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Nanostructured AABB Zn (Il) Phthalocyanines as
Photodynamic Agents for Bacterial Inactivation
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and Gema de la Torre*

1. Introduction

In this work, the ability of amphiphilic Phthalocyanine (Pc) photosensitizers

(PS) (Zn(I)Pcs PS1, PS2, and PS3) to assemble into cationic nanoparticles in
water and to photo-inactivate bacterial strains is demonstrated. All the
synthesized Zn(ll)Pcs exhibit an AABB functionalization pattern, having a
binaphthyloxy-linked bisisoindole (AA) functionalized at the chiral binaphthol
core with branched (PS1) or linear (PS2 and PS3) poly-ammonium chains, and
two non-functionalized isoindole rings (BB). The aggregation behavior and the
stability of the nanoparticles formed by the three PS in water is studied by
UV-vis, fluorescence and circular dichroism (CD) spectroscopies, and their
shape and size is determined by transmission electron microscopy (TEM) and
dynamic light scattering (DLS). The PS nanoparticles prove efficient in the
photoinactivation of S. aureus and E. coli. Although PS2 and PS3 present
better photophysical features in their monomeric form (i.e., improved singlet
oxygen quantum yield), PS1 is more effective in killing both types of strains,
especially the gram-negative E. coli. This observation may derive from the low
stability found for PS1 nanopatrticles, which easily disassemble after binding
to the bacteria surface, recovering the photophysical properties of the

non-aggregated species.
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Bacterial infection is still a serious threat
to public health since the widespread and
continual use of antibiotics has caused the
generation of antibiotic-resistant bacteria.l’
Therefore, there is an urgent need to de-
sign new efficient antimicrobial materi-
als that act more effectively and quicker
than the current antibiotics. One of the
most promising methods in terms of ef-
ficiency and safety is antibacterial photo-
dynamic therapy (aPDT),[> which pro-
duces bacterial cell death in the presence
of a photosensitizer (PS), light energy of
an appropriate wavelength, and molecular
oxygen.[®’] In this treatment, PS is acti-
vated to the nanosecond-lived excited sin-
glet state, which quickly converts to a more
stable excited triplet state via intersystem
crossing. The triplet PS triggers the forma-
tion of singlet molecular oxygen ('O,) and
other reactive oxygen species (ROS) that in-
teract with cellular components, leading to
damage and even death of the microbial
cell. Porphyrinoids are the most common PS in PDT in
general®®! and in aPDT in particular,['*'2] because of their sin-
gular photochemical characteristics, i.e., intense absorption in
the optical therapeutic window and high triplet quantum yield.
Several customized porphyrins and phthalocyanines (Pcs) func-
tionalized with hydrophilic substituents have been synthesized
and studied as PS for the inactivation of bacteria,®3-%] particu-
larly the Zn(II) complexes, due to their excellent photophysical
properties and high '0, quantum yields.'®] The rational func-
tionalization of Zn(II)Pcs can afford both water solubility and an
appropriate hydrophobicity-hydrophilicity ratio, which is relevant
to drive the incorporation and intracellular localization of the PS
in microorganisms. It has been demonstrated that the molecular
charge of the PS is an important factor in the antibacterial ac-
tivity, being cationic Pcs generally more efficient than neutral or
anionic dyes due to the presence of a greater number of negative
surface charges in the bacteria that attract cationic molecules.”]
In this regard, unsymmetrically functionalized Pcs with a pro-
nounced amphiphilic character arising from the asymmetric dis-
tribution of positively charged substituents around the Pc core is
a promising strategy that has already been an object of study.[18-23]

In the last years, numerous nanostructured PSs have been
developed as a tool to enhance the therapeutic effect since
they provide better biodistribution and targeting abilities than
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individual molecules. Most effort in this area has been devoted
to the construction of nano-delivery systems able to encapsu-
late the photoactive drug,®®! but these systems suffer from
multi-step fabrication, and poor therapeutic outcomes associ-
ated with low drug loading. To overcome this issue, a recent
strategy to form nanostructured PS, noted by some authors
as the “one-for-all” approach,?2?] relies on the rational de-
sign of amphiphilic PS able to self-assemble into nanoparticles
in the aqueous medium.?* If the PS are positively charged,
the assembled cationic nanoparticles can be useful for ap-
plication in aPDT,?! Also, amphiphilic cationic polymers an-
chored to appropriate PS can self-assemble into stable, positively
charged nanoparticles.?*’] Both types of PDT nano-agents can
strongly adhere to the negatively charged outer membranes of
bacteria,!?®%] thereby facilitating the intracellular uptake of the
PS or producing the disruption of the bacterial membrane after
irradiation. The latter is particularly operative for Gram-negative
bacteria due to the impermeability properties of their negatively
charged outer covering of phospholipids and lipopolysaccha-
rides, which can electrostatically interact with cationic nanostruc-
tures, but make difficult the internalization of the PS.[3931]
Recently we have described a novel archetype of cationic,
amphiphilic Pcs, Pc-1 and Pc-2 (Figure 1a),*?l based on a
binaphthyloxy-linked AABB Zn(II)Pc core (with A and B coding
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for differently functionalized isoindoles)*}! holding pyridinium-
substituents at the two non-bridged isoindoles. This type of Pcs
showed the ability to self-assemble into positively charged, ho-
mogeneously sized nanoparticles in aqueous solutions due to
their strongly marked amphiphilic character, presenting a non-
polar head and the hydrophilic cationic tail. As the Pc macro-
cycle is not completely surrounded by positive charges, the lat-
ter can be accommodated with minimal electrostatic repulsion
when the aromatic cores stack due to solvophobic interactions.
These cationic Zn(II)Pc nanoparticles with cancelled photophys-
ical properties exhibited strong binding to the negative outer
membrane of Gram-positive and Gram-negative bacteria, and
subsequent disassembly of the nanoparticles rendered an effi-
cient inactivation of both types of bacteria upon light irradiation.
Compared to other tetracationic pyridinium PS, the self-assembly
behavior of this type of PS provides them with much stronger
aPDT activity both in terms of concentration of the PS and light
dose.

Encouraged by these results, we have undertaken the syn-
thesis and aPDT studies of three new PS (Figure 1b) based on
the binaphthyloxy-linked AABB Zn(II)Pc structure functional-
ized with other different polycationic residues that provide am-
phiphilicity and self-assembly ability in aqueous media. In this
case, the positive charges have been introduced by quaternization
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Figure 1. Structure of AABB-Zn(Il)Pcs a) Pc-1 and Pc-2, previously reported,[?’] and b) PS1, PS2, and PS3, studied in this work.
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of either linear or branched polyamine chains linked to the bi-
naphthol core. The aim of the work is to determine the influence
that the position of the hydrophilic chains in this type of AABB
Zn(I1)Pcs, as well as the nature and number of positive charges,
exerts on i) the self-assembly behavior in aqueous solutions and
the stability of the positively charged nanostructures obtained; ii)
the uptake by Gram-positive and Gram-negative bacteria; and iii)
the efficiency in killing both types of microorganisms.

2. Results and Discussion

2.1. Synthesis

As mentioned above, the binaphthyl-Zn(II) Pc core has been func-
tionalized with three different polycationic chains, aiming at ex-
ploring the effect of the different distribution and number of pos-
itively charged groups on the aggregation abilities and aPDT out-
comes of this type of PS. In the case of PS1, branched ammo-
nium chains are attached to the binaphthol unit, whereas for PS2
and PS3, four and six ammonium moieties, respectively, are dis-
tributed linearly along the chain.

Therefore, for the preparation of the PS, we first tack-
led the synthesis of the corresponding polyamine chains 1-3
(Scheme 1). All of them were prepared using N-Boc protected,
mesylated amino-alcohol units, either used for the alkylation of
5-bromobenzene-1,2,3-triol (for 1) or as starting material for suc-
cessive alkylation reactions to obtain the N-Boc protected ligands
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2 and 3. Synthetic details on the preparation of these derivatives
are provided in the Supporting Information.

The three PS were prepared starting from a common Zn(II)Pc
intermediate (AABB, Scheme 1), which was synthesized by
mixed condensation between non-functionalized phthalonitrile
B and a geometrically constrained binaphthyloxy-bridged bisph-
thalonitrile AA holding two protected acetylenes, following pre-
viously reported conditions that favor the formation of the tar-
geted compound in high yield (i.e., 30%).13}] After deprotection
of AABB using TBAF, the resulting Zn(II)Pc 4 was used in the
next reactions without further purification due to its instability.

For the preparation of PS1, 4 was reacted with 1 under copper-
free, Sonogashira coupling conditions, using Pd(PPh,), as a cata-
lyst. Zn(IT)Pc 5 was isolated in 40% yield from a reaction mixture
that also contains the mono-coupled product. Then, cleavage of
the tert-butyloxycarbonyl protecting groups with TFA, followed by
quaternization of the amines with Mel and subsequent counte-
rion exchange (i.e., iodides by chlorides) yielded the water-soluble
PS1 in 85% yield.

The synthesis of PS2 and PS3 was also carried out by Sono-
gashira coupling of 4 with 2 and 3, respectively, under similar
conditions, rendering 7 (54% yield) and 8 (65% yield). Also in
these cases, deprotection of the tert-butyloxycarbonyl protecting
groups, quaternization of the amines with Mel, and subsequent
counterion exchange led to the targeted PS. The compounds were
characterized by '"H-NMR, *C-NMR, IR and HR-MS. The strong
aggregation of the PS at the concentration necessary to record
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Scheme 1. Synthetic route toward PS1, PS2, and PS3; i) TBAF in THF, 0 °C to rt for 2 h; ii) Pd(PPhs), in DMF:Et;N 2:1, 80 °C; iii) TFA in DCM, rt for 6 h,
iv) Mel and 1,2,2,6,6-pentamethylpiperidine (PMP) in DMF at rt for 16 h, then Dowex resin in MilliQ water for 2 h.
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Table 1. Photophysical data of PS1, PS2, and PS3 in DMSO.
log € (4) % D,° ¢ [ ns9) 7r [ ps 75 [ ps?

PS1 4.8 (330), 5.2 (680) 0.09 + 0.04 0.43 +£0.02 2.80 +0.021 0.92 +0.07 4.85+0.16
PS2 4.4 (338), 5.0 (680) 0.13 +£0.01 0.61+0.10 2.90 + 0.021 1.16 £ 0.18 5.17 +£0.08
PS3 4.4 (337), 5.0 (680) 0.13 +£0.01 0.64 + 0.05 2.89 +0.001 0.95 + 0.09 5.27 +0.07
3 Aexc: 640 nm; b Aexc: 660 NM; Ay 1275 nm; 9 Aexc: 654 nm; A0 690 nm; 4 air-saturated
Table 2. Photophysical data of PS1, PS2, and PS3 in water.

log € (4) 2 N 7 [ ns9) 7y [ ps? 75/ us?
PS1 4.9 (329), 4.7 (632), 4.5 (671) 0.002 0.06 2.88 +0.013 4406 64.6 + 1.6
PS2 4.0 (336), 3.9 (633), 3.8 (676) <0.0001 0.04 2.45 +0.029 7.8+08 524+ 16
PS3 4.4 (336), 4.3 (633), 4.3 (685) <0.0001 0.03 2.67 +£0.021 54+05 65.0+ 1.6

) 1ot 640 nm; Pin D,0; Au: 660 nm; Ay 1275 nm; @ A b

'"H-NMR (>0.006 M in dimethylsulfoxide (DMSO)) rendered
poorly resolved spectra, especially for PS2 and PS3, but the struc-
ture of the compounds was confirmed by HR-MS (see Supporting
Information).

Hexacationic PS1 and PS3 proved perfectly soluble in pure
water, while tetracationic PS2 had to be injected from DMSO
into water to obtain aqueous solutions (1% DMSO final content).
The stability of the PS in biological-like medium (i.e., PBS) was
studied by UV-vis absorption (Figure S54, Supporting Informa-
tion). PS1 and PS3 proved very stable for long periods, while PS2
showed lower stability, probably due to the necessary presence of
DMSO in the final solution.

2.2. Photophysical Characterization and Aggregation Studies

A compilation of the photophysical data for PS1, PS2, and PS3
can be found in Table 1 and Table 2. Initially, ground-state absorp-
tion experiments were performed in DMSO, a coordinative sol-
vent that prevents the stacking of Zn(II)Pcs. The absorption spec-
tra for all PS reveal the typical Q band for monomeric species and
the B band transition at ~ 680 and 330 nm, respectively. For the
verification of the Lambert—Beer law, an analysis of linear regres-
sion between the intensity of the Q and Soret bands and the con-
centration of the PS showed determination coefficient (R?) values
close to 1, which confirmed the lack of aggregation in this sol-
vent (Figure 2; Figures S49 and S51, Supporting Information) at

1.0 T T T T

0.84 R

0.6

0.44

Absorbance

0.24/

0.0 : y : .
300 400 500 600 700 800

Wavelength (nm)

Absorbance

1654 nm; Ag,s: 690 Nm; Din air-saturated D,0O

the studied range of concentration. All compounds showed sim-
ilar molar absorption coefficients, but the fluorescence quantum
yields (@g) of both structurally related PS2 and PS3 are ~40%
larger than for PS1. Singlet oxygen quantum yields (®,) were
determined by direct observation of its characteristic phospho-
rescence at 1275 nm. Again, PS2 and PS3 show similar values
(@, = 0.61 and 0.64, respectively), ~40% larger than that of PS1
(@, = 0.43).

As previously observed with related cationic Pc
ampbhiphiles,*2] the high directional amphiphilic character
of PS1, PS2, and PS3 should drive the formation of aggregates
in aqueous media to reduce the solvation energy. Although
electrostatic repulsion between positive charges could hamper
the aggregation, the asymmetric distribution of the cationic sub-
stituents around the central Pc core may allow these aromatic
molecules to aggregate through z-7 stacking with minimum
repulsive interactions.

Therefore, UV-vis and fluorescence emission spectroscopies
were first used to study the aggregation of PS1, PS2, and PS3
in aqueous media (Figure 3a; Figure S53, Supporting Informa-
tion). Upon increasing the percentage of water in DM SO:water
solutions of the three PS, a progressive reduction in the intensity
of the Q-bands was observed in the absorption spectra, together
with the onset of a new band at ~#630 nm in each case, which is
typical for the formation of H-type aggregates. In turn, a small
increase in fluorescence intensity was observed for PS1 and PS3

1.0 ; r : v
0.8 680 nm J
y=160031x - 0,0278 "
R2= 0,99917
0.6 -
330 nm
*y=67268x - 0,00765
0.4 R?=0,99834
. s
-~
0.2 o a ]
Y
'y
0.0 - r
0.0 2.0x10° 4.0x10° 6.0x10°
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Figure 2. Absorption studies with PSTin DMSO at a range of concentrations (from 1x107¢ m to 5107 m).
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Figure 3. a) Absorption (left) and fluorescence (right) spectral changes upon increasing the water percentage in solutions of PS1 (5x107% m) in DMSO:
water mixtures; b) Absorption and fluorescence spectra of PS1 in water at different concentrations (from 1x107% m to 5107 m).
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Figure 4. CD spectra of PS1 and PS3 in DMSO and water (top), and temperature studies from 20 to 80 °C at a concentration of 6x107° M.
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Figure 5. TEM images of PS1 and PS2 prepared from water solutions (8x1075 wm).

when adding up to 20% water (up to 10% water for PS2), which
is likely due to a change in the solvation sphere of the molecules.
At higher water content, a progressive decrease in the intensity
of fluorescence was observed for all PS, which is consistent with
the hypothesis of H-type aggregation.

The fluorescence and singlet oxygen quantum yields of PS1,
PS2, and PS3 in pure water were then determined. As expected,
a dramatic decrease in the fluorescence and singlet oxygen quan-
tum yields with respect to DMSO solutions was observed for all
the compounds, consistently with the aggregation-promoted self-
quenching (Table 2). Nevertheless, fluorescence and singlet oxy-
gen decays could still be observed with similar lifetimes as in
DMSO, albeit with ~20-fold less intensity (Figure S61, Support-
ing Information). This behavior may suggest that the aggregates
are in equilibrium with monomeric species, which are responsi-
ble for the residual fluorescence and singlet oxygen signals ob-
served. The higher fluorescence intensity of PS1 relative to PS2
and PS3 suggests that the concentration of monomers is higher
for PS1.

Next, we performed concentration-dependent fluorescence
and absorption experiments in water solutions (Figure 3b) to as-
certain the behavior of the aggregates. As previously observed

Adv. Therap. 2023, 6, 2300116 2300116 (6 of 10)

for Pc-1 and Pc-2,32! the fluorescence intensity of PS1, PS2 and
PS3 in water increases up to a plateau value when increasing
their concentration (Figure 3b; Figures S50 and S52, Support-
ing Information), in agreement with the hypothesis of fluores-
cent monomers in equilibrium with non-fluorescent aggregates
(Figure S55, Supporting Information). Also consistent with this
hypothesis is that the intensity of the Q bands in the absorp-
tion spectra of the three PS increases linearly with concentration,
but the shape and relative intensity of the monomer/aggregate
absorptions remain the same. We hypothesize that discrete
micelle-like nanostructures start to form at very low concentra-
tions. Their size is kept constant owing to the strong contri-
bution of the electrostatic repulsions between positive charges,
which does not allow for continuous growth. The effect of
increasing the concentration is merely to increase the num-
ber of nanoaggregates as usually observed for micellization of
surfactants.34]

The presence of the chiral (R enantiomer) binaphthol unit in
PS1, PS2, and PS3 not only governs the preparation of these un-
symmetric AABB-type Pcs (not easily obtained by other means),
but also permits to study the self-assembly process of these
molecules following the changes in circular dichroism (CD)

© 2023 The Authors. Advanced Therapeutics published by Wiley-VCH GmbH
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Figure 6. Photoinactivation of S. aureus (left) and E. coli (right) in PBS using PS1 (top), PS2 (middle), and PS3 (bottom) incubated for 30 min and
irradiated with 30 | cm™2 of red light (A = 660 nm +10 nm). Light-treated samples are shown in crosses and dark controls in circles. Data correspond

to the mean + SD after performing three replicates.

spectra. In DMSO solutions, where aggregation does not take
place, CD signals with low intensity appear in the Soret and Q
band region for all PS (Figure 4; Figure S56, Supporting Infor-
mation). On the other hand, in aqueous solutions, we could ob-
serve the appearance of two new broad signals around 600 and
700 nm that correlate with those appearing in the UV absorption
spectra in water. In addition, a change in the sign and intensity of
the bands in the Soret region was discernible. All these changes
can be assigned to the formation of chiral aggregated species. To
check the stability of the aggregates, water solutions of each PS
were heated up to 80 °C and the CD signal was recorded. While
the CD signals of PS2 and PS3 remained almost unchanged, the
CD of PS1 changed to almost reach the spectrum of the non-
aggregated monomeric species in pure DM SO, which suggests a
lower stability of PS1 aggregates, probably due to the higher steric
hindrance and higher contribution of the electrostatic repulsions
between the branched polyammonium chains that destabilize the
supramolecular structure.

Adv. Therap. 2023, 6, 2300116 2300116 (7 of 10)

Next, we turned to study the aggregates formed in aque-
ous solution by TEM microscopy. MilliQ water solutions of
each PS at different concentrations were prepared and de-
posited over specific grids. All PS aggregate into small spher-
ical particles in the 10-25 nm range (Figure 5; Figure S57,
Supporting Information), similarly as observed previously for
Pcl and Pc2.13?) DLS experiments were also performed over all
molecules, and the results were consistent with the observed
sizes in TEM images (Figures S58-S60, Supporting Informa-
tion). In addition, the zeta potential of the nanoparticles was mea-
sured to determine their surface charge and dispersion stability.
The higher the potential magnitude exhibited by the nanopar-
ticles, the larger the electrostatic repulsion and, therefore, in-
creased stability. The zeta potential measured by DLS is +18
+ 5 mV for PS1, +24 + 6 mV for PS2 and 33 + 11 mV for
PS3. These results account for lower stability of PS1 nanopar-
ticles, in agreement with the variable temperature CD experi-
ments.
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Table 3. Z-potential studies of S. aureus and E. coli in water using PS1, PS2
and PS3 at a concentration of 10 pm.

S. aureus E. coli
Control -20+3 -32+3
PS1 -3+3 +2+2
PS2 +2+2 -1+2
PS3 +9+3 ~0+ 2

2.3. Antimicrobial In Vitro Studies

To evaluate the functionality of the cationic nanoparticles as feasi-
ble photo-antibacterial products, they were tested against Staphy-
lococcus aureus and Escherichia coli, as representative examples of
Gram-positive and Gram-negative bacteria, respectively. Contrary
to previous results with polymer electrolytes with terminal qua-
ternary ammonium groups, the bactericidal activity in the dark
of the three PS was negligible, especially for E. coli. However, we
found that 1 pm PS1 was able to efficiently photo-inactivate S. au-
reus, reducing the population by more than 6 log;, (99.9999%) af-
ter exposure to 30 ] cm~2 of red light (Figure 6). Compounds PS2
and PS3 showed lower phototoxicity against S. aureus, neverthe-
less killing 3 log,, under the same conditions. Regarding E. coli,

Emission Iransmitted Merge

www.advtherap.com

all compounds needed a concentration of at least 10 um to achieve
a 4 log;, reduction at 30 ] cm™ of red light. These results are
consistent with the generally accepted notion that Gram-negative
bacteria are more difficult to photo-inactivate than Gram-positive
due to their double membrane.[*! Intriguingly, PS1 was found to
be slightly more efficient than PS2 and PS3. This result is, at first
sight, surprising in view of: i) its 40% lower singlet oxygen quan-
tum yield; and ii) the less-positive zeta-potential of its nanoaggre-
gates, which would suggest less-efficient electrostatic binding of
PS1 nanoparticles to the negatively-charged bacteria.

2.4. Interaction of the PSs with the Bacteria

To resolve this issue, the zeta potential of both bacteria was mea-
sured before and after adding 10 pm PS. Unbound PS aggre-
gates were eliminated by two cycles of centrifugation and re-
suspension in neat water before the measurements. As shown in
Table 3, incubation with the nanoparticles caused large changes
in zeta potential for both types of bacteria, which indicates exten-
sive surface binding. PS2 and PS3 show the highest binding to
S. aureus while no appreciable differences in binding can be ob-
served for E. coli. Thus, the higher photoinactivation efficiency of
PS1 against S. aureus and E. coli does not correlate with the extent
of bacterial binding, as indicated by the change of zeta potential.

Emission Iransmitted Merge

Control &

Figure 7. Confocal images of E. coli (left) and S. aureus (right) bacteria incubated for 10 min with PS1, PS2, and PS3 50 um. Non-treated bacteria were

used as controls.
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In view of the previous observations, the most likely explana-
tion for the different inactivation abilities of the three PS is that,
after binding to the surface of the bacteria, PS1 nanoparticles dis-
assemble into PS1 monomers more effectively than PS2 and PS3,
giving rise to a better photophysical activity. This is consistent
with the lower stability of the PS1 nanoaggregates and would ex-
plain its higher photo-antimicrobial efficiency.

The interaction between bacteria and the PSs was investigated
by confocal laser scanning microscopy, which clearly showed the
fluorescence of the PSs associated with the bacteria (Figure 7),
confirming their disassembly. The images indicate that all PSs
are internalized by S. aureus but accumulate in the cell wall
of E. coli, which is consistent with the respective complexity of
their cell walls and the differences in their photoinactivation
efficiency.®’]

3. Conclusion

In this work, we have validated our recent approach toward the
preparation of efficient PS for bacteria inactivation, which re-
lies on the synthesis of cationic, amphiphilic molecules based on
binaphthyloxy-linked AABB Zn(II)Pcs able to organize in nanos-
tructures with improved transport properties and strong interac-
tions with the bacterial outer membrane. Founding experiments
performed with Pcl and Pc2 holding pyridyloxy substituents at
the isoindoles (Figure 1)32] indicated that these molecules self-
assemble into positively charged, homogeneously sized nanopar-
ticles in aqueous solutions that render an efficient inactivation
of Gram-positive and Gram-negative bacteria upon light irradia-
tion because of the strong electrostatic interactions between the
positive particles and the negative bacteria surface. The herein-
reported PS (PS1, PS2, and PS3) represent a modification of the
formerly reported hydrophilic/hydrophobic distribution around
the Pc skeleton. The introduction of hydrophilic chains at the
binaphthol ring has also led to Zn(II)Pcs being able to form
spherical nanoaggregates in water, rather uniform in shape and
size. However, zeta-potential values and temperature-dependent
studies in solution indicate that the stability of the nanoparticles
formed by PS1 is moderate.

The self-assembly of the three Pc amphiphiles is driven by the
amphiphilic character, but the growth of the nanoparticles is cer-
tainly impeded by the bulkiness and rigidity of the binaphthol
core and the electrostatic repulsion between charges. In the case
of PS1, the branched chains occupy a larger space around the
Pc core, which makes more difficult the stacking of neighboring
aromatic cores prompted by the solvophobic interactions. This
feature makes the difference between the self-assembly behavior
of PS1, and PS2/PS3, the latter forming larger and more stable
assemblies in which charges at the linear polyammonium chains
are better accommodated.

More than a drawback, the lower stability of PS1 nanoparticles
seems advantageous since it allows for an effective disassembly
of the Zn(II)Pc components of the nanoparticle after bacterial up-
take, yielding photophysically active PS molecules that efficiently
kill S. aureus and, to a lesser extent, E. coli. From these results,
it could be concluded that an appropriate assembly/disassembly
equilibrium may improve the performance of the nanomedicines
built by the self-assembly of amphiphilic PS.
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