W) Check for updates .
Chemistry

Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202403095

www.chemeurj.org

Role of Secondary Structure and Time-Dependent Binding
on Disruption of Phthalocyanine Aggregates by Guanine-

Rich Nucleic Acids

Eleanor R. Windle,® Christopher C. Rennie,” Robert M. Edkins,*® and Susan J. Quinn*®

Phthalocyanines are versatile photodynamic therapy agents
whose biological activity depends on their aggregation state,
which is expected to be influenced by binding to biomolecules.
Here, guanine-rich nucleic acid binding of a water-soluble
cationic, regiopure C,, zinc phthalocyanine bearing four tri-
ethylene glycol methyl ether and four N-methyl-4-pyridinium
substituents (1) is reported. In contrast to double-stranded
DNA, guanine systems GpG, (GG),, poly(G) and quadruplex
DNA are shown to effectively disrupt phthalocyanine aggre-
gates in buffered solution. This process is accompanied by
evolution of the Q-band absorbance and enhanced emission.
Increasing the sequence length from GpG to (GG),, increases
the binding and confirms the importance of multiple binding

Introduction

Phthalocyanines (Pcs) possess strong far-red to near-infrared
(NIR) light absorption and can act as effective phototherapy,’?
photoacoustic,” and fluorescence imaging agents.” In partic-
ular, the ability of Pcs to harness NIR photons expands their
phototherapy application to tissues deeper than the skin while
reducing photosensitivity for patients.” The therapeutic efficacy
is further enhanced by their potential to act as agents for
photodynamic therapy (PDT) through singlet-oxygen photo-
sensitization or photothermal therapy (PTT) through effective
heat generation, with potential to combine these effects.”’ So
far, five Pcs have reached clinical testing for PDT (Photosens,
photocycanine, Pc4, CGP55847, and IR700DX)” and many
others have been reported in recent years.” Furthermore, Pcs
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interactions. Enhanced binding in the presence of KCl suggests
the importance of nucleobase hydrogen-bonded mosaics in
phthalocyanine binding. Notably, the (GT),, sequence is even
more effective than quadruplex and pure guanine systems at
disrupting the aggregates of 1. Significant time-dependent
binding of 1 with poly(G) reveals biexponential binding over
minutes and hours, which is linked to local conformations of
poly(G) that accommodate monomers of 1 over time. The study
highlights the ability of biomacromolecules to disrupt phthalo-
cyanines aggregates over time, which is an important consid-
eration when rationalizing photoactivity of photosensitizers in-
vivo.

have been investigated in combination with other anti-cancer
agents to improve therapeutic outcomes.”

Significant effort has been directed to the development of
Pcs with optimized PTT and PDT activity.® The PDT and PTT
photoactivity of a Pc is typically governed by its aggregation
state present at the biological target site.® Monomeric Pcs may
undergo efficient intersystem crossing (ISC) allowing them to
act as efficient PDT agents through either Type | (transfer of an
electron or proton to form reactive oxygen species) or Type Il
(energy transfer to 0, to form singlet oxygen ('0,)) mecha-
nisms. On the other hand, aggregation of Pcs can enhance non-
radiative decay facilitating local heating for PTT applications
(Figure 1). As the hydrophobic nature of Pcs typically causes
them to aggregate in aqueous buffered solution,” efforts have
been made to reduce stacking by functionalizing the aromatic
core with groups that increase steric hindrance and improve
solubility." The PDT activity of Si(IV) Pcs is in part attributed to
the role of axial substituents in preventing aggregation."” An
example of this was the incorporation of two axial oleate
ligands to limit aggregation by introducing steric hindrance.!"®
Furthermore, Pcs have been shown to bind with high affinity to
guanine-rich G-quadruplex DNA through favorable end-on =-
stacking of the extended aromatic system with the G-quartet."?
The presence of positively charged side chains has also been
shown to lead to favorable interactions with quadruplex
loops.* Early reports demonstrated that Pc binding could
cause inhibition of telomerase,"” and reduce NRAS expression
in cancer cells by selective photocleavage of the target RNA G-
quadruplex.” These observations have led to significant
interest in the study and application of G-quadruplex binding
Pcs."*" Exciting recent reports include the catalytic light
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Figure 1. Systems under study. Simplified Jablonski diagram of photothermal and photodynamic therapy mechanisms and their link to phthalocyanine
aggregation state and interactions with G-rich DNA (aggregate structure and DNA interaction shown are schematic). Structure of C,, Pc 1 with four triethylene
glycol methyl ether (TEG) groups in the a positions and four N-methyl-4-pyridinium groups in the S positions.

triggered photodegradation of G-quadruplex DNA by a Zn(ll)
Pc9 and the development of a zinc Pc-bound quadruplex
system for combined PDT and antisense therapy.'®

Charge is known to modulate the binding of Pcs to DNA
and is also a key factor in cellular interactions and
localization."” Interestingly, while cationic porphyrins such as
TMPyP4 typically exhibit low selectivity for G-quadruplex over
double stranded DNA (dsDNA), anionic Pcs have been shown to
preferentially bind the G-quadruplex.®® These preferential
interactions are attributed to removing the non-specific electro-
static interactions associated with the cationic species.'®
Despite their lower binding affinity, anionic Pcs have shown to
inhibit telomerase,*¥ decrease NRAS expression and been
successfully used for photodynamic cancer therapy.'” In
addition to showing stronger binding affinity, cationic Pcs have
been found to show greater photoactivity in cells, which is
attributed to the influence of environmental pH, interaction
with bio-membranes and binding to serum proteins, leading to
differences in subcellular localization."” Preparation of amido
Pcs with different methylene units separating the Pc core from
peripheral ammonium groups has been used to modulate the
aggregation and DNA binding.”™ We are interested in develop-
ing light-activated systems to target quadruplex DNA and have
previously studied the interaction of cationic transition metal
polypyridyl complexes to different quadruplex DNA systems.”"!

Typically, Pc monomers are required to access the longer-
lived triplet excited states needed for PDT, while PTT effects are
linked to thermal deactivation of aggregates. However, there
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have also been reports of the PDT activity of aggregates.”

Additionally, Pcs formulated as aggregates have been shown to
dissociate and release monomers to the target site where they
are detected in the monomer form by the appearance of
fluorescence.”® The possibility of dual PDT and PTT mecha-
nisms, and the switching between them, has often not been
considered. The disruption of the aggregates may arise due to
interactions with a range of biomolecules at the cell surface,
with the cell membrane, or with intracellular molecules. As
noted above, Pcs have been shown to impact cellular function
by targeting nucleic acids. Therefore, it is of interest to explore
the ability of different nucleic acid structures to disrupt Pc
aggregates and to consider the timescale over which the
phenomenon occurs. This is particularly relevant in the case of
polymer DNA, which can take time to achieve optimum
binding. Time-dependent binding of DNA has previously been
observed for threading binuclear polypyridine ruthenium inter-
calators, where fast initial surface binding to polymeric DNA is
followed by a slow intercalation process that occurs over
hours.® As Pc aggregates are expected to range from small
clusters to larger assemblies and nano-sized aggregates it is
also relevant to note the ability of nucleic acids to overcome
the collective van der Waals interactions in aggregates of
nanocarbons. We previously showed that natural dsDNA
disperses aggregates of single-walled carbon nanotubes
(SWNTSs) over multiple days.”*”

In this current study we explore the ability of guanine-rich
nucleic acid sequences to disrupt aggregates of a cationic zinc
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Pc containing four triethylene glycol methyl ether (TEG)
solubilizing groups in the a positions and four N-methyl-4-
pyridinium solubilizing groups in the B positions (Figure 1). We
show that increasing sequence length from the guanine
deoxyribonucleotide monophosphate (dGMP) to the deoxy
dinucleotide (GpG) and 20-mer guanine deoxy oligonucleotide
(GG),o, results in improved disruption of aggregates of 1 leading
to monomer species. Furthermore, our results show that G-
quadruplexes and sequences capable of forming hydrogen
bonding mosaics are effective at dispersing monomer forms of
1. Finally, we show that in all cases additional time-dependent
binding plays a role in the disruption of aggregates of 1.

Results and Discussion
Synthesis of Cationic TEG Zinc Phthalocyanine (1)

Two challenges associated with exploiting Pcs for PDT are poor
solubility and the use of mixtures of regioisomers for certain
substituted derivatives. Kobayashi® reported previously that
hydrophilic and biocompatible triethylene glycol methyl ether
(TEG) groups in the 3-position of a phthalonitrile precursor can
direct, through both steric and electronic effects, the regiose-
lective synthesis of the C,, H,Pc derivative with four TEG groups
in the a positions of the resultant Pc. While this derivative is
more water compatible than unsubstituted Pcs, it still requires
an organic cosolvent such as DMSO to dissolve fully and is
therefore not suitable as a photosensitizer. Building on
Kobayashi's work, we recently reported a strategy to introduce
secondary functionality in four of the J positions while
maintaining the C,, regioselective Pc synthesis.”® Using this
strategy, one of our previously reported derivatives had four
additional 4-pyridyl groups (compound TEGPyrPc). Here, we
sought to use this compound as a starting point to make a
water-soluble Pc suitable for DNA-binding studies through
methylation of the 4-pyridyl groups, which should also increase
DNA binding through Coulombic interactions. We first meta-
lated the Pc using Zn(OAc),-2H,0 in N,N-dimethylformamide
(DMF) to give Zn derivative ZnTEGPyrPc in 73% yield
(Scheme 1). Methylation of the pyridyl groups of ZnTEGPyrPc
initially proved troublesome; reaction with dimethyl sulfate did
not fully methylate all four pyridyl groups, while use of MeOTf
promptly led to decomposition, as observed by a loss of green
color. However, heating ZnTEGPyrPc with a large excess of
iodomethane in DMF at 80°C in a sealed vessel led to the
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Scheme 1. Synthesis of compound 1 (ZnTEGQPyrPc) from TEGPyrPc. (i) Zn-
(OAC),-2H,0 (20 eq.), DMF, 120°C, 24 h, 73 %. (ii) Mel, DMF, 80°C, 24 h, 97 %.
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desired tetramethylated compound ZnTEGQPyrPc, subse-
quently referred to as 1, as a tetraiodide salt in 97% yield.
'HNMR analysis of 1 and mass spectrometry (Figure S1-S3)
confirmed the complete methylation of the four pyridyl units of
1, while the "H NMR spectrum further supported the regiose-
lective synthesis through its well-resolved J-coupling patterns
(Figure S2). 1 can be dissolved in pure water without a
cosolvent.

Spectroscopic Characterization of 1

In DMSO solution, the monomeric form of 1 is observed and
characterized by Soret absorption between 380 nm and 500 nm
and the strongly absorbing, well-resolved and sharp Qy, band in
the NIR region at 737 nm with an extinction coefficient of
1.74x10° M~'cm™' accompanied by a weaker Q, band at
662 nm (Figure 2). In DMSO solution, a linear increase in
absorption with increasing concentration is observed between
0.28 and 6.5 uM (Figure S4), further evidencing monomeric
behavior in DMSO over this concentration range.

In water, the Soret band absorption of 1 at 416 nm is
reduced and most notably, the Q-band has a significantly lower
absorbance with a blue shift from 739 nm to 730 nm (167 cm™)
and an additional band is present at 686 nm, while at the red
edge the Q-band extends further to 855 nm. These spectral
changes are evidence of Pc stacking and aggregation®” and
can be related to previous studies of zinc Pc derivatives in
water/DMSO mixtures that have shown the formation of higher
aggregates with increased %v/v water. m-Stacking with a
twisting about the intermolecular Zn—Zn axis can lead to a H-/J-
type transition with such new absorption spectral features
either side of the monomeric Q band maximum.”® The impact
of the increased addition of water to a DMSO solution of 1 is
shown in Figure S5.
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Figure 2. Absorption (solid) and emission (A., =650 nm) (dash) spectra of 1
(2.3 uM) in DMSO (black), water (red), 10 mM potassium phosphate buffer
(blue), and 50 mM potassium phosphate buffer +100 mM KCI (green) at
25°C. Inset shows an expansion of the Q-band region for the absorption and
emission spectra of the aqueous solutions.
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The presence of aggregates of 1 in solution was also
confirmed by dynamic light scattering (DLS) measurements,
which show greater changes to the autocorrelation function
with increasing water content, see Figure S6A. Such changes
have previously been used to identify the formation of
molecular aggregates in solution.”” When 1 is dispersed in
100% water a clear decay is observed indicating the presence
of aggregates and this signal is found to decrease at 50% water
and disappear under conditions where monomers are expected
to be present. These DLS measurements are found to be in
close agreement with the visible absorption and emission
behavior of 1 in the monomer and mixed state, see Figure S6B-
C. Further changes to the absorbance spectrum are observed in
10 mM potassium phosphate buffer solution, with a decrease in
Q-band absorbance by 17% and a blue-shift of the Q-band to
726 nm. A further 8% decrease in Q-band absorbance was
observed when the buffer concentration was increased to
50 mM with 100 mM KCl, see Figure 2. In both water and buffer
solution a linear increase in absorbance is observed for
concentrations between 0.2 and 25 uM (Figure S7-S8). In DMSO
solution, strong monomer emission at 755 nm is observed (®;=
0.12). The emission intensity decreased by 89% in water and by
a further 84% in 10 mM phosphate buffer and again by 76 % in
50 mM phosphate buffer with 100 mM KClI due to the
dominance of non-radiative decay in aqueous solutions caused
by the aggregation.”” In addition, the emission is shifted to
746 nm in water and 745 nm in buffer solution. An excitation
spectrum confirmed that it is the residual monomer in solution
that is responsible for emission in water, as seen by the close
resemblance to the DMSO solution absorption spectrum rather
than to that in water (Figure S9). Addition of 1% pyridine to an
aqueous solution of 1 also gave rise to an absorption spectrum
that resembled that of the monomeric form recorded in DMSO,
as axial coordination to the Zn disrupts the aggregates. These
measurements show that, despite its tetracationic nature, 1
strongly aggregates in aqueous solution. This is more pro-
nounced in a buffered environment, which is likely due to some
screening of any modest electrostatic repulsion observed in
water. Overall, the population of aggregated 1 is found to be
very sensitive to the solution environment.

Binding Interactions with G-Rich Nucleic Acids

Next the binding interactions of 1 with different nucleic acid
systems (Figure S10) was investigated. First the ability of
mononucleotide (dGMP), dinucleotide (GpG) and 20-mer (GG),,
guanine DNA to form monomers of 1 by disrupting aggregates
formed in buffered solutions was explored. To do this,
increasing concentrations of the guanine systems were added
to 1 (2.3 uM) in 10 mM potassium phosphate buffered solution.
In the absence of DNA, 1 is weakly emissive and the absorption
spectrum of 1 shows a band at 686 nm and a Q-band at
726 nm characteristic of the aggregated state. Increasing
additions of dGMP of up to 120 nucleobase:1 (Nucl:Pc)
stoichiometric equivalents caused a decrease in the Pc
absorbance and emission, which was attributed to additional
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aggregation or loss of 1 from solution (Figure S11). A similar
effect was also observed upon the addition of buffer solution
(Figure S12). In contrast, the addition of GpG at the same
nucleobase equivalent resulted in a dramatic change in the
absorption spectrum (Figure 3A). The Q-band absorbance was
found to increase, accompanied by a bathochromic shift of
16 nm to 742 nm (297 cm™), and a decrease in the Soret band
absorption at 416 nm was observed, which is characteristic of
DNA binding.®” The weak emission detected in 10 mM buffer
solution was enhanced by a 17-fold increase in emission
intensity at 753 nm which indicates an increase of monomeric 1
in solution, see Figure 3B. The disruption of aggregates of 1 was
even more pronounced upon addition of (GG),, (Figure S13C-
D), which was found to be effective at disaggregating 1 at half
the nucleobase equivalent (Nucl:Pc=60) of the dinucleotide
(Figure 3E). These results show the ability of short sequences of
DNA to disrupt aggregated 1 and the contrast in behavior of
dGMP and GpG suggests the importance of multiple binding
interactions.
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Figure 3. (A) Absorption and (B) emission spectra (4.,,=650 nm) of 1 (2.3 uM)
titrated against increasing concentration of GpG (0-259 uM Nucleobase).

(C) Absorption and (D) emission spectra of 1 at start and end of titration
with G-rich nucleic acids with [Nucl]:[Pc]= 120 (dGMP, GpG), 60 ((GG),,),
and 113 (poly(G)). (E) Emission intensity of 1 in the presence of nucleic acids
against [Nucl]:[Pc]. All spectra in 10 mM potassium phosphate buffer at
25°C.
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Next, we considered the ability of the polyguanylic
ribonucleic acid (poly(G)) to disrupt aggregates of 1, which was
chosen as it is a readily available polymeric form of guanine.
The addition of large stoichiometric equivalents (Nucl:Pc=113)
of poly(G) resulted in modest changes to the absorption and
emission spectra, see Figure ST3E-F and Figure 3C-D. This may
be due to the ability of the polynucleotide to adopt locally
folded motifs that inhibit binding to the aggregates of 1. The
ability of the four guanine systems to disrupt aggregates of 1
formed in 10 mM potassium phosphate buffer is given in
Figure 3E. Overall titration results of the G-rich nucleic acid
systems highlights the inability of dGMP to disrupt aggregates
and the need for significantly greater nucleobase equivalents of
poly(G) compared to GpG and (GG),, to disrupt the same
quantity of aggregates of 1.

Binding to Quadruplex and Double-Stranded DNA

The binding of 1 to the hybrid G-quadruplex formed from the
human telomere sequence (G-HT)®" and anti-parallel G-quad-
ruplex formed by the Oxytricha telomere (G,T,G,)"®” repeat
oligonucleotide in the presence of 100 mM KCl was examined.
In both structures the non-guanine bases lie in the loops of the
quadruplex flanking the G-tetrad core."* The addition of G-HT
was accompanied by the appearance of strong Q-band
absorption and a 67-fold increase in the emission (Figure 4A-B).
A bathochromic shift of 18 nm was observed for the Q-band
and the plateau of absorbance was approached upon the
addition of ca. two quadruplex equivalents, see Figure 4E.

Similar changes were also observed for G,T,G,, with a slightly
greater bathochromic shift in the Q-band absorption (21 nm)
observed. These results demonstrate that 1 can bind readily to
quadruplex-forming DNA resulting in a shift from aggregate to
DNA-bound monomer species in solution. Of the G-rich
sequences, (GT),, was found to be the most effective at
disrupting aggregates of 1 (Figure 4E). The addition of relatively
low stoichiometric equivalents resulted in the greatest change
in the Q-band absorbance (2.6-fold increase upon 30 Nucl:Pc
addition).

In contrast to what is observed in the presence of
quadruplex DNA, only a small enhancement in the lumines-
cence of 1 was observed in the presence of double-stranded
DNA formed from either the mixed base self-complementary
sequence (dGCGCATATGCGC), (DDD-AT), which is related to
the Dickerson-Drew DNA sequence,® or natural polymeric
DNA dsDNA. In both cases negligible luminescent
enhancement was observed in 50 mM potassium phosphate
buffer with 100 MM KCl, (Figure 4E), while slightly greater
enhancement is observed in the absence of salt in 10 mM
buffer conditions (Figure S15A-B and S17A-B). This trend of
modest/negligible enhancement was also observed in the
presence of single stranded natural DNA (ssDNA), see Figure 4E
and S17E-H.

Guanine bases are known to self-assemble in solution and
G-rich DNA can form quadruplex structures in the presence of
stabilizing cations.?” When the binding to the G-rich sequences
was repeated under the conditions of 100 mM KCl, the changes
to the Q-band absorbance and the emission enhancement were
found to increase (Table S3). The impact was found to be
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Figure 4. (A) Absorption and (B) emission spectra (A, =650 nm) of 1 (2.3 uM) titrated against increasing concentration of G-HT (0 - 10.8 uM Quadruplex).

(C) Absorption and (D) emission spectra of 1 at start and end of titration with nucleic acids with [Nucl]:[Pc] =30 ((GT),,), 60 ((GG),,), 120 (G-HT, GpG, DDD-AT,
dGMP), 70 (G,T,G,), 113 (poly(G)), 130 (ssDNA), and 380 (dsDNA). (E) Emission intensity of 1 in the presence of nucleic acids against [Nucl]:[Pc]. (F) Schematic
of G-tetrad and GT-mosaic. All spectra in 50 mM potassium phosphate buffer with 100 mM KCl at 25 °C.
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greatest for poly(G), where a 1.5-fold increase in Q-band
absorbance was observed in the absence of KCl compared to a
2-fold increase in the presence of 100 mM KCI. A summary of
the results of the nucleic acid titration studies in the presence
of KCl is given in Table 1. The comparative studies performed in
the absence and presence of 100 mM KCl indicate that the
presence of a G-tetrad template (Figure 4F) may facilitate the
binding of Pcs and the disruption of aggregates. Furthermore,
(GG),, was found to be more effective than poly(G) at
disrupting the aggregates of 1 (Figure 4E). This may indicate
more effective guanine quartet formation in the shorter
oligonucleotide than in the poly(G). The importance of guanine
quartet formation is further supported by the results of the
binding between 1 and poly(A), which show that poly(A)
disperses 1 much less than poly(G), see Figure S18. Though the
purine footprint of adenine is similar to guanine, a key
difference is that poly(A) participates in fewer intramolecular
interactions compared to poly(G).

Circular dichroism (CD) titrations were performed to gain
further insight into the binding interactions that contribute to
the Pc disaggregation and luminescent enhancement. In
addition to providing structural information about nucleic acids,
CD is very sensitive to structural changes that occur upon small
molecule binding."®?%** This is particularly the case for
guanine-rich sequences, which can adopt diverse secondary
structures including a wide range of quadruplex structures.
The CD titrations revealed remarkable changes in the secondary
structure of G-HT. Notably, a decrease in the ellipticity at
287 nm and increase at 267 nm in the CD spectrum was
observed upon addition of increasing concentrations of 1 at
room temperature (Figure 5). These changes are known to
correspond to a transition from a hybrid to a parallel
conformation.[*?'03%201 The ohservation of the transition at

Table 1. Summary of the spectroscopic changes observed for 2.3 uM 1 in
the presence of the different DNA systems in 50 mM potassium phosphate
buffer and 100 mM KClI at 25 °C.

DNA Nucl:Pc AAbs™/Anm®’ 1 /1,4 Dem™®
(GT)4o 30 2.6/21 nm 204 68 759
(GG)qo 60 2.1/18 nm 212 66 753
G-HT 120 2.1/18 nm 205 67 757
G,T, G, 70 2.1/21 nm 153 55 760
GpG 120 2.2/16 nm 224 70 753
Poly(G) 113 2.0/21 nm 124 41 761
ssDNA 130 1.2/14 nm 30 10 760
DDD-AT 120 0.5/9 nm 22 7.1 754
dsDNA 380 0.6/7 nm 4 1.6 754

[a] Absorbance at Q-band expressed in terms of the absorbance in the
absence of DNA. absence of DNA. [b] Change in the Q-band wavelength
from 726 nm in buffered solution. [c] Emission intensity following titration
(Aex=650 nm, arbitrary units). [d] Emission intensity (arbitrary units)
following titration expressed in terms of emission in the absence of DNA
(745 nm). [e] Wavelength of maximum emission intensity in the presence
of DNA.
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room temperature suggests that 1 possesses chaperone
capabilities unlike other reported Pcs."*

The UV-visible spectrum shows significant suppression of
the Soret band as well as a significant bathochromic shift of the
Q-band with 40% hypochromism compared to the spectrum of
the monomer in DMSO, see Figure S19. Together these results
suggest a preference for end-on stacking to the parallel
structure. This may also explain the effective binding of (GG),,
whose CD spectrum shows a strong positive signal at 262 nm
and a negative signal at 241 nm, which are characteristic of the
presence of parallel quadruplex structures.

In contrast, no change was observed in the CD spectrum
upon addition of 1 to the G,T,G, anti-parallel quadruplex
structure (Figure S20), which indicates that the addition of 1
does not alter the structure. This may be due to the greater
barrier to structural transition for this quadruplex®” and
suggests that the Pc binds less well to the antiparallel structure.
In the case of poly(G) the addition of increasing concentrations
of 1 caused a decrease in the CD signal at 260 nm (Figure S21).

This effect was observed to be greater in the presence of

100 mM KCl in 50 mM buffer than in the 10 mM buffer alone,

which strongly suggests Pc-dependent partial disruption of

local guanine stacking interactions.”™ Notably, a significant
change in the CD signal of (GT),, was observed with an
inversion of ellipticity at 280 nm to a strong negative band at
266 nm and a positive band at 244 nm (Figure S22), which
indicates that binding to 1 results in a dramatic change in the
secondary structure of this nucleic acid. A positive band at ca.
305 nm was also observed to appear for (GT),,. As DNA does
not absorb in this region it may indicate some aggregation or
possibly induced chirality of 1 in the presence of this nucleic
acid sequence. As noted in the introduction, DNA has been
shown to compete with favorable SWNT van der Waals
interactions leading to dispersion of carbon nanomaterial
aggregates.”**® The study of DNA/SWNT dispersions point to
the importance of the formation of a mosaic structure through

interbase hydrogen bonds as an explanation for the ability of

guanine- and thymine-containing family of oligonucleotides
(GT), to disperse SWNTs (Figure 4F).5? It is interesting to
consider that the effectiveness of (GT),, to disperse 1 may be
related to its ability to form a hydrogen-bonded motif at the Pc
hydrophobic face. Minimal changes to the CD spectra of ssDNA,

21
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Figure 5. (A) Circular dichroism spectra of G-HT (3.2 uM quadruplex) titrated
with 1 (0-9.5 uM) in 50 mM potassium phosphate buffer with 100 mM KCl at
25°C. (B) Titration curve representing ellipticity at 267 nm and 287 nm
against concentration ratio of 1 to G-HT.
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DDD-AT and dsDNA were observed in the presence of 1
(Figure S23), which taken with the negligible binding that is
observed in higher salt concentrations, suggests that the
enhancement of luminescence observed in Figure 4E likely
arises due to a small amount of electrostatic interaction in
contrast to the effect of stacking interactions observed with G-
rich sequences.

Time-Dependent Disaggregation and Kinetic Studies

AFM studies have shown that the secondary structure of
poly(G) evolves from single-strand to quadruplex structures
over time."” During a titration of 1 with poly(G) in the absence
of KCl, the absorbance of the Q-band was observed to increase
with time, which was accompanied by an increase in the
emission. These observations indicated the role of time-depend-
ent binding of poly(G) to 1. To explore this further, the titration
was repeated, and the end-point absorbance and emission
measurements were recorded again after 24 h. A dramatic
change in the absorbance spectrum was observed with a 70%
increase in the Q-band absorbance, and the emission was found
to double in intensity (Figure 6A-B). However, only modest
changes were observed over 24 h in the presence of KCI
(Figure 6A-B). As noted previously, poly(G) binding was found
to improve in the presence of KCl, which was attributed to the
cation-templated formation of G-tetrads. It is therefore likely
that, in the absence of KCl, time is needed for the single-
stranded regions to achieve optimum binding to disrupt the
aggregates of 1. Similar time-dependent interactions have been
observed for the binding of natural DNA to SWNTs.?¥
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0254 " .
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Figure 6. (A) Absorption and (B) emission spectra for 1 (2.3 uM) with poly(G)
(0-245 pM) in 10 mM potassium phosphate buffer (black) and 50 mM
potassium phosphate buffer + 100 mM KCI (red) and spectra after 24 h
(dash). Percentage increase in (C) absorbance of Q-band (~747 nm) and

(D) emission intensity 24 h after titration in 10 mM potassium phosphate
buffer (grey) and 50 mM potassium phosphate buffer + 100 mM KCl (red)
with different nucleic acids. All measurements performed at 25 °C.
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An overview of the changes in the Q-band absorbance of 1
observed for the different nucleic acid systems after 24 is shown
in Figure 6C. In the absence of KCl, between 15 and 25%
increases in absorbance are observed, which are also reflected
in the emission increases shown in Figure 6D. As was the case
for poly(G), less change was observed for the DNA oligos in the
presence of KCI. For (GG),,, at higher buffer strength there was
no increase in the emission intensity 24 h following the titration
compared to a 28% increase in 10 mM phosphate buffer
(Figure 6D). However, the G-HT quadruplex was found to show
a 15% increase in Q-band absorbance in this higher buffer
strength, which was comparable to poly(G) under these
conditions (Figure 6C-D). Note, very minimal changes occurred
to the low luminescence enhancement of ssDNA, DDD-AT, and
dsDNA after 24 h, see Figure $26-528.

A kinetic study of the binding of 1 to poly(G) in the absence
of KCI was performed by examining the influence of the
(Nucl:Pc) stoichiometric ratio on the evolution of the Q-band
absorbance with time. Figure 7A shows the Q-band absorbance
of 1 recorded after 48 h incubation with between 10 and 120
guanine nucleobase equivalents of poly(G). Figure 7B compares
the Q-band absorbance recorded during the titration (circles)
with that recorded 48 h later (squares), expressed as a
percentage of the monomer absorbance of the same concen-
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Figure 7. Time-dependent study of binding of 1 to poly(G). (A) Absorption
spectra for 1 (5.9 uM) 48 h after addition of poly(G) (0-658 uM, Nucl:Pc, 0-
120) in 10 mM potassium phosphate buffer. (B) Absorbance at 747 nm
expressed as a percentage of the absorbance of 1 (5.9 uM) in DMSO,
showing extent of monomer liberated during the titration at equivalent
Nucl:Pc ratio (black circles) compared to the timed experiment endpoints
(squares). (C) Normalized absorbance at 747 nm in timed experiments. Inset
shows absorbance at 747 nm up to 720 minutes. (D) Absorbance at 747 nm
of 1 (2.3 uM) over 700 min with poly(G) (71 uM) in different buffer
conditions. (E) Schematic of time-dependent changes to aggregation state of
1 and emission upon addition of nucleic acids. All measurements performed
at 25°C.
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tration of 1 recorded in DMSO. This reveals that during the
titration a Q-band absorbance of between 25 and 45% of the
monomer absorbance in DMSO is observed at the different
Nucl:Pc ratios. Importantly, Figure 7B shows a significant
increase in Q-band absorbance across all guanine ratios when
incubated for 48 h. Notably, for Nucl:Pc=120 the Q-band
absorbance is approx. 80% that of the monomer in solution,
compared to approx. 45% DMSO equivalent monomer absorb-
ance in the titration.

To further probe this phenomenon, the Q-band absorbance
was monitored at 25°C over 12 h, see inset Figure 7C. To
highlight the changes, the normalized absorbance change
recorded over 6 h is shown in Figure 7C, which shows a greater
rate of binding at higher concentrations of poly(G). Kinetic
analysis reveals a bi-exponential process with initial changes
occurring over minutes followed by a slower second process
occurring over hours (Figure S29, Table 2). The data shows that
both processes become faster with increasing Nucl:Pc. In the
case of Nucl:Pc=120, these processes occur with a rate
constant of 1.5x107" min™" (k;) and 1.2x1072 min~" (k,) extracted
from the change in absorbance. Importantly, Figure 7D reveals
that time-dependent interactions persist in a higher strength
buffer and in 100 mM KCl. As the conditions approach that of
physiological ionic strength, the rate of the increase in Q-band
absorbance is found to increase. The origin of the time-
dependent binding is likely attributed to the ability of the
polymer to adopt different local intramolecular folding struc-
tures, which is common for biological macromolecules. It also
may be related to the role of G-tetrad formation to achieve
optimum binding.

Finally, the time-dependent interactions for (GG),o, (GT);o
and poly(G) at a Nucl:Pc of 30 were repeated in 10 mM
phosphate buffer at physiological temperature (37°C). While
temperature is expected to impact the monomer-aggregate
ratio, the visible absorption spectra confirms that 1 is in a
predominantly aggregated form under physiological conditions.
Notably, the extent and the rate of the disruption of aggregates
was found to increase under these conditions, see Figures S30-
S31. The kinetic analysis showed that a bi-exponential process
persisted and in the case in poly(G) an increase in both rate
constants was observed, while for (GG),, and (GT),, the faster
process became more dominant, see Figure S32 and Table S4.

Table 2. Summary of time-dependent study of the absorption changes of
1 binding to poly(G) over 6 h in 10 mM potassium phosphate buffer at
25°C. Rate constants k; and k, obtained by fitting to biexponential
function.

[Nucl]:[Pc] k, (min™") ky (min™")

10 1.340.3x107" (33%) 9.3+0.9x107° (67 %)
20 3.4404x107" (42%) 8.940.6x107° (58 %)
30 2.0£0.1x107" (46%) 8.14+0.5x107 (54%)
40 1.940.1x107" (48 %) 9.5+0.7x107° (52%)
60 1.5+0.1x107" (55%) 8.640.6x107° (45%)
120 1.54+0.1x107" (63 %) 1.240.1x1072 (37 %)
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Conclusions

In this study, we investigated the ability of different DNA
systems to disrupt the aggregation of a water-soluble cationic
Pc (1) in aqueous buffered solution. We found that G-rich
systems are very effective at dispersing aggregates of 1 while
there was a notable lack of binding to dsDNA systems. The
ability of guanine sequences to disperse 1 was found to
increase with the oligo length from dGMP to (GG),,, CD
titrations revealed the ability of 1 to induce structural change in
guanine-rich sequences and notably in the case of the G-HT
quadruplex, to cause a transition from the hybrid form to the
parallel structure. Similar to previously reported Pc binding
studies, we observed effective binding of 1 to quadruplex
structures, which further supports the role of templating

nucleobase H-bonding in the stabilization. The importance of

the formation of hydrogen-bonding mosaics or tetrad plates is
supported by the limited capacity of poly(A) to disrupt
aggregates of 1.

Recently, the need for detailed studies of the aggregation
state of Pcs in the biological environment when considering
their PDT activity was raised.” A key observation of this present
study was the role of time-dependent binding interactions. Cell

studies typically consider the time-component in terms of

uptake, but our time-dependent studies point to the evolution
of aggregates to monomers in the presence of biological
macromolecules. Overall, we observed that the ability of DNA
to disrupt aggregates of 1 is linked to the DNA sequence and
secondary structure. It is also intriguing to note that the most
effective oligonucleotide at disrupting aggregates of 1 was the
(GT);, 20-mer. Interestingly, the dinucleotide repetitive se-
quence, (GT),, is highly prevalent in eukaryotic genomes.""
Taken together, these findings have implications for the
mechanism of cellular activity of Pc photosensitizers in photo-
therapy, as they indicate that binding to biomacromolecules
has the potential to pivot activity from a photothermal to
photodynamic mechanism.
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