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Abstract

Antimicrobial photodynamic therapy (aPDT) is a promising method for the topical treatment of 

drug-resistant staphylococcal infections, and can be further improved by identifying mechanisms 

that increase the specificity of photosensitizer uptake by bacteria. Here we show that Ga(III)-

protoporphyrin IX chloride (Ga-PpIX), a fluorescent hemin analog with previously undisclosed 

photosensitizing properties, can be taken up within seconds by Staphylococcus aureus including 

multidrug-resistant strains such as MRSA. The uptake of Ga-PpIX by staphylococci is likely 

diffusion-limited and is attributed to the expression of high-affinity cell-surface hemin receptors 

(CSHRs), namely iron-regulated surface determinant (Isd) proteins. A structure–activity study 

reveals the ionic character of both the heme center and propionyl groups to be important for uptake 

specificity. Ga-PpIX was evaluated as a photosensitizer against S. aureus and several clinical 

isolates of MRSA using a visible light source, with antimicrobial activity (3-log reduction in 

CFU/mL) at 0.03 μM with 10 seconds of irradiation by a 405-nm diode array (1.4 J/cm2); 

antimicrobial activity could also be achieved within minutes using a compact fluorescent lightbulb. 

GaPpIX was many times more potent than PpIX, a standard photosensitizer featured in clinical 

aPDI, but also demonstrated low cytotoxicity against HEK293 cells and human keratinocytes. Ga-

PpIX uptake was screened against a diverse panel of bacterial pathogens using a fluorescence-

based imaging assay, which revealed rapid uptake by several Gram-positive species known to 

express CSHRs, suggesting future candidates for targeted aPDT.
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Staphylococcus aureus and its multidrug-resistant (MDR) strains remain the leading cause of 

hospital-associated infections, despite attempts to address this problem over the last several 

decades.1,2,3 Vancomycin, the current gold standard for combating methicillin-resistant S. 

aureus (MRSA), is compromised by the rise of vancomycin-resistant strains, and while 

newer drugs such as linezolid and daptomycin have been recommended as alternatives,4 

MRSA strains with demonstrated resistance against these have already emerged.5,6 In fact, 

the speed with which S. aureus and other pathogens can develop or acquire antibiotic 

resistance threatens to jeopardize any therapy that relies on conventional drug paradigms.7

A possible exception to this argument is antimicrobial photodynamic therapy (aPDT), in 

which a photosensitizer is delivered to microbial pathogens for generating singlet oxygen 

and other reactive oxygen species (ROS) upon irradiation with light.8,9 aPDT cannot be 

easily overcome by established mechanisms of antibiotic resistance,10 and has been found to 

be particularly effective against Gram-positive MDR bacteria such as MRSA.11 aPDT can 

be applied in situations that are not limited by light penetration into tissue, and has been 

found to be compatible with keratinocytes;12 established clinical aPDT examples include the 

topical treatment of acne13,14 and the decolonization of bacteria in oral cavities (periodontal 

disease).15,16 Ongoing clinical trials and in vivo studies indicate that aPDT should also be 

effective for disinfection of open wounds,17,18,19 and decolonization of exposed skin prior to 

surgery to mitigate post-operative infections.20

Topically administered aPDT holds great promise to reduce or prevent MRSA infections, but 

the efficient delivery and selective uptake of photosensitizers should also be considered.17,18 

For example, many photosensitizers are cationic or hydrophobic in nature, resulting in their 

indiscriminate uptake into mammalian cells as well as bacteria. This not only contributes 

toward collateral cytotoxicity, but also reduces the amount of available photosensitizer for 

aPDT. Such issues are being addressed by developing photosensitizer conjugates for their 

targeted delivery to bacteria.21 Molecular uptake pathways associated with bacterial 

virulence are especially attractive in this regard, although incorporation of a targeting ligand 

may result in added complexity.

Hemin acquisition systems offer natural portals for the bacterial uptake of photosensitizers, 

and obviate the need to design synthetic conjugates. Although hemin itself (Fe(III)-
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protoporphyrin IX chloride, or Fe-PpIX) does not have photosensitizing properties, 

deferrated species such as PpIX and hematoporphyrin (HP) are highly photoactive and have 

been widely used in aPDT.22,23 Non-iron metalloporphyrins are also good candidates for 

uptake by hemin acquisition systems, many of which are chemically more robust than their 

unmetallated forms.24,25,26,27 Seminal work by Stojiljkovic has shown that non-iron PpIX 

species are readily taken up by bacterial hemin uptake pathways, and also exhibit low 

collateral toxicity in human cell lines and in rodent models.28 Non-iron PpIX species have 

been investigated as antimicrobial agents28,28,29,30,31 but remarkably their utility for aPDT 

remains to be explored,32 despite the long history of porphyrin-based photosensitizers in 

photodynamic therapies.

In this work we show that Ga(III)-protoporphyrin IX chloride (Ga-PpIX), a fluorescent 

analog of hemin, exerts an antimicrobial effect against S. aureus and several clinical isolates 

of MRSA at nanomolar concentrations, following a 10-second exposure to a visible light 

source array operating at 405 nm. The uptake of Ga-PpIX by S. aureus is faster than our 

ability to measure experimentally, and appears to be diffusion-controlled. The primary 

mechanism of Ga-PpIX uptake involves cell-surface hemin receptors (CSHRs), most likely 

the iron-regulated surface determinant (Isd) proteins in the case of S. aureus,33,34 which can 

be exploited for targeted delivery. Structure–uptake studies using various PpIX derivatives 

reveal important features for rapid and specific uptake by this pathway. We also show that 

Ga-PpIX is superior in potency to several other photosensitizers, yet has low dark 

cytotoxicity to human kidney cells and keratinocytes, as well as negligible phototoxicity to 

the latter under aPDT conditions. Lastly, we establish the importance of CSHRs for targeted 

Ga-PpIX uptake by screening a wider panel of Gram-positive and -negative bacteria having 

diverse hemin acquisition systems, and identify several other pathogens as candidates for 

rapid aPDT.

Results and Discussion

Photophysical properties of Ga-PpIX.

Absorption spectroscopy of PpIX (prepared by deferration of hemin chloride with iron 

powder) and Ga-PpIX (prepared by microwave heating with anhydrous GaCl3) reveals a 

distinct change in the Q bands (475–650 nm) characteristic of metal substitution, but a 

modest narrowing of the Soret band at 405 nm (Figure 1).26 Fluorescence spectroscopy 

reveals a blueshift in the emission band of Ga-PpIX of over 80 nm, with a primary emission 

band at 575 nm and secondary emission at 628 nm. The fluorescence quantum yield of Ga-

PpIX at 405 nm is 6.3%, which is sufficient for quantitative image analysis of bacterial 

labelling or uptake. The singlet-oxygen quantum yield (ϕΔ) of Ga-PpIX was estimated by 

the electron paramagnetic resonance (EPR)-based method described by Nakamura et al,35 

using a 405-nm light-emitting diode (LED) array for excitation and tetrakis(1-methyl-4-

pyridinio)porphyrin (TMPyP) as a reference compound (ϕΔ in water: 77%).36 Standard 

curves of EPR signal intensities yield a ϕΔ of 45% (Figure S2, Supporting Information).
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Bacterial uptake of Ga-PpIX.

In a previous study on the bacterial recognition of hemin, we found S. aureus to be 

especially avid in its binding of hemin conjugates with observable adhesion on the order of 

minutes, leading us to postulate the role of high-affinity CSHRs (specifically Isd proteins) in 

rapid hemin uptake.37 Isd expression is well known to be activated by the ferric uptake 

regulator (fur) gene, and increases upon iron deprivation.33,38 This led us to compare Ga-

PpIX uptake by S. aureus cultured in standard and iron-limited conditions, with modest 

levels observed by the former but dramatically higher uptake by the latter, corresponding 

with greater avidity (Figure S4, Supporting Information). Iron-deficient conditions are 

relevant from a clinical perspective, as the body withdraws all available sources of iron 

during infection, inducing pathogens to express various iron acquisition systems including 

CSHRs.

In this study, Ga-PpIX was deployed as a fluorescent hemin analog to characterize its rate of 

uptake by S. aureus using flow cytometry. Suspensions of S. aureus (PC 1203) cultured in 

iron-deficient media were rapidly mixed with Ga-PpIX in phosphate buffered saline (PBS), 

incubated at room temperature for fixed intervals between 10 seconds and 40 minutes, then 

fixed with 4% paraformaldehyde and subjected to flow cytometry. Remarkably, only minor 

variations in fluorescence were observed, regardless of exposure times to Ga-PpIX (Figure 

2). The absence of a fluorescence buildup period over time implies that the capture of Ga-

PpIX by CSHRs is likely diffusion-controlled.

While the rapid bacterial uptake of Ga-PpIX is of primary interest, we considered whether 

Ga-PpIX accumulation might be affected adversely by the activation of bacterial efflux 

pumps, a known mechanism for removing excessive hemin to prevent acute iron toxicity.39 

In this study, we did not obtain conclusive evidence of Ga-PpIX-activated efflux, relative to 

the timescale of photodynamic inactivation (see below). Given our observation of rapid Ga-

PpIX uptake, we reasoned that maximum aPDT efficacy could be achieved by applying light 

irradiation immediately after introducing Ga-PpIX, and would also circumvent hemin efflux 

as a potential resistance mechanism.

To elucidate the most relevant structural features for Ga-PpIX uptake by S. aureus, we 

performed a competitive uptake assay using one equivalent of hemin against Ga-PpIX (1), 

PpIX (2), and eleven other fluorescent porphyrin derivatives, with evaluation by 

fluorescence imaging after 15 minutes of co-incubation (Figure 3 and Table S1, Supporting 

Information). These studies were guided in part by insights taken from the X-ray structures 

of hemin and Ga-PpIX within the binding pocket of IsdH:40 (i) apical coordination of the 

trivalent metal center by a tyrosine residue; (ii) flanking of the vinyl groups on pyrrole rings 

A and B by nearby aromatic residues; and (iii) the extension and presumed hydration of the 

propionyl groups (rings C and D) outside of the binding pocket.

The competitive uptake assay produced three important observations: (i) the uptake of 

Ga(III)-PpIX (1) was strongly affected by competition with hemin chloride, with greater 

than 80% reduction in fluorescence versus the positive control without hemin; (ii) the uptake 

of diacids PpIX (2), Zn(II)-PpIX (3), HP (4), and Zn(II)-HP (5) were moderately affected by 

hemin; and (iii) uptake of dimethyl diesters 6−8 (derived from 1, 2, and 4), tetraesters 9 and 
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10 (di-O-acetyl and -succinyl derivatives of 8), diacetyldeuteroporphyrins (DiAcDP) 11 and 

12, and verteporfin 13 were all less affected by hemin relative to their diacid counterparts, 

indicating nonspecific uptake as a major or dominant mechanism.

The competitive uptake of 1 (in red) versus compounds 2–5 (in blue) suggests that the 

CSHRs on S. aureus have stronger affinity for ionic heme groups (with trivalent metal ions) 

and weaker affinity for neutral ones, with nonspecific uptake pathways gaining significance 

in the latter case. Replacement of carboxylic acids with non-ionizable esters (compounds 6–

13) resulted in further loss of selective uptake, to the extent that CSHR expression no longer 

played a major role. These observations were confirmed by control experiments using S. 

aureus cultured in standard (iron-replete) media, with a large decrease in the uptake 

efficiency of 1 and a moderate decrease in the case of 2, but with little or no effect for 

several diester derivatives, indicating uptake of the latter to be independent of CSHR activity 

(Figure S5 and Table S2, Supporting Information). We therefore conclude that the ionic 

character of the heme group is important for selective uptake by CSHRs, and that 

esterification of the propionyl groups increases lipophilicity and contributes toward loss of 

specificity.

Antimicrobial photodynamic inactivation (aPDI).

Ga-PpIX was initially evaluated as a photosensitizer against a laboratory strain of S. aureus 

(PC 1203). Studies were performed in the context of topical administration using a handheld 

LED array operating at 405 nm (30 mW/cm2 per LED), a visible wavelength with no risk of 

DNA damage. Antimicrobial photodynamic inactivation (aPDI) experiments were performed 

on bacterial suspensions in 96-well plates; wells were treated with aliquots of Ga-PpIX, 

followed immediately by a 10-second exposure to 405-nm light using the LED source (140 

mW/cm2; see Experimental Section for complete details). The aPDI activity of Ga-PpIX 

against S. aureus is remarkably rapid and potent, with 10 seconds of irradiation (ca. 1.4 J/

cm2) resulting in a 2.87 ± 0.12 log reduction in colony-forming units (CFU) per mL at 0.03 

μM, and complete eradication (> 6 log reduction in CFU/mL) at 0.24 μM (Figure 4a). Light 

exposure for 30 seconds did not produce a clear increase in potency for aPDI, although 

eradication was observed at a lower Ga-PpIX dose (Supporting Information). In contrast, 

Ga-PpIX exhibited only modest bactericidal activity in the absence of light, with a 3-log 

reduction at approximately 70 μM. The photodynamic effect thus increases the potency of 

Ga-PpIX against S. aureus by over 3 orders of magnitude, relative to its dark toxicity.

The aPDI activity of Ga-PpIX was compared against two other photosensitizers with similar 

λmax values, under identical conditions: TMPyP (λmax 421 nm), a tetracationic porphyrin 

that has also been noted for its rapid and potent aPDI,41,42 and PpIX (λmax 405 nm), the 

photoactive species generated in situ during clinical aPDT with 5-aminolevulinic acid.13,14 

aPDI studies using the 405-nm LED source show both photosensitizers to be active at this 

wavelength, but less potent than Ga-PpIX by an order of magnitude (Figure 4a). The dark 

toxicities of TMPyP and PpIX against this strain were evaluated and determined to be 7.4 

μM and 36 μM respectively, meaning that their photodynamic effects increased their potency 

by less than 2 orders of magnitude.
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To establish the efficacy of Ga-PpIX-mediated aPDI against MDR strains of S. aureus, we 

tested several clinical isolates of MRSA known to exhibit resistance to various antibiotics 

including macrolides, aminoglycosides, lincosamides, and fluoroquinolones (Figure 4b and 

Table 1). Antimicrobial activity against these strains was achieved using 0.06–0.12 μM Ga-

PpIX and 10 seconds of irradiation by the 405-nm LED source; increasing the irradiation 

time to 30 seconds guaranteed a 3-log reduction in all strains using 0.06 μM, with > 6-log 

reduction in two cases. These results support our assumption that Ga-PpIX can be developed 

for aPDT against S. aureus infections, regardless of their MDR status. The consistent 

response to Ga-PpIX treatment is encouraging, as efficacy between strains can vary in 

antimicrobial photodynamic therapy.43

To determine whether Ga-PpIX-mediated aPDI could be achieved using a less powerful light 

source, experiments were also performed using a 20-W compact fluorescent lightbulb (CFL) 

with violet light emission near the Soret band of Ga-PpIX (λmax 406 nm; Figure S7, 

Supporting Information). aPDI against S. aureus could be achieved at micromolar 

concentrations within 5 minutes and <1 μM within 15 minutes exposure to the CFL source, 

the latter corresponding with a 2-log increase in potency relative to dark toxicity (Figure 5 

and Table S3, Supporting Information). Ga-PpIX mediated aPDI against clinical MRSA 

strains using the CFL source was comparable to that observed with the laboratory S. aureus 

strain (1–5 μM); the aPDI activity of PpIX was also evaluated with CFL irradiation, and 

found to be less than that of Ga-PpIX as expected (Table S3). Overall, we find that Ga-PpIX 

can produce respectable levels of aPDI with an off-the-shelf CFL source, when using 

exposure times on the order of minutes. In this context, it is worth mentioning a recent report 

in which 5 μM of photosensitizer (TMPyP) was sufficient to produce aPDI using ambient 

lighting at a power density of 0.13 mW/cm2, within a 10-minute exposure time.42

Cytotoxicity studies.

Ga-PpIX was tested for toxicity against human kidney cells (HEK293) and keratinocytes 

(HaCaT), the former to address potential systemic effects and the latter for topical exposure 

with and without light irradiation. HEK293 cells were evaluated for dark toxicity using the 

MTT assay following a 72-hour incubation with Ga-PpIX from 0.6 μM up to 20 μM, above 

the limits needed for aPDI based on the response curves in Figure 5. Signs of mitochondrial 

cytotoxicity were observed starting at 5 μM (p < 0.05), however cell viabilities remained 

above 90% even at the highest concentration (Figure 6a).

Viability assays were also performed with HaCaT cells using 20 μM Ga-PpIX and 10 

seconds of irradiation by the LED source, with different incubation times (Figure 6b). 

Modest dark toxicity was observed after a 22-h incubation period (85% viability; p > 0.1), 

but a 10-s exposure to 405-nm irradiation stimulated cell growth or activity, with no adverse 

effect by Ga-PpIX (165–170% viability; p < 0.005). The stimulation of cell activities by 

short periods of laser or LED irradiation has been noted by others, particularly in the context 

of low-level light therapy.44 We thus conclude that Ga-PpIX mediated aPDI is compatible 

with mammalian systems, under the conditions presented in this study.
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Rapid uptake of Ga-PpIX by other bacterial pathogens.

S. aureus is not the only bacterial species that can express CSHRs enabling rapid hemin 

acquisition; indeed, studies aimed at elucidating the roles of specific heme transporters in 

aPDT are just now emerging.45 To determine whether Ga-PpIX might be considered for 

targeted aPDT against additional pathogens, we developed a fluorescence imaging assay and 

screened a diverse panel of Gram-positive and negative bacteria for rapid Ga-PpIX uptake. 

Based on prior studies,37 we expected bacteria to fall into three types: (1) those capable of 

rapid hemin acquisition via expression of CSHRs; (2) those that acquire hemin by the 

release and recovery of harvesting proteins (hemophores),46 with a consequent delay in 

hemin acquisition rate; and (3) species that do not produce hemin-harvesting systems for 

iron acquisition (Figure 7).

Bacteria were typically cultivated under iron-deficient conditions and treated with Ga-PpIX 

at a fixed concentration for 15 to 60 minutes, then centrifuged and redispersed in PBS and 

imaged by fluorescence microscopy using a standard microscope. Those that achieved 

fluorescence saturation within the first 15 minutes were assigned as Type 1; those that 

accumulated fluorescence more slowly were assigned as Type 2 (Figure 8 and Table 2). Type 

1 bacteria include Gram-positive species such as staphylococci (S. aureus and S. 

epidermidis), Bacillus anthracis, Cornyebacterium diphtheria, and Streptococcus 

pneumoniae. CSHRs for the first four species are well characterized, but the hemin 

acquisition system for S. pneumoniae is currently unassigned and awaits further study.49,50 

We note that at least two Type 1 pathogens are on government watchlists: B. anthracis can be 

weaponized for biological warfare with up to 90% mortality rate upon inhalation or 

ingestion,47 and S, pneumoniae is a vector for community-acquired pneumonia, especially 

among young children.2,3

To further illustrate the differences in Ga-PpIX uptake between Type 1 and Type 2 bacteria, 

we performed confocal fluorescence microscopy on S. aureus and Yersinia enterocolitica, a 

Gram-negative species that acquires hemin through HemR, a TonB-dependent hemophore 

receptor.48 As expected, S. aureus was strongly and uniformly labelled within the first 15 

minutes, indicative of saturation; in contrast, the fluorescence of Y. enterocolitica was 

initially weak and heterogeneous but gradually increased over a 60-minute period (Figure 9). 

This supports our hypothesis that hemin (or Ga-PpIX) acquisition by Type 2 bacteria is 

delayed by the extra step of hemophore retrieval (Figure 7).

In conclusion, CSHR-expressing pathogens such as S. aureus can be targeted for potent 

photodynamic inactivation within seconds using Ga-PpIX and 405-nm light irradiation. A 

structure–activity study reveals the importance of ionic character and the presence of free 

propionyl units in the specific uptake of Ga-PpIX. Antimicrobial activity is achieved with 

nanomolar Ga-PpIX using a monochromatic LED source; a lower but still respectable level 

of aPDI could be achieved with micromolar Ga-PpIX using an off-the-shelf CFL source. Ga-

PpIX is highly active against several strains of MRSA, yet exhibits low dark toxicity against 

HEK293 cells and negligible phototoxicity against HaCaT cells under aPDI conditions, 

paving the path toward in vivo studies using skin infection models. Lastly, rapid Ga-PpIX 

uptake by several other (Type 1) pathogens has been established, broadening its potential 

scope for targeted aPDT.
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Experimental Section

Hemin chloride and all reagents were obtained from commercial sources, and used as 

received unless otherwise noted (see Supporting Information). The optimized synthesis of 

Ga-PpIX (1),49 PpIX (2),50 and derivatives 6, 11, and 12 are described in Supporting 

Information; the synthesis of Zn-PpIX (3),51 hematoporphyrin (HP; 4) and Zn-HP (5),52 

PpIX dimethyl diester (7)53, HP dimethyl diester (8)61, and di-O-acetyl- and di-O-succinyl-

HP dimethyl diester (9, 10)54 were synthesized from PpIX or HP as previously described in 

the literature. Absorption spectra were collected on a Varian Cary50 spectrometer. 

Photoemissions were measured on a Cary Eclipse fluorimeter with a gate time of 5 ms. EPR 

spectra were obtained using a Bruker EMX X-band spectrometer operating at 9.5 GHz and 

5.02 mW, with a field modulation amplitude of 5 g at 100 kHz. Flow cytometry was 

performed using a BD Accuri C6 instrument (λex/λem = 488/585 nm). Fluorescence images 

were acquired using an upright microscope with Hg lamp and filter set for λem > 570 nm 

(Olympus BX51, U-MWG2), or a laser scanning confocal microscope with 488-nm 

excitation and appropriate bandpass filter (Olympus FV1000, DM405/488; BA505–605). 

Care was taken to minimize UV or laser exposure time to less than 5 seconds to avoid 

bleaching of molecules. Fluorescence data analyses were performed in triplicate using 

Image J 1.47v, based on mean pixel intensities from labelled bacteria (8-bit format).

Microbiological culture conditions.

Bacterial strains were obtained from the American Type Culture Collection (ATCC), BEI 

Resources, or Microbiologics, and cultured at 37 °C in an aerobic atmosphere unless 

otherwise noted. Bacterial suspensions were typically incubated for up to 16 hours until an 

optical density of 1.0 was achieved at 600 nm. Bacterial counts were estimated in units of 

CFU/mL by plating serial dilutions onto agar plates, followed by incubation for 16 hours at 

37 °C. Iron-challenged conditions were typically achieved by first growing the bacteria in 

standard (iron-replete) media, then in media containing 3 mM 2,2’-bipyridine (Table 2). 

Further details and variations on bacterial culture conditions are provided in Supporting 

Information.

Bacterial uptake assays of Ga-PpIX and related derivatives.

Bacteria were cultured and assayed in iron-deficient media unless otherwise noted. A stock 

solution of Ga-PpIX (200 μM) was prepared by dispersing 2.54 mg in 1 mL of 10% DMSO 

in PBS for 10 minutes protected from light, followed by filtration and 20-fold dilution in 

PBS just prior to use. For flow cytometry, bacterial suspensions (108 CFU in 0.5 mL) were 

incubated with Ga-PpIX (73 μM) for specified periods (10 s−40 min), then fixed with 0.5 

mL of 4% paraformaldehyde and subjected to analysis without further processing. A region 

of interest (ROI) based on forward scatter (FSC) and side scatter (SSC) parameters was used 

to gate bacterial populations (ca. 5 × 104 per data point) to exclude fluorescent debris.55 For 

fluorescence imaging, bacterial suspensions (108 CFU in 0.5 mL) were incubated with Ga-

PpIX or related derivatives (73 μM) for 15 min, then centrifuged and resuspended twice in 

0.5 mL deionized water, then deposited onto glass slides in 10-μL aliquots and dried in air. 

More details on image processing and flow cytometry analysis are provided in Supporting 

Information (Figures S3–S5).
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Competitive hemin uptake assay.

Suspensions of S. aureus (PCI 1203) were centrifuged and redispersed 3 × in 0.5 mL PBS, 

and adjusted to a concentration of 108 CFU/mL. Stock solutions of hemin and PpIX 

derivatives 1−13 were mixed in a 1:1 ratio (0.5 mL), then added to bacterial suspensions 

(108 CFU in 0.5 mL) and incubated for 15 min at room temperature. For control studies, 

hemin or fluorophore solutions were substituted with PBS to maintain constant 

concentration. Bacteria were harvested and washed as described above, then evaluated by 

fluorescence microscopy for relative uptake efficiency.

Antimicrobial photodynamic inactivation (aPDI).

Studies were performed in triplicate using 96-well microtiter plates with irradiation from a 

405-nm LED array (Rainbow Technology Systems, 140 mW/cm2) or a 20-W compact 

fluorescent lightbulb (CFL; Sunlite SL20/BLB) housed in an ellipsoidal reflector dome with 

emission at 406 nm (ca. 12.4 mW/cm2; see Supporting Information). Antimicrobial assays 

were performed on planktonic bacteria at 107 CFU/mL with variable exposure times to CFL 

irradiation, followed by plating on agar and incubation at 37 °C. In a typical experiment, 

bacterial suspensions were transferred into microtiter plates then treated with 100-μL 

aliquots of Ga-PpIX with final concentrations ranging from 0.03 to 120 μM, followed 

immediately with LED irradiation (10 seconds) or CFL irradiation (up to 15 minutes). The 

irradiated bacteria were plated onto agar in serial tenfold dilutions (107–101 CFU/mL); 

controls included one set of wells without photosensitizer (Ctrl+) and one set of wells with 

photosensitizer but without irradiation (dark toxicity). Bacterial counts were determined by 

the drop-plate method using TS–agar plates,56 and recorded as mean log values with an error 

of one standard deviation. Bacterial susceptibilities were quantified by subtracting mean log 

values from an initial value of 7, with the threshold for antimicrobial activity defined as a 3-

log reduction in cell count.

Cytotoxicity (MTT oxidation) assays.

HEK293 cells (ATCC CRL-1573) and HaCaT cells (AddexBio) were cultured in DMEM 

containing 10% FBS, and incubated at 37 °C in a 5% CO2 atmosphere, with multiple 

passages before use. Trypsinized cells were added to 96-well microtiter plates (104 cells/

well) and incubated for 18–24 hours before treatment with Ga-PpIX (100 μM stock 

solution), with final concentrations ranging from 0.6 to 20 μM. Control wells were treated 

with DMEM/FBS (Ctrl+) or 0.005% Triton X-100 in media (Ctrl–). HEK293 cells were 

incubated for 72 hours, then treated with MTT (5 mg/mL, 10 μL/well) and incubated for 

another 4 hours at 37 °C. HaCaT cells were treated with 20 μM Ga-PpIX and irradiated for 

10 seconds using the 405-nm LED source, then incubated for 0 or 22 hours prior to MTT 

treatment. All cells were fixed by adding 0.1 M HCl in isopropanol containing 10% Triton 

X-100 (100 μL/well) and mixed for 12 hours on a plate rocker in dark at room temperature. 

Absorbance readings were acquired at 570 nm (main absorbance) and 650 nm (background).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 

Absorbance (---) and emission (—) spectra for Ga-PpIX (8 μM in DMSO, red) with 

comparison to PpIX (blue). Structure of Ga-PpIX shown at left.
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Figure 2. 

Flow cytometry of S. aureus treated with Ga-PpIX as a function of incubation time (plotted 

on log scale; Ctrl– = no Ga-PpIX). Bacteria were fixed with paraformaldehyde prior to 

analysis. All runs based on gated bacteria populations and reported as mean fluorescence 

values.
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Figure 3. 

Competitive uptake of PpIX derivatives 1−13 by S. aureus (PCI 1203) versus one equivalent 

of hemin (15 min co-exposure). Ga-PpIX 1 uptake inhibition (red) is greater than that of 

other PpIX diacid and diester derivatives (blue and black, respectively). All values are 

relative to uptake in the absence of hemin; see Supporting Information for complete details.
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Figure 4. 

(a) Antimicrobial photodynamic inactivation of S. aureus (PC 1203, ATCC 10537) using 

Ga-PpIX in PBS (pH 7.4), with 10-second exposure to 405-nm light from a LED array (1.4 

J/cm2). aPDI activities of two other photosensitizers (TMPyP and PpIX) were evaluated 

under identical conditions for comparison. (b) aPDI activity of Ga-PpIX against several 

clinical isolates of MRSA. Bacteria were plated after irradiation and incubated at 37 °C for 

20 h to obtain log reduction values; antimicrobial action and eradication correspond to 3- 

and 6-log reductions in CFU/mL, respectively. All experiments were performed in triplicate.
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Figure 5. 

Normalized survival plots of S. aureus (PC 1203) as a function of Ga-PpIX concentration 

and exposure time to 406-nm light from a 20-W compact fluorescent lightbulb (CFL). 

Antimicrobial action and eradication correspond to 3- and 6-log CFU/mL reduction, 

respectively.
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Figure 6. 

(a) Cytotoxicity of Ga-PpIX against HEK293 cells versus concentration; * p < 0.05 (N=3). 

(b) Effects of Ga-PpIX (20 μM) and 405-nm irradiation (10-s LED exposure) on HaCaT 

cells with different incubation times following treatment. Dark controls (no light exposure) 

presented in dark grey; ** p < 0.005 (N=3). A complete set of p values is provided in 

Supporting Information (Tables S4, S5).
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Figure 7. 

CSHR-expressing bacteria (Type 1) and hemophore-harvesting strains (Type 2), 

distinguished by their rates of hemin (or Ga-PpIX) uptake.37
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Figure 8. 

Ga-PpIX uptake by representative bacteria, classified into three types based on rates of 

saturation. Threshold of significance (grey line) is defined by the autofluorescence of S. 

enterica, a Type 3 species, and set at a unit value of one. Data for image analysis collected in 

triplicate; see Supporting Information for complete details.
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Figure 9. 

Confocal fluorescence microscopy of Ga-PpIX uptake (bar = 5 μm). (a) S. aureus after 15 

min incubation; (b‒d) Y. enterocolitica (ovoid form) after 15, 30, and 60 min incubation.
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Table 1.

aPDI activity of Ga-PpIX against various S. aureus strains

Light exposure (in seconds)
a Antimicrobial activity (3-log reduction) Eradication (> 6-log reduction)

conc. (µM)
aPDI potency

b conc. (µM)

S. aureus (PCI 1203; ATCC 10537)

 0 s (dark) 70

 10 s
0.03

c 2400 0.24

 30 s
<0.06

d -- 0.12

MRSA (USA200), clinical isolate NRS 383

 0 s (dark) 36.3

 10 s 0.06 600 0.12

 30 s
<0.06

d --
<0.06

d

MRSA (USA500), clinical isolate NRS 385

 0 s (dark)
>145

e

 10 s 0.09 >1600 0.47

 30 s
<0.06

d --
<0.06

d

MRSA (USA700), clinical isolate NRS 386

 0 s (dark)
>145

e

 10 s 0.12 >1200 0.24

 30 s 0.06 >2400 0.24

MRSA (USA800), clinical isolate NRS 387

 0 s (dark) 72.6

 10 s 0.06 1200 1.88

 30 s 0.06 --
>0.24

f

a
Irradiated with 405-nm LED array (140 mW/cm2 per well), with 10- and 30-s exposure times corresponding to 1.4 and 4.2 J/cm2, respectively.

b
Fold reduction in Ga-PpIX concentration, relative to dark toxicity (no light exposure).

c
3-log reduction within 1σ of experimental value.

d
Lowest concentration tested at this fluence; > 3-log CFU/mL reduction.

e
Highest concentration tested; < 3-log CFU/mL reduction.

f
Highest concentration tested; < 6-log CFU/mL reduction.
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Table 2.

Bacterial pathogens featured in Ga-PpIX uptake assay
a

Bacteria, by classification Culture conditions
Hemin acquisition proteins

c

Type 1 (CSHR expressing)

 Bacillus anthracis (Ames 35) Tryptic soy Isd (C,E,X1,X2), BslK, Hal

 Corynebacterium diphtheriae (5159) Brain–heart infusion HmuT, Hta (A,B)48

 Staphylococcus aureus (PCI 1203) Tryptic soy Isd (A,B,C,E,H)

 Staphylococcus epidermidis (ATCC 155) Tryptic soy Isd (A,B,C,E,H)

 Streptococcus pneumoniae (CDC CS111) Brain–heart infusion
b Unassigned49,50

Type 2 (hemophore producing)

 Acinetobacter baumannii (DSM 6974) Nutrient broth Unassigned51,52,53

 Escherichia coli O157:H7 (CDC EDL 933) Tryptic soy ChuA, Hma, ShuA54

 Klebsiella pneumoniae (S 389) Nutrient broth Unidentified55

 Listeria monocytogenes (J0161) Brain–heart infusion HupC, Hbp2/SvpA

 Haemophilus influenzae (AMC 36-A-5)
Gonococcal medium

b Hgp (A,B,C), Hup, HxuC

 Pseudomonas aeruginosa (PAO1-LAC) Luria–Bertani Has (A,R), PhuR

 Yersinia enterocolitica (WA-314) Luria–Bertani HemR

Type 3 (non-harvesters)

 Enterococcus faecium (VRE) Brain–heart infusion ---

 Salmonella enterica typhimurium (LT2) Nutrient broth ---

a
Details taken from Ref. 46 unless otherwise noted.

b
5% CO2 atmosphere.

c
Abbreviations: Bsl, B. anthracis S-layer; Chu, E. coli heme utilization; Hal, heme-acquisition leucine-rich; Has, heme acquisition system; Hbp, 

hemin binding protein; Hem, hemin receptor; Hgp, hemoglobin/haptoglobin binding protein; Hma, heme acquisition protein; Hmu, hemin uptake; 

Hta, hemin transport; Hup, heme uptake; Hxu, hemopexin uptake; Isd, iron-regulated surface determinant; Phu, Pseudomonas heme uptake; Shu, 

Shigella heme uptake; Svp, surface virulence-associated protein.
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