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Abstract           

 

Antimicrobial photodynamic therapy (aPDT) is a promising strategy to overcome issues related 

to antibiotic resistance. Here we describe the rationale for designing new photosensitizers based 

on the functionalization of bodipy dyes with triarylphosphonium rotaxanes and provide an in-

depth characterization of their photophysical properties, applying different spectroscopic 

techniques, including ultrafast transient absorption spectroscopy. While the addition of halogen 

atoms to some of our structures provides them the ability to efficiently produce singlet oxygen 

in organic solvents, such property is suppressed in water, where all the investigated compounds 

aggregate into spherical nanoparticles. The latter, independently of the presence of bromine, 

demonstrate high photothermal conversion efficiency, and have been tested as photosensitizers 

in antibacterial photothermal therapy, highlighting the potential of self-assembled organic 

nanostructures based on bodipy dyes for developing new and versatile nanomaterials for 

photomedicine applications. 
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1. Introduction 

Antimicrobial resistance, mostly associated with the widespread use of broad-spectrum 

antibiotics, is a major challenge for public health, causing a rising number of serious infections 

and severely increasing mortality among patients.[1] The past decades have indeed witnessed 

the emergence of multi-drug resistant bacteria and pathogens, accompanied by a dramatic 

growth of infections not treatable with conventional antibiotic therapies. A primary concern 

associated with the emergence of antimicrobial resistance relies on the fast rate of resistance 

acquisition, that bacteria develop either from prior generations as well as from other strains and 

species.[2] The problem also extends to infections caused by fungi and parasites, urgently 

boosting the necessity to develop alternative treatments.  To worsen this scenario, in recent 

times the development of new antibiotics has greatly decreased, because of economic and 

regulation problems,[3] making the search for new approaches to treat this problem urgent and 

timely. Among others, photodynamic therapy, originally developed to treat several types of 

cancerous lesions, has recently raised an increasing interest as an alternative method of killing 

bacteria and fungi.[4] Photodynamic therapy, also in its antimicrobial application (aPDT), uses 

light to activate a chemical species, termed photosensitizer (PS), which can efficiently undergo 

intersystem crossing (ISC) generating triplet species. The latter, can either directly react with 

oxygen, producing singlet oxygen (type II mechanism, or undergo electron transfer with 

different substrates, producing various reactive oxygen species (ROS), such as hydroxyl 

radicals or superoxide anions (type I mechanism), which are all cytotoxic compounds.[5]  

One of the main advantages of PDT relies on its ability to produce strong oxidant species, which 

can kill bacteria and microbes by damaging their vital structures as proteins, membranes and 

DNA, with very high spatio-temporal control, since it relies on a light triggering. Furthermore, 

this method has a very wide action spectrum and can be applied to the eradication of different 

strands of bacteria, fungi, protozoa and viruses, independently from their developed drug 

resistance.[6] 

Despite the great potential of PDT and aPDT, only a limited number of PSs are currently being 

approved for clinical use, mostly based on porphyrin derivatives.[5c, 7] Given the great promises 

of these therapeutic methods in the last few years, a growing number of potential PS candidates 

have been synthesized and tested, in some cases with good perspectives for their in vivo 

application.[8]  The research focus is on identifying new compounds with optimal properties, 

such as high absorption coefficient, extended photostability, high ISC yield and possibly good 
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water solubility, which is required for acting in a biological environment. Furthermore, 

considering the possible damage that UV and blue light can produce to biological tissues, cells 

and DNA and the limited penetration depth of short wavelength radiation, an ideal PS should 

absorb in the red/near IR spectral region.  

Bodipy chromophores have been the object of increasing interest, and have been often used as 

building blocks for the development of new PSs,[9] because of their favorable physico-chemical 

properties, including high absorbance and fluorescence, great photostability, ease of synthesis 

and derivatization,[10] which open up the possibility of modulating their spectral properties and 

red-shifting their absorption spectrum, by appending different functional group to the bodipy 

core.[9a]  

Here we present and characterize new [2]rotaxane-based bodipy (BDP) PSs (Br)-BDP2-3 for 

applications in aPDT, where the bodipy core bears a pendant benzo-crown ether, which can 

further be functionalized through a threading-followed-by-stoppering approach using two 

triarylphosphonium stoppers (Figure 1).[11]  Rotaxane-type photosensitizers have been proposed 

for PDT applications,[12] but benzo-crown ether functionalized chromophores were generally 

designed to act as cation sensors,[13] and such systems incorporated in bodipy-based 

supramolecular assemblies have never been applied in aPDT. To increase triplet formation, 

three of our derivatives (Br-BDP1; Br-BDP2 and Br-BDP3) were further functionalized with 

two bromine atoms, with the aim of increasing the ISC yield based on the heavy atom effect.[14]  
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Figure 1. Supramolecular assemblies based on functionalized bodipy chromophores. 

 

Besides the bodipy dye, the supramolecular assemblies are composed of two important 

structural motifs, which are the benzo-crown ether and the phosphoniums stoppers. The idea of 

exploiting crown ether functionalization came from the ability of ether-based macrocycles to 

form bodipy-based rotaxanes for applications in fluorescence imaging.[15] In a recent work it 

has been found that such functionalization reduced triplet-triplet annihilation,[16] increasing 

triplet lifetime, which is expected to translate in a higher PDT activity. It was also suggested 

that such compounds could undergo photoinduced charge transfer (CT) from the crown ether 

to the bodipy core, that we confirm by applying transient absorption spectroscopy. A crucial 

parameter in light-active antibacterial agents is their ability to selectively target bacteria. One 

common strategy relies on the electrostatic interactions of the photosensitizer with the bacteria 

cell wall.[17] Given the negatively charged nature of the bacterial cell wall, a common approach 

is to introduce positively charged groups onto the BODIPY dye.[18] While quaternary 

ammonium groups have been widely used in aPDT, examples of phosphonium-functionalized 

dyes exhibiting high affinity for the bacterial cell wall remain scarce in the literature.[19] We 

surmised that the introduction of two phosphonium functional groups would enhance the 

interactions with the bacteria cell wall. 

In the following, we present the synthesis and the complete photochemical characterization of 

six new PSs, involving the analysis of their photodynamic behavior using ultrafast transient 

absorption spectroscopy. Our compounds were initially designed to act as PSs in aPDT through 

ISC and singlet oxygen generation, which we confirm in the case of brominated species when 

dissolved in organic solvents. However, if solubilized in water all the investigated BDP-based 

molecules form aggregates, whose fluorescence yield and ISC ability are greatly reduced. 

Nevertheless, as their excited state lifetime becomes extremely short, the compounds resulted 

highly effective in producing heat once photoexcited. We thus evaluated their efficiency as 

photothermal agents, discovering that these systems, independently of the presence of bromine, 

have quite high photothermal efficiency, as demonstrated through their successful application 

in killing planktonic bacterial strains of Gram-positive (Staphylococcus aureus) and Gram-

negative (Escherichia coli). 

 

2. Results and discussion 

 

2.1. Molecular design and Synthesis  
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The synthesis of the [2]rotaxanes (Br)-BDP2-3 is illustrated in Scheme 1. The benzo-crown 

ether bodipy dyes (Br)-BDP1 and the ammonium axle 1 were synthesized following reported 

procedures as described in Section 2 of the Supporting Information.  

 

 

Scheme 1. Rotaxane synthesis through a threading-followed-by-stoppering approach. 

 

The preparation of rotaxanes (Br)-BDP2-3 is based on the formation of a pseudorotaxane 

supramolecular assembly between the functionalized dibenzylammonium cation 1 and the 

benzo-crown ether bodipy (Br)-BDP1, followed by nucleophilic substitutions of the bromo 

groups by triarylphosphines to install the bulky triarylphosphonium stoppers, according to the 

work of Stoddart.[11] After counter anion exchange (NH4PF6, H2O), (Br)-BDP2-3 rotaxanes 

were isolated in yields ranging from 14% to 26%. The threading of the dibenzylammonium 

binding motif with the benzo-crown ether bodipy (Br)-BDP1 to form the corresponding 

pseudorotaxane is a crucial step in preparing the targeted rotaxanes. Therefore, a careful 

screening of solvent conditions was carried out for a 1:1 mixture of BDP1:1, and association 

constants were determined by 1H NMR due to the fact that free species and the pseudorotaxane 

are in slow exchange on NMR timescale (See Supporting Information for further details). The 

best value (Ka = 988 L.mol-1) was obtained in CD3CN/CDCl3 (1:1). Further screening of 

BDP1:1 ratio showed that the reaction of 1 equiv. of axle 1 with 2 equivalents of benzo-crown 

ether bodipy gives the best yield (26%). The introduction of bromine atoms on the bodipy 

framework did not influence the rotaxane yield, and the product Br-BDP2 was obtained in 23% 

yield. Attempts to prepare the 2,6-diiodo-bodipy-derived rotaxane led to the removal of the 

iodine atoms during the substitution step with triphenylphosphine.[20] The use of a bulkier 
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phosphine, (4-MeOC6H4)3P, led to lower yields of rotaxanes and the products BDP3 and Br-

BDP3 were isolated in 16% and 14% yields, respectively. Trialkylphosphines (e.g. 

tributylphosphine, tris(hydroxypropyl)phosphine) failed to react to form the desired rotaxanes.  

 

2.2. Spectroscopic properties 

We initially investigated the spectroscopic properties of our compounds in the polar organic 

solvent acetonitrile (ACN). The absorption spectra of the compounds, reported in Figure 2a), 

are typical for bodipy dyes, presenting an intense and sharp band respectively peaked at 498 

nm and 522 nm respectively for non brominated and brominated molecules.  
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Figure 2: a) absorption and b) emission spectra of BDP1-3 and Br-BDP1-3 measured in 

acetonitrile at room temperature. Fluorescence has been recorded upon excitation at 480 nm 

and 510 nm respectively for non brominated and brominated molecules. 

 

Emission bands appear as mirror images of the absorption spectra and present Stoke shifts of 

about 10-17 nm, respectively peaking at 509/510 nm and 539/540 nm for non brominated and 

brominated compounds. Molar absorption coefficients were estimated on the order of 10^4 

ranging from 35 000 M−1 cm−1 to almost 80 000 M-1cm-1. The fluorescence quantum yields of 

the compounds are all reduced as compared to a reference bodipy lacking of the appended 

crown ether. For non brominated compounds, decreased fluorescence yields could be ascribed 

to the possibility of photoinduced charge transfer between the appendant and the bodipy core. 

Indeed fluorescence quenching is higher for BDP1, lacking of positive charged species inside 

the ether ring, which partially compensate the electron donating ability of the crown oxygens. 

In the case of brominated compounds, the possibility of ISC further decreases the emission 

yield, nevertheless, the comparison with a reference brominated bodipy lacking of the 

appendant ether, indicates that a contribution of charge transfer is evident also in this case. 
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Triplet formation in the case of brominated compounds is confirmed by measuring their singlet 

oxygen quantum yield (), using Rose Bengal as a reference compound. Triplet formation 

appears more efficient for Br-BDP2 and Br-BDP3 as compared with Br-BDP1, possibly 

because of the reduced contribution of photoinduced charge transfer. The spectroscopic 

properties of the compounds are summarized in Table 1, where the properties of the reference 

compounds BDP0 and BrBDP0 (bodipy lacking of the crown ether, respectively without and 

with bromine) are also listed.   

 

Table 1. Spectroscopic properties of the compounds in ACN 

Compound abs 

[nm] 

em 

[nm] 



[M-1cm-1] 

em 

 

a 

 

BDP1 498 509 49995 0.21± 0.02 // 

BDP2 498 509 75121 0.50± 0.02 // 

BDP3 499 510 66941 0.52± 0.02 // 

Br-BDP1 522 539 76958 ≤0.02 0.17 ± 0.02 

Br-BDP2 522 539 63030 0.098±0.02 0.58 ± 0.03 

Br-BDP3 523 540 70745 0.092±0.02 0.59 ± 0.03 

BDP0 497 509 73432 0.74± 0.02 // 

Br-BDP0 522 540 35070 0.36± 0.02 0.56 ± 0.03 

a)Measured by determining the oxygen phosphorescence and using Rose Bengal as a 

reference() 

  

We then sought to characterize the spectroscopic properties of the compounds in water. By 

increasing the water content in the ACN solutions (from 1:10 ACN:water ratio to 1:99 

ACN:water ratio) the absorption band gradually broadens and red shifts, suggesting the 

formation of aggregates (see Figure S1), as often observed in the case of differently 

functionalized hydrophobic bodipys.[21] The effect is particularly evident for BDP1 and Br-

BDP1, lacking of charged species inside the crown ether, as shown in Figure 3 a) and b), which 

report the absorption spectra of the compounds measured in a mixed 1:99 ACN:water solution. 
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Figure 3: Absorption and fluorescence spectra of non-brominated a), b) and brominated c), d) 

compounds in a 1:99 ACN:water solution. Panels e) and f) compare the fluorescence intensity 

measured in pure ACN and 1:99 ACN:water mixture for compounds BDP1 and Br-BDP1. 

Fluorescence has been recorded from solutions with matching absorbance. Panel g) and h) 

respectively report the SEM image and the size distribution analysis obtained for sample BDP3.   
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Concomitantly to changes in the absorption spectra, the emission of all samples drastically 

drops upon water addition, as shown in Figure 3e) and 3f) for representative non-brominated 

and brominated molecules (spectra of the remaining compounds are reported in Figure S2). The 

low intensity residual fluorescence band of the samples appears very broad and red-shifted as 

compared to the emission of the respective monomers (Figure 3b) and 3d)). The notable 

emission quenching suggests that in water the excited state of the samples relaxes mostly 

through non-radiative channels, possibly involving internal conversion and ISC. For aggregates, 

the intensity ratio between the main absorption peak and the blue-shifted vibronic shoulder 

decreases, passing from about 1:4 to 1:2 for all molecules. This observation, together with 

fluorescence quenching and the observed  red-shift and broadening of the absorption band, leads 

to classification of the aggregates in terms of red-shifted H-aggregates.[22] 

To deeply ascertain the formation of aggregates and determine their morphology, SEM images 

were acquired, starting from the compounds dissolved in a 1:99 ACN:water mixed solvent. 

Images recorded for BDP3 are reported in Figure 3g) as an example, data for the remaining 

compounds can be found in SI (Figure S9-S10). In all cases aggregates with spherical 

morphology were identified, whose average dimensions slightly depended on the specific 

molecule. The hydrodynamic radius as determined by DLS ranges from 130 nm to 220 nm 

(Table S3). The aggregates turned out to be very stable and could be observed with SEM also 

if starting from solutions stored in the dark for almost three months, without showing notable 

modification in their dimension and shape (see Figure S11). 

 

2.3. Transient absorption spectroscopy 

 

The photoinduced excited state dynamics of the samples have been investigated applying 

ultrafast pump-probe spectroscopy in the visible spectral range. Measurements were performed 

both in pure acetonitrile, to reveal the monomer behavior and in mixed ACN:water solvent, 

probing the photodynamic behavior of the aggregates. The excitation pulse has been set at 480 

nm for monomers and 500 nm for aggregates. Global analysis has been performed to retrieve 

the kinetic constants associated with the excited state relaxation of the samples (SI section 1.2). 

In the case of all samples, we used a linear kinetic scheme, according to which each excited 

state evolves in a following intermediate state at lower energy, until complete excited state 

relaxation. Figure 4 reports the transient absorption data and the Evolution Associated 

Difference Spectra (EADS) obtained from global analysis for the monomers from BDP1 and 

BDP3 dissolved in ACN. The data from BDP2 are reported in SI (Figure S3), but both the 
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transient spectra and the observed excited state dynamics are very similar to those described in 

case of BDP3. 
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Figure 4: Transient absorption spectra of BDP1 a) and BDP3 d) recorded in ACN upon 

excitation at 480 nm. Panels b) and e) report the respective EADS obtained from global analysis 

of the recorded kinetic traces. Panel c) compares the kinetic trace at the maximum of the 

bleaching band for BDP1 and the reference compound BDP0, while panel f) compares selected 

kinetic traces for BDP1, BDP2, and BDP3. 

 

The transient spectra of both BDP1 and BDP3 present an intense negative band peaking at 

about 500 nm, assigned as ground state bleaching (GSB), which overlaps with the expected 

stimulated emission band (SE), because of the small Stokes shift, and a positive excited state 

absorption band (ESA), peaking at about 425 nm. For BDP1 the signal recorded soon after 

excitation rapidly evolves in about 300 fs, showing a small intensity decrease of the GSB/SE 

band. Such rapid evolution signals a fast relaxation of the excited state, which evolves from the 

initially excited Frank Condon state because of electronic rearrangement and a fast inertial 

solvent response. The GSB intensity further decreases and slightly broadens within 22 ps. The 

evolution observed on this timescale is mostly associated with vibrational and solvent-induced 

relaxation. Within the following evolution, occurring in 74 ps, the maximum of the bleaching 

band apparently blue shifts by a few nm, while the intensity of the signal still decreases further. 

A small spectral change is also observed for the ESA band, whose intensity decreases around 

400 nm, while it remains constant around 410 nm (see Figure S3 for details). We attribute this 

evolution to the occurrence of charge redistribution inside the molecule, with partial charge 
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transfer from the bodipy core towards the crown ether oxygens. This assignment is based on 

the identification of the spectral changes following bodipy oxidation through previous transient 

absorption studies, which results in the development of a positive band on the red side of the 

GSB signal and an evolution of the ESA band.[23] Since there is not a complete electron transfer, 

but only a partial charge transfer for BDP1, spectral changes are quite limited. Nevertheless, 

the occurrence of charge redistribution has a notable effect on the excited state dynamics, as 

noticed by comparing the kinetic traces recorded for BDP1 and BDP0, which lacks the 

appendant crown ether, as shown in Figure 4c). The excited state evolution of BDP2 and BDP3 

is quite similar to that of BDP1. The difference is that for those two molecules, presenting 

positive charged groups inside the crown ether, the extent of charge redistribution between the 

bodipy core and the appendant is less than what observed for BDP1. As a consequence, the 

excited state lifetime results slightly longer, as noticed from the comparison of the GSB kinetic 

traces reported in Figure 3f. This is also in line with the increase of fluorescence QY for BDP2 

and BDP3 as compared with BDP1, see Table 1. 

The excited state evolution of the brominated molecules in ACN can be interpreted in a similar 

way, however for these compounds there is an additional excited state decay channel, due to 

the possibility of ISC. 
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Figure 5: Transient absorption spectra of Br-BDP1 a) and Br-BDP3 d) recorded in ACN upon 

excitation at 480 nm. Panels b) and e) report the respective EADS obtained from global analysis 

of the recorded kinetic traces. Panel c) compares the kinetic trace at the maximum of the 
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bleaching band for Br-BDP1 and the reference compound Br-BDP0, while panel f) compares 

selected kinetic traces of Br-BDP1, Br-BDP2 and Br-BDP3. 

 

As noticed in Figure 5, the influence of charge transfer is particularly evident for Br-BDP1. 

Indeed, the analysis of the EADS reported in Figure 5b) shows that a positive band at 575 nm 

rises within ca 28 ps, well noticed from the comparison with the kinetic traces with Br-BDP0 

in Figure 5c), indicating localization of positive charge on the bodipy core. The final spectral 

component retrieved for all the brominated molecules has the typical spectral shape of the 

bodipy triplet state, presenting a broad ESA which extends from about 525 nm to 750 nm.[24] 

As it can be noticed from the transient spectra, the EADS and the kinetic traces reported in 

Figure 5 and Figure S4, also in the case of brominated compounds the extend of charge transfer 

reduces for compounds Br-BDP2 and Br-BDP3, presenting charged groups inside the crown 

ether. This translates into increased fluorescence and triplet QY for those two samples as 

compared with Br-BDP1. 

 

We then investigated the photodynamics of the aggregates, measuring the transient absorption 

spectra of all the compounds for different ACN:water ratios. Quite surprisingly the transient 

absorption spectra and the kinetic behavior of the compounds were all very similar, 

independently of the presence of bromine and only slightly dependent on the amount of added 

water, for ACN:water ratio ≥1:10 (see Figure S5-S8). For all the aggregates the excited state 

lifetime is substantially shortened as compared to the respective monomers, indicating very 

efficient radiationless decay, also observed for aggregates formed when dissolving the samples 

in a 1:10 ACN:water mixed solvent (see Figure S5-S8). The analysis of the transient spectra of 

BDP3 and Br-BDP3, reported in Figure 6 for aggregates obtained in a mixed 1:99 ACN:water 

solution, demonstrates that the photodynamics of both brominated and non-brominated samples 

can be described in the same way. 
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Figure 6: Transient absorption spectra of BDP3 a) and Br-BDP3 d) recorded in 1:99 

ACN:water upon excitation at 500 nm. Panels b) and e) report the respective EADS obtained 

from global analysis of the recorded kinetic traces. Panel c) compares the kinetic trace at the 

maximum of the bleaching band for BDP1, BDP2 and BDP3 while panel f) compares the 

kinetic traces of the bleaching signal for Br-BDP1, Br-BDP2 and Br-BDP3. 

 

Soon after excitation, the transient spectra of both compounds present an intense negative band, 

peaking at the wavelength corresponding to the respective ground state absorption (514 nm for 

BDP3 and 545 nm for Br-BDP3) and thus assigned as GSB, with a broad tail on its red side, 

ascribed to stimulated emission (SE). Furthermore, a positive ESA is observed, peaking at 420 

nm for BDP3 and 450 nm for Br-BDP3. The intensity of the signal substantially recovers within 

2 ps for both samples, indicating a fast relaxation of the state initially reached upon 

photoexcitation, possibly assisted by solvation. On the following <10 ps timescale (6.5 ps for 

BDP3 and 9.9 ps for Br-BDP3) we notice a further decay of the overall intensity of the transient 

signal and a blue-shift of the main negative peak, resulting from the almost complete recovery 

of the red-shifted SE. On the same timescale, the ESA band also changes its shape, decreasing 

in intensity and blue shifting. Considering what has already been observed for the monomers 

in a polar organic solvent, we attribute this evolution to the relaxation towards a CT state, most 

probably delocalized within the aggregate, possibly aided by vibrational relaxation. The 

relaxation towards a delocalized CT state has been recently reported for different aggregates, 

in particular for those formed by a heavy atom free photosensitizers based on cyanine 

chromophores.[25] This delocalized CT state relaxes very quickly in the polar water environment, 

leading to the almost complete recovery of the transient signal within <200 ps. Such behavior 
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is consistently observed for all the compounds, with minor kinetic differences both between 

brominated and non-brominated molecules and between the systems with the empty crown 

ether and those presenting positively charged species inside the ether ring. Indeed, only a 

slightly faster recovery is observed in the case of BDP1 and Br-BDP1 if compared to the other 

aggregates, as shown in Figure 6c) and 6f). Notably, considering the extremely fast recovery of 

the excited state, the ISC channel appears suppressed, also in the presence of bromine, making 

the photodynamics of the aggregates independent from the presence of the heavy atom.  

 

2.4 Photothermal properties 

Although some of our compounds were initially engineered to efficiently form triplet states, the 

results presented above suggest that if dissolved in water, all the bodipy-crown ether adducts 

undergo very fast excited state relaxation, mostly through non-radiative pathways, also when 

Br atoms are introduced in the molecules. We thus evaluated the photothermal properties of the 

aggregates obtained in water, in view of their possible applications as photothermal 

antimicrobial agents. Indeed, numerous reported supramolecular assemblies display 

photothermal efficiencies rather high as compared to the respective monomers, providing a way 

to generate new and highly efficient photothermal materials, whose performances can be finely 

tuned by modulating the self-assembly conditions.[26] 

To evaluate their photothermal efficiency, the samples were irradiated with the 514 nm 

radiation produced by an Argon laser for about 10 minutes. The thermal changes were measured 

using a thermal camera (Figure 7). Irradiation was maintained until the temperature reached a 

plateau, then the laser was switched off to allow the solution gradually cool back to room 

temperature. Irradiation cycles were repeated three times for each sample to confirm the 

reversibility of the process and evaluate the stability of the systems. The photothermal 

efficiency () was evaluated according to the formula derived in reference.[27] Details about the 

measurements can be found in SI, section 13. All the tested aggregates resulted in extremely 

efficient photothermal agents, with values ranging between 70-99% (Supporting Information, 

Table S4). 
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 Figure 7: a) Thermal images recorded at different times for sample BDP3 upon irradiation 

with an Ar laser (3 W/cm2). The sample has been dissolved in a 1:99 ACN/water solvent at 100 

M concentration. b) Temperature rise of the solution during continuous irradiation for 500 s: 

after reaching a maximum temperature of about 40°C the laser has been switched off and the 

sample has been allowed to thermalize at room temperature. The inset of panel b) reports the 

linear temperature vs time data allowing to determine the constant for the heat transfer of the 

system, resulting 145.3 s for this sample. Panel c) reports three different heating cycles, 

confirming the reversibility of the process and showing only minimal degradation of the sample 

during heating. 

 

2.5 Antimicrobial activity    

 

The antibacterial activity of rotaxane-based bodipy PSs was investigated towards two bacterial 

strains, one Gram-positive strain (Staphylococcus aureus CIP76.25) and one Gram-negative 

strain (Escherichia coli CIP53.126).  The Minimum Inhibitory Concentrations (MIC) and 

Minimum Bactericidal Concentrations (MBC) were determined. While MIC assays determine 

the lowest concentration of compounds preventing visible growth of a microorganism, MBC 

assays determine the lowest concentration reducing the viability of the initial bacterial inoculum 

by ≥99.9% which represents a 3-log reduction of viability. Each experiment was realized in 

triplicate and repeated three times. The values of the MIC and MBC were measured in dark 

condition and after irradiation at 527 nm (with Green LED light, 69 mW.cm-²) or with White 

LED light (78mW.cm-²) at a fluence of 25 J.cm-² for each type of LED light  
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Table 2. Minimum Inhibitory Concentrations (MIC) determined for BDP1-3 and Br-BDP1-3 

towards two bacterial strains under green or white light irradiation. Br-BDP0 has also been 

tested as a control. All experiments were performed in triplicate. All MIC values except those 

indicated with an asterisk resulted consistently the same in the three repeated tests. The marked 

values are the average of the three measurements, further details are reported in SI, section 14. 

 

 MIC (µM) 

Compound S. aureus (CIP76.25) E. coli (CIP53.126) 

 Green Light White light Dark Green Light White light Dark 

Br-BDP0 25 25 >200 >200 >200 >200 

BDP1 > 200 > 200 > 200 > 200 > 200 > 200 

Br-BDP1 > 200 > 200 > 200 > 200 > 200 > 200 

BDP2 6.25 6.25 6.25 10.4* 12.5 6.25 

Br-BDP2 6.25 6.25 3.125 50 25 6.25 

BDP3 50 50 116.7* > 200 50 > 200 

Br-BDP3 4.17* 50 12.5 25 12.5 > 200 

 

 

Table 3. Minimum Bactericidal Concentrations (MBC) determined for BDP1-3 andBr-BDP1-

3 towards two bacterial strains under green or white light irradiation. Br-BDP0 has also been 

tested as a control. All experiments were performed in triplicate. All MBC values resulted 

consistently the same in the three repeated tests. 

 

 MBC (µM) 

Compound S. aureus (CIP76.25) E. coli (CIP53.126) 

 Green Light White light Dark Green Light White light Dark 

Br-BDP0 100 100 >200 >200 >200 >200 

BDP1 > 200 > 200 > 200 > 200 > 200 > 200 

Br-BDP1 > 200 > 200 > 200 > 200 > 200 > 200 

BDP2 12.5 6.25 12.5 12.5 12.5 12.5 

Br-BDP2 6.25 6.25 3.125 50 25 6.25 

BDP3 100 50 > 200 > 200 50 > 200 

Br-BDP3 6.25 50 12.5 25 12.5 > 200 
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The results showed that BDP1 and Br-BDP1 do not exhibit any cytotoxic activity regardless 

of the bacterial strain used both in the dark and after irradiation, since the MIC and MBC values 

exceeded 200 µM. This indicates that neither BDP1 nor Br-BDP1 are effective against these 

two bacterial strains under these specific conditions, indicating that the presence of the 

phosphonium-based axle is crucial to get antibacterial activities. Br-BDP0 exhibits slightly 

higher cytotoxic activity against S. aureus compared to Br-BDP1, whereas E. coli remained 

insensitive to Br-BDP0 under all illumination conditions. 

Against S. aureus, BDP2 and Br-BDP2 exhibited a consistent MIC of 6.25 µM across all 

lighting conditions, indicating moderate and stable antibacterial activity under Green LED light, 

White LED light, and dark conditions. Their MIC and MBC values are relatively close, 

suggesting that BDP2 and Br-BDP2 are bactericidal. BDP2 and Br-BDP2 are less effective 

against E. coli than S. aureus. Surprisingly, Br-BDP2 is more effective in dark conditions than 

after light irradiation. This cytotoxic activity could be due to the presence of phosphonium 

groups. A lower activity, after irradiation, could be explained by low photostability. Against S. 

aureus, BDP3 showed photocytotoxic activity. Indeed, the MIC and MBC values are lower 

after irradiation than without light exposure. Br-BDP3 demonstrated strong activity under 

Green LED light (4.17 µM) but showed reduced effectiveness in White LED light (50 µM). 

This indicates a light-dependent activity. The most interesting results are those observed against 

E. coli. In this case, BDP3 showed a varied activity, with a MIC of 50 µM under White LED 

light but no significant effect (MIC > 200 µM) under Green LED light or in the dark, which is 

not surprising, considering the low absorbance of this compound at 527 nm. Inversely, Br-

BDP3 showed an interesting activity after light irradiation, both using the green LED, which 

well matches its absorption profile and under White light irradiation.  

Comparing the various systems, we noticed that the presence of methoxy groups influences the 

activity of the compounds. Indeed, under dark conditions, (Br)-BDP3 did not exhibit any 

antibacterial activity against E. Coli, while (Br)-BDP2 showed bactericidal effects. A similar, 

though less pronounced, trend was observed with S. aureus. This result could be attributed to 

the influence of the electron-donating methoxy groups which disperse the positive charge on 

the phosphonium stoppers, thereby affecting the antibacterial activity.[28] 

In conclusion, Br-BDP3 and Br-BDP2 demonstrate potential as antibacterial agents, with Br-

BDP3 showing a strong response under green light and Br-BDP2 performing well, especially 
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in the absence of light. Interestingly BDP3, not containing halogen atoms, demonstrates some 

light-induced antibacterial activity.   
 

 

 

3. Conclusion 

In this work we successfully synthesized and characterized novel photosensitizers for light-

induced antimicrobial therapy based on the functionalization of bodipy dyes with 

triarylphosphonium rotaxanes. Three of our compounds, bearing two bromine atoms 

appended to the bodipy core, demonstrate efficient intersystem crossing as proven through 

transient absorption spectroscopy and can efficiently produce singlet oxygen upon 

photoexcitation in organic solvents. If dissolved in water, all the studied compounds self-

assemble forming spherical nanoparticles, with narrow dimensional distribution and good 

stability, as shown by SEM microscopy and DLS analysis. Transient absorption 

spectroscopy demonstrates that the excited state lifetimes of all nanoparticles, 

independently of the presence of bromine, is highly reduced as compared with the respective 

monomers and intersystem crossing is mostly suppressed, also when halogen atoms are 

present in the structure. Considering that once excited the nanoparticles principally relax by 

internal conversion, thus releasing heat in their surroundings, we tested their efficiency as 

photothermal agents, by determining their photothermal conversion efficiency in water 

upon green light excitation. All the aggregates provided high photothermal conversion 

efficiency, with values reaching 90% in some cases. Finally, we conducted microbiological 

assays using two different bacterial strains to test the efficacy of the nanoparticles in 

antimicrobial light driven therapy. The obtained results indicate that both Br-BDP3 and Br-

BDP2 have antibacterial capability, but while Br-BDP3 is quite effective under green light 

illumination, Br-BDP2 appears cytotoxic also in the absence of light. Finally, we noticed 

that BDP3, which doesn’t contain halogen atoms, also demonstrates some light induced 

antibacterial activity.  

Our results provide new insights into the application of bodipy based compounds in 

photomedicine. The possibility of exploiting self-assembly to produce effective 

nanoparticles not containing any halogen or heavy metal opens the way towards the 

development of biocompatible materials with high antibacterial efficiency.  
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Experimental Section/Methods 

Details on the experimental methods can be found in Supporting Information 

  

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the author. 
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