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Abstract: Dynamic covalent polymers (DCPs) offer opportunities as adaptive materials of particular
interest for targeting, sensing and delivery of biological molecules. In this view, combining cationic
units and fluorescent units along DCP chains is attractive for achieving optical probes for the recog-
nition and delivery of nucleic acids. Here, we report on the design of acylhydrazone-based DCPs
combining cationic arginine units with m-conjugated fluorescent moieties based on thiophene-
ethynyl-fluorene cores. Two types of fluorescent building blocks bearing neutral or cationic side
groups on the fluorene moiety are considered in order to assess the role of the number of cationic
units on complexation with DNA. The (chir)optical properties of the building blocks, the DCPs, and
their complexes with several types of DNA are explored, providing details on the formation of su-
pramolecular complexes and on their stability in aqueous solutions. The DNA-templated formation
of DCPs is demonstrated, which provides new perspectives on the assembly of fluorescent DCP
based on the nucleic acid structure.

Keywords: dynamic covalent polymers; fluorescence; DNA complexation; templated assembly

1. Introduction

Dynamic Covalent Chemistry (DCvC) encompasses a set of possible reactions ena-
bling reversible covalent bond formation under thermodynamic control [1]. DCvC en-
dows dynamic and adaptive properties which are now increasingly considered for de-
signing self-healing, stimuli-responsive, and adaptive materials [2-8] such as Dynamic
Covalent Polymers (DCPs) [9]. Alongside their interest in materials science, DCPs also
bear a strong potential in biological applications such as sensing, imaging, delivery, and
drug discovery [10-17]. Significantly, a recent report has demonstrated that a live cell-
templated DCvC approach is effective in finding ligands binding the extracellular matrix,
an important result in the search for new bioactive molecules targeting specific cells [18].

In particular, the complexation of nucleic acids by DCPs has attracted a large interest,
in view of the strong potential for gene delivery applications arising from the switchable
and/or adaptive dynamic self-assembly approach that enables the modulation of multi-
valent binding to nucleic acids [19-21]. A number of structurally distinct DCPs, such as
dynamic amphiphiles [22-25], linear DCPs [26,27], dynamic covalent frameworks (DCFs)
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[13,19,20,28], and polymer/peptide scaffolded DCPs [29-33] have been shown to effec-
tively complex different types of nucleic acids (DNA, siRNA [34]). It is only recently that
evidence of the nucleic-acid templated adaptive self-assembly of DCPs have been re-
ported [35,36] and exploited for the delivery of siRNA in cells [37,38]. Among DCPs, those
bearing aromatic moieties represent a particular subclass for which hydrophobic interac-
tions between aromatics can drive self-folding [39-42], that in return can influence the
dynamic covalent polymerization process, or in which the intercalation in between the
nucleic acid base pairs can impart specific binding properties [43]. Very recently, Reineke
and coworkers reported copolymers incorporating quinine aromatic moieties as effective
in both DNA complexation and delivery, and in imaging protein-induced unpackaging in
cells [44].

To further progress towards DCPs for nucleic acid sensing and delivery, pH-sensitive
and fluorescent units can be incorporated. Here, we report on the introduction of fluores-
cent moieties into acyl-hydrazone based DCPs. We describe the design and synthesis of
the building blocks and characterize their self-assembly through DCvC. We study in detail
the optical properties of both the building blocks and the new DCPs. Finally, we explore
the complexation between DCPs and DNA, and the corresponding (chir)optical responses
that pave the way towards the recognition and delivery of fluorescent DCPs as optical
probes for nucleic acids, and more generally, toward medical imaging and biosensing.
Finally, an example of DNA-templated formation of DCPs is demonstrated, which pro-
vides new perspectives to assemble fluorescent DCPs based on the nucleic acid structure.

2. Results and Discussion
2.1. Design and Synthesis of the Fluorescent Building Blocks

As fluorescent building blocks, our design strategy relies on the use of fluorene-based
units as emissive T-conjugated moieties due to its high fluorescence quantum yield and
good photostability (Figure 1) [45,46]. To redshift the absorption of these fluorene units in
an optical region different from that where DNA is absorbed, the m-conjugation was ex-
tended by incorporating thiophenes and alkynes functionalities to the fluorene central
core (Figure 1). The choice of the thiophene ring as m-electron bridge was motivated by its
higher degree of aromaticity than other five-membered rings such as furan and its higher
reactivity compared to benzene or furan rings which allows for further functionalization
[47]. In addition, their incorporation in the molecular design of fluorene-based chromo-
phores has been shown to enhance the optical properties and to increase both the maxi-
mum of absorption (Amax) and their two-photon absorption properties [48-51]. Finally,
hexylammonium or ethylene glycol side chains were introduced at the 9-position of fluo-
rene to evaluate the role of cationic or neutral side-groups in DCP formation and interac-
tion with DNA (Figure 1).

The complementary partner is a modified amino acid bearing a hydrazide at the C
terminus and an oxyamine at the N terminus that readily react with aldehydes at room
temperature, either in DMSO [26,27] or in aqueous media [38] to form acylhydrazone and
oxime linkages, respectively [26]. The building block OxArgHyd is derived from L-argi-
nine, a cationic amino acid which is well-known for contributing to nucleic acids binding
through electrostatic interactions and hydrogen bonds [52], forming a salt-bridge interac-
tion with the phosphodiester groups of nucleic acids (Figure 1). OxArgHyd was synthe-
sized as previously described [26,27].
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Figure 1. Schematic representation of the dynamic covalent polymer approach. The building blocks
are fluorescent m-conjugated units (F, in red) and cationic arginine units (+, in green).

The synthesis of the fluorescent rt-conjugated monomers was achieved following the
synthetic pathway described in Scheme 1. FT and FT» were prepared through a So-
nogashira cross-coupling reaction between 2,7-diethynyl-9H-fluorene bearing either 3-
bromohexyl or ethylene glycol side chains, respectively, and 5-bromo-2-thiophenecarbox-
aldehyde. FT and FT» were, respectively, isolated in 61% and 81% yield after purification
by column chromatography on silica gel.

o— s
Br CHO
o~ W
PdCly(PPhs), (5%), Cul (2%)

81%

Br Br\Q/CHO

PdCly(PPhs), (5%), Cul (2%)

Scheme 1. Synthesis of fluorene-based monomer building blocks.

The presence of the carboxaldehyde end group was confirmed by IR spectroscopy
with the presence of the carbonyl (C=0O) stretching vibration band around 1650 cm and
the C-H stretch around 2850 cm (Figure 59). A deshielded proton signal around 9.9 ppm
was also observed in the 'H NMR spectra of FT and FT» in CDCls, confirming unambig-
ously the presence of the aldehyde protons. Finally, high-resolution ASAP mass spectrom-
etry (positive mode) of FT» showed the presence of the molecular ion [M]** at m/z =
726.2314 Da in agreement with the calculated one (calcd m/z = 726.2321 Da), see Figure
S12. FT was then converted quantitatively to the corresponding ammonium species FT¢
by reaction with trimethylamine in THF at room temperature. The presence of the trime-
thylammonium groups was confirmed by the appearance of a singlet at 2.97 ppm in the
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H NMR spectrum and at 65.1 ppm in the *C{H} NMR spectrum, corresponding to the
two NMes* groups. Satisfyingly, MALDI-TOF mass spectrometry (positive mode) features
the molecular peak at m/z =797.2805 Da, which is in good agreement with the calculated
one (caled m/z =797.2810 Da) (Figure S8).

2.2. Synthesis of Fluorescent DCPs

The self-assembly by polycondensation of OxArgHyd and FTr building blocks was
first carried out at room temperature, as previously described [22-25], in DMSO in a wide
range of concentrations. DMSO was selected as it was found to be a good solvent at all the
tested concentrations. The self-assembly under thermodynamic control is highly sensitive
to concentration yielding macrocycles at low concentration and DCPs above a threshold
concentration [22-25]. DOSY-NMR analyses of reactions carried out at 1, 10, and 50 mM
of each building block in stoichiometric amount indicate a typical increase in hydrody-
namic diameter compared to the monomer precursor FT» (Rn =8 A) (Table 1). This can be
interpreted by a change in constitution, going from oligomers at low concentration to
DCPs at higher concentration; a typical behavior for step-growth polycondensations. For
comparison, a DOSY NMR analysis of AFT¢ at 10 mM was also performed revealing that,
as expected due to the rather similar structure, species of similar size as AFT" and larger
than monomers are formed (Rn=24 A vs. Rn=9 A for FT¢, see Table 1).

For these reasons, we decided to further investigate the effect of the concentration on
only AFTn. As such, a sample of AFT" was also prepared at 100 mM but unfortunately,
could not be analyzed by DOSY-NMR due to a significant increase in viscosity that further
confirms the formation of high molecular weight species. Nevertheless, this sample could
be analyzed by MALDI-TOF mass spectrometry and 'H NMR spectroscopy. The MS anal-
ysis of AFT®, prepared in DMSO at 100 mM, clearly shows the formation of oligomeric
species (Figure S15). The formation of oligomeric species was also confirmed by the anal-
ysis of the 'H NMR spectrum of this sample in DMSO-ds. 'HNMR spectrum of AFT" re-
veals the presence of the NH protons of the acylhydrazone groups between 11.5 and 12
ppm as well as that of remaining aldehydic protons at 9.91 ppm. By the relative integration
of this aldehyde end-group and methylene peaks at 2.66 ppm, a degree of polymerization
of around 10 was estimated, (Figure S16) confirming the formation of oligomers [53].

Table 1. Characterization of polycondensation reactions by DOSY-NMR. The hydrodynamic radius
was determined using the Stokes-Einstein equation.

Entry Compounds Concentration Diffusion Coef- Hydrodynamic

(mM) ficient (m?2 s7) Radius (A)
1 AFT» 1 mM 7.104 1011 15
2 10 mM 3.749 1011 29
3 50 mM 2.886 1011 37
4 AFT: 10 mM 4.445 101 24

2.3. Study of (Chir)optical Properties of DCPs

The (chir)optical properties of the building blocks and DCPs were investigated by
UV-Vis absorption, circular dichroism (CD) and fluorescence spectroscopies, both in
DMSO and in aqueous solutions (Tris-EDTA buffer at pH 7.4). Figure 2 and Table 2 show
the results for solutions of FT"/FT<in DMSO. Both chromophores show an intense absorp-
tion ranging in the region 330 nm—440 nm, with maxima around 395 nm. The characteristic
maximum absorption wavelengths and molar extinction coefficients for the two com-
pounds are listed in Table 2. In DMSO, FT» and FT¢ exhibited rather similar emission pro-
file with maxima of 481 nm and 487 nm, respectively. The fluorescence quantum yields,
determined using an integrating sphere, are relatively high, around 0.5 for both com-
pounds.
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Figure 2. Normalized UV-Vis absorption spectra (plain curves) and emission spectra (dashed
curves) of FT< and FT" in DMSO.

Table 2. Characteristic values of optical properties of the fluorescent building blocks in DMSO.

Compound Amax (nm) ¢ (L.mol .cm™) Aem (NM) OF
FTn 398 37 600 481 0.54
FTe 394 38 100 487 0.50

In aqueous solutions (TE buffer, used for subsequent experiments with DNA), the
UV-Vis absorption spectra (Figure 3A) are rather similar than those in DMSO, peaking
around 395 nm. However, the fluorescence spectra exhibit large red-shifts of Aem com-
pared to solutions in DMSO with maximum at 504 nm and 549 nm for FT» and FTs, re-
spectively. This red-shift is more pronounced for FT¢, pinpointing the differences of con-
formation/assembly for neutral or charged DCPs in aqueous solutions. The chiroptical
spectra of the DCPs AFT< and AFT"in aqueous solutions (TE buffer) are markedly differ-
ent from those of fluorescent building blocks FT (Figure 3B). While the achiral FT< and
FT» both show indeed a zero CD signal, DCPs show a bisignate CD signal in the region
330 nm—440 nm. To evaluate the role of the amino acid chirality, model compounds were
synthesized by combining FT» fluorescent units with either L-ArgHyd or D-ArgHyd (see
synthesis in Figure S17) and studied by CD spectroscopy. CD spectra showed induced CD
signals in the fluorene absorption region around 375425 nm (Figure 3C). This induced
CD signal is positive with D-ArgHyd and negative with L-ArgHyd, thus demonstrating
the chirality transfer from the modified amino acids toward the achiral central fluoro-
phore.
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Figure 3. Spectroscopic analysis for 10 uM aqueous solutions in TE buffer (pH 7.4). (A) Normalized
UV-Vis absorption spectra (plain curves) and emission spectra (dashed curves) of FT<and FT"in TE
buffer. (B) CD spectra of FT¢, FT*, AFT< and AFT". (C) CD spectra of L-Arg-Hyd and D-Arg-Hyd
conjugates of FT.
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Interestingly, the (chir)optical properties of AFT<and AFT» showed some depend-
ence on the presence of salts that is specific to the DCPs and not seen on the fluorophore
alone. Indeed, by adding an increasing concentration of guanidinium chloride, a cha-
otropic salt that weakens hydrophobic interactions, a gradual decrease in the intensity of
the CD spectra is observed (Figure S19B). Conversely, an increasing concentration of am-
monium sulfate, a kosmotropic salt that increases hydrophobic interactions, leads to a de-
crease in the fluorescence emission (Figure S20C). Altogether, those results indicate that
hydrophobic interactions and/or m-stacking interactions of the fluorophores are at play in
the formation of these folded DCPs. The stability of DCPs was further assessed by varia-
ble-temperature CD spectroscopy (from 20 °C to 86 °C, see Figure 521). For AFT», CD
signals weaken at 34 °C and vanish around 45 °C (Figure S20B). At the end of the temper-
ature ramping, a precipitate is observed and cooling the solution does not allow for a re-
turn to a dissolved state. In contrast, for AFT¢, the CD signals were barely modified during
the temperature ramping, indicating that the structuring of the polymer in the solution
seems to be preserved even at high temperatures (85 °C, see Figure 521A), and no precip-
itate was observed in this case.

2.4. Supramolecular Complexes of DCPs and DNA

The complexation between DNA and DCPs was studied by (chir)optical spectrosco-
pies and gel electrophoresis. Each DCP solution was titrated by successive additions of
DNA and monitored by UV-Visible absorption, CD and fluorescence spectroscopies,
keeping the DCP concentration constant (at 10 uM). These titrations were carried out for
3 types of double-stranded DNA sequences: two short sequences dsR20 and dsR43, re-
spectively 20 and 43 base pairs (see sequence in Table S1), and calf thymus DNA, which
comprises approximately 12 million base pairs. The short sequences were selected for the
sake of comparison with our previous studies on the complexation of identical DNA se-
quences with m-conjugated polymers (see below) [54,55]. Figure 4 shows the evolution of
spectroscopic signals during the titration, shown by following the charge (+)/(-), also re-
ferred to as N/P ratio as reported in DNA-binding experiments. For both solutions of AFTe
and AFT~, the addition of DNA, whatever its sequence or length, leads to an increase in
the intensity of the UV-Vis absorption bands between 225 nm and 325 nm related to the
increasing the concentration of DNA in the solution (Figure 4A for AFT» and Figures 522-
523). In the visible part of the spectra, a significant decrease in the absorption bands is
observed upon addition of DNA. CD spectra (Figure 4B for AFT» and Figure S22-523)
show a decrease in intensity of the signals between 325 nm and 450 nm, which may indi-
cate a decrease in exciton coupling between the chromophores upon addition of DNA.
The decrease in the UV-Vis absorption and CD spectra related to DCPs is even more pro-
nounced when N/P ratio varies (Figure 4A-B and Figure 522-523). This drop in the signal
intensities could be explained by the complexation of DNA by the DCP, which could mod-
ify the chiral organization of DCP compared to the pure DCP in aqueous solution. We also
noticed the appearance of aggregates when a certain N/P molar ratio was exceeded, de-
pending on the compound and DNA type.
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Figure 4. UV-Vis absorption (A), CD (B) and emission (C) spectra of 25 uM AFT" solutions in TE
buffer (pH 7.4) upon addition of dsR(43) DNA.
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The same titration experiments were monitored by fluorescence spectroscopy, as
shown in Figure 4C for AFTn. After addition of a low amount of dsR43 DNA (at high N/P
ratios, e.g., N/P = 25), we observed a ~25% decrease in the intensity of the emission peaks
at 448 and 470 nm compared to pure AFT". However, at N/P of 5, the intensity of signals
slightly increases, up to a N/P of 0.5, reaching the intensities observed for pure AFT™. This
behavior suggests that during the addition of DNA, the stacking of mt-conjugated moieties
is modified. During the first additions of DNA (at N/P > 25), the extinction of the fluores-
cence could be induced by the stacking of the rt-conjugated units, causing the extinction
of the fluorescence by aggregation. Then, when the quantity of DNA increases, the in-
crease in the emission intensity could be related to an unfolding of the polymer chains
during their interaction with more DNA strands or a dissociation of the non-emissive ag-
gregates via the interaction between DCP and DNA. This hypothesis could also be rein-
forced by the emission spectra recorded during the successive additions of calf thymus
DNA (Figure 521). Indeed, double-stranded oligonucleotides such as dsR(20) and dsR(43)
DNAs being shorter, they are rather linear rods in solution, whereas the much longer calf
thymus DNA (12 million base pairs) tends to fold up in the form of a coil in solution,
possibly leading to a higher extent of aggregation-induced fluorescence extinction
through interactions between DCPs chains.

Gel electrophoresis was used to probe the interaction with plasmid DNA (pDNA)
through an electrophoretic mobility shift assay (Figure 5). Both DCPs show effective com-
plexation starting at N/P = 5. While a complete complexation is observed with neutral
AFT~, a more gradual complexation is seen with AFT<. On the other hand, both fluoro-
phores show very different profiles in presence of pDNA. Although the complexation is
also observed, the constant formation of streaks in all conditions point to a very different
mechanism of interaction, which could indicate interactions within base pairs, or could
also be the result of the poor solubility of those building blocks alone in aqueous media.

AFT® AFTE
N/P 1 5 10 25 50 100 control 1 5 10 25 50 100

FT FTe
N/P 1 10 S0 100 250 500 control 1 10 S0 100 250 500

Figure 5. Electrophoresis analysis of pPDNA complexation at N/P = 1-500 by the DCPs AFT" and
AFT¢ (top) compared to the fluorophores FT™ and FT* (bottom). Control refers to pDNA alone.

2.5. DNA-templated Formation of DCPs

The use of chemical ligation reactions, such as acylhydrazone and oxime formation
[56,57], can be carried out in aqueous media in mild conditions compatible with the pres-
ence of nucleic acids and opens the door toward the in situ formation of DCPs. The nucleic
acids can act as templates and guide the formation of self-fitted DCPs at an unusually low
concentration in which DCPs would otherwise not form [34-38]. Here, we tested the in
situ self-assembly of both building blocks in the presence of CT-DNA and monitored the
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outcome by CD and fluorescence spectroscopies. For this, the FT* monomer was intro-
duced into a cuvette at a concentration of 10 uM in a TE buffer solution at pH 7.4; then,
double-stranded DNA extracted from calf thymus was added directly to the cuvette in
order to place itself at N/P = 5. Then, the second monomer OxArgHyd was added to the
mixture at the same concentration as the fluorescent monomer and the process was mon-
itored by recording emission spectra after 12h, 24h, 36h, 48h and 72h after the addition of
OxArgHyd. The results show a decrease in the fluorescence emission with time, similar
to what is found during the complexation of DNA by the pre-formed DCPs (Figure 6A vs.
Figure 4C). A negative control experiment was also conducted by adding 100 equivalents
of methoxyamine before the addition of OxArgHyd to allow for the formation of oxime
Ox-FT"-Ox (Scheme S1). The addition of methoxyamine in large excess leads to a displace-
ment of the thermodynamic equilibrium and prevents the formation of DCPs by consum-
ing the fluorene bisaldehyde brick present in the solution (Figure 6B). This indicates that
the decrease in the fluorescence in the experiments without methoxyamine points toward
the templated self-assembly of those DCPs.

The monitoring of this process by CD spectroscopy confirms the templating role of
CT-DNA on the formation of DCPs (Figure S24). The CD signals obtained after 36 h are
markedly different from those obtained when mixing DCPs and DNA. When templated
by DNA, the formation of DCP exhibits positive peaks in the spectral range where the 7-
conjugated moieties absorb. This is in contrast to the bisignate CD signals observed for
the mixture DNA/DCP (see Figure 4B), which indicates that DNA-templated assembly
lead to a different chiral organization of DCP compared to complexation of a previously
formed DCP mixed to DNA (Figure S23 vs. Figure 4B).

A) 30 T B) 3.0 [T+ Arg + MO, + DA o)
e FT* + Arg + DNA [120) j===FT"+Arg + MeONH, + DNA (12h]
FT* +Arg + DNA [24h) FT"+Arg + MeONH, + DNA (241)
254 e P+ Arg + DA [360) 2.5 T +.Arg + MOONH, + DNA (36h)
- [~ FT" +Arg + DNA [T2h) _ e F T + Arg + MOONH, + DNA (721}
=l a
& 8
=
z
c c
2 [}
E E
§ 8
8 2
£ E
w w
0.0 T T T T T T T T T 0.0 T T T T T T T T T
425 450 475 500 525 550 575 600 625 650 425 450 475 500 525 550 575 600 625 650
Wavelength (nm) Wavelength (nm)

Figure 6. (A) Emission spectra (Aexc = 385 nm) of a solution of FT* and OxArgHyd (both at 10 uM)
in presence of calf thymus DNA with a charge ratio N/P =5, from 0 to 72 h; (B) Emission spectra
(Aexc = 385 nm) of the same solution in presence of 100 eq. of methoxyamine. Solutions are in an
aqueous TE buffer (pH 7.4).

3. Materials and Methods
3.1. Materials

Reactions were performed under argon using oven-dried glassware and Schlenk
techniques. 9,9-bis(6'-bromohexyl)-2,7-diethynyl-9H-fluorene, 2,7-diethynyl-9,9-bis[2-[2-
(2-methoxyethoxy)ethoxy]ethyl]-9H-fluorene were prepared according to literature pro-
cedures [58,59]. Bis(triphenylphosphine)palladium(Il) dichloride (PdClz(PPhs),, 98%),
copper iodide (Cul, 98%), triethylamine (99%) were purchased from Fluorochem (Had-
field, UK). 5-bromo-2-thiophenecarboxaldehyde (97%) and trimethylamine (2.0 M in THF)
were purchased from Alfa Aesar (Haverhill, Massachusetts, USA). Solvents were obtained
from commercial suppliers and used as received. Dry toluene and THF were obtained
from a solvent purification system, PureSolve MD5 purchased from Inert Technology
(Amesbury, MA, USA).
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3.2. Characterization Methods

The FTIR analysis was performed on a Perkin Elmer (Waltham, Massachusetts, USA)
Spectrum Two™ FT-IR Spectrometer from powders in the attenuated total reflectance
(ATR) mode. NMR spectra were recorded at the Laboratoire de Mesures Physiques (LMP)
of the University of Montpellier (UM) using either a Bruker Avance III 500 MHz or 600
MHz spectrometers (Bruker, Fallenden, Switzerland) and were calibrated to TMS on the
basis of the relative chemical shift of the solvent used as an internal standard. Moreover,
2D DOSY NMR spectra were recorded on a Bruker Avance III 600 (Bruker, Fallenden,
Switzerland) spectrometer equipped with a 5-mm TCI Prodigy Z-gradient cryoprobe. The
standard gradient amplifier (GREAT 1/10-E (Bruker, Fallenden, Switzerland)) generates a
maximum gradient strength of 65.7 Gauss cm™ at a current of 10 A. The gradient strengths
were calibrated using a sample of D20 99.96 % deuterated from Eurisotop (Saint-Aubin,
France). All diffusion measurements were performed with double stimulated echo and
bipolar gradient pulses for convection compensation and Eddy current delay (dstebpgp)
in a pseudo 2D mode and processed with T1/T2 module from Topspin 3.6.2 (Bruker,
Fallenden, Switzerland). For each experiment, 8 dummy scans and 32 scans were used
with a relaxation delay of 3 s. Diffusion Time A was fixed between 0.1 s and 0.3 s and the
gradient strength 6 ranged between 2.8 and 5.0 ms depending on the molecule size. Sinus-
oidal shapes were used for the gradients and a linear gradient ramp with 16 increments
between 2 and 95 % was applied for the diffusion relevant gradients. The diffusion coef-
ficients were calculated with T1/T2 module from Topspin 3.6.2 (Bruker, Fallenden, Swit-
zerland). All diffusion coefficients were within an error range of +5 %. Mass accuracy
measurement for FT and FT¢ were performed by using a Waters QTOF (Waters, Ant-
werpen, Belgium) Premier mass spectrometer equipped with Matrix-assisted laser de-
sorption/ionization source. A Nd-YAG laser of 355 nm with a maximum pulse energy of
65 pJ delivered to the sample at 50 Hz repeating rate is used. Time-of-flight mass analyses
is performed in the reflection mode at a resolution of about 10k (m/z 569). Trans-2-(3-(4-
tert-butyl-phenyl)-2-methyl-2-propenylidene)malononitrile (DCTB) is used as the matrix
and is prepared as a 40 mg/mL solution in chloroform. The matrix solution (1 uL) is ap-
plied to a stainless-steel target and air-dried. Samples are dissolved in chloroform to ob-
tain 1 mg/mL solutions. Furthermore, 1 uL aliquots of these solutions are applied onto the
target area (already bearing the matrix crystals) and air-dried. Exact mass is determined
by using poly(ethylene glycol) as an internal reference. The mass spectra of FT" were rec-
orded on a Synapt G2-S (Waters, Saint-Quentin-en-Yvelines, France) spectrometer based
on a quadrupole Time of Flight (Q-TOF) analyser and equipped with an Atmospheric
Solids Analysis Probe (ASAP) in positive mode between 100 and 1500 Da. The mass spec-
tra of AFT» were recorded on a Rapiflex (Bruker, Billerica, MA, USA) with Matrix-As-
sisted Laser Desorption Ionization (MALDI) source and TOF analyzer. The mass spectrum
was recorded in positive mode between 500 and 15,000 Da in linear mode using a-cyano-
4-hydroxycinnamic acid (HCCA) as matrix. DMSO was not removed prior to mixing with
the MALDI-TOF matrix.

3.3. Synthesis of Fluorescent Building Blocks FT" and FT¢

FT. 29-bis(6'-bromohexyl)-2,7-diethynyl-9H-fluorene (538 mg, 1 mmol),
PdCl2(PPhs)z (35 mg, 0.05 mmol), Cul (10 mg, 0.02 mmol) were placed in a 100 mL two-
necked round-bottom flask with toluene (25 mL). Additionally, 5-bromo-2-thiophenecar-
boxaldehyde (478 mg, 297 uL, 2.5 mmol) in triethylamine (5 mL) was added dropwise.
The reaction mixture was heated at 70°C during 8 h. The solution was evaporated and the
residue was purified by column chromatography on silica gel using cyclohexane/CH2Cl.
(20:80 to 100) as eluent. Yield: 61%. FTIR-ATR: v = 2837, 2787 (Csp2-H, aldehyde), 2195
(C=C), 1662 (C=0) cm™'. '"H NMR (500.17 MHz, CDCls, 298K): d = 9.91 (s, 2H, CHO), 7.79-
7.70 (m, 4H), 7.59 (d, 2H, 3Jun="7.0 Hz), 7.54 (s, 2H), 7.38 (d, */u-1 = 4.0 Hz, 2H), 3.31 (t, 4H,
3un = 6.2 Hz, CH2Br), 2.06-1.98 (m, 4H), 1.67 (quint, 4H, 3[u1 = 6.8 Hz), 1.28-1.06 (m, 8H),
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0.68-0.58 (m, 4H) ppm. BC{'H} NMR (125.77 MHz, CDCls, 298K): & = 182.5 (C=0), 151.2,
144.1, 141.5, 136.3, 133.1, 132.6, 131.3, 126.1, 121.2, 120.6, 98.9, 82.9, 55.5, 40.3, 34.1, 32.8,
29.2, 27.9, 23.7 ppm. HR-MS (MALDI-TOF*): m/z calcd for CsoHssBr20:5: [M]*+ 758.0523,
found 758.0525 Da.

FTe. FT (100 mg, 0.13 mmol) was placed into a 100 mL two-necked round-bottom
flask and then, dissolved in THF (5 mL). A volume of 7 mL of a solution of trimethylamine
(2.0 M in THF) were added and the mixture was stirred at room temperature for 24h.
Water (3 mL) was added to dissolve the precipitate and 3 mL of the solution of trimethyl-
amine were added. The reaction mixture was stirred for 8h. The solvent was then evapo-
rated and the residue was dissolved in the minimum amount of methanol. FT¢ was then
precipitated in diethyl ether (250 mL), filtered and dried under vaccum. Yield: 95% (109
mg). FTIR-ATR: v = 2839, 2786 (Csp2-H, aldehyde), 2194 (C=C), 1650 (C=0O) cm-'. 'H NMR
(500.17 MHz, DMSO-ds, 298K): d = 9.95 (s, 2H), 8.08 (d, 4/n-1 = 4.0 Hz, 2H), 8.00 (d, ¥/uu =
7.9 Hz, 2H), 7.80 (s, 2H), 7.64 (dd, *Ju-u = 1.4 Hz, 3Jun=7.9 Hz, 2H), 7.38 (d, 3/nu= 4.0 Hz,
2H), 3.19-3.11 (m, 4H), 2.97 (s, 18H), 2.15-2.04 (m, 4H), 1.46 (quint, 3/u-u=7.7 Hz, 4H), 1.10
(quint, 3Juu= 7.0 Hz, 4H), 1.02 (quint, 3/u-u = 7.0 Hz, 4H), 0.48 (quint, 3/uu = 7.6 Hz, 4H).
BC{'H} NMR (125.77 MHz, DMSO-ds, 298K): & = 184.1 (C=0O), 151.0, 143.9, 141.1, 138.2,
134.0, 131.1, 130.4, 126.0, 121.2, 120.1, 98.2, 82.7, 65.1, 55.2, 52.0, 28.5, 25.3, 23.1, 21.8 ppm.
HR-MS (MALDI-TOF*): m/z calcd for CssHs4N2025:Br [M]* 797.2810, found 797.2805 Da.

FT». 2,7-Diethynyl-9,9-bis[2-[2-(2-methoxyethoxy)ethoxy]ethyl]-9H-fluorene (506
mg, 1 mmol), PAClz(PPhs): (35 mg, 0.05 mmol), Cul (10 mg, 0.02 mmol) were placed in a
100 mL two-necked round-bottom flask with toluene (25 mL). 5-bromo-2-thiophenecar-
boxaldehyde (478 mg, 297 uL, 2.5 mmol) in triethylamine (5 mL) was added dropwise.
The reaction mixture was heated at 70 °C during 8 h. The solution was evaporated and
the residue was purified by column chromatography on silica gel using CH2Clz/MeOH
(from 100:0 to 95:5 v/v) as eluent. Yield: 81% (orange powder). FTIR-ATR: v = 2838, 2788
(Csp2-H, aldehyde), 2198 (C=C), 1656 (C=0) cm". '"H NMR (500.17 MHz, CDCls, 298K): 6 =
9.89 (s, 2H, CHO), 7.70 (d, 2H, 3Juu= 3.9 Hz, C-Hieny), 7.70 (d, 2H, 3Juu=7.9 Hz), 7.62 (d,
2H, Yuu= 1.4 Hz), 7.56 (dd, 2H, 3Ju-u= 7.9 Hz, 4uu= 1.4 Hz), 7.36 (d, 3Ju-u = 3.9 Hz, 2H);
3.53-3.45 (m, 8H), 3.40-3.36 (m, 4H), 3.32 (s, 6H, OCHs), 3,23-3.18 (m, 4H), 2.82-2.76 (m,
4H); 2.42 (t, 4H, 3Jun= 7.4 Hz) ppm. BC{'H} NMR (125.77 MHz, CDCls, 298K): d = 182.5
(C=0), 149.9, 144.1, 140.8, 136.3, 133.0, 132.7, 131.5, 126.7, 121.4, 120.6, 98.6, 83.1, 72.0, 70.6,
70.2, 67.0, 59.2, 51.8, 39.7, 29.8 ppm. HRMS (ASAP* TOF) m/z calcd for Cs1Hs20sSz2 [M]*
726.2321, found 726.2314.

3.4. Synthesis of the DCPs AFT" and AFT¢

Stock solutions of fluorescent monomers (FT*, FT¢) and OxArgHyd at 100 mM were
prepared in DMSO or DMSO-ds. An aliquot of these stock solutions of fluorescent and
OxArgHyd monomers was taken to achieve the desired concentration (1 mM, 10 mM and
50 mM) of the reaction mixture in DMSO or DMSO-ds (3 mL) and the reaction was stirred
at room temperature for 5 days. Control experiments with MeONH: and L-Arg-Hyd were
carried out similarly.

3.5. Study of the Optical Properties

UV-Visible absorption spectra were performed at 298K on a JASCO V-750 spectro-
photometer in 10 mm quartz cells (Hellma-France, Paris, France). All of the extinction co-
efficients were determined by preparing solutions of FT» and FT¢ monomer building
blocks at different concentrations exploiting the Beer-Lambert relationship in the linear
range (A ~ 0.2-0.8). Emission spectra were recorded at 25 °C on a fluorescence spectrom-
eter (FS920) (Edinburgh Instruments, Livingston, UK) equipped with a calibrated photo-
multiplier in a Peltier (air cooled) housing (R928P) (Hamamatsu Photonics France, Massy,
France), with a 450 W continuous xenon arc lamp as the excitation source for steady-state
photoluminescence measurements using a quartz cuvette with 1.0 cm excitation path
length. Emission and excitation spectra were corrected for the wavelength response of the
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system using correction factors supplied by the manufacturer. The quantum yields of FT»
and FT¢ in solution were determined using an integrating sphere (120 mm diameter) of
Edinburgh Instruments under air.

3.6. Study of the Chiroptical Properties

UV-Vis, CD, and emission spectra of DCP/DNA complexes were recorded using a
ChirascanTM Plus CD Spectrometer from Applied Photophysics. The measurements were
performed using 2 mm Suprasil quartz cells. The spectra were recorded between 230 and
650 nm, with a bandwidth of 1 nm, time per point 0.5 s and two repetitions. The buffered
water solvent reference spectra were used as baselines and were automatically subtracted
from the CD spectra of the samples. Stock solutions of monomers or polymers (10 mM) in
DMSO were prepared. A volume of 3 pL of these stock solutions was added to the buffer
water solvent to obtain a 10 uM solution (remaining percentage of DMSO in the final so-
lution (0.1% v/v)). The buffer water solvent was Tris-EDTA which was prepared from 1 M
Tris-Cl and 0.5 M EDTA to achieve a 10 mM Tris-Cl and 1 mM EDTA final buffer at pH 7.
The selected DNA was successively added to the monomer or polymer solution in TE
buffer to achieve the defined N/P.

3.7. Electrophoretic Mobility Shift Assay (EMSA) with pDNA

A total of 100 ng of 5.7 kilobase pair expression vector, pET-15b (Novagen) were
mixed with appropriate amounts of polymer to achieve the desired N/P ratio, and diluted
in TE buffer (20 mM Tris -acetate / 0.5 mM EDTA pH 8.2) to obtain a final volume of 10
LL. A volume of 2 L of Blue 6X loading dye (Fisher Scientific) was added, after which 12
uL was run on a 0.7% wt/vol agarose gel (50V) in the same TE buffer. DNA was visualized
with SYBER Safe (Life Technologies).

4. Conclusions

Based on an acyl-hydrazone dynamic covalent chemistry that combined chiral argi-
nine cationic units and fluorescent thiophene-ethynyl-fluorene m-conjugated units, two
dynamic covalent polymers were formed in view of binding nucleic acids through ionic
interactions. This self-assembly process by polycondensation results in the formation of
DCP oligomers in DMSO depending on the concentration, as indicated by DOSY NMR
spectroscopy and MALDI-TOF mass spectrometry.

When these DCPs are in presence of DNA in aqueous solutions, we observed the
formation of supramolecular complexes whose chiroptical properties suggest folding/ag-
gregation through m-stacking interactions. In addition, we have shown the possibility of
forming fluorescent DCPs through DNA-templated self-assembly. This templating effect
could possibly be helpful in view of monitoring the delivery functional nucleic acids,
which will be the subject of further investigation.

Finally, distinct from more conventional approaches tagging a fluorescent/quencher
group on DCPs [60], such an approach in which fluorescent groups are inserted within
the main chain of DCPs precisely bears this unique opportunity of connecting the optical
features with the nature of the self-assembly. Nevertheless, although this new example of
aromatic polymers is able to bind nucleic acids and report on the complexation process
by (chir)optical changes, much work remains to be conducted to achieve a (chiro)optical
output which is specific and more sensitive to the nature of the templating nucleic acids.
In this respect, further investigations will be devoted to the development of new fluores-
cent building blocks, displaying Aggregation-Induced Emission (AIE) properties, which
may lead to more significant optical changes upon DNA binding.

Supplementary Materials: The following supporting information can be downloaded at:
www.mdpi.com/article/10.3390/molecules27196648/s1, Figure S1: FTIR-ATR spectrum of FT; Figure
52: '"H NMR spectrum (500 MHz) of FT in CDCls at 298K; Figure S3: *C{'H} NMR spectrum (126
MHz) of FT in CDCls at 298K; Figure S4: High resolution MALDI-TOF mass spectrum of FT in the
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