37-40] to be sensitive to PDT treatments, possibly because its
permeability barrier is less permeable than other Gram negatives such as E. coli, and singlet
oxygen can therefore more readily diffuse inside. Further study with a wider range of Gram-
negative species is needed to confirm this hypothesis. LC18 killed a higher number of E.

coli when excited by UVA light, which are conditions that are hypothesized to favor
generation of hydroxyl radicals. Martin and Logsdon [41] reported that E. coli was
particularly susceptible to killing by photosensitizing dyes that generated hydroxyl radicals
upon illumination. Although it is broadly accepted that singlet oxygen is the most important
ROS that mediates microbial cell death in antimicrobial PDT [42], recent emerging evidence
suggests that type | radical mechanisms have been relatively overlooked. Not only fullerenes
[32], but phenothiazinium dyes [43] have also been shown to involve type | photochemistry
and hydroxyl radicals. It is entirely feasible that UVA-1 light could be used in clinical
applications; for example, Mang and Krutmann [44] have reported that fluences as high as
130 J/cm? have been used to treat atopic dermatitis and psoriasis in patients.

Our laboratory has reported that several different functionalized fullerenes can act as broad-
spectrum antimicrobial PS. The most important structural feature for high activity appears to
be the number of quaternary amino groups. A study by Tegos et al. [45] showed that a
tricationic Cgg fullerene was more effective than a mono- or di-cationic derivative in the
photoinactivation of Gram-positive and Gramnegative bacteria, and fungi. Huang et al. [46]
found that a hexacationic derivative was most effective. Mizuno et al. [47] reported that a
tetracationic Cgq derivative was highly effective in photoinactivating microbial cells.

In order for antimicrobial PDT treatments to advance into the clinic it is necessary to show
that the PS are able to mediate selective killing of bacteria while preserving the viability of
host mammalian cells. We were able to show that when HeLa cells were treated under the
same conditions that killed several logs of bacterial cells, only a comparatively small loss of
viability (30%) was observed. It should be noted that HeLa is a cancer cell line that may not
be the most suitable for this purpose, and that primary human fibroblasts may need to be
studied in further experiments. The fact that a short incubation time was employed is
critical, as these large polycationic molecules, such as LC17 and LC18, are taken up into
mammalian cells by the slow process of endocytosis. Therefore, if a short drug-light interval
is used for treatment of an infection, damage to the surrounding normal tissue should be
minimized.

Third-degree burns are particularly susceptible to bacterial infection as the barrier function
of the skin is destroyed, the dead tissue is devoid of host-defense elements, and a systemic
immune suppression is a worrying consequence of serious burns [48]. Furthermore, the lack
of perfusion of the burned tissue means that systemic antibiotics are generally ineffective
[49]. Although excision and skin grafting is now standard treatment for third-degree burns
[50], superimposed infection is still a major problem. Patients with Gram-negative burn
infections have a higher likelihood of developing sepsis than Grampositive infections [51].
Topical antimicrobials are the mainstay of therapy for burn infections and PDT may have a
major role to play in the management of this disease [52].

We obtained good light dose-dependent loss of bioluminescence signal in the mouse model
of E. coli burn infection, and LC18 was more effective than LC17 in mediating PDT under
UVA illumination, consistent with the in vitro results. Further studies using white light as
well as UVA light in this mouse model of PDT of burn infection would be desirable.
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However, despite this success, recurrence of bioluminescence was observed in the
succeeding days. While it is entirely possible that the PDT treatment could be repeated each
day until the infection was defeated, we considered that it would be preferable if a single
PDT treatment could be shown to be effective in eliminating the bacteria from the burn. This
goal was achieved with an A. baumannii model, which is of high clinical relevance as this
species has been found to be the most prevalent in a military burns hospital [53] and is
notorious for its antibiotic resistance [54]. Again, LC18 was found to be superior to LC17 in
this application of PDT for burn infection. How can we explain the lack of bioluminescence
signal at day 1 in groups B, C, and D as well as in groups E and F? We believe that this is an
effect of the DMA solvent used to deliver the fullerene and also used together with the UVA
light. However, the DMA does not necessarily completely kill the bacteria but temporarily
reduces the bioluminescence signal, which explains why no signal is seen at day 1 in UVA +
DMA (B) and in both dark controls (C and D). The fact that regrowth is found in these
groups of mice (B, C and D) while those treated with actual PDT did not exhibit regrowth (E
and F) does suggest that either the bacteria were not really killed in groups B, C and D, and
could therefore regrow, or alternatively that the bacteria were completely killed in groups E
and F and thus could not be imaged using bioluminescence, and could not regrow because
they were all dead.

Lu et al. [55] reported an in vivo study where a tricationic Cgq fullerene excited by white
light was used to treat a mouse model of excisional wound infection by Gram-negative
Pseudomonas aeruginosa or Proteus mirabilis. This is a highly invasive infection model and
fullerene-mediated PDT was able to save the lives of mice infected with P. mirabilisand, in
the case of P. aeruginosa, when used in combination with subtherapeutic doses of
antibiotics (tobramycin).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Future perspective

The present report suggests that antimicrobial PDT may be a promising medical
application of fullerenes. The fact that these compounds are applied topically to an
infected wound or burn removes many of the concerns attached to systemic
administration of fullerenes including nanotoxicology and long retention times in tissues.
The finding that an additional deca tertiary amine may act as an electron donor and
improve type | photochemistry suggests a new approach in PS design and synthesis. The
fact that different wavelengths of excitation can produce different photochemical effects
is interesting and deserves more study.
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Synthesis & compound design

Results

Discussion & conclusion

Executive summary

We designed and synthesized a highly water-soluble [70]fullerene monoadduct,
C70[>M(C3N6+C3)2]-(|_)1o (LCl?), and bisadduct, C70[>M(C3N6+C3)2]
[>M(C3NgC3),] (LC18), each consisting of a well-defined decacationic
quaternary ammonium iodide salt of di(N,N’,N,N,N,N-hexapropyl-
hexa(aminoethyl)amido)malonate arm.

Both derivatives possessed ten positive charges per C;g, which were proposed to
increase water solubility and their ability to target pathogenic Gram-positive and
Gram-negative bacterial cells, and enable them to act as broad-spectrum
selective antibacterial nanophotodynamic therapy drugs.

Incorporation of a total of either 12 (for LC17) or 24 (for LC18) attached propyl
groups was designed to provide a well-balanced hydrophobicity—hydrophilicity
character and to allow possible wrapping around the C; cage moiety to
minimize the direct cage—cage contact and self-quenching effect.

Experimental results showed that white light was more effective with LC17
while UVA light was more effective with LC18.

Both compounds were effective in a mouse model of Gram-negative third-
degree burn infections determined by bioluminescence imaging. Effective in
vivo activity was demonstrated in a virulent model of Escherichia coli burn
infection, and a clinically relevant model of Acinetobacter baumannii burn
infection.

The data suggest that the attachment of an additional deca(tertiary-
ethylenylamino)malonate arm to Cyq, producing LC18, allowed the moiety to
act as a potent electron donor and increased the generation yield of hydroxyl
radicals under UVA illumination. This is consistent with the reported
phenomena of photoinduced intramolecular electron transfer from the tertiary
amine moiety to the fullerene cage in polar solvents, including water, at the
short excitation wavelength.

With the availability of ten tertiary amine moieties, each capable of donating
one electron to the C7q cage, LC18 may function as an electron-rich precursor
for hydroxyl radical production that demonstrated a new approach in enhancing
HO- radical killing of pathogenic bacteria in contrast to the more common 10,-
killing mechanism.
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(A) C70[>M(t-BU)2]; (B) C70[>M(C3N6+C3)2]-(|_)10 (LCl?); and (C) C70[>M(C3N6+C3)2]
[>M(C3NgC3),] (LC18). Samples of (A) and (B)/(C) were prepared in CHCI3 and
dimethylformamide, respectively, at a concentration of 2.0 x 107> M.

a.u.: Arbitrary unit.
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Figure 2. Fluorescent probe activation by fullerenesin phosphate-buffered saline solution

illuminated with UVA light or white light

(A) LC17 and SOSG; (B) LC18 and SOSG; (C) LC17 and HPF; and (D) LC18 and HPF.
*p < 0.05.
a.u.: Arbitrary unit; HPF: Hydroxyphenyl fluorescein; SOSG: Singlet Oxygen Sensor Green.
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Figure 3. Antimicrobial photoinactivation curves of bacteria incubated with increasing
concentrations of fullerenesfollowed by illumination with white or UVA light

Gram-positive Saphylococcus aureus incubated with LC17 (A) or LC18 (B) and
illuminated with UVA light (10 J/cm?2) or white light (100 J/cm?). Gram-negative
Acinetobacter baumannii incubated with LC17 (C) or LC18 (D) and illuminated with UVA
light (10 J/cm?) or white light (100 J/cm?). Gram-negative Escherichia coli incubated with
LC17 (E) or LC18 (F) and illuminated with UVA light (10 J/cm?2) or white light (100 J/
cm?).

*p < 0.05; **p < 0.01; ***p < 0.001.
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Figure4. Killing of HeLa mammalian cells by fullerenesincubated under the same condition as
bacteriaéSO min incubation in phogphateubuffered saline) and illuminated with either UVA light
(10 J/em#) or whitelight (100 J/cm*)

(A) LC17; and (B) LC18.
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Figure 5. Representative bioluminescence images from mice with Escherichia coli burn infections

(day 0) and treated with successive fluences of photodynamic therapy or UVA light alone
(A) UVA control; (B) LC17 + UVA light; and (C) LC18 + UVA light. There was no
significant reduction in bioluminescence after application of either LC17 or LC18 without
light exposure as a dark control (data not shown).
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Figure 6. Light dose— esponse curves of the normalized bioluminescence signals for UVA

UVA fluence (J/cm?)

controlsand micetreated with photodynamic ther apy
*p <0.05; **p < 0.01; ***p < 0.001.

RLU: Relative light units.
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Figure 7. Representative bioluminescence images from mice with Acinetobacter baumannii burn
infections and treated with photodynamic therapy, UVA light alone or absolute control,
captured day 0 (before photodynamic ther apy) and then daily for 6 days

(A) Absolute control; (B) UVA control + 15% DMA; (C) LC17 + 15% DMA,; (D) LC18 +
15% DMA,; (E) LC17 + 15% DMA + UVA light; and (F) LC18 + 15% DMA + UVA light.
DMA: Dimethylacetamide; PDT: Photodynamic therapy.
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