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Abstract: Hydrophobic drug candidates require innovative
formulation agents. We designed and synthesized lipid-
DNA polymers containing varying numbers of hydropho-
bic alkyl chains. The hydrophobicity of these amphiphiles
is easily tunable by introducing a defined number of alkyl
chain-modified nucleotides during standard solid-phase
synthesis of DNA using an automated DNA synthesizer.
We observed that the resulting self-assembled micelles
solubilize the poorly water-soluble drug, meta-tetra-hy-
droxyphenyl-chlorin (mTHPC) used in photodynamic ther-
apy (PDT) with high loading concentrations and loading
capacities. A cell viability study showed that mTHPC-
loaded micelles exhibit good biocompatibility without ir-
radiation, and high PDT efficacy upon irradiation. Lipid-
DNAs provide a novel class of drug-delivery vehicle, and
hybridization of DNA offers a potentially facile route for
further functionalization of the drug-delivery system with,
for instance, targeting or imaging moieties.

- /

With the advent and fast development of high-throughput
(HTS) and ultra-high-throughput screening (UHTS) technologies
for drug discovery over the past two decades,"”’ compound li-

braries have yielded an increasing number of potential candi-
dates that exhibit a high affinity for their targets. A substantial
number of these pharmaceutically active compounds, however,
suffer from low water solubility, which hinders their develop-
ment and delays market entry. Even for already marketed
drugs, more than 40% are poorly water-soluble.” To enable
the use of these active compounds and reduce their side ef-
fects, micelles are widely used as drug-delivery vehicles due to
attractive properties such as high solubilizing efficiency, good
reproducibility, simple preparation procedures and the possibil-
ity to make them stimuli-responsive.”

Despite various amphiphilic materials being used,™ it is still
a challenge to construct a biocompatible, effective and target-
ed micellar drug-delivery system. Previous studies showed that
amphiphilic DNA-based copolymers self-assemble into uniform
micelles above their critical micelle concentration (CMC) and
are able to accommodate drugs of interest in the hydrophobic
core.” These constructs have several advantages over those
formed from synthetic polymers. First, being formed from bio-
macromolecules, DNA-based micelles are more biocompatible
and biodegradable and have shown no observable toxicity
and little immunogenicity.”” Secondly, they can be easily syn-
thesized by automated solid-phase synthesis.”” Most impor-
tantly, DNA-based micelles can be modified in a straightfor-
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ward fashion by employing highly specific hybridization, which
conveniently endows the system with targeting or imaging
moieties.” All these beneficial properties give them great po-
tential to be used as targeted drug-delivery vehicles.

meta-Tetra-hydroxyphenylchlorin  (mTHPC (1), Figure 1a),
also known as Temoporfin and Foscan (as the medicinal
product),” is a poorly water-soluble second-generation photo-
sensitizer (PS) that has been widely used in PDT. It has been
approved in Europe for the treatment of head and neck
carcinoma."” Conventional formulations, however, are ham-
pered by poor water solubility and tumor-targeting properties.
As a result, novel formulations™ for mTHPC that circumvent
these problems and allow for easy functionalization are re-
quired.

UU11mer dsUU11mer UuuuuuU12mer
1 5-UUTGGCGTCTT-3 5-UUUUUUGGATTC-3
b ~0 d
O o > Ciota1 & I 3
HNTY | 1| {
o Orfogty
O’P’O\/\CN 11mer ds11mer
’l‘ 5-TTTGGCGTCTT-3'
\( Y 12mer
S-TTTTTTGGATTC-3'
climer
2 5'-AAGACGCCAAA-3'

Figure 1. Representation of a) meta-tetra-hydroxyphenyl-chlorin (mnTHPC
(1)); b) 5-(dodec-1-ynyl)uracil deoxyribophosphoramidite (2) used in solid-
phase synthesis of lipid-DNAs, this nucleotide building block is abbreviated
as U in the corresponding sequences; c) lipid-DNAs (UU11 mer, double-
stranded UU11 mer (dsUU11 mer) and UUUUUU12 mer) used for the solubi-
lization of 1; d) pristine control DNAs (11 mer, complementary 11 mer

(c11 mer), double-stranded 11 mer (ds11 mer) and 12mer).

Based on the considerations outlined above, nanocarriers
made of lipid-DNA amphiphiles (Figure 1c¢) are excellent candi-
dates to be used as solubilizers for poorly water-soluble active
pharmaceutical ingredients (APIs). Here, we report the success-
ful use of lipid-DNAs to render mTHPC water-soluble with high
drug loading capacities that (partially) retains the biological ac-
tivity of the API.

We synthesized lipid-DNAs with different hydrophobicity by
using the alkyl modified 5-(dodec-1-ynyl)uracil phosphorami-
dite 2 (abbreviated U in the resulting DNA sequence, Fig-
ure 1b) using standard solid-phase synthesis. It was reported
that lipid-DNAs can form micellar aggregates with compara-
tively low CMCs and the alkyl chains did not influence the hy-
bridization of the DNA.*® We designed and synthesized two
random sequences without any self-complementarity employ-
ing an automated DNA synthesizer. The first sequence, an 11-
mer (UU11mer, 5-UUTGGCGTCTT-3'), contains two modified
uracil bases and the second oligonucleotide, a 12-mer
(UUUUUU12mer, 5-UUUUUUGGATTC-3') (Figure 1¢), is com-
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prised of six modified uracil bases. The CMCs are 29 and 24 um
for UU11 mer and UUUUUU12 mer, respectively.

To identify the specific solubilizers for mTHPC, we screened
the micelles resulting from three different types of lipid-DNAs:
single-stranded (ss) UU11 mer, double-stranded (ds) UU11 mer
(dsUU11 mer) and ss UUUUUU12 mer (Figure 1c¢). The pristine
DNA counterparts with the same nucleic acid sequences, but
in which the modified uracils were replaced by thymines,
served as controls. This includes the ss 1imer (5-
TTTGGCGTCTT-3'), ss complementary 11mer (c11mer, 5-AA-
GACGCCAAA-3'), ds 1Tmer (ds11mer) and the ss 12mer (5'-
TTTTTTGGATTC-3') (Figure 1d). Samples for the screening for
solubilizers contain a concentration of 50 um both for lipid-
DNAs and controls. The formation of micellar aggregates is en-
sured as the concentration was set higher than the CMC of
UU11 mer and UUUUUU12mer. Incubating the aqueous solu-
tions of DNA with the solid mTHPC ensures incorporation of
mTHPC into the micelles. Centrifugation allowed for separation
of the mTHPC-loaded samples (supernatant) from the non-
solubilized mTHPC (pellet) for further characterization.

We visualized and characterized the unloaded lipid-DNA mi-
cellar aggregates by cryogenic electron microscopy (cryo-EM)
and dynamic light scattering (DLS) in terms of their size and
morphology. As expected, the cryo-EM images (Figure 2) show
in the absence of mTHPC the formation of micellar aggregates
with narrow size distributions and rather uniform shapes for
UU11 mer, dsUU11 mer and UUUUUU12mer. No obvious ag-
gregation is visible for UUT1mer and dsUU11mer micelles
(Figure 2a,b), while bigger aggregates form for UUUUUU12 m-
er (Figure 2¢), as confirmed by DLS displaying a characteristic
slow mode of large amplitude, which might be ascribed to the
hydrophobic interactions of the six alkyl chains. Interestingly,
the diameter of all aggregates are within the experimental
error within the same range as UUUUUU12mer with six alkyl
chains gives 8.2+ 1.8 nm (Figure 2¢), and both UU11 mer (Fig-
ure 2a) and dsUU11mer (Figure 2b) have 9.8+1.0 nm and
9.9+ 2.0 nm, irrespectively of the two alkyl chains (Table S1). It
indicates that hydrophobicity does not seem to play a critical
role with respect to the micelle size, which might be due to
the small size of the alkyl chains. DLS experiments performed
on solutions are in agreement with cryo-EM and give the hy-
drodynamic radius (R, 10.53+1nm and 9.54+1nm for
UU11 mer and dsUU11 mer, respectively. A slow mode of small
amplitude corresponding to larger aggregates is also visible in
the long-time range of the correlation function. However, this
minority population can be neglected (~0.1% in mass), and
UU11mer and dsUU11mer solutions can be considered as
monodisperse. Apparently, the hydrophilic DNA segments are
in all cases sufficient to stabilize the polar/non-polar interfaces
nonetheless of the DNA is hybridized or not. Only for
UUUUUU12mer agglomeration is visible (Figure 2), which
might indicate a borderline stabilization of the six alkyl chains
by the six polar nucleotides.

We screened solubilizers for mTHPC by using UV/Vis spec-
troscopy. Based on the absorption spectra, all mTHPC-loaded
lipid-DNA (UU11mer, dsUU11 mer and UUUUUU12mer) su-
pernatants show typical absorption of mTHPC at 417 nm,

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Cryo-EM images of micellar aggregates of UU11 mer (a),

dsUU11 mer (b), UUUUUU12 mer (c) prior loading and mTHPC-loaded micel-
lar aggregates of UU11 mer (d), dsUU11 mer (e) and UUUUUU12 mer (f)
(non-stained samples and image acquisition was achieved with a 2 um defo-
cus; scale bar=50 nm).

which demonstrates the incorporation of mTHPC into the
aqueous solutions (Figure 3). In contrast, the pristine DNAs do
not show any mTHPC absorption, indicating no solubilization
of the drug. The observed differences in mTHPC absorbance
values can be attributed to the varied abilities to solubilize
mTHPC. In this regard, the dsUU11 mer micelles are most effi-
cient in incorporating the compound, followed by UU11 mer
and finally UUUUUU12 mer.

To determine the maximum loading capacities of the various
lipid-DNAs, they were incubated with a suspension of mTHPC
in a mixture of H,0 and EtOH, followed by lyophilization and
redissolution in H,0.'? Centrifugation enabled removal of any
undissolved mTHPC, affording maximum mTHPC-loaded lipid-
DNA micelles. During the experiments, H,O and an aqueous
solution of MgCl, (Mg®>" was added to stabilize the double-
helix of the ds DNA) served as controls. We determined the
loading concentrations and loading capacities by RP-HPLC (Fig-
ure S4), adopting a method of lyophilization-redissolution and
using a calibration curve (Figure S5). The loading concentra-
tions and loading capacities of lipid-DNAs are presented in

Chem. Eur. J. 2018, 24, 798 - 802 www.chemeurj.org
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Figure 3. Absorption spectra of mTHPC-solubilized supernatants for solubil-
izer-screening experiments. The inset shows the region where mTHPC exhib-
its an absorption maximum (417 nm).

Table S2. As is visible, mTHPC is efficiently loaded into
UU11 mer, dsUU11 mer and UUUUUU12mer micellar aggre-
gates and is found at high concentrations and corresponding
loading capacities, while the controls show minimal solubiliza-
tion of mTHPC. The maximum mTHPC loading concentration
of dsUU11 mer (40.0 um, 1:1.25 mTHPC/carrier ratio) is marked-
ly higher than that of UU11 mer (31.1 um, 1:1.61 mTHPC/carrier
ratio) and UUUUUU12mer (16.7 um, 1:2.99 mTHPC/carrier
ratio), which is in good agreement with the results from the
solubilizer-screening experiment. In contrast, UU11 mer ach-
ieved a higher loading capacity (11.7%, w/w) than that of
dsUU11 mer (7.8%, w/w) due to the higher molecular weight
of the double-stranded DNA, which is a similar value to that of
Pluronic” F68 (11.9%, w/w) and conventional polymeric deliv-
ery systems.">'¥ Moreover, compared to conventional micelles,
hybridization of DNA provides a facile approach for further
functionalization of lipid-DNAs with targeting groups or imag-
ing agents. To further confirm the high loading concentrations,
we recorded fluorescence-emission spectra of the maximum
mTHPC-loaded micelles and their dilutions with equivalent vol-
umes of EtOH (Figure S6). Abrupt increments are observed
after dilution with EtOH, which illustrates the intermolecular
quenching of mTHPC caused by the high concentrations inside
the lipid-DNA micelles. Cryo-EM images of mTHPC-loaded mi-
celles (Figure 2d,e,f) show the formation of micelles with a
narrow size distribution and regular shape after mTHPC maxi-
mum loading. By analogy to unloaded micelles, no obvious ag-
gregation is visible for UU11 mer and dsUU11mer micelles,
while big aggregates are formed for UUUUUU12 mer, as con-
firmed by DLS displaying a slow mode associated to these ag-
gregates and masking the signal of the micelles in the short-
time range. As expected, the diameters of all the lipid-DNA mi-
celles increase after mTHPC loading. Although this trend is also
observed with DLS giving R, 11.33+1 nm and 10.84+1 nm for
loaded UU11mer and dsUU11mer, respectively, changes
remain within the error bar. Interestingly, the aggregate sizes

© 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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are not dramatically changing during mTHPC-loading as only
an increase in diameter of 0.8-1.3 nm could be found. Consid-
ering the significant differences in loading capacities of
the three different carriers UU11mer, dsUU11mer and
UUUUUU12 mer only slight hydrophobic swelling of the micel-
lar aggregates by the mTHPC but not dramatic reorganization
seems to be evident. While this might indicate the general sta-
bility of aggregates of lipid-DNA, it also indirectly confirms a
progressively loose packing of the hydrophobic alkyl chains in
the core from UUUUUU12mer to UU11 mer to dsUU11 mer.
Hence, this observation suggests that the lipid-DNA micelles
with a less hydrophobic core or more hydrophilic corona
feature bigger core spaces, enabling more efficient solubiliza-
tion of mTHPC without dramatic increase of the aggregate
sizes.

Given that singlet oxygen ('0,) plays a key role in killing
tumor cells during PDT, we evaluated the activities of mTHPC-
loaded lipid-DNA micelles by measuring the 'O, generation,
which we monitored by near-infrared (NIR) emission spectros-
copy of '0, generated at 1270 nm. To facilitate the detection
of '0,, we performed all measurements in D,O, which elon-
gates the '0, lifetime compared to H,0." For this purpose,
we characterized mTHPC-loaded micellar aggregates of
UUT1mer and dsUU11mer in D,O, by UV/Vis spectroscopy
and RP-HPLC before 'O, generation experiments. The mea-
sured absorption spectra (Figure S7) confirm that independent
of D,0, the dsUU11 mer solubilizes a higher amount of mTHPC
than UU11 mer. By using RP-HPLC (Figure S4f), we found that
12% more mTHPC is solubilized in dsUU11 mer (2.8 um) than
in UU11 mer micelles (2.4 um) (Table S3), which is in line with
the results from the absorption spectra (Figure S7). The 'O,
phosphorescence spectra by sensitization of mTHPC-loaded
UU11mer or dsUU11mer micelles in D,O demonstrate that
mTHPC (partially) retains its activity despite micellar solubiliza-
tion (Figure 4). The observed quantum yields for singlet
oxygen generation are estimated to be 0.05-0.1 for both
mTHPC-loaded UU11 mer or dsUU11 mer micelles in D,0.

7000

6000 -

5000

— Ru(bpy)3Clp
dsUU11mer
—— UU11mer

4000

Intensity

3000

2000

a W%

u T u T i T y T y T i T
1200 1220 1240 1260 1280 1300 1320
Wavelength [nm]

Figure 4. Singlet oxygen luminescence spectra of mTHPC-loaded UU11 mer
and dsUU11 mer micelles compared to reference compound (Ru(bpy);Cl,) in
D,0.
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To demonstrate the PDT efficacy in vitro, we determined cell
phototoxicity and dark toxicity of mTHPC (2 and 10 um)-loaded
UU11 mer after 24 h incubation in six different cell lines, in-
cluding human epidermoid carcinoma A253, human epithelial
carcinoma A431, human oral adenosquamous carcinoma
CAL27, murine hematopoiesis monocytic macrophages
J774A.1, murine fibroblasts L929 and human colorectal adeno-
carcinoma HT29 cells, and followed by irradiation with laser
light (Figure 5). As controls, we investigated cell phototoxicity

100%
80%
2
Z60%
@
=
8 40%
- ﬁ hl
0%
0 2 10 0 2 10
Concentration [uM]
ml929 mHT29 mA431
m CAL27 uA253 mJ774A1 without light with light

Figure 5. Phototoxicity and dark toxicity of mTHPC (0, 2 and 10 um)-loaded
UU11 mer in six different cell lines (A431, HT29, L929, J744A.1, CAL27 and
A253) after 24 h incubation. The photosensitization was performed at RT
with a laser at 652 nm at a dose rate of app. 50 Jcm™2 The cell viability was
measured with a Tecan Infinite® 200 microplate reader, at a wavelength of
490 nm.

and dark toxicity of empty UU11mer, free mTHPC in ethanol
and cells without photosensitizer following the same protocol
(Figures 5 and S7). Figure S7 shows that empty UU11 mer mi-
celles exhibit good biocompatibility in all cell lines, even at
higher concentration (80 um), while free mTHPC shows obvi-
ous dark toxicity and higher phototoxicity, demonstrating the
PDT efficacy of mTHPC. For mTHPC-loaded UU11mer, two
major conclusions can be drawn from Figure 5: (1) without ir-
radiation, mTHPC-loaded UU11mer is silent and shows re-
duced dark toxicity in all cell lines in comparison to free
mTHPC (Figure S7), which illustrates its good biocompatibility
in vitro; (2) upon irradiation, mTHPC-loaded UU11mer be-
comes activated and exhibits as high phototoxicity as free
mTHPC (Figure S7) in all cell lines, which demonstrates its PDT
efficacy in vitro. The lack of dark toxicity against the whole
panel of cells combined with the unusually high phototoxicity
is remarkable.

In summary, we have reported herein two types of lipid-
DNA polymers (UUT1mer and UUUUUU12mer) containing
varying numbers of hydrophobic alkyl chains as solubilizers of
the poorly water-soluble drug, mTHPC used in PDT. We de-
signed the sequences and synthesized them through standard
solid-phase synthesis using an automated DNA synthesizer.
Having determined their CMC values, we successfully used
UU11 mer, dsUUT1 mer and UUUUUU12 mer micelles to solu-
bilize mTHPC with high loading concentrations and loading ca-
pacities. The dsUU11 mer micelles solubilize the most mTHPC,
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while UUT1mer has the highest loading capacity due to the
lower molecular weight of the non-hybridized DNA section.
We conclude that lipid-DNA micelles with a less hydrophobic
core or more hydrophilic corona result in micellar aggregates
and less compact core packings, which leads to enhanced sol-
ubilization of mTHPC. In addition, the generated phosphores-
cence demonstrates that mTHPC (partially) remains active in
D,O. Finally, a cell viability study showed that mTHPC-loaded
UU11 mer shows excellent biocompatibility without irradiation,
and very high PDT efficacy upon irradiation. Our work illus-
trates the successful use of lipid-DNA micelles to solubilize
mTHPC with high loading capacities while (partially) retaining
the biological activity of the API. Interestingly, the size and
morphology of the micelles are related to the hydrophobicity
of the corresponding lipid-DNAs, which can be fine-tuned by
hybridization with the complementary strand or altering the
number of incorporated modified uracil nucleotides. Thus, the
present results offer a basis for the rational design of a novel
class of drug-delivery vehicle based on lipid-DNAs. Notably, hy-
bridization offers a facile route for further functionalization of
the drug-delivery system, allowing adding moieties such as tar-
geting groups or imaging reagents by hybridization. Therefore,
our lipid-DNA micellar drug-delivery system holds great poten-
tial for further development and application in the biomedical
field.
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