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Tuning the local solvent composition at a drug
carrier surface: the effect of dimethyl sulfoxide/
water mixture on the photofunctional properties
of hypericin—f-lactoglobulin complexes
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S. Abbruzzetti,®® M. Agut,” S. Nonell* and C. Viappiani*®

Aggregation is a major problem for the anti-microbial photodynamic applications of hydrophobic
photosensitizers since it strongly reduces the amount of singlet oxygen generated in aqueous solutions.
Binding of hypericin (Hyp) to the milk whey protein B-lactoglobulin (BLG), occurring at the two
hydrophobic cavities located at the interface of the protein homodimer, can be exploited to confer
water-solubility and biocompatibility to the photosensitizer. The introduction of a small amount of the
organic cosolvent dimethyl sulfoxide (DMSO) leads to a remarkable improvement of the photophysical
properties of the complex Hyp—BLG by increasing its fluorescence emission and singlet oxygen photo-
sensitization quantum yields. Surprisingly, the ability of the complex to photo-inactivate bacteria of the
strain Staphylococcus aureus is strongly reduced in the presence of DMSO, despite the higher yield of
photosensitization. The reasons for this apparently contradictory behavior are investigated, providing
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Introduction

The use of photosensitization for antimicrobial purposes is
gaining interest in medical applications for the treatment of
localized infections,"? and for the decontamination and disin-
fection processes in the food industry.?

Photosensitization is a photo-reaction involving an other-
wise non-toxic molecule, called a photosensitizer (PS), visible
light and molecular oxygen. The absorption of a photon by the
PS results in the formation of a triplet state (with yield &),
showing a relatively long lifetime (usually in the ps time scale).
The triplet state is efficiently quenched by interaction with
molecular oxygen leading to the production of cytotoxic reactive
oxygen species (ROS), in most cases the non-radical electronically-
excited singlet oxygen (*0,).* The high reactivity of 'O, towards
multiple cellular components (e.g. membrane lipids, proteins
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new insights into the use of carrier systems for hydrophobic photosensitizers.

and nucleic acids) precludes the selection of photo-resistant
species.>®

Hypericin (Hyp) is a naturally occurring PS, found in the
plants belonging to the genus Hypericum (e.g. St. John’s wort).”
Hyp has proved to be efficient as an antibacterial,®*° antiviral'*
and antifungal'® photodynamic agent. When dissolved in
organic solvents, Hyp is endowed with a good quantum yield
of fluorescence emission (®r = 0.35 £ 0.02 in dimethyl sulf-
oxide (DMSO)"?) and singlet oxygen sensitization (¥, = 0.32 in
ethanol," 0.39 + 0.01 in methanol'*) upon excitation with
visible light. One of the main problems to overcome in the
delivery of Hyp to targeted cells is the very low water-solubility
that leads to the aggregation of the compound and almost
complete loss of fluorescence emission and singlet oxygen
sensitization.”>'® Hyp is thus usually delivered by means of
suitable carriers like liposomes'” or nanopatrticles,'®"® in some
cases endowed with targeting capabilities."” Among other
carriers, proteins are highly biocompatible systems that warrant
bioavailability of the PS. We recently demonstrated that the
complex between Hyp and apomyoglobin (apoMb) is an effective
photosensitizing agent for Gram positive bacteria,*® with fluores-
cence properties that allow us to localize the PS with sub-
diffraction resolution on bacterial cells, using STED (Stimulated
Emission Depletion) microscopy.”*

We also demonstrated the use of B-lactoglobulin (BLG) as a
carrier for Hyp in aqueous solutions such as phosphate-buffered
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saline (PBS), with the advantage, relative to apoMb, that it could
carry more Hyp molecules per protein unit.”* Since PLG is one of
the most abundant proteins of the bovine milk, its use is of
special interest for antimicrobial applications in the dairy
industry. However, although the complex Hyp-BLG proved effec-
tive as a photosensitizing agent, its spectral properties and the
low fluorescence and singlet oxygen quantum yields suggest that
Hyp is not fully monomeric when bound to the protein, which
prevents the full realization of its photosensitizing potential.*?

Since BLG can be coated with DMSO>® we hypothesize that
the DMSO layer around BLG could provide a better environ-
ment for the bound Hyp molecules. In this work, we seek to
study whether the use of DMSO as a cosolvent improves the
photophysical properties of Hyp-PLG, thereby assessing its
potential as a photodisinfection agent for materials contaminated
with bacteria. Indeed, the results confirm that DMSO as a cosolvent
leads to an improvement in the fluorescence and singlet oxygen
yields of bound Hyp. Surprisingly, the photo-inactivating action of
the complex against bacteria was decreased. This apparently con-
tradictory finding demonstrates that a high efficiency of 'O,
photosensitization may not necessarily translate into higher photo-
dynamic efficiency against bacteria.

Results and discussion
Hyp and BLG form a stable complex in a DMSO:PBS mixture

BLG spontaneously forms homodimers (2BLG) under physio-
logical conditions and under the conditions encountered in
milk processing.>***> Dimerization involves the antiparallel
alignment of the strand I (residues 163-167), not involved in
the eight-stranded B-barrel, assisted by the formation of hydro-
gen bonds between the interacting strands, and the inter-
subunit interface is also shaped by the loop AB, where residues
Asp49 and Arg66 participate in salt bridges. As previously
shown by molecular modelling, Hyp can a priori be accommo-
dated in the two clefts formed at the interface of 2fLG. In the
narrower cleft, which is shaped by the a-helix that precedes the
strand BI, Hyp can be inserted only as a monomer. The other
cleft, formed by loops AB and CD, which contains Trp77, is
wider and might accommodate the binding of dimeric Hyp,
and possibly higher order aggregates.

Experimental proof for the formation of a stable complex
between Hyp and 2BLG is provided by a combination of
spectroscopic techniques. Hyp is readily soluble in polar
organic solvents, like DMSO, where it shows a structured
absorption spectrum, with two sharp bands at 555 nm and
599 nm, and intense fluorescence emission with two bands
centered at 604 nm and 653 nm (Fig. 1A and B, red). In PBS
buffer, absorption bands are lowered in intensity and less
structured, and the fluorescence emission is almost completely
quenched (Fig. 1A and B, black), as a consequence of the
aggregation of the molecule. In the presence of 2BLG in the
PBS buffered solution, the structured absorption spectrum is
partially recovered, with bands centered around 560 nm and
598 nm, along with fluorescence emission (Fig. 1A and B, blue).
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Fig. 1 Absorption (A), fluorescence emission (B) and fluorescence aniso-
tropy (C) spectra of Hyp in DMSO (red), Hyp in PBS (black), Hyp in 20%
PBS-DMSO (grey), Hyp2BLG in PBS (blue) and Hyp2BLG in 20% PBS-—
DMSO (green). The Hyp concentration is 4 uM and that of BLG, when
present, is 200 uM. Emission spectra are collected after excitation at
554 nm, T = 20 °C. Fluorescence anisotropy spectra are obtained from
excitation spectra (lemy = 620 nm, T = 20 °C).

As previously observed for apoMb®’ and bovine serum
albumin,®® these facts are a consequence of the binding of
Hyp to the protein, which can accommodate the molecule
in a less-polar environment than water, thus preventing the
aggregation. Time-resolved fluorescence emission measure-
ments for Hyp in solution in the presence of 2BLG afford
a biexponential decay with lifetimes (tg) of 3.9 ns (35%) and
6.7 ns (65%), consistent with the values observed for Hyp
bound to apoMb, where the high concentration of the long-
lived species was attributed to Hyp shielded from the aqueous
solvent.”® As can be observed in Fig. 1C, Hyp in solution with
2BLG shows a non-zero anisotropy fluorescence excitation
spectrum, indicating that the rotational diffusion of the
molecule is limited because of the interaction with the protein
scaffold. In comparison, Hyp dissolved in pure DMSO gives
a zero anisotropy spectrum (Fig. 1C, red), due to the faster
rotational diffusion.

Fluorescence Correlation Spectroscopy (FCS) provided addi-
tional proof for the formation of a stable complex between
2BLG and Hyp. FCS is useful to determine the diffusion coeffi-
cient of molecules taking advantage of the spontaneous thermal
fluctuation in the fluorescence emission intensity of the freely
diffusing fluorophores in solution.>””*® Fig. 2A shows the cross-
correlation function determined for 1 nM Hyp in the presence of
30 uM BLG. The cross-correlation signal is well described by a
model comprising diffusional motion, on the 10 us — 1 ms time
scale, and triplet decay, occurring on the 1-10 ps time scale.
The diffusion coefficient of the dominant diffusing species is
D = 70 um® s, consistent with the value expected for Hyp
bound to 2BLG.

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Cross correlation functions for 1 nM Hyp in PBS buffer in the
presence of 30 uM BLG (A — open circles) and 1 nM Hyp in the mixture
PBS—-DMSO in the presence of 36 uM BLG (B — open circles). The solid
lines are the results of the fit using a model comprising triplet state decay
and diffusion. Excitation 475 nm, detection at 670 nm.

Coating BLG with DMSO improves the photofunctional
properties of bound Hyp

A key issue for potential applications in photosensitization-
based antimicrobial treatments is that the PS retains the ability
to populate the triplet state upon photo-excitation and photo-
sensitize the production of 'O,. As shown in Table 1, the
complex Hyp2BLG in PBS buffer has a quantum yield for the
triplet state formation @t = 0.050 + 0.002. The triplet state
shows a lifetime decay (t1) of around 10 us, considerably longer
than the value obtained for Hyp in DMSO (1.4 ps) and similar to
the one reported for Hyp bound to apoMb (11.1 ps), where this
relatively long lifetime was attributed to the shielding of Hyp
from the solvent by the protein scaffold.”® Hyp2BLG photo-
sensitizes 'O, with a yield @, = 0.065 + 0.010. The similar @,
and @1 values measured for Hyp2PLG in PBS buffer indicate
that the efficiency of the energy transfer between the triplet
state of Hyp and ®0,, leading to the production of '0,, is close to
unity. However, the value retrieved for @, is quite low in compar-
ison to the one observed for Hyp in pure DMSO (0.28 + 0.05) or
Hyp bound to apoMb (0.14 + 0.03).>' According to molecular
modeling studies, the reduced fraction of active PS may be due to
the preferential binding of Hyp, possibly as an aggregate, to the
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wide cleft in 2BLG, where it is stacked against Trp77. Moreover,
when bound to the wide cleft, one face of Hyp is exposed to the
aqueous solvent, an interaction which may be detrimental to the
photophysics of the compound.

To overcome these limitations we have taken advantage of
the preferential interactions between DMSO and 2BLG. Since
DMSO (up to 50%) is known to coat 2BLG without affecting its
structure to any appreciable extent,”® we have introduced a
small amount of DMSO as a cosolvent, with the aim of provid-
ing a better environment to bound Hyp, thus increasing the
fraction of photo-active bound molecules. We chose a DMSO
concentration of 20% (Vpmso/Vess), corresponding to ~17%
(Vbmso/Viot), well below the limit at which denaturation is
observed. Molecular dynamics (MD) simulations performed
for dimeric LG in a DMSO/water mixture at this concentration
reveal that DMSO molecules tend to fill specific pockets in
hydrophobic patches of the protein surface, including the areas
corresponding to the narrow and wide clefts formed at the
interface of the interacting monomers (Fig. 3). This agrees with
the experimental finding that at low DMSO concentrations
there is a negative preferential binding of DMSO molecules,??
reflecting the favorable interactions of DMSO with aliphatic
and aromatic residues. Furthermore, mapping of the highly
populated binding sites for organic probes is valuable to
identify ‘hot spots’ for the binding of small molecules.**™*
The distribution of DMSO molecules on the protein surface is
consistent with the observation, based on THz spectroscopy,
that BLG is a relatively hydrophobic protein not displaying an
extended long-range hydration dynamics,** as is observed for
other hydrophilic proteins.**3®

Hence, these results suggest that DMSO might stabilize the
attachment of monomeric Hyp to the clefts located at the
interface of 2BLG.

The formation of a stable Hyp2BLG complex in the binary
DMSO-PBS mixture was confirmed by fluorescence anisotropy
and FCS measurements. The anisotropy spectrum (Fig. 1C, green)
shows non-zero values, consistent with the ones observed for
Hyp2PLG in pure PBS buffer. The cross-correlation function
measured using FCS for Hyp2BLG (10 nM Hyp with 36 uM BLG)

Table 1 Photophysical parameters of Hyp and Hyp2BLG in PBS or 20% PBS—-DMSO incubated with S. aureus cells

Sample Solvent 1 (nS) by Tr (us) [ A (1s) 2N
Hyp DMSO 5.5 & 0.1 (100%) 0.35 + 0.02"? 1.4 + 0.1° 0.35" 5.5 + 0.1 0.28 + 0.05%°
Hyp PBS + S. aureus 2 (48%)
4.2 (52%)
Hyp PBS-DMSO 20% 3.5 (100%)
+S. aureus 5 (48%)
3 6 (52%)
Hyp2BLG PBS .9 (35%) 0.03 £ 0.01 10 + 2¢ 0.050 £ 0.002 2.3 £0.1 0.065 £ 0.010
.7 (65%) 8.6
9.6°
+S. aureus .6 (45%) 8+ 1¢
.0 (55%)
Hyp2BLG PBS-DMSO 20% .2 (20%) 0.06 + 0.01 8.2 + 0.4° 0.170 £ 0.002 2.5 £0.1 0.12 &+ 0.05
.6 (80%) 8.4°
+S. aureus .5 (100%) 7.5°
9+ 1°

“ Laser flash Photolysis. ?

This journal is © The Royal Society of Chemistry 2017

Time-resolved NIR phosphorescence detection. ©

Fluorescence correlation spectroscopy.

J. Mater. Chem. B, 2017, 5, 1633-1641 | 1635


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7tb00081b

Open Access Article. Published on 20 January 2017. Downloaded on 8/26/2025 5:49:02 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Fig. 3 Preferential distribution of DMSO molecules around the protein
surface of dimeric BLG. Blue isocontours denote a DMSO density of
0.3 g cm~>. Yellow areas denote the surface contribution arising from
amino acids with hydrophobic side chains. The location of the narrow and
wide clefts at the protein—protein interface is also shown.

in the mixture PBS-DMSO (Fig. 2B), is well-described by a model
considering molecular diffusion and triplet decay. The diffusion
coefficient of the dominant species is D = 40 pum” s~ *. The lower
value of D observed in PBS-DMSO with respect to the pure PBS
buffer arises from the higher viscosity of the mixture and the
different hydrodynamic radius of the DMSO-coated protein.*””*
The spectroscopic properties of the complex Hyp2BLG consider-
ably change in the DMSO:PBS mixture: the absorption spectrum
(Fig. 1A, green) is more structured than that in pure PBS, with
absorption bands similar to those observed for Hyp dissolved in
pure DMSO, and the intensity of the fluorescence emission is
increased (Fig. 1B, green). As can be observed in Table 1, the
presence of DMSO induces a nearly two-fold increase in the values
of &, &1, and P4, which become comparable to those observed
when Hyp is bound to apoMb.>" Table 1 also shows that the
fluorescence decay of Hyp2BPLG in DMSO:PBS occurs with a
biexponential relaxation, where the main component has a
5.6 ns lifetime, identical to the one of Hyp in DMSO. This is in
keeping with the picture derived from MD simulations, where
Hyp bound to 2BLG is coated by DMSO. The minor fast compo-
nent (lifetime 0.3 ns) may arise from scattering.

The effect of local solvent composition on protein bound
Hyp has been discussed in the case of human and bovine serum
albumins, where the network of hydrogen bonds has been
suggested to be responsible for the observed solvatochromism.*>
While the presence of DMSO in close vicinity of the bound Hyp
may affect the excited state proton transfer of the compound, and
thus modulate its photophysics,**™*" the above results suggest
that disruption of Hyp aggregates by specific DMSO solvation may
be even more relevant.

Given the similar concentration of dissolved molecular
oxygen in PBS buffer and in the 20% DMSO-PBS mixture,*
the Hyp2BLG complex can be considered more efficient in the
photosensitization of 'O, when assembled in a PBS-DMSO
mixture.

The increment observed in the values of ®g, & and P,
for Hyp2pLG in DMSO-PBS cannot be attributed to a larger
fraction of monomeric free Hyp molecules in the mixture, since
the spectra recorded for Hyp alone (Fig. 1; grey curves) show the
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narrow

Fig. 4 Preferential distribution of DMSO molecules around the protein
surface of dimeric BLG bound to Hyp molecules as monomers in the
narrow cleft, and either (A) monomers or (B) dimers in the wide cleft. Blue
isocontours denote a DMSO density of 0.3 g cm™>. Hyp molecules are
shown as orange-based sticks.

typical broadened and weaker absorption bands, a barely
detectable fluorescence emission (@ < 0.001), and a negli-
gible formation of triplet state. Thus, the increased quantum
yields observed in the presence of DMSO indicate a larger
fraction of better solvated Hyp molecules bound to the pro-
tein. In fact, molecular modelling studies support the struc-
tural integrity of the Hyp2BPLG complex. As noted in Fig. 4,
which shows the last snapshot collected at the end of a MD
(250 ns) simulation, the presence of DMSO neither alters the
binding of monomeric Hyp to the narrow cleft nor impedes
the binding of Hyp, either as a monomer or a dimer, to the
wide cleft, where it is stacked against the indole ring of Trp77
(the average distance between the Hyp and indole rings is
close to 4.8 A). Although the present results do not allow us to
discern the relative stability of the binding to the two clefts, it
is worth noting the large population of DMSO molecules
around bound Hyp, especially for the monomeric species in
the narrow and wide clefts (blue contour in Fig. 4). Moreover,
monomeric Hyp is deeply inserted into the wide cleft, while
the larger size of dimeric Hyp leads to a more superficial
interaction with the protein. The preferential solvation by
DMSO molecules is expected to result in a more effective
shielding of bound Hyp from surrounding water molecules,
which would stabilize the binding of monomeric Hyp to the
protein.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Photoinactivation results for S. aureus cells in suspension incu-
bated with: 4 uM Hyp (red), 4 uM Hyp and washed by centrifugation
(magenta), Hyp 4 uM complexed with BLG 200 uM (green), Hyp 4 uM
complexed with BLG 200 uM and washed by centrifugation (dark green).
The same experiments are performed in a PBS buffered solution (A) and in
a 20% PBS—DMSO mixture (B). Controls are made for S. aureus suspension
in PBS (black), in 20% PBS-DMSO (orange), and incubated with BLG
200 pM (blue).

Antimicrobial activity of the complex between PLG and Hyp

The enhanced photophysical properties in the presence of
DMSO suggest that Hyp2BPLG may have improved antimicrobial
activity. We then compared the photoinactivation of S. aureus
suspensions incubated with Hyp in DMSO, Hyp2BLG in PBS
and Hyp2BLG in the mixed solvent PBS-DMSO. In addition,
after the incubation period, suspensions were centrifuged and
the pellet containing the cells was re-suspended in an equal
volume of solvent, while the supernatant was removed by
suction. This washing procedure allows for the removal of the
species that are not tightly combined to the cells after the
incubation, and thus can be separated by centrifugation.

In pure PBS buffer, Hyp2BLG induces a relevant inactivation of
S. aureus, with a decrease of ~6log units in the number of
bacterial CFU upon irradiation (Fig. 5A, green). This effect is
comparable to the one observed when free Hyp in pure DMSO is
added to the bacteria suspension (Fig. 5A, red), whose antimicro-
bial activity against Gram-positive bacteria is known.®>***** The
results obtained for the washed suspensions are very similar: a
decrease of ~6log units in the number of CFU for free Hyp
(Fig. 5A, magenta) and 5 to 6log units for Hyp2BLG, with a slight
reduction of the dark toxicity (Fig. 5A, dark green). Fig. 5B shows
the results of the experiments carried out using the 20% PBS-
DMSO mixture as a solvent. Control experiments demonstrated
that the presence of DMSO at this concentration is not toxic for
these bacteria (Fig. 5B, orange). As observed in pure PBS bulffer,
when free Hyp in pure DMSO is added, excellent photoinactiva-
tion is obtained, with a reduction of 6-7log units in the number
of CFU (Fig. 5B, red). No substantial change occurs after washing
by centrifugation (Fig. 5B, magenta). Surprisingly, the complex
Hyp2BLG considerably reduces its photodynamic action against
S. aureus in the mixture PBS-DMSO, inducing a decrease in the
number of CFU of ~3log units upon irradiation (Fig. 5B, green).
This result is in apparent contradiction with the measured value
of @, of the complex, which is about two-fold higher in the mixed
solvent PBS-DMSO than in pure PBS.

This journal is © The Royal Society of Chemistry 2017
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The different photodynamic activity towards S. aureus in the
mixed solvent PBS-DMSO does not arise from a reduced
photostability of the complex in the mixed solvent as compared
to PBS. Exposing Hyp2BPLG to the same light dose as used
in the photoinactivation experiments leads to the same level
of bleaching of the compound in PBS and in PBS-DMSO
(data not shown).

Spectroscopic analysis in the presence of bacteria

The comparison of the fluorescence emission spectra in Fig. 6
can provide some indications about the distribution of Hyp in
the presence of S. aureus cells. As previously discussed, free
Hyp is largely aggregated in PBS buffer and no fluorescence can
be detected at the concentration used (Fig. 6A, red). When free
Hyp is placed in the mixture PBS-DMSO, the fluorescence
emission is detectable with a maximum at 593 nm, but still
weak (Fig. 6B, red). After incubation with bacterial cells, the
emission spectra of free Hyp undergo minor but important
changes: a slight increase in the emission is observed in pure
PBS (Fig. 6A, black, peak at 598 nm), while an increase of
the emission and a band-shift are observed in the mixture
PBS-DMSO (Fig. 6B, black, peak at 598 nm). Fluorescence decay
is very similar for bacteria bound Hyp, either with or without
DMSO (Table 1). This indicates re-distribution of Hyp, where
Hyp molecules are placed in a different environment than the
bulk solvent, provided by the cell.

The interaction between Hyp or Hyp2BLG and S. aureus cells
is crucial for the photodynamic inactivation induced by the
photosensitizing species.

As previously discussed, the complex Hyp2BLG in pure PBS
is considerably more fluorescent than free Hyp (Fig. 6A, green),
and its emission becomes even more intense in PBS-DMSO
(Fig. 6B, green). No significant changes in the emission spectra
of Hyp2BLG are detected after incubation with S. aureus cells,
either in pure PBS (Fig. 6A, cyan) or PBS-DMSO (Fig. 6B, cyan).
When solutions are washed by means of centrifugation after
incubation with bacteria, the fluorescence emission is largely
reduced (Fig. 6A and B, blue), becoming comparable with the

104

Fluorescence Emission (a.u.)
N

750 600 675 750

Wavelength (nm)

600 675
Fig. 6 Fluorescence emission spectra in PBS buffer (A) and in the 20%
PBS—-DMSO mixture (B) for Hyp 4 uM (red), Hyp 4 uM incubated with
S. aureus (black), Hyp 4 uM complexed with BLG 200 uM (green), Hyp 4 uM
complexed with BLG 200 uM incubated with S. aureus (cyan), Hyp 4 uM
complexed with BLG 200 pM, incubated with S. aureus and washed by
centrifugation (blue). The insets represent a zoom of the less intense
signals. Excitation at 554 nm.
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one observed for free Hyp incubated with bacteria. The small
but clearly detectable emission spectra of the washed bacteria
indicate that an appreciable fraction of Hyp2BLG is tightly
bound to the bacteria. The position of the emission peak for
this fraction is very similar in the absence (598 nm) and in the
presence of DMSO (597 nm). All of the above results are
unchanged whether bacteria are incubated with Hyp2BLG at
room temperature, or at 37 °C.

When S. aureus cells are incubated with Hyp2BLG in PBS,
time resolved fluorescence emission from the PS occurs
through a biexponential relaxation with similar weights as,
and slightly longer lifetimes than, those observed in the
absence of bacteria (Table 1). This fact indicates that the
fluorophore is kept in the same type of environment with or
without bacteria, provided by the protein scaffold. Similarly,
the fluorescence decay observed for S. aureus incubated with
Hyp2BLG in PBS-DMSO is essentially the same as that observed
for Hyp2BLG in PBS-DMSO and for Hyp in DMSO (Table 1).
This suggests that the patches of DMSO, coating the hydro-
phobic areas of the protein surface, persist also when Hyp2pLG
is bound to the bacteria.

Importantly, triplet decay of Hyp2BLG bound to S. aureus is
very similar in PBS and PBS-DMSO, with a lifetime of approx.
9 us, identical to the value measured in the absence of bacteria
(Table 1). The long lifetime of the triplet state indicates that
Hyp remains bound to the protein carrier, since transfer to the
bacterial membrane would lead to a shorter triplet state life-
time (approx. 1-2 us).

Finally, the interaction between Hyp2BLG and S. aureus cells
is further confirmed by FCS experiments, which demonstrate
for all these samples the presence of fluorescent species with a
diffusion coefficient consistent with that of large objects such
as S. aureus cells (data not shown).

Since experimental evidence suggests that the complex
between Hyp and 2BLG remains intact even after binding to
S. aureus, the different type of interaction of the whole complex
Hyp2BLG coated by DMSO with the cells is most likely the reason
for the reduced efficiency in the microbial photoinactivation. In
spite of the higher amount of photosensitized ‘0, by Hyp2BLG,
the DMSO coating thus appears to decrease the bioavailability of
the photoactive compound for yet to be understood reasons.

Conclusions

The complex between the dimeric milk whey protein LG and
the natural photosensitizer Hyp has been fruitfully used as
photoactive system in antibacterial photosensitization-based
treatments.”> However, the presence of the wide cleft, capable
of accommodating more than one PS molecule, and the partial
exposure of bound Hyp to the aqueous environment lowers
both triplet and fluorescence quantum yields, in comparison
with cases where bound Hyp is strictly monomeric and the
shielding from solvent is more efficient.>°

Taking advantage of the known peculiar solvation properties
of BLG, we show that it is possible to coat the dimeric protein
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with the cosolvent DMSO, which provides a better environment
for the bound Hyp molecules. While this increases fluores-
cence, triplet, and singlet oxygen yields, it turns out that the
presence of DMSO is detrimental to the antibacterial treatment.
This most likely arises from a change in the interaction
between Hyp2BLG and the cellular constituents, which prevents
the DMSO coated nanostructure from reaching more photo-
sensitive regions in the bacterial wall.

The present work demonstrates that the improved photo-
physical properties of the delivery system are not necessarily
translated into more effective photoinactivation of bacterial
cells. The overall efficiency is the result of a combination of
suitable photosensitization yield and interaction with the target
environment.

Experimental section

Hypericin was obtained from HWI Analytik GmbH (Ruelzheim,
Germany). B-Lactoglobulin (isoform B) from bovine milk was
obtained from Sigma Aldrich (St. Louis, MO). All samples were
used as received.

For the spectroscopic studies on the complex Hyp2pLG, we
choose experimental conditions comprising an excess of protein,
so that the fraction of free Hyp molecules is negligible. Typical
experimental values are [BLG] = 200 uM, corresponding to
[2BLG] ~ 86 uM, and [Hyp] = 4 uM. Under these conditions,
~86% of BLG is found as a homodimer (dimerization constant
ko = 8.6 uM**) and ~97% of Hyp is bound to the protein
(dissociation constant kq = 0.71 £ 0.03 uM>?). For FCS experi-
ments, Hyp was kept at 1 nM in the presence of 30 uM BLG.

General spectroscopic instrumentation

Absorption spectra were recorded using a Jasco V-650 (Jasco
Europe). Fluorescence spectra were recorded using a Spex-
Fluoromax 4 (Horiba Jobin Yvon, Edison, NJ) or a Perkin Elmer
LS50 spectrofluorometer (PerkinElmer, Waltham, MA). For
steady state anisotropy studies, two Glan Taylor polarizers were
placed before sample excitation and before fluorescence detec-
tion. Fluorescence decays were recorded by using a Fluotime
200 time-correlated single photon counting system (PicoQuant
GmbH, Berlin, Germany) with pulsed LED excitation at 457 or
375 nm and detection via a PicoQuant PMA 182-M single
photon detector.

Singlet oxygen measurements

The time-resolved 'O, phosphorescence signals and @, values
were determined by direct detection of 'O, phosphorescence at
1275 nm using a modified PicoQuant Fluotime 200 system. A
diode-pumped pulsed Nd:YAG laser (FTSS355-Q, Crystal Laser,
Berlin, Germany) working at a 10 kHz repetition rate (ley =
532 nm, 1.2 pj per pulse) was used for excitation; the NIR
luminescence exiting from the sample was detected at 90° by
using a H9170-45 NIR-PMT module (Hamamatsu) working in
photon counting mode and a NanoHarp 250 multichannel scaler
(PicoQuant, Germany). The time-resolved phosphorescence
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signals, showing the typical rise and decay, were fitted using the
equation:

S = Soi(e*l/m _ e*’/ﬁ) + o )

TA —TT

where 7 and 7, are the lifetime of the photosensitizer triplet
state and of '0,, respectively, y, is an offset due to instrument
dark counts and S, is an instrumental quantity proportional to
®,. For ¢, measurements, Rose bengal (RB) and 5,10,15,20-
tetrakis(1-methyl-4-pyridinium)porphinetetra( p-toluenesulfonate)
(TMPyP) were used as references. The sample and references were
dissolved in the same solvent and air-equilibrated. Reference
concentrations were adjusted so that the value of absorbance
(<0.1) at the excitation wavelength resulted to be the same as that
of the sample. Time-resolved signals were acquired and fitted
using eqn (1). The value for @, was then retrieved comparing the
S, values for the sample and references:*®

§0,sample (2)

(DA,sample = (pAﬁref
50,ref

Fluorescence correlation spectroscopy (FCS)

FCS experiments were performed using a Microtime 200 system
from PicoQuant, based on an inverted confocal microscope
(Olympus IX70) and equipped with two SPADs (single photon
avalanche diodes) used in the cross-correlation mode. Excita-
tion was achieved by using a 475 nm picosecond diode laser.
Fluorescence emission by Hyp was collected through a band-
pass filter and split with a 50/50 splitter between the two
detection channels. The Hyp concentration was kept in the
nM range, so that only a few molecules (always below 10) were
detected in the confocal volume.

Laser flash photolysis

Triplet state decay of Hyp was monitored at 520 nm after
photoexcitation with the second harmonic (532 nm) of a
nanosecond Nd:YAG laser (Spectron Laser) using a previously
described setup.*”

Molecular modeling

Set up of the DMSO/water (17% v/v) solvent box. Following
the procedure reported by Alvarez and Barril,*® a single mole-
cule of DMSO was built using the Molecular Operating Environ-
ment (MOE)*® and optimized at the HF/6-31G(d) level of theory
using Gaussian 09.°° Partial charges were derived for the
optimized structure using the RESP procedure®*? and atom
types were assigned according to the general amber force field?
using Antechamber.’ The initial DMSO/water (17% v/v) box
was obtained by solvating 6 DMSO molecules in a box of 88
TIP3P>>>® water molecules, minimized (3500 steps of steepest
descent followed by 6400 steps of a conjugate gradient) and
thermalized in three steps of 100 ps where the temperature was
gradually increased from 50 K to 298 K in the NVT ensemble.
Next, the volume of the box was equilibrated under constant
pressure and temperature in two stages of 100 ps. Throughout
all pre-equilibration stages, the temperature was controlled by

using a Langevin thermostat with a collision frequency of 3 ps™,
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long-range electrostatics were treated using particle mesh Ewald
summation, a cutoff of 4 A was applied to all non bonded
interactions, and SHAKE®” was employed to constraint all bonds
involving hydrogen atoms. All simulations at this stage were
performed using the sander module of AmberTools15.>®

Set up of simulation systems. The BLG dimer was con-
structed from the X-ray crystallographic structure 1BEB depos-
ited in the Protein Data Bank, while our previously reported,**
docking-derived, model was used as the starting structure to
build the BLG-Hyp complex. Two disulfide bridges (Cys66-Cys160
and Cys106-Cys119) were set up on each monomer of BLG. The
simulated system was solvated on a truncated octahedron box
of TIP3P water molecules and the appropriate number of Na*
counterions was added to neutralize the total charge. The ff14SB-
ildn force field® was used for the protein, while Hyp was
parameterized using the general amber force field in conjunction
with RESP (HF/6-31G(d)) charges, and Joung and Cheatham®>®
parameters to model the counterions, as implemented in the
Antechamber module of AmberTools15 software package. Each
system comprised around 60000 atoms, including the protein-
ligand complex, 900 DMSO molecules, 14 000 water molecules
and 9 Na* counterions in a simulation box of 625000 A®.

The geometry of the system was minimized in five cycles
that combined 3500 steps of steepest descent algorithm fol-
lowed by 6500 of conjugate gradient. Thermalization was
performed in 3 steps of 125 ps, where the temperature was
gradually increased from 50 K to 298 K, while the protein and
ligands were restrained with a force constant that was concur-
rently reduced from 1 kecal mol™* A~2 to 0.1 keal mol * A2,
Prior to the production runs, each system was subjected to a
0.5 ns simulation on the NPT ensemble to equilibrate the
density of the system. During the thermalization and equili-
bration stages a timestep of 1 fs was employed using SHAKE to
constraint bonds involving hydrogen atoms. The production
runs consisted of 250 ns using SHAKE for bonds involving
hydrogen atoms, a time step of 2 fs, periodic boundary condi-
tions at constant volume and temperature (298 K; Langevin
thermostat with a collision frequency of 3 ps™'), particle mesh
Ewald to handle long-range electrostatic interactions, and
applying a cutoff of 10 A to all nonbonded interactions. The
sander module was employed for the minimization stage, while
the CUDA accelerated version of PMEMD® was used thorough the
heating, equilibration and production stages, with both modules
being available in the standard distribution of AMBER15.

Microbial strain growth and photoinactivation

The bacterial strain used was Staphylococcus aureus CECT 239
obtained from the Spanish Type Culture Collection (CECT).
Vegetative bacterial cells were grown in sterile Tryptic soy broth
at 37 °C until an optical density at 600 nm corresponding to 0.4.
The cells suspensions were then washed three times in sterile
PBS by means of centrifugation and re-suspension, diluted 1:2
with a double concentrated solution containing the photosen-
sitizer and incubated in the dark for 30 min at room tempera-
ture. For the photoinactivation experiments, the suspensions
were placed in 96-wells plates, irradiated with green light for
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15 or 30 min (18 and 37 J ecm™?) and serially diluted until 10~°
times the original concentration. Colony forming units (CFUs)
were counted after 24 h incubation in the dark at 37 °C to
calculate the survival fraction. Experiments were carried out in
duplicate.
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