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A B S T R A C T

Photodynamic therapy (PDT) is considered a very promising therapeutic modality for antimicrobial therapy.
Although several studies have demonstrated that Gram-positive bacteria are very sensitive to PDT, Gram-neg-
ative bacteria are more resistant to photodynamic action. This difference is due to a different cell wall struc-
ture. Gram-negative bacteria have an outer cell membrane containing lipopolysaccharides (LPS) that hinder the
binding of photosensitizer molecules, protecting the bacterial cells from chemical attacks. Combination of the
lipopolysaccharides-binding activity of Concanavalin A (ConA) with the photodynamic properties of Rose Bengal
(RB) holds the potential of an innovative protein platform for targeted photodynamic therapy against Gram-nega-
tive bacteria. A ConA-RB bioconjugate was synthesized and characterized. Approximately 2.4 RB molecules were
conjugated per ConA monomer. The conjugation of RB to ConA determines a decrease of the singlet oxygen gen-
eration and an increase of superoxide and peroxide production. The photokilling efficacy of the ConA-RB bio-
conjugate was demonstrated in a planktonic culture of E. coli. Irradiation with white light from a LED lamp pro-
duced a dose-dependent photokilling of bacteria. ConA-RB conjugates exhibited a consistent improvement over
RB (up to 117-fold). The improved uptake of the photosensitizer explains the enhanced PDT effect accompanying
increased membrane damages induced by the ConA-RB conjugate. The approach can be readily generalized (i)
using different photo/sonosensitizers, (ii) to target other pathogens characterized by cell membranes containing
lipopolysaccharides (LPS).

1. Introduction

Photodynamic therapy (PDT) is considered a very promising ap-
proach for antimicrobial therapy [1–3]. PDT is a therapeutic modality
used in the clinical practice of several types of cancer [4] and derma-
tological diseases [5]. A variety of photosensitizers (PS) [6] have al-
ready received regulatory approval or are under clinical trial, for the
therapy of several diseases worldwide [7]. In PDT the PS are accu-
mulated in the target cells. The activation of the PS by harmless visi-
ble light, convert molecular oxygen in reactive oxygen species (ROS).
The generation of ROS in the target cells induce cellular damages that
can lead, ultimately, to cell death. Compared to conventional antimi-
crobial therapies, PDT presents several advantages: [8–14] i) elimi-
nation of antibiotic-resistant microorganisms, ii) therapeutic modality
(physical treatment) that does not lead to bacterial resistance, iii) re-
doubled selectivity (cytotoxic effects only where both sensitizers and
light are delivered concomitantly), iv) immediate onset of action. Sev-
eral studies have demonstrated that Gram-positive bacteria are very
sensitive to PDT; Gram-negative bacteria,

by contrast, are more resistant to photodynamic action [15]. This differ-
ence is due to a different cell wall structure. Gram-positive bacteria read-
ily take up PS and are easily killed by PDT treatment. Gram-negative
bacteria have an outer cell membrane containing lipopolysaccharides
(LPS) that impede the binding of PS molecules, protecting the bacter-
ial cells from chemical attacks. Different methodologies were developed
to improve PS penetration in Gram-negative bacteria [8,16,17], such as
the use of specific PS carriers [18], conjugation with targeting moieties
[19–21], the choice of cationic PS [22] or the use of outer membrane
perturbing agents [23]. Here we show a new strategy able to transform
LPS [24,25], and the Gram-negative bacterial outer membrane in an
Achilles heel [26]. LPS are a class of glycoconjugates consisting in i)
a hydrophobic lipid domain anchored in the membrane (lipid A), ii) a
polysaccharide domain made of repeating oligosaccharide units of two
to eight sugar residues (O-antigen) and iii) a oligosaccharide chain con-
necting the lipid A and the O-antigen domains (Core-OS).

The surface polysaccharide carbohydrate of LPS, that occupy about
75% of the bacterial surface area, are recognized by lectins.
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Lectins are a large family of proteins that selectively bind to the saccha-
ride components of LPS. Concanavalin A (ConA), extracted from Jack
bean (Canavalian ensiformis) is the most widely used and well-character-
ized lectin. ConA binds specifically to mannosyl and glucosyl residues of
polysaccharides and it can interact with bacterial surface LPS with dif-
ferent binding ability [27–30]. ConA has been used for specific recog-
nition of E. coli surface [31–33] or for saccharides detection in Can-
dida albicans [34]. Conjugation of molecules to ConA does not alter
the specific binding properties of the protein. The combination of the
recognition ability of ConA with the photodynamic action of Rose Ben-
gal (RB), a prototypical PS approved for PDT, can generate an innova-
tive protein platform for targeted Gram-negative antimicrobial PDT. RB
is a halogenated dye, belonging to the xanthene class of dyes. RB has
been widely used in antimicrobial photodynamic therapy [35–37]. RB
is highly active against Gram-positive bacteria, while its activity against
Gram-negative bacteria is low. The conjugation of RB to ConA can pro-
mote significant improvements in RB Gram-negative antimicrobial PDT
killing efficiency, by increasing its local concentration on the surface of
Gram-negative bacteria (Fig. 1).

2. Experimental Details

2.1. Materials

Concanavalin A from Jack bean (Canavalia ensiformis) Type IV
lyophilized powder (ConA) (Cat. No. C2010), Rose Bengal (RB) dis-
odium salt (Cat. No. 330000), N-Hydroxysulfosuccinimide sodium salt
(Sulfo-NHS) (Cat. No. 56485), N-(3-Dimethylaminopropyl)-N′-ethylcar-
bodiimide hydrochloride (EDC) (Cat. No. 03450), 10-Acetyl-3,7-dihy-
droxyphenoxazine (Amplex Red) (Cat. No. 90101), Type VI-A Peroxi-
dase from horseradish lyophilized powder (HRP) (Cat. no. P6782), Hy-
drogen Peroxide Solution 30% (w/w) (Cat. No. 31642-M), 9,10-An-
thracenediyl-bis(methylene)dimalonic acid (ABMDMA) (Cat. No.
75068), Nitrotetrazolium Blue chloride (NBT) (Cat. no. N6639), Tereph-
thalic acid (Cat. no. 185361), 4′,6-Diamidino-2-phenylindole dihy-
drochloride (DAPI) (Cat. No. D9542), Propidium iodide (PI) (Cat. No.
P4170) and 14 KD cellulose dialysis tubing (Cat. No. D9652) from Sigma
Aldrich (Merck). milli-Q water was used for the preparation of all the
aqueous solutions.

2.2. Instrumentation

Fluorescence measures for peroxides quantification and absorbance
measures for the bacteria growth recovery were performed using a
Perkin Elmer EnSpire® Multimode Plate Reader. Absorption

Fig. 1. Schematic representation of the ConA-RB bioconjugate activity against Gram-neg-
ative bacteria.

spectra were recorded using a Cary 60 UV–Vis spectrophotometer (Agi-
lent).

2.3. ConA-RB Synthesis

Rose Bengal disodium salt was dissolved in DMSO to obtain a con-
centration 10 mM, then solid EDC and Sulfo-NHS were added under
stirring, to obtain a final concentration of 27.5 mM and 15 mM respec-
tively. After 5 h this solution was mixed, under vigorous stirring, to Con-
canavalin A 0.05 mM in sodium carbonate buffer 100 mM (pH 9) with
a ten-fold excess of activated RB (concentration 0.5 mM). The reaction
was incubated overnight under mild stirring condition.

2.4. ConA-BR Purification

Once the cross-linking reaction was completed, the ConA-RB bio-
conjugate was purified by dialysis. Unreacted RB and small molecular
weight byproducts of the crosslinking reaction were removed by dialy-
sis in sodium carbonate buffer 10 mM (pH 9) using a membrane with
a 14,000 KD cut off. Dialysis was repeated until the UV–vis signal at
550 nm typical of the RB disappeared completely from the dialyzing so-
lution. ConA-RB synthesis and purification are carried out at room tem-
perature.

2.5. ABMDMA Singlet Oxygen Assay

Isoabsorbing solutions at 555 nm of RB and ConA-RB were prepared.
ABMDMA was added to the solutions to reach a final concentration of
15 μM of the sensitizer and 25 μM of ABMDMA. The solutions were
stirred vigorously to ensure air saturation. The solutions were irradiated
at 555 nm and the bleaching of the absorption band of ABMDMA at
401 nm was monitored.

The singlet oxygen quantum yield (ΦΔ) was determined using Rose
Bengal (RB) as the reference with a yield of 0.76 in PBS.

The ΦΔ of ConA-RB was calculated by the following equation

where K is the slope of the photodegradation rate of ABMDMA, S repre-
sents the sample (ConA-RB), R means the reference (RB), and is ΦΔ

R the
ΦΔ of the reference (RB).

2.6. Amplex Red Peroxides Quantification

1 mL of phosphate buffered saline 50 mM pH 7.4 was added to 10 μL
of Amplex Red 50 mM in DMSO. Then 10 μL of HRP 0.4 mg/mL in PBS
50 mM pH 7.4 was added to the Amplex Red solution to obtain the fi-
nal working solution. 90 μL of the solutions under investigation, con-
taining different concentrations (0.025 μM, 0.05 μM, 0.25 μM, 0.5 μM,
2.5 μM and 5 μM) of RB or ConA-RB in PBS 50 mM pH 7.4, isoabsorb-
ing in the visible range, were irradiated for 45 min with visible light
(white LED Valex 30 W lamp at 30 cm distance from the cell-plate, ir-
radiation power density on the cell plate = 2 mW/cm2; measured with
the photo-radiometer Delta Ohm LP 471 RAD), on microtiter plates and
10 μL of Amplex Red working solution was added to each sample imme-
diately after irradiation. Solutions were incubated 30 min at room tem-
perature and the absorbance of the samples is read at 560 nm. The ab-
sorbance values were converted to the concentration of H2O2 generated
upon irradiation, using a calibration curve generated using standard so-
lutions of H2O2.
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2.7. Nitroblue Tetrazolium (NBT) Assay to Determine the Production of
Superoxide Anion

3 ml of isoabsorbing solutions of RB and ConA-RB (2.5 μM) in PBS
50 mM pH 7.4 were prepared. NBT was added to the solutions to reach
a final concentration of 0.24 mM. Control solutions of NBT in milli-Q
water and NBT in ConA were also prepared. The solutions were irra-
diated for 45 min with visible light (white LED Valex 30 W lamp at
30 cm distance from the cuvette, irradiation power density on the cell
plate = 2 mW/cm2; measured with the photo-radiometer Delta Ohm LP
471 RAD).

A dark blue insoluble precipitate of NBT-formazan is generated upon
reaction of NBT with superoxide anion radical. The NBT-formazan prod-
uct is extracted, dissolved in isopropanol/HCl solution and the ab-
sorbance is read at 490 nm. The absorbance values were converted to
the concentration of superoxide anion generated upon irradiation, us-
ing the molar extinction coefficient of the produced NBT-formazan at
490 nm (100.000 M−1 cm−1) [38].

2.8. Terephthalate (TPA) Assay to Determine the Production of Hydroxyl
Radical

A 200 mM stock solution of terephthalic acid (TPA) was prepared us-
ing NaOH. 2.5 μM solutions of RB and ConA-RB in PBS 50 mM pH 7.4
were prepared. TPA was added to the solutions to reach a final concen-
tration of 500 μM. The solutions were irradiated at 554 nm where RB
and ConA-RB are isoabsorbing. The changes in fluorescence at 425 nm
(excitation 315 nm), due to the production of 2-hydroxyterephthalate
(HTPA), was measured using a Edinburgh Analytical Instruments
FLS920 spectrofluorometer. All fluorescence measurements were carried
out at room temperature.

2.9. Photodynamic Antimicrobial Activity Assay

The antimicrobial activity of ConA-adducts was tested on E. coli
(strain DH5α) during exponential growth. Bacteria were resuspended in
PBS 1× to obtain a final concentration of 2·106 cfu/ml in each well of
a 96-well microtiter plate. Different concentrations of RB and ConA-RB
were used, in a sensitizer concentration range between 5 and 0.025 μM.
The plate with bacteria and photosensitizers was incubated for 30 min
in the dark and subsequently irradiated for 45 min with white LED lamp
producing 2 W/cm2 at the cell plate, at room temperature. These condi-
tions were optimized to provide the maximum non-lethal light fluency
on untreated DH5α control cultures.

Control plates were kept in the dark at room temperature. After
irradiation, bacteria were inoculated in LB broth (1:10 dilution) in a
new microtiterplate. The plate was kept at 37 °C in an EnSpire multi-
mode plate reader (PerkinElmer) and the recovery of growth was mea-
sured reading the increase of absorbance (600 nm) every 10 min for
15 h. The antimicrobial photocatalytic activity of adducts and controls
was inferred by measuring the delay in time (=number of generations)
needed to reach the onset of the exponential phase of growth (normal-
ized A600 = 0.125), relative to the control samples kept in the dark.

2.10. Photosensitizer Uptake by Bacteria

2·105 bacteria grown in LB to exponential phase were pelleted by
centrifugation, washed once in 1×PBS and then resuspended in 200 μL
1×PBS containing RB or the ConA-RB adduct (both at 2.5 μM sen-
sitizer). After 30-min incubation in the dark, bacteria were pelleted
and the supernatant, containing unbound RB or ConA-

RB, was collected. Bacterial pellets were then extensively washed 3
times and resuspended in 1X PBS. All fractions were collected for flu-
orescence readout and read in an EnSpire multimode plate reader
(PerkinElmer; 560/575 nm excitation/emission).

2.11. Membrane Damage Assay

A fluorimetric permabilization assay was used to investigate the
light-dependent damage induced by RB and ConA-RB on the bacterial
membrane. This assay is based on Propidium Iodide (PI), a widely used
DNA intercalating fluorescent stain unable to permeate intact, undam-
aged cell membranes. Briefly, 5·108 bacterial cells grown to late expo-
nential phase (A600 = 0.9) were pelleted, and resuspended in 1× PBS
containing the ConA-RB adduct or RB alone (2.5 μM sensitizer for both)
the wells of two microtiter plates. The first was irradiated as previ-
ously described, while the second was kept in the dark (control). Fol-
lowing irradiation, bacteria were pelleted and cross-linked for 5 min
in 2% formaldehyde 1× PBS to fix the cells. The reaction was then
blocked with 125 mM glycine for 10 min. After two rounds of wash-
ing in 1× PBS, bacteria were stained in a solution containing 2 μg/ml
4′,6-diamidino-2-phenylindole (DAPI) and 0.3 μg/ml PI in 1× PBS. Af-
ter a last washing step in PBS, the fluoresence signal of PI (535/617 nm)
and DAPI (358/461 nm) was recorder in a plate reader. DAPI was used
to normalize the PI fluorescent signal since it similarly stains the DNA
of both permeabilized and non-permeabilized cells. The permabilization
index, defined as the PI/DAPI signal ratio, was normalized to the control
samples kept in the dark (n = 6).

3. Results and Discussion

3.1. Synthesis and Purification of ConA-RB Bioconjugate

The novel ConA-RB bioconjugate was synthesized via EDC/NHS
cross coupling reaction between the carboxylic-acid group of RB and
amino acid amine groups of ConA (Fig. 2). Once the cross-linking reac-
tions were completed the ConA-RB bioconjugate was purified by dialy-
sis.

3.2. Spectroscopic Characterization of ConA-RB Bioconjugate

Absorption spectra of the purified ConA-RB bioconjugate displayed
the diagnostic peaks, characteristic of RB (Fig. 3A).

The absorbance peak of ConA-RB shifted to 560 nm (the typical ab-
sorbance of RB is at 549 nm) and became broader following conjuga-
tion with ConA (Fig. 3B). These changes in the absorption spectra con-
firmed that RB was attached to ConA [39–41].. Considering that the
initial concentration of ConA is 50 μM, the molar extinction coefficient
of RB at 550 nm is 90,000 M−1 cm−1 and the absorbance of the purified
ConA-RB is 1,08 (Fig. 3a, spectrum obtained with a 1:10 diluition), ap-
proximately 2.4 RB molecules were conjugated per ConA monomer.

3.3. ROS Generation Ability of ConA-RB Bioconjugate

Upon light absorption, PS can produce ROS via two different path-
ways [42]. The singlet excited state of the photosensitizer, initially
formed, convert to a long-lived triplet state through the intersystem
crossing. In type I mechanism, a radical species is generated by electron
transfer from (or to) the excited state of the photosensitizer. This radical
species readily reacts with molecular oxygen forming different reactive
oxygen species (ROS). In type II mechanism, the transfer of energy from
the excited triplet state of the photosensitizer to ground-state molecular
oxygen (3O2) generates singlet oxygen (1O2).

3
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Fig. 2. Conjugation of RB to Concanavalin A.

Fig. 3. A) Absorption spectra of ConA (orange line) and ConA-RB (blue line). B) Normal-
ized absorption spectra of RB (red line) and ConA-RB (blue line). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this
article.)

The presence of the two mechanisms can be easily verified by spec-
trofluorimetric measurements

RB is a known type II photosensitizer and it acts by a type II mecha-
nism, involving 1O2 generation. Conjugated RB can work with different
mechanisms. The amount of 1O2 generated during visible light irradia-
tion by RB and ConA-RB was therefore measured.

We used as 1O2 detector 9,10-anthracenediyl-bis(methylene)di-
malonic acid (ABMDMA). The disodium salt of ABMDMA reacts with
1O2 to give an endoperoxide (Fig. 4). This reaction is detected by
the bleaching of ABMDMA. From the decline of the absorbance at
401 nm, the generation of 1O2 upon irradiation is determined (see AB-
MDMA singlet oxygen assay section in Experimental details). The sin-
glet oxygen quantum yield (ΦΔ) of ConA-RB bioconjugates was cal-
culated (ΦΔ-ConA-RB = 0.24) using free Rose Bengal (RB) as reference
(ΦΔ-RB = 0.76) [43]. The results indicated that the ConA-RB bioconju-
gates generate approximately one-third 1O2 with respect to free RB (Fig.
4).

Fig. 4. Decrease of ABMDMA absorbance vs. irradiation time under a 555 nm irradiation
for RB (blue line) and ConA-RB bioconjugate (orange line). (For interpretation of the ref-
erences to colour in this figure legend, the reader is referred to the web version of this
article.)

The ability of RB and ConA-RB to generate peroxides, upon ir-
radiation with visible light, was evaluated using the Amplex Red
(N-acetyl-3,7-dihydroxyphenoxazine) assay. The colorless, non-fluores-
cent Amplex Red, catalyzed by horseradish peroxidase (HRP), reacts sto-
ichiometrically with peroxides, to form colored, fluorescent resorufin
(Fig. 5),

Different concentrations of RB and ConA-RB in PBS were tested (Fig.
5).

The concentration of the produced peroxides is calculated as the dif-
ference of resorufin generated by the irradiation of RB and ConA-RB and
that of the references, i.e., isoabsorbing RB and ConA-RB solutions, kept
in the dark. ConA-RB showed an improved ability to generate peroxides
with respect to free RB.

Nitroblue tetrazolium (NBT) assay is used to determine the produc-
tion of superoxide anion radical.

The NBT test evaluate the formation of the superoxide anion rad-
icals by quantifying the production of dark blue NBT-formazan pre-
cipitate, generated by the reduction of the yellow colored NBT by su

4
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Fig. 5. Generation of peroxides during visible light irradiation, using different concentra-
tions of RB (red) and ConA-RB (blue). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

peroxide anion radical (Fig. 6). ConA-RB showed a 10-fold ability to
generate superoxide anion radicals with respect to free RB.

The production of hydroxyl radicals, upon irradiation of RB and
ConA-RB was investigated using the TPA assay. The colorless, non-flu-
orescent TPA selectively reacts with hydroxyl radicals to form the
strongly fluorescent 2-hydroxyterephthalate (HTPA, Fig. 7). From the
increase of the fluorescence at 425 nm, generated by the production of
HTPA, the rates of hydroxyl radical generation, upon irradiation, by RB
and ConA-RB are determined.

The performances of ConA-RB and RB are exactly the same, suggest-
ing that the conjugation of RB with ConA does not have any effect in the
production of hydroxyl radicals upon irradiation.

RB is a type II photosensitizer and generates mainly 1O2. A sacrifi-
cial electron donor is generally required to activate the type I mecha-
nism [44]. ConA-RB hybrid does not need any external electron donors
because the protein residues of ConA can participate directly in the
electron transfer reactions. This means that the type I

mechanism is self-activated in the ConA-RB hybrid, due to the pres-
ence of the protein itself [45,46]. Electron-rich environments increase
photoactivation switch from type II to type I mechanisms [47], which
significantly increases the generation of superoxide anion radical (elec-
tron transfer process) over singlet oxygen production (energy transfer
process).

In the ConA-RB hybrid type I mechanism is promoted by the pres-
ence of protein electron donors, giving promptly superoxide anion radi-
cal. Superoxide then can react with itself to produce hydrogen peroxide
and oxygen (superoxide radical dismutation). RB conjugation does not
have any effect on the production of hydroxyl radicals.

In summary, ConA-RB showed an improved ability to generate ROS
by Type I mechanism with respect to free RB. The conjugation of RB to
ConA determines a decrease of the 1O2 generation and an increase of
peroxide production, via superoxide radical anion formation, disfavour-
ing type II mechanism and enhancing type I mechanism.

3.4. Photokilling attivity of RB and ConA-RB Bioconjugate in a Planktonic
Culture of E. coli

To assess if ConA-RB is able to target Gram-negative bacteria, the
viability of E. coli in planktonic culture, after photodynamic treatment
with ConA-RB or RB alone, was measured. The antimicrobial activity
was tested on strain DH5α during the exponential growth phase. Differ-
ent concentrations of RB and ConA-RB conjugates were used, in a range
between 5 and 0.025 μM of sensitizer. Light alone without photosensi-
tizers (RB and ConA-RB) and photosensitizers (RB and ConA-RB) with-
out irradiation (dark control) were included as negative controls. Mi-
crotiters plates with bacteria and photosensitizers were incubated for
30 min in dark conditions and subsequently irradiated for 45 min with a
white LED lamp at room temperature (2 mW/cm2). Control plates were
kept in the dark at room temperature. After irradiation, bacteria were
inoculated in LB and the recovery of growth was measured at regular
time intervals, in order to measure the delay. Illumination with white
light from a LED lamp produced a dose-dependent photokilling of bac-
teria (Fig. 8).

Fig. 6. Generation of superoxide anion radical during visible light irradiation, using 2.5 μM of RB (red) and ConA-RB (blue). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 7. Increase of HTPA fluorescence (425 nm) vs. irradiation time under a 325 nm irra-
diation for RB (blue line); ConA-RB bioconjugate (orange line) and control (TPA in milli-Q
water). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 8. Photoinactivation of E.coli DH5α. Cells were incubated with different concen-
trations of RB (red lines) and ConA-RB conjugate (blue lines), in a range betwen 5 to
0.025 μM followed by irradiation. Solid line (light condition), dashed line (dark condi-
tion). At 0 the effect of the light alone without photosensitizers. The values shown are
means of five independent experiments, and bars are the standard error of the mean. (For
interpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)

At very low RB concentration (0.025–0.25 μM) no photodynamic ac-
tivity was observed, probably because the generation of ROS is too low
to kill the bacteria. At 0.5 μM free RB failed to elicit any significant ef-
fect, while ConA-RB conjugate killed 57% of the bacteria. At 2.5 and
5 μM photodynamic antimicrobial activity was observed for both RB
and ConA-RB. However, ConA-RB conjugates exhibited a consistent im-
provement over RB (117- and 13-fold, respectively). These results can be
explained by the selective recognition of LPS by ConA, that contributes
significantly to the enhanced PDT effect showed by the ConA-RB conju-
gate.

3.5. Uptake of RB and ConA-RB Bioconjugate

To further investigate the enhanced photokilling effect exerted by
the ConA-RB conjugate we evaluated the bacterial uptake of RB and
ConA-RB.

Bacteria were incubated with RB or ConA-RB adduct (2.5 μM) for
30 min. Then the bacteria were pelleted and the supernatant, con-
taining the unbound RB or ConA-RB, was collected. After extensive

washing, the bacterial cells were harvested and subjected to fluores-
cence readout to measure the bound fraction of adducts, together with
the supernatant (Fig. 9).

The binding of ConA-RB bioconjugate to the bacterial membrane of
E.coli is 4.5 fold higher than RB alone, demonstrating the crucial role of
ConA bioconjugation, that improves the binding of the photosensitizer
to the external membrane of the bacteria by the selective recognition of
LPS. Accordingly, the increase in local PS concentration explains the en-
hanced PDT effect showed by the ConA-RB conjugate.

Fig. 9. RB and ConA-RB adduct uptake. PS fluorescence in unbound (black bars) and bac-
terial bound fractions (grey bars). Percent values over the sum of fluorescence signals in
both fractions.

Fig. 10. Quantification of PDT-induced membrane permeabilization. The uptake of PI, a
DNA intercalating fluorescent stain unable to cross intact membranes, was normalized to
DAPI. Permeabilization assays were carried out after light irradiation (black bars) or under
dark conditions (grey bars). The permeabilization index of untreated control samples kept
in the dark was set to 1. Error bars represent the standard deviation (n = 6). Statistical
significance was inferred using Student's t-test (***, p < .005).
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3.6. Effect of the PDT Treatment on the Bacterial Membrane Integrity

The structure of biological membranes is strongly affected by ox-
idative stress. The E.coli membrane integrity after the PDT treatment
was assessed using a mixture of two dyes: 4′,6-diamidino-2-phenylindole
(DAPI) and propidium iodide, (PI). DAPI stains both viable and nonvi-
able bacteria, regardless of their physiological status, while PI only en-
ters in bacteria with damaged membranes.

The measure of the permeabilization index (PI/DAPI normalized flu-
orescence) demonstrates that the PDT treatment provokes significant
impairment of membrane permeability only in the presence of the pho-
tosensitizer and light (Fig. 10). Importantly, the ConA-RB conjugate ap-
pears to elicit stronger membrane damage than RB alone, in accordance
with its increased uptake in E.coli cells.

4. Conclusions

The intrinsic biocompatibility of peptides and proteins makes them
promising candidates for biomedical applications, especially for PDT
[48–52]. Use of targeting delivery system is the most efficient strategy
to enhance the antimicrobial [53,54] and anticancer efficacy of PDT
[55]. Here we demonstrated how the conjugation of a model photosen-
sitizer, RB, to a protein characterized by lipopolysaccharides-binding ac-
tivity, ConA, leads to a more effective targeting of RB to Gram-negative
negative bacteria. This strategy is based on the high specificity of car-
bohydrate-lectin recognition process [56,57]. Glycoconjugates are used
to target bacterial lectins [20,58], here we reversed the process and we
used a lectin, namely concanavalin A, to recognize specific glycoconju-
gates, i. e. lipopolysaccharides, present on the surface of Gram-negative
bacteria.

Conjugation of RB with ConA increases i) the uptake of the photo-
sensitizer, ii) its photokilling efficacy and iii) membrane damages after
PDT treatment. A modulation between type I and type II mechanisms in
the ROS generation is exerted by the protein conjugation.

Even if the current set of experiments is not sufficient to validate
ConA-RB bioconjugates as a novel targeted-photosensitizer with clinical
significance, they may pave the way to additional in-vivo PK/PD, thera-
peutic and toxicity studies needed for their translational application.

The developed procedure of conjugation of RB to ConA is general
and may be used for any photosensitizer in targeted Gram-negative an-
timicrobial photodynamic therapy, improving the therapeutic efficiency
of PDT.
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