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ABSTRACT 

 Diketopyrrolopyrrole (DPP) derivatives containing sulfonamide (Sulfonamide-DPP), pyridyl 

(Dipyridyl-DPP) and N-methylpyridyl (MePyridyl-DPP) substituents were assessed as antibacteria l 

photosensitizers. Non-charged DPPs showed an intense absorption band centered at about 480 nm 

and green fluorescence emission (ΦF ∼ 0.7) in acetonitrile. The absorption of MePyridyl-DPP was 

bathochromically shifted at 510 nm, with decreased fluorescence emission. Sulfonamide-DPP and 

Dipyridyl-DPP photosensitized the formation of O2(1Δg) (Φ∆ ∼ 0.15−0.17), while the production 

induced by MePyridyl-DPP was at least 10 times lower. Furthermore, these DPPs produced a 

photoreduction of NBT similar to that of the control. Photodynamic inactivation induced by DPPs 

was first investigated at single-bacterium level of Staphylococcus aureus attached to a surface. After 

30 min irradiation, MePyridyl-DPP produced a complete eradication of the bacteria. In bacterial cell 

suspensions, dicationic DPP induced more than 7 log10 decrease in S. aureus cell survival after 30 

min irradiation. Potentiation with iodide anions allowed a complete elimination of bacteria after 15 

min therapy. This compound was also effective to eliminate S. aureus cells on biofilms. The results 

show that MePyridyl-DPP bearing two positive groups provides an amphiphilic character to the 

structure that improves the interaction with the cell envelop. This effect enhances the photocytotoxic 

activity of MePyridyl-DPP against bacteria. 

 

Keywords: diketopyrrolopyrrole; photodynamic inactivation; reactive oxygen species; 

photoinactivation; microorganism. 
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INTRODUCTION 

Photodynamic therapy (PDT) represents an interesting approach for the treatment of 

neoplastic tissues (1). This technique is currently being extended to several non-cancerous illnesses, 

especially those characterized by unwanted cell overgrowth, such as various dermatological diseases, 

benign prostatic hyperplasia and age-related macular degenerations. In the last decades, research and 

development in this field have allowed the use of photosensitizers (PSs) in the treatment of infect ious 

diseases (2). This procedure is named photodynamic inactivation (PDI) of microorganisms. In this 

sense, the PDI could become a solution for this type of health problems. PDI therapy is based on the 

following central stages, which can be numbered as the selective accumulation of the PS in the 

microbial cells, the irradiation of the affected area to produce reactive oxygen species (ROS), and the 

reaction of these ROS with the macromolecules of the cells causing lethal damage to microbes (3). 

Therefore, this therapy represents an interesting alternative to conventional antibiotics for the 

treatment of various infectious diseases (4). 

A wide variety of PSs, such as derivatives of porphyrins, chlorins, bacteriochlor ins, 

phthalocyanines, and fullerenes, have been proposed as potential phototherapeutic agents (5- 9). In 

addition, smaller structures containing two pyrrole units, such as BODIPYs, have been effective 

agents for the induced inactivation of bacteria (10,11). In this sense, diketopyrrolopyrroles (DPPs, 

2,5-dihydropyrrolo[4,3-c] pyrrolo-1,4-diones) are a family of small molecules with a planar structure 

that can induce strong π–π stacking with neighboring molecules and intermolecular hydrogen bonding 

(12). These heterocycles represent a class of brilliant red and strong fluorescent high-performance 

dyes and pigments, which attracted wide attention in recent years due to their interesting properties. 

The high fluorescence emission, the low photobleaching, and environment and thermal stability 

makes DPPs excellent candidates as fluorescent sensors (13,14). Thus, flexible fluorescent DPP-

based ionic liquid derivatives were evaluated as effective antibacterial agents (15). The potential 

biological application of DPPs as phototherapeutic agents in PDT was reported in recent years (16). 

Additionally, due to their chemical stability and solubility in aqueous media, these molecules were 
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also described as good fluorescent DNA biosensors (17). DPP-containing conjugated polymers were 

explored as antibacterial nanoparticles by combining photothermal therapy and PDT (18). Also, a 

DPP-based conjugated polymer was assessed as photocatalyst to improve sterilization and 

degradation of organic pollutants (19). DPP derivatives alone present a very poor ISC, therefore 

different approaches were developed to mimic the heavy atom effect. In this context, DPP dyes can 

act as light-harvesting antenna in donor-C60 systems to generate efficient heavy atom-free triplet PSs 

(20). 

In this work, DPP derivatives bearing sulfonamide (Sulfonamide-DPP), pyridyl (Dipyridyl-

DPP) and N-methylpyridyl (MePyridyl-DPP) substituents (Scheme 1) were evaluated as potential 

phototherapeutic agents to inactivate bacteria. As observed for other PSs, the amphiphilic character 

of DPP structures can enhance their interaction with the cell membrane (10). Furthermore, the 

presence of cationic groups in the DPP periphery can be used to obtain a higher accumulation in the 

microbial cells (21,22). Spectroscopic characteristics of DPP derivatives were determined in solution 

and photodynamic properties were investigated in presence of different molecular probes to sense the 

formation of ROS. Recently, it was demonstrated that MePyridyl-DPP presents high affinity to G-

quadruplex structures and is particularly selective for oncogene promotors (23). Herein, antimicrob ia l 

activity sensitized by these DPPs was studied in a Gram-positive bacterium Staphylococcus aureus. 

This microorganism was chosen because S. aureus is the main cause of bacterial infections in humans 

around the world (24,25). Although some PDI studies were performed mainly with polymeric 

derivatives or conjugates of DPPs, these studies represent the first investigations using molecular 

monomers, in particular a dicationic structure. Furthermore, in order to improve the eradication of 

pathogenic bacteria, the PDI of S. aureus was investigated using a combination of DPP plus KI. 

 

 

<Scheme 1> 
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MATERIALS AND METHODS 

Materials, instrumentation, computational details, growth conditions of bacterial strain and 

statistical analysis are detailed in the Supporting Information. 

 

Synthesis of DPPs. Dipyridyl-DPP and MePyridyl-DPP were synthesized as reported (23). 

2,5-Bis(2-ethylhexyl)-3,6-diphenyl-2,5-dihydropyrrolo[3,4-c]pyrrole-1,4-dione (DPP 2, Scheme 2). 

A suspension of the DPP 1 (500 mg, 1.73 mmol) and K2CO3 (1.4 g, 10.4 mmol) in DMSO (60 mL) 

was heated at 65 °C under a nitrogen atmosphere for 30 min. At this temperature and under stirring, 

a solution of 3-(bromomethyl)heptane (1.8 mL, 10.4 mmol) in DMSO (8 mL) was added dropwise. 

Then, KI (700 mg) was added and the mixture was stirred overnight at 80 °C. After cooling to ambient 

temperature, the mixture was diluted with ethyl acetate and water. The organic layer was separated 

and washed with water and brine. The product (325 mg, 37% yield) was isolated by column 

chromatography (silica gel) using CH2Cl2 as the eluent. The 1H and 13C NMR spectra are identical to 

those previously reported (26). Mp: 169.8–170.7 ºC. 1H NMR (300 MHz, CDCl3) δ (ppm) 0.69 (t, J 

= 7.41 Hz, 6H), 0.77 (t, J = 6.7 Hz, 6H), 1.07–1.23 (m, 16H), 1.43–1.48 (m, 2H), 3.67–3.80 (m, 4H), 

7.49–7.56 (m, 6H), 7.74–7.80 (m, 4H). 13C NMR (75 MHz, CDCl3) δ (ppm) 10.4, 13.9, 22.8, 23.7, 

28.2, 30.3, 38.5, 44.9, 109.76, 126.6, 128.8, 130.9, 148.7, 162.8. MS (TOF): m/z 513.1 (M+H)+. 

Sulfonamide-DPP. DPP 2 (150 mg, 0.3 mmol) was slowly added to chlorosulfonic acid (0.24 mL, 

3.5 mmol) at 0 °C. Then, the mixture was stirred for 1 h at ambient temperature and SOCl2 (0.014 

mL, 0.20 mmol) was added to the reaction mixture and it was stirred for 1 h at room temperature and 

1 h at 50 ºC. After cooling to ambient temperature, the reaction mixture was slowly poured onto ice. 

The reaction product was extracted with CH2Cl2 and the organic phase was added to a solution of 

diethylamine (0.25 mL, 2.1 mmol) in CH2Cl2 (30 mL). The resulting mixture was stirred for one day 

at room temperature. The reaction mixture was washed with water (3 x 20 ml), the organic phase was 

dried over anhydrous sodium sulfate, and the solvent was evaporated under reduced pressure. The 

crude product was purified by preparative TLC (silica gel) using CH2Cl2 as the eluent. The 
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Sulfonamide-DPP was precipitated from CH2Cl2 by addition of hexane. After filtration and drying, 

a violet solid (30 mg, 13% yield) with mp 171–173 ºC was obtained. 1H NMR (300 MHz, CDCl3) δ 

(ppm) 0.69 (t, J = 7.43, 6H), 0.80 (t, J = 6.95, 6H), 1.04−1.22 (m, 28H), 1.38–1.47 (m, 2H), 3.29 (q, 

8H), 3.73 (d, J = 7.38 Hz, 4H), 7.88–7.92 (m, 4H), 7.95–7.98 (m, 4H). 13C NMR (75 MHz, CDCl3) 

δ (ppm) 10.3, 13.9, 14.3, 22.8, 23.6, 28.2, 30.2, 38.7, 42.3, 45.2, 110.8, 127.5, 129.2, 131.9, 142.6, 

147.5, 162.3. MS (TOF): m/z 783.4 (M+H)+. 

 

Spectroscopic studies. UV-visible absorption and fluorescence spectra were performed in acetonitrile 

(ACN) and N,N-dimethylformamide (DMF) using a quartz cell of 1 cm path length at room 

temperature. Absorbances of 0.05 of the DPP derivatives were matched at the excitation wavelength 

(λexc = 483 nm) and the areas of the emission spectra were recorded between 500 to 750 nm (20). The 

fluorescence quantum yield (ΦF) was calculated by comparing the area under the corrected emission 

spectrum for each DPP with that corresponding to the reference (8-acetoxymethyl-1,3,5,7-tetramethyl 

pyrromethene fluoroborate, H2B-OAc, ΦF = 0.87) in the same solvent (27). 

 

Photosensitized decomposition of 9,10-dimethylanthracene (DMA). Samples of DMA (35 µM) and 

DPP (A = 0.15 at 523 nm) in ACN (2 mL) were irradiated with light at λirr = 523 nm in a quartz cell 

of 1 cm path length. DMA photooxidation was monitored by the decreasing of the absorbance at λmax 

= 376 nm (Figure S1). The observed rate constants of DMA (kobsDMA) degradation were calculated by 

a linear least-squares fit of the pseudo-first order kinetic plots of ln(A0/A) vs. time (21). Quantum 

yields of O2(1∆g) production (Φ∆) were obtained by comparing the kobsDMA for the DPP with that for 

the reference (8-acetoxymethyl-2,6-dibromo-1,3,5,7-tetramethyl pyrromethene fluoroborate, Br2B-

OAc, Φ∆ = 0.79) (27). Photooxidation of DMA sensitized by MePyridyl-DPP in methanol was 

performed as described above using Rose bengal as a reference (Φ∆ = 0.76) (28). 
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Reduction of nitro blue tetrazolium (NBT). Stock solutions of 8 mM NBT and 20 mM NADH were 

prepared in water. The NBT method to sensed O2
.− formation was achieved using 0.2 mM NBT, 0.5 

mM NADH and DPP derivatives (A = 0.25 at 523 nm) in 2 mL of DMF/water (5%). Solutions were 

irradiated with light at 523 nm and the development of the reaction was observed by the increase of 

the absorbance at 560 nm (Figure S2) (22). Control experiments were performed using a solution 

containing NBT and NADH without DPP derivatives. 

 

Photoinactivation at the single-bacterium level. Fluorescence microscopy investigations were carried 

out using the methodology previously reported (29,30). S. aureus was aerobically grown in tryptic 

soy agar for 18 h at 37 °C. After that, a single colony was selected and cultured overnight in tryptic 

soy agar. Bacterial samples were collected from the agar upon adding PBS (1 mL) and removing the 

agar streaks. Then, 1 mL of S. aureus suspension was incubated for 30 min at 37 °C in a chamber 

composed of a polymeric cylinder glue to a coverslip. This method allows bacterial cells to adhere to 

the glass surface. Unbound bacteria were removed from the chamber by washing with PBS. 

Bioimaging experiments were performed adding 583 μL of PBS and propidium iodide ([PI]in chamber 

=1 μM) to cells attached to glass the surface of the chamber. Cells were incubated for 15 min in the 

dark. Then 12 μL of PS was added ([PS]in chamber = 2 μM) and the bacteria incubated for another 20 

min in the dark. Photoinactivation assays were performed with green light using a band pass filter 

(515/35) measured out of the objective. The fluence rate measured out of the objective was 1.0 

mW/cm2. Fluorescence images of PI were obtained using an emission band pass filter (645/75). For 

each imaging region, a brightfield image was acquired to check bacterial cells. Images were collected 

using a 100× magnification objective and captured by a CMOS camera. 

 

Photoinactivation of planktonic bacteria. Growth conditions of S. aureus strain and statistica l 

analysis are detailed in Supporting Information. S. aureus cell suspensions in PBS (2 mL, ~108 

CFU/mL) were incubated with 2.0 µM DPP in Pyrex culture tubes (13x100 mm) for 20 min in the 
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dark at 37 °C (31,32). DPPs were added from 1.0 mM stock solutions in DMF. After that, 200 µL of 

the cell suspensions were transferred to each well of 96-well microtiter plate. The cultures were 

irradiated for different times (5, 15 and 30 min) with light-emitting diode (LED) array that emitted 

green light at 502 nm (2 mW/cm2). A similar procedure was used to determine the PDI in the presence 

of 50 mM KI. The inorganic salt was added from 1.0 M aqueous stock solution. Microbial cells were 

incubated with KI for 10 min in the dark at 37°C and, after that, cells were treated with DPP as 

described above. Viable microbial cells were quantified by the spread plate technique using serial 

dilutions 10-fold in PBS. Each sample was streaked on tryptic soy agar plates in triplicate. The 

number of colonies was calculated after incubation of the plates for 24 h at 37 °C in the dark. 

 

Photoinactivation on biofilm. Overnight culture of S. aureus was diluted in tryptic soy broth to obtain 

A = 0.4 at 660 nm (33). Then, 100 µL of this cell suspension were transferred to each well of 24-well 

microtiter plate containing an acrylic disc submerged in 2.1 mL of the culture medium with 1.1% 

glucose. The plate was incubated overnight with shaking (100 rpm) at 37°C. Discs with the biofilm 

were removed and washed twice with 2 mL PBS. After that, discs were placed in 1.9 mL PBS and 

incubated with 5 µM MePyridyl-DPP for 20 min in the dark at 37 °C. Plate was irradiated as 

described for planktonic bacteria for different periods. Each disc was transferred to a tube (13x100 

mm) containing 2 ml PBS and the bacterial cells were suspended by vortexing for 5 min. Viable 

microbial cells were determined as described for planktonic cells. 

 

RESULTS AND DISCUSSION 

Synthesis of DPP derivatives 

 The three PSs used in this work were synthesized from 3,6-diphenyl-2,5-dihydropyrrolo[3,4-

c]pyrrole-1,4-dione (DPP 1, Scheme 2) and Pigment red 254 (Scheme S1), two commercia lly 

available DPP pigments. The Sulfonamide-DPP derivative was obtained in three steps from DPP 1 

(Scheme 2), being the first step its N,N’-dialkylation with 3-(bromomethyl)heptane using a variation 
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of methods reported in the literature (26,34). The N,N’-bis(2-ethylhexyl)-DPP 2 was then submitted 

to chlorosulfonation with chlorosulfonic acid and thionyl chloride using a variation of the method 

reported for the chlorosulfonation of the N-unsubstituted pigment 1 (35). After isolation by extraction, 

the resulting chlorosulfonyl derivative 3 was converted immediately into Sulfonamide-DPP by 

reaction with diethylamine. The crude product was purified by preparative TLC (silica gel), which 

revealed the formation of several minor products, and the main fraction was isolated and identified 

by NMR and MS as the expected sulfonamide. The formation of Sulfonamide-DPP in low yield 

(13%), as well the low yields reported for similar sulfonamides (35), reveals that the DPP system is 

not very stable under the acidic conditions required for the chlorosulfonation. 

Dipyridyl-DPP and the corresponding dicationic derivative MePyridyl-DPP were 

synthesized as recently reported (Scheme S1) (23). Dipyridyl-DPP was obtained from Pigment red 

254 and 4-pyridylboronic acid, under Suzuki–Miyaura conditions, following a recently reported 

procedure (36). 

 

<Scheme 2> 

 

The substituents inserted at the para-position of the 3,6-diaryl groups of DPPs were used to 

change the charge density distribution and the amphiphilic character of the structures. To evaluate 

this effect, DPPs were optimized to a stationary point on the Born-Oppenheimer potential energy 

surface of the molecular structures (21,22). Figure 1 shows the optimized structures of DPPs and ESP 

surfaces for the ground state. DPP core has a planar structure with the phenylene group in an almost 

perpendicular arrangement. From this analysis, spatial regions in the molecular structure were 

determined indicating negative and positive molecular electrostatic potential. These surfaces indicate 

the relative locations of positive and negative charges that were colored blue and red, respectively. 

This study allowed visualizing the charged regions of each molecule and the distribution in the 

structure of the DPP derivatives. As can be observed, non-charged Sulfonamide-DPP and Dipyridyl-
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DPP structures showed an almost homogeneous charge distribution, with a slight negative area on 

the oxygen atoms. Positive charge distributions for MePyridyl-DPP was placed around the 

ammonium groups. Furthermore, this cationic compound showed that positive charges are highly 

exposed at the peripheries of the DPP core. These results indicate that MePyridyl-DPP can present 

a high specific electrostatic interaction with the cell wall of microbial cells (21). The combination of 

the hydrophobic substituents and hydrophilic cationic groups in the DPP structure produces an 

intramolecular polarity axis. Thus, the dipole moment (μ) of DPPs was calculated to estimate the 

effect induced by the substituents upon the intramolecular polarity (Figure S3). A negligible value 

was determined for Sulfonamide-DPP and Dipyridyl-DPP. In contrast, MePyridyl-DPP presented 

a value of about 8.31 D. Therefore, the two cationic groups attached to the periphery of MePyridyl-

DPP significantly increases the value of μ with respect to the non-charged DPPs. The amphiphilic 

character of these PSs can facilitate the penetration through the cell membrane, producing a better 

accumulation in the cells and consequently increasing the PDI of the microorganisms (22). 

 

<Figure 1> 

 

Absorption and fluorescence spectroscopic properties 

The UV-visible absorption spectra of DPPs in ACN are shown in Fig. 2A. The corresponding 

spectroscopic data are listed in Table 1. The spectra of Sulfonamide-DPP and Dipyridyl-DPP are 

characterized by a band in the UV region, approximately at 290 nm, and another broad absorption 

band in the visible, centered at about 480 nm (14). In the case of MePyridyl-DPP, both bands are 

bathochromically shifted compared with those of Dipyridyl-DPP by 28 nm and 24 nm, respectively. 

Similar spectroscopic results were found for these DPPs in DMF (Figure S4). 

 The highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital 

(LUMO) of DPPs are illustrated in Fig. 3. These orbitals were calculated by DFT at the CAM-

B3LYP/6–31G(d) level using Gaussian 09. The HOMO of these compounds was formed by π orbitals 
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concentrated at the DPP unit. In contrast, the LUMO is mostly localized among the peripheral 

aromatic moieties (37). Furthermore, the calculated orbitals exhibited that the presence of substituent 

groups produced a slightly effect on the optimized structure of the DPP core. 

 The fluorescence emission spectra of DPPs in ACN are shown in the Fig. 2B. The spectra of 

Sulfonamide-DPP and Dipyridyl-DPP present the characteristic band of substituted DPPs, which is 

centered around 560 nm (Table 1) (14). MePyridyl-DPP showed a bathochromic shift of 83 nm 

relative to the emission band of Dipyridyl-DPP. Considering these results, Stokes shifts were 

calculated from the absorption and fluorescence maxima of the DPPs bands. Large Stokes shifts of 

76 nm and 80 nm were found for Sulfonamide-DPP and Dipyridyl-DPP, respectively. Furthermore, 

a value of 139 nm was obtained for MePyridyl-DPP in ACN. This behavior was also observed in 

DMF (Figure S4). To characterize the conformational changes of DPPs molecules due to excitation, 

the geometry of the lowest excited state S1 was optimized at TD-DFT to find the minimum energy 

point in the excited state potential energy surface. The comparison between both the ground state (S0) 

and excited state (S1) geometries indicated a planarization of the aromatic system (Figure S5). The 

angles between the π-system of the peripheral aromatic rings with the central DPP unit change by 

17.22°, 9.25° and 13.52° for Sulfonamide-DPP, Dipyridyl-DPP and MePyridyl-DPP, respectively. 

These modifications are accompanied by changes between the pyridyl substituents and the phenyl 

ring approaching coplanarity as the angles decrease by 5.03° for Dipyridyl-DPP and 8.23° for 

MePyridyl-DPP. Moreover, the values of ΦF of these DPPs were determined in ACN (Table 1). Both 

non-charged DPPs showed high ΦF values, which agree with those previously reported for similar 

structures in organic solvents (12,13). A lower fluorescence emission was detected for MePyridyl-

DPP, possibly due to a partial aggregation of this dicationic DPP in ACN. 

 

<Figure 2> 

<Table 1> 

<Figure 3> 
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Photooxidation of DMA 

Generation of O2(1∆g) induced by DPPs were compared with that produced by Br2B-OAc, 

using DMA as molecular probe in ACN (27). This anthracene substrate mainly quenches O2(1∆g) by 

chemical reaction to form the corresponding 9,10-endoperoxide (38). The samples were irradiated at 

523 nm under aerobic conditions and the photooxidation of DMA was monitored by the decreasing 

of absorbance at λmax = 376 nm (Figure S1). Photooxidation of DMA followed a pseudo first order 

kinetic at a wavelength of 376 nm with respect to the DMA concentration (Fig. 4). The values of 

kobsDMA sensitized by DPPs are summarized in Table 2. These results were used to determine the 

production O2(1∆g) by comparing the slope obtained for each PS with the value corresponding to the 

reference, Br2B-OAc (27). Similar ΦΔ values were found for Sulfonamide-DPP and Dipyridyl-DPP 

in ACN (Table 2). The production of O2(1Δg) sensitized by these compounds was consistent with 

those previously reported for structurally related DPPs (16). A lower ΦΔ value was found for 

MePyridyl-DPP, which may not be completely dissolved as monomer in ACN. The formation of 

aggregates precludes the photodynamic activity decreasing the production of ROS. However, the 

photodynamic effect can change considerably in a structured cell microenvironment with respect to 

that obtained in solution (39). Furthermore, photooxidation od DMA sensitized by MePyridyl-DPP 

was determined in methanol (Figure S6). This polar solvent allows a better solubilization as monomer 

of the dicationic DPP. As can be seen in Table 2, in this medium the ΦΔ value for MePyridyl-DPP 

was similar to those found for Sulfonamide-DPP and Dipyridyl-DPP in ACN. It was also previous ly 

established, using DMA as molecular probe, that DPP derivatives produce O2(1Δg) [40]. 

 

<Figure 4> 

<Table 2> 

 

Photosensitized reduction of NBT 

 17511097, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/php.13741 by U

N
R

C
 - U

niv N
acional de R

io C
uarto, W

iley O
nline L

ibrary on [07/11/2022]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



  

 The ability of DPPs to produce O2
.− by type I mechanism was explored in DMF. For this 

purpose, DPPs were irradiated with light at 523 nm under aerobic conditions in solutions containing 

NBT and NADH. It is expected that the electron transfer type of reaction preferentially occurs in 

polar solvents, mainly with the incidence of the reducing agent NADH (22,38). Also, this organic 

solvent was chosen to allow an adequate solubilization of the reagents. The reaction of NBT with O2
.− 

produces formazan, which can be monitored following the absorption band of the product centered 

around 560 nm (Figure S2) (22,32). The formation of O2
.− detected by the NBT is shown in Fig. 5. 

These results indicate that the production of O2
.− by DPPs and control was quite similar. Therefore, 

even though these DPPs present a low production of O2(1∆g) in solution, these compounds were also 

unable of sensitizing the formation of O2
.− with the addition of NADH. 

 

<Figure 5> 

 

PDI of S. aureus on surfaces 

DPP-sensitized PDI was first examined by inspecting individual bacteria under a fluorescence 

microscope. For this purpose, S. aureus cells were adhered to the surface of a coverslip in a circular 

chamber, following the previously described methodology (29,30). This experimental approach was 

based on the presence of bacterial pili, which help bacterial attachment to a surface (41). Fluorescence 

images were compared with phase contrast photographs to confirm the presence and position of 

bacteria on surfaces (Fig. 6). After incubation of the individual S. aureus cells with 1 µM PI for 15 

min, bacteria were treated with 2 µM DPP in PBS for another 20 min in the dark. PI binds to DNA 

by intercalating between bases after cell membrane rupture. In aqueous solution, PI has a low red 

emission (ΦF ~0.01), however, upon PI binding to DNA this emission value can increase up to 30-

fold (42). Therefore, this fluorophore was used as a cell death marker for the bacteria bound in the 

chamber (43). 
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 For PDI experiments at the single-bacterium level, cells were irradiated with green light 

coming from the microscope source for different times. Figure 6 shows the progress in PDI therapy 

sensitized by DPPs, as well as the control after different irradiation times between 0 and 30 min (1.8 

J/cm2). Control experiments of cells irradiated in the absence of DPP showed no significant cell 

damage after 30 min of irradiation (Fig. 6, last row). In contrast, photodamage of S. aureus cells was 

characterized by an increase in red fluorescence of the cell death marker. Under these experimenta l 

conditions, a negligible red fluorescence emission was found for cells treated with Sulfonamide-DPP 

(Fig. 6, first row), while Dipyridyl-DPP was able to produce an inactivation of about 68% (Fig. 6, 

second row). Of the three DPPs evaluated, MePyridyl-DPP was the most effective PS to kill S. 

aureus, reaching an inactivation greater than 95% after 30 min irradiation (Fig. 6, third row). 

Previously it was observed that a cationic BODIPY, with low O2(1∆g) production in solution, was 

effective in eliminating S. aureus bound to a surface with similar characteristics (29). Furthermore, 

BODIPYs conjugated with iron oxide magnetic nanoparticles were able to photoinactivate S. aureus 

at the single bacterium level (44). Therefore, these results indicate that this dicationic DPP was an 

effective PS in photoinactivating bacteria attached to a surface, which represent an oversimplified 

example of a first stage of biofilm formation (45). 

 

 

<Figure 6> 

 

PDI of S. aureus cell suspensions 

Photoinactivation induced by DPPs was also investigated in S. aureus cell suspensions (~108 

CFU/mL). This microbial strain was selected because it may cause pathogenic diseases in humans 

(24). Microorganism cultures suspended in PBS were treated with 2.0 µM DPP for 20 min at 37 °C 

in the dark. Subsequently, the cells were exposed to green light for different times (5, 15 and 30 min, 

which signify 0.6, 1.8 and 3.6 J/cm2, respectively). At this concentration, the DPPs were not toxic to 
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the microbial cells for 30 min incubation in the dark (Figure S7). Moreover, the viability of the 

bacteria was not affected by cell irradiation without DPP (Fig. 7). Therefore, PDI of cultures observed 

after irradiation of the S. aureus cells treated with DPPs was produced by the photodynamic activity 

sensitized by these compounds. Survival of microbial cells after different PDI treatments are shown 

in Fig. 7. Cell viability depended on both the DPP derivatives and the times of exposure to green 

light. After 30 min irradiation, 1 log10 decrease in bacterial survival was found in S. aureus cells 

treated with 2.0 µM Sulfonamide-DPP or Dipyridyl-DPP. However, the photokilling activity 

induced by MePyridyl-DPP was higher, reaching over 7 log10 of cell inactivation. The reduction in 

viability produced by the dicationic DPP represented a value greater than 99.9999% of cell 

inactivation. Furthermore, MePyridyl-DPP showed a photodynamic effect of 3 log10 (99.9%) and 

4.4 log10 reduction (99.99%) after 5 min and 15 min irradiation, respectively. In previous 

investigations, two cationic BODIPY derivatives with low O2(1∆g) production were evaluated as PSs 

to inactivate S. aureus (46). Similar cell inactivation results were found but using white light with a 

fluence of 63 J/cm2. Herein, MePyridyl-DPP was effective to eliminate this Gram-positive bacterium 

irradiated with green light of 3.6 J/cm2. 

 

<Figure 7> 

 

On the other hand, PDI of S. aureus induced by these DPPs was examined in the presence of 

KI. In several cases, PDI can be potentiated by the addition of simple inorganic salts, being KI one 

of the most versatile (47). Consequently, S. aureus cells were treated with 50 mM KI before adding 

the PS. This concentration of KI was selected considering previous reports for the potentiation of PDI 

(38,39). This inorganic salt was not toxic to microorganisms exposed to irradiation for 30 min (Fig. 

8). Furthermore, the treatment with 50 mM KI and 2 µM DPP was not toxic to the cells incubated in 

the dark (Figure S8). As expected, for the three DPPs the addition of KI caused an increase in the 

photokilling of S. aureus (Fig. 8). The combined therapy photosensitized by Sulfonamide-DPP and 
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Dipyridyl-DPP produced about 2 log10 decrease in the cell survival after 30 min irradiation. Most 

importantly, the presence of KI considerably improved the PDI induced by MePyridyl-DPP, 

reaching a reduction of 6 log10 after 5 min irradiation. Under these conditions, a complete eradication 

of the bacteria was achieved after irradiation for 15 min. It was reported that the efficacy of PDI 

mediated by methylene blue was considerably increased in S. aureus by addition of KI (48). Also, 

PDI of bacteria sensitized by cationic fullerenes was potentiated by iodide anions (38,49). 

Potentiation by iodide anions was also used to improve the PDI of microorganisms induced by several 

cationic and anionic porphyrins (31,50- 52). This inorganic salt was also able to enhance the 

photoinactivation of microorganisms sensitized by BODIPYs, which similarly to DPPs have a low 

production of O2(1Δg) (39,46). Iodide anions can increase the rate of intersystem crossing of many 

dyes to form triplet excited states by the external heavy-atom effect (39,53). Moreover, reactive 

iodine species can be formed in an aqueous media (Scheme S2) (54). The interaction of the O2(1Δg) 

and KI due to light activation of PSs produces biocidal I2 or I3
−, which allow to increase cell damage. 

Consequently, this alternative pathway of cytotoxicity potentiated by KI allows to enhance the PDI 

of bacteria sensitized by MePyridyl-DPP. 

 In several cases, S. aureus bacterial infections are associated with the formation of biofilms 

(55). Therefore, the most effective DPP to eliminate planktonic cells was evaluated as 

photosensitizing agent on biofilms. For this purpose, S. aureus cells were incubated overnight with 

shaking at 37°C and the biofilm was formed on an acrylic disc. In general, the initial phase of biofilm 

formation reveals a degree of adhesion with fewer cells evenly distributed (56,57). After overnight 

incubation, the S. aureus biofilm structure exhibits a higher number of intimately packed bacterial 

cells, although the acrylic disc was not completely covered with cells and with low amount of 

extracellular matrix (33). In these experiments, the concentration of MePyridyl-DPP was increased 

to 5 µM and the irradiation conditions were kept as in the cell suspensions. The results are shown in 

Fig. 9. No toxicity was observed in biofilm cells treated with PS and kept in the dark. The inactivat ion 

of S. aureus was dependent on the irradiation time. A low inactivation was found with only 5 min of 
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irradiation. When the exposure period was extended to 15 min, the photodynamic effect produced a 

2 log10 decrease in cell viability. Moreover, a reduction in cell survival of 4.5 log10 was reached upon 

30 min of irradiation. Under the last conditions, 99.99% of the S. aureus cells were inactivated on the 

biofilm. Therefore, MePyridyl-DPP was also an active PS to inactivate S. aureus, even when the 

cells are integrated into a community of bacteria that grow embedded in a matrix to form biofilms. 

 

<Figure 8> 

<Figure 9> 

 

CONCLUSIONS 

 DPP derivatives substituted by sulfonamide, pyridyl and N-methylpyridyl groups were 

evaluated as PSs to inactivate S. aureus. Spectroscopic characterizations showed that Sulfonamide-

DPP and Dipyridyl-DPP have an intense absorption band centered at about 480 nm, while in 

MePyridyl-DPP this band was bathochromically shifted at 506 nm. Non-charged compounds 

showed green light emission with high ΦF values in ACN. However, dicationic DPP produced red 

light emission with a decreased in ΦF of 3.5 times. Moreover, large Stokes shifts were found for 

Sulfonamide-DPP and Dipyridyl-DPP and it increased in MePyridyl-DPP. This behavior can be 

caused by the different geometry of the DPPs in the S0 and in S1 states, which was also accompanied 

by the change in electron density distribution in S1 compared to S0. Photodynamic activity sensitized 

by DPPs exhibited the generation of O2(1Δg) in the organic solvent. In addition, the formation of O2
.− 

induced by these compounds was similar to that of the control in the presence of NADH. However, 

the production of ROS can be modified in a microheterogenic environment, such as that found in the 

walls of microbial cells. Furthermore, the capacity of the DPPs to photoinactivate S. aureus in vitro 

was compared. A high photodamage induced by MePyridyl-DPP was observed at single-bacter ium 

level of S. aureus cells attached to a surface. Furthermore, this dicationic PS was able to produce a 

complete elimination of cell suspensions after 30 min irradiation. Also, the same effect in planktonic 
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S. aureus cells was possible by potentiation of MePyridyl-DPP with KI and irradiation for 15 min. 

This result shows that KI can increase strongly the photoinactivation of bacteria even using PSs with 

low O2(1Δg) production. Possibly, the potentiation induced by this inorganic salt involves a 

combination of external heavy atom effect and the production of reactive iodine species. Also, 

dicationic DPP was able to photoinactivate bacterial cells on biofilms. In particular, the two positive 

charges at the periphery of MePyridyl-DPP can facilitate its interaction with the bacteria cell 

envelope. Therefore, this dicationic amphiphilic structure combined with iodide anions make this 

DPP an effective PS to eliminate S. aureus. 
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Section S7. NMR and MS spectra 

Scheme S1. Synthesis of Dipyridyl-DPP and MePyridyl-DPP (5). 

Scheme S2. Reaction of O2(1Δg) with iodide anions in aqueous media (6). 

Figure S1. Absorption spectral changes during the photooxidation of DMA sensitized by (A) 

Sulfonamide-DPP, (B) Dipyridyl-DPP and (C) MePyridyl-DPP in ACN at different irradiation times 

(Δt = 60 s), λirr = 523 nm. 

Figure S2. Absorption spectra changes of NBT photoreduction mediated by (A) Sulfonamide-DPP, (B) 

Dipyridyl-DPP and (C) MePyridyl-DPP in DMF after different irradiation times (Δt = 60 s). Control of 

(D) NBT and NADH without DPP, [NBT] = 0.2 mM and [NADH] = 0.5 mM, λirr = 523 nm. 

Figure S3. Optimized structures of DPPs obtained by DFT at the CAM-B3LYP/6–31G(d) level using 

Gaussian 09. Blue arrow indicates the calculated relative magnitude and orientation of permanent dipole 

moment (μ). 

Figure S4. (A) Absorption and (B) fluorescence emission (λexc = 523 nm) spectra of Sulfonamide- DPP 

(green), Dipyridyl-DPP (red) and MePyridyl-DPP (blue) in DMF. 

Figure S5. Overlap of optimized geometries of S0 (balls and sticks) and relaxed S1 (sticks) at the CAM-

B3LYP/6–31G(d) level using Gaussian 09. 

Figure S6. First-order plots for the photooxidation of DMA sensitized by MePyridyl-DPP () and Rose 

bengal (●) in methanol, λirr = 523 nm. 

Figure S7. Survival curves of S. aureus (~108 CFU/mL) treated with 2 μM DPP for 30 min in the dark at 

37 °C and kept in the dark for different times. Sulfonamide-DPP (), Dipyridyl-DPP () and MePyridyl-

DPP (). 

Figure S8. Survival curves of S. aureus (~108 CFU/mL) treated with 50 mM KI for 10 min and 2 μM 

DPP for 30 min in the dark at 37 °C and kept in the dark for different times. Sulfonamide-DPP (), 

Dipyridyl-DPP () and MePyridyl-DPP (). 
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FIGURE CAPTIONS  

Scheme 1. Structures of DPP derivatives. 

Scheme 2. Synthesis of Sulfonamide-DPP. 

Figure 1. Optimized structure and the ESP surfaces of DPPs calculated for ground state by using 

DFT at the CAM-B3LYP/6-31G(d) level. Created with GaussView Software founded on Gaussian 

09 calculations. The positive ESP regions are colored blue and the negative ones red. 

Figure 2. (A) Absorption and (B) fluorescence emission (exc = 483 nm) spectra of Sulfonamide-

DPP (green), Dipyridyl-DPP (red) and MePyridyl-DPP (blue) in ACN. 

Figure 3. Highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 

(LUMO) of DPPs. All calculations were performed by DFT at the CAM-B3LYP/6–31G(d) level 

using Gaussian 09. 

Figure 4. First-order plots for the photooxidation of DMA sensitized by Sulfonamide-DPP (), 

Dipyridyl-DPP (), MePyridyl-DPP () and Br2B-OAc () in ACN, irr = 523 nm. 

Figure 5. Time course of O2
.−

 formation detected by the NBT reduction in the presence of NADH 

sensitized by Sulfonamide-DPP (), Dipyridyl-DPP () and MePyridyl-DPP () as an increase 

in the absorption at 560 nm in DMF. Control: NBT + NADH (), [NBT] = 0.2 mM and [NADH] 

= 0.5 mM, irr = 523 nm. 

Figure 6. Microscopy images of S. aureus incubated with 2 M DPP for 20 min in the dark and 

then irradiated with green light for different times; column A: cells under bright field; columns B: 

fluorescence emission of PI (scale bar 5 μm). 

Figure 7. Survival curves of S. aureus (~108 CFU/mL) incubated with 2 µM DPP for 20 min in 

the dark at 37 °C and irradiated with green light for different periods. Sulfonamide-DPP (), 

Dipyridyl-DPP (), MePyridyl-DPP () and irradiated control culture without DPP (). 
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Figure 8. Survival curves of S. aureus (~108 CFU/mL) treated with 50 mM KI for 10 min and 2 

µM DPP for 20 min in the dark at 37 °C and irradiated with green light for different times. 

Sulfonamide-DPP (), Dipyridyl-DPP (), MePyridyl-DPP () and irradiated control culture 

without DPP (). 

Figure 9. Survival of S. aureus biofilms incubated with 5 µM MePyridyl-DPP for 20 min in the 

dark at 37 °C and irradiated with green light for different times; (1) control in the dark, (2) 5 M 

PS in the dark, (3) 5 M PS and 5 min irradiation, (4) 5 M PS and 15 min irradiation, (5) 5 M 

PS and 30 min irradiation. 
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Table 1. Spectroscopic properties of DPPs in ACN. 

DPP max
abs (nm) max

em (nm) F
a 

Sulfonamide-DPP 282     478 554 0.79  0.02 

Dipyridyl-DPP 292     482 562 0.77  0.02 

MePyridyl-DPP 320     506 645 0.18  0.01 

a Fluorescence quantum yield, reference H2B-OAc F = 0.87 (27). 

 

 

Table 2. Kinetic parameters for the photooxidation reaction of DMA (kobs
DMA) sensitized by DPPs 

and quantum yields of O2(1g) production () in ACN. 

DPP Solvent kobs
DMA (s-1)  

Sulfonamide-DPP ACN (3.98 ± 0.06) x 10-4 0.170.02 a 

Dipyridyl-DPP ACN (3.42 ± 0.05) x 10-4 0.150.02 a 

MePyridyl-DPP ACN (2.28 ± 0.06) x 10-5 0.0100.004 a 

MePyridyl-DPP methanol (1.12 ± 0.03) x 10-5 0.160.02 b 

a reference Br2B-OAc, kobs
DMA = (1.85 ± 0.02) x 10-3 s-1,  = 0.79 (27); reference 

Rose bengal, kobs
DMA = (5.46 ± 0.04) x 10-5 s-1,  = 0.76 (28). 
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