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Abstract: The growing applications of therapeutic nucleic acids
requires the concomitant development of vectors that are optimized
to complex one type of nucleic acid, forming nanoparticles suitable
for further trafficking and delivery. While fine-tuning a vector by
molecular engineering to obtain a particular nanoscale organization
at the nanoparticle level can be a challenging endeavor, we turned
the situation around and instead screened the complexation
preferences of dynamic constitutional frameworks toward different
types of DNAs. Dynamic constitutional frameworks (DCF) are
recently-identified vectors by our group that can be prepared in a
versatile manner through dynamic covalent chemistry. Herein, we
designed and synthesized 40 new DCFs that vary in
hydrophilic/hydrophobic balance, number of cationic headgroups.
The results of DNA complexation obtained through gel
electrophoresis and fluorescent displacement assays reveal binding
preferences of different DCFs toward different DNAs. The formation
of compact spherical architectures with an optimal diameter of 100-
200 nm suggests that condensation into nanoparticles is more
effective for longer PEG chains and PEI groups that induce a better
binding performance in the presence of DNA targets.

Introduction

The effective and safe delivery of therapeutic nucleic acids has
become an important objective in an ever-increasing number of
applications. Indeed, the diversity of nucleic acids having
therapeutic potential has grown significantly™™ and encompasses
long circular DNA (pDNA), short double-stranded RNA (siRNA),
CRISPR-Cas9 editing tools and mRNA for diverse application in
cancer treatment, rare diseases, and Covid-19 vaccines.”” Given
that nucleic acids are vulnerable to endogenous nuclease
enzymes and do not effectively translocate the cell membranes
because of their hydrophilic nature, it is of paramount
importance to develop vectors that protect them from enzymatic
degradation and promote their internalization in cells of interest.

Generally, nucleic acids, as polyanions, can be spontaneously
complexed by positively-charged = macromolecules via
multivalent electrostatic interactions.®! However, since the
nature of cationic groups, their number, position and density
dictate the strength of the interaction, the architecture of these
cationic macromolecules is critical, and navigating this vast
chemical space can sometimes be like finding a needle in a
haystack. Therefore, over the past decades, a multitude of
cationic vectors including polyethyleneimine, guanidinium-

based  polymers/  dendrimers,®  dynamic  covalent
frameworks®"® or dynamic polymers®®'%, and peptides,** have
been identified as effective nucleic acids complexation agents.*?
Additionally, the idea of using multivalent supramolecular
polymers is also gradually gaining attention for achieving cellular
uptake.™® Yet, general structure-activity relationships remain
elusive, due to the dynamic complexity of chemical spaces of
both vectors and nucleic acids. Specific knowledge can be
developed in a single series of synthetic vectors that can be fine-
tuned by molecular engineering. For instance, cyclodextrin-
based systems for nucleic acids binding and delivery,* have
been investigated in details structure-activity relationships.*
They found that the number of positive groups,™® hydrophilic/
hydrophobic balance,™” as well as their propensity to form
higher-order self-assemblies*® are key for pDNA binding and
dictate the nanoscale organization of the resulting polyplexes,*®
hence affect the transfection efficiency both in living cells and in
vivo.® Thus, differences in the architecture of polyplexes have
a profound effect on the biological properties and delivery
efficacy. In a different context, the amphiphilic block polymers,
showed that micelleplexes outperform polyplexes for the delivery
of pDNA.?! Beside the co-formulation approach of polyplexes,
for instance with PEG groups,?? that is used to reduce their
immunogenicity and to improve their biological stability, a current
endeavor is to synergistically integrate different ingredients
(cationic, lipophilic and hydrophilic groups) into a single
vector.®!

Pioneering work of our group introduced a powerful Dynamic
Constitutional Strategy, combining easy synthesis and rapid
screening that enable the selection of highly effective Dynamic
Constitutional Frameworks-DCFs for DNA transfection.[%
Differently to the rational design, the DNA itself is used to self-
select an active Dynamic DNA Vector-DyNAvector from the
virtual mixture of architectures, resulting in a highly useful
simplified screening process. PEGylated Squalene-SQ has been
used to form well-defined complexes of pDNA and DyNAvectors,
which composing of hydrophilic corona and hydrophobic SQ
dense core used for DNA transfection®™ or enzyme activation.®
However, only in a limited number of cases the complexation
preferences among different types of nucleic acids has been
investigated.? This is also becoming important as more
examples have now reported the templating role that nucleic
acids play in the formation of the polyplex nanoparticles.'**! For
instance, it has been reported that folding of plasmid DNA — a
general process called DNA condensation® — by cationic
vectors yields rod structures which size is a quantized length of
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the original pDNA length.””! Hence, beside the interesting
challenge of fine-tuning a (macro)molecular vector for binding
and transporting a given nucleic acid, an alternative approach
made possible by the recent expansion of nucleic acid
therapeutics could also be to explore the complexation
preferences between different types of nucleic acids in order to
find the best suited application of a given compound.

Herein, we explored the complexation preferences of a library of
40 dynamic covalent frameworks (DCFs) toward different types
of DNA: a circular plasmid DNA (pDNA, 5700 bp), a long double-
stranded DNA (calf thymus, ctDNA, 20000 bp) and a shorter
double-stranded DNA (salmon sperm, spDNA, 2000 bp). DNA
complexation, assessed by gel electrophoresis and fluorescence
displacement assays, revealed an interesting adaptive and
selective complexation preference of DCFs towards different
nucleic acids. The DLS and TEM characterization of the polyplex
nanoparticles, confirm the observed complexation preferences.
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Results and Discussion

Design of dynamic constitutional frameworks (DCFs). A
broad range of DCF vectors have been fabricated for the studies
described here. In order to study the structure-activity effect and
the nucleic acids binding preferences, 40 DCFs were designed
purposefully by using reversible amino-carbonyl/imine chemistry
%8 with squalene (SQ), amino-terminated polyethylene glycols
(PEG), benzene-1,3,5-tricarboxaldehyde (BTA) and amino-
terminated positively-charged binding groups. As a core-center,
benzene 1,3,5-tricarboxaldehyde enables to sequentially
connect the amino-terminated squalene or polyethylene glycol
segments and cationic binding sites in acetonitrile or water as
solvents (see Experimental Section for details). Aldehyde-
modified squalene can act as a hydrophobic component to
initiate the nano-particle formation in aqueous environment.?*%%
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Scheme 1. Schematic representation of dynamic constitutional frameworks (DCF1 and DCF2) and polyplexes

Five cationic head-groups, aminoguanidine hydrochloride (GUA),
arginine building blocks (A1, A2 and A3) and branched
polyethyleneimine (PEI: bPEIS800, Mn~800 g mol™) play the vital
role in the multivalent binding of DNA involving salt-bridges
interactions.® The poly(ethylene glycol) bis (3-amino propyl)
terminated with different molecular weights (P1: n=31, 1500
g.mol™; P2: n=62, 3000 g.mol™; P3: n=124, 6000 g.mol*; P4:
n=206, 10000 g.mol™) were used to adjust the length between
the squalene hydrophobic tail and the cationic headgroups
(Scheme 1). Additionally, varying the PEG length was also
shown to profoundly impact the structure of the polyplex
nanoparticles.?

Using the versatile dynamic constitutional synthetic methodology,
two types of DCFs, amounting to different dendron generations,
were prepared by varying the relative ratio among the four
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different building blocks: DCF1 presents a simple hydrophilic
segment unit at the ratio 1:1:1:2 of SQ: PEG: BTA: GUA / A(1-
3) / bPEI800 and DCF2 was obtained by adjusting the ratio to
1:3:3:4 of these components, forming a double hydrophilic
segment terminated with positive charged heads. Varying the
hydrophobic/ hydrophilic balance, the nature of the PEG and
positive charged heads, it was expected to influence DNA
complexation as well as the self-assembly of the DCFs.

Screening different DCFs for pDNA complexation. The
binding ability of DCFs toward pDNA (5700 bp) in saline solution
(100 mM HEPES buffer, pH 7.0, 150 mM NaCl) was first
assessed by gel electrophoresis,®* monitoring the N/P ratios at
which the free pDNA band disappeared due to complexation
with DCFs made of the shortest P1 PEG spacer.¥ The obtained
results for representative samples are summarized in Figure 1,



and the N/P ratio at complete pDNA complexation are listed in
Table 1. Overall, it is obvious that DCF1-bPEI800 present the
best binding ability toward pDNA with a complete complexation
achieved at N/P = 3 (Figure 1), while of the corresponding
DCF2-bPEI800 show full complexation N/P = 20. Thus, in this
series, increasing the valency of cationic head groups does not
result in improved binding, a behavior that was previously
reported using small cationic dendrons and related to
differences in self-assembly propensity.®® Replacing the PEI
cationic group by GUA or arginine ligands decrease the
efficiency of pDNA complexation in both DCF1 and DCF2 series.
Surprisingly given the known superior binding of guanidinium
groups to partake in strong salt-bridge interactions with DNA
phosphodiesters compared to the primary ammonium of
lysine,*5%®! DCF-A3 were found to be less active than DCF-AL.
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DNA complexation triggers the release of intercalated EthBr
which can be detected by a decrease of fluorescence emission
(Aex 480 nm, Aern 620 Nm, see Figure S3 and S4).

We performed the experiments at different N/P ratios and here
describe the representative results at N/P=20 where complete
pDNA complexation was observed (vide supra). As shown in
Figure 2 which represent the relative fluorescence emission
upon addition of the DCFs onto the ctDNA:EthBr complex,
DCF1-P1-bPEI800 and DCF2-P1-bPEI800 now show a similar
decrease in the fluorescence emission which indicate an
identical propensity to complex CctDNA. However, while
increasing the PEG spacer from P1 to P4 has no measurable
effect on DCF2-bPEI800, a constant improvement is seen with
DCF1-bPEI800. Complexation to the smaller spDNA appears

generally weaker, with now DCF2-P1-bPEI800 surpassing
DCF1-P1-bPEI800 (Figure 2). In this case, increasing the PEG
spacer is ineffective on DCF1-bPEI800 but continuously
improves spDNA complexation using DCF2-bPEI800.

Changing the short P1 PEG spacer with the longer P2 and P3
has little effect on pDNA complexation. Only a weak
improvement was observed when increasing the PEG length in
the DCF1 series, especially with GUA and Al headgroups
(Figure S1 and Table S1), while no effect could be observed in
the DCF2 series (Figure S2 and Table S2). In conclusion, the

DCF1 architecture made of PEI cationic headgroup was ”100‘]
identified as the most effective for pPDNA complexation. o
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Figure 2. Relative fluorescence emission of DCF1-bPEI800 complexes and
DCF2-bPEI800 complexes with ctDNA or spDNA at N/P = 20: green 0-30%;
purple 30-70%,; yellow 70-100%.

Figure 1. Representative gel electrophoresis results of DCFs-P1 (top: DCF1-
P1; bottom: DCF2-P1) toward pDNA with varied €ationic ligands. Isothermal titration calorimetry (ITC) was used as an alternative
technique to cross-check those results. Using ctDNA, binding

Table 1. Summary on N/P ratio of fully complexation of DCFs-P1 toward was observed with the four ligands tested: DCF1-P1-bPEI800,

pDNA with varied cationic ligands.

DCF1-P4-bPEI800, DCF2-P1-bPEI800, and DCF2-P4-bPEI800
Sample GUA  bPEIS800 Al A2 A3 (Table 2). In all cases, the binding stoichiometry lied around
DCF1-P1 >0 3 50 ~50@  >5ol unity, which is surprising given the reduced number of positive
DCF2-P1 50 20 >50f S50 5q00M charges in bPEI800 (ca. 16 repeating units, hence ca. 16

[a] approximate N/P ratio at which the complexation takes place.

Screening DNA complexation preferences of DCF-PEI. A

fluorescence displacement assay®” was then used to

investigate the complexation of DCF1-bPEI800 and DCF2-
bPEI800 toward different DNA varying in length: a long double-
stranded DNA (calf thymus, ctDNA, 20000 bp) and a shorter
double-stranded DNA (salmon sperm, spDNA, 2000 bp) which
are both commercially-available in quantities suited for this
assay. In this ethidium bromide (EthBr) assay carried out in
saline solution (100 mM HEPES buffer, pH 7.0, 150 mM NacCl),

nitrogens) compared to ctDNA (20000 bp, hence 40000
phosphates), and the different number of bPEIS800 per monomer
(2 in DCF1, 4 in DCF2). Therefore, we propose that the DCFs
are already organized in nanoparticles (vide infra), and that ITC
serves here to probe the overall binding of those nanoparticles
to DNA. In line with the results from the fluorescent
displacement assay (Figure 2), DCF1-P4-bPEI800 came out as
the best complexing agent (overall Kg = 1.2 uM, two-step binding
process, mainly entropy-driven).

Table 2. Thermodynamic parameters derived from isothermal titration calorimetry binding studies for the complexation of ctDNA and spDNA by DCFs.
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CtDNA SpDNA
Compounds Ka N AH -TAS Kq N AH -TAS
(M) (kcal.mol™) (kcal.mol™) (M) (kcal.mol™)  (kcal.mol™)
DCF1-P1-bPEI800 30.8+8.3 0.9 18.4 24.4 134 + 90 05 43.2 -48.5
13.6£0.2 0.9 1.2 7.9
DCF1-P4-bPEI800 n.d.
0.085 + 0.016 2.6 0.2 9.8
DCF2-P1-bPEI800 22+04 0.8 -18.6 10.9 n.d.
10.4£2.8 0.9 5.4 122
DCF2-P4-bPEI800 43+ 10 0.8 12.2 -18.1
1.7+0.7 2.9 16 9.4

[a] n.d.: not determined because binding too weak.

a) DCF1-bPEI800 + ctDNA ~ b) DCF1-P4 + ctDNA

(%

20om - 2om
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Figure 3. Representative TEM micrographs recorded from a) DCF1-P1-bPEI800, b) DCF1-P4-bPEI800, c) DCF2-P1-bPEI800, d) DCF2-P4-bPEI800 complexes
with ctDNA; and e) DCF1-P1-bPEI800, f) DCF1-P4-bPEI800, g) DCF2-P1-bPEI800, h) DCF2-P4-bPEI800 with spDNA at N/P = 20.



DCF1-P1-bPEI800 complexes ctDNA weaklier (K¢ = 30.8 pM)
and binding is now more entropy driven, thus pointing to the
important role of the PEG spacer. In contrast, DCF2-P1-
bPEIBO0 appeared superior to DCF2-P4-bPEI800 for
complexing ctDNA (Kq = 2.2, enthalpy driven vs 6.0 uM, entropy
driven, respectively). Again, two-steps are supposed to be
involved in the binding of DCF2-P4-bPEIS8O0 to CctDNA,
suggesting a different complexation mode in the presence of the
longer P4 PEG spacer. Complexation of spDNA by the four
ligands tested was much weaker. No binding could be detected
for DCF1-P4-bPEI800 and DCF2-P1-bPEI800.

However, DCF2-P4-bPEI800 indicated improved binding to
SpDNA compared with DCF1-P1-bPEI800 (Kq = 43 vs 134 uM)
in agreement with fluorescence measurements. The association
of spDNA by DCF1-P1-bPEI800 was 4.4-fold weaker than
ctDNA (Kq = 134 vs 30.8 pM, respectively), supporting the trend
previously unraveled by the fluorescent displacement assay
(Figure 2). On the other hand, complexation by DCF2-P4-
bPEIB00 was less affected (2.4-fold) when using spDNA as
compared to ctDNA (Kq = 43 vs 17.7 pM, respectively). In
conclusion, DCF1-P4-bPEI800 was identified using two different
techniques (fluorescent displacement assay and isothermal
titration calorimetry) as best suited for ctDNA complexation. As
suggested above, these different complexation preferences
probably originate from changes in the nanoscale organization
of the polyplexes made of different types of DNA.

Characterization of polyplex nanoparticles. Dynamic light
scattering (DLS) was further used to characterize the self-
assemblies and determine the average diameter of the
complexes formed by DCFs-P1-bPEIB00 and DNAs in saline
solution (100 mM HEPES buffer, pH 7.0, 150 mM NacCl). Non-
complexed DCF1-P1-bPEI800 and DCF2-P1-bPEIB00 form
nanopatrticles of, respectively, 60 nm and 91 nm size (Table 3).

Table 3. Representative particle size DLS characterization of the complexes
formed by DCFs-bPEI800 with PEG1500 as hydrophilic chain and ctDNA or
spDNA at N/P = 20 respectively, unit: nm.

Sample DCF1-P1-bPEI800 DCF2-P1-bPEI800
Size+SD (nm) Size+SD (nm)
Without DNA 60.1+0.9 90.8+1.5
Calf thymus DNA 496.1+36.8 759.7+17.3
Salmon sperm DNA 687.5+31.9 2224+47 81

[a] Sample displaying a high polydispersity (PDI>0.8).

Then, the results on the DNA complexes formed at N/P = 20
showed that the DCF1 tend to form smaller complexes with
ctDNA or spDNA compared to DCF2. Also, smaller
nanoparticles are formed with the longer ctDNA compared to the
shorter spDNA. In a subsequent effort to elucidate the
morphological architectures of DNA complexes, Transmission
electronic microscopy (TEM) was performed for the formulations
DCFs-P1-bPEI800 and DCFs-P4-bPEI800 complexed to either
ctDNA or spDNA. The apparent average sizes show the same
trend as DLS but dry particle dimensions as determined by TEM
are smaller (Figure 3) than the hydrodynamic diameter
measured by DLS, which indicate that a hydration shell
surrounds the polyplex nanoparticles in solution.

As shown in Figure 3, condensed assemblies of DCF1-P1-
bPEI8B00 and ctDNA polyplexes were present by transmission
electron microscopy with a size of about 500 nm at N/P = 20
(Figure 3a). On the same composition condensed assemblies of
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DCF1-P4-bPEI800 and ctDNA polyplexes form highly uniform
spherical aggregates of about 200 nm diameter (Figure 3b).
Moreover, it is worth to note that ctDNA was intertwined with
several irregular particles in DCF1-P1-bPEI800/ctDNA polyplex
while being encapsulated in spherical vesicles of DCF1-P4-
bPEI8B0O0/ctDNA polyplex, revealing the binding of DCFs
particles to the folded double strands adaptively. Similarly, the
polyplexes of DCF2-ctDNA was crowded with more dendritic but
smaller DCF2-P1-bPEI800/ctDNA polyplex particles (Figure 3c,
dense electronic regions), surrounding by a dynamically ordered
hydration layer or smaller compact DCF2-P4-bPEI800/ctDNA
polyplex particles of about 100 nm diameter (Figure 3d).

The binding situation slightly changed, when a shorter double-
strands (spDNA) was involved to complex with DCFs. Similarly,
the aggregated crowding phenomenon happened also to spDNA
with a few encapsulated DCF1-P1-bPEI800 inside and the
hanged ones around the side (Figure 3e). DCF1-P4-bPEI8S800
and spDNA polyplexes still form highly uniform 200 nm spherical
aggregates (Figure 3f). The dense core was more obvious with
regarding to the DCF2-P1-bPEIS800 spDNA (Figure 3g) and
DCF2-P4-bPEI800 spDNA (Figure 3h) samples, occupying most
of the complexed area with also the hydration layer
surroundingly. An average size of around 1 ym was observed
from the obtained polyplexes DCF2-spDNA, showing a hydrated
layer but bigger diameters than that of DCF2-ctDNA. It indicated
that the multivalent DCFs tend to aggregate with shorter double
strands to a certain extent.

This discrete void in all present samples would be attributed to
the assemblying hydrophilic polycations which enable to bind
electrostatically with DNA, while excessive cationic bPEI800
makes the difference on providing a hydrated isolation. In terms
of the shape and nanoscale size of DCFs from TEM, we know
that that hydrophobic squalene chain played the role in
controlling the compact size of complexes, achieving the optimal
DNA-ligand assembly. Increasing the PEG-chain length may
change the structure of the polyplexes, as shown in by
morphological aggregation in dendritic structures of P1l-type
DCFs and compact spheres of P4-type DCFs Comparing the
binding efficiency, the TEM results confirm that best binding is
obtained for a narrow polydispersity observed in DCF1,2-P4-
bPEIB00, with optimal diameter of between 100-200 nm, whilst
higher polydispersity and diameter of polyplexes DCF1,2-P1-
bPEI8B00 gave poorer binding values. We know from previous
studies, that PEG crowding in the package of DNAs play an
important role as a high overlapping of higher PEG chains is
relevant for a better transfection.[*"

Structure-activity effect can be displayed on DNA/DCFs binding
by comparing varient self-assembled polycations. As a shape-
persistent polyanion, ctDNA and spDNA would select DCFs
according to their inherent architectures, being selectively
complexed with these DCFs. The reversible covalent linkages
among building blocks provide variation for assembly with
nucleic acids adaptively, this enabled nucleic acids to recognize
the optimal ligands from intricate dynamic systems. In the case
of ctDNA, it tends to be complexed at N/P20, no matter by the
virtue of intertwinement with DCF1 or simple multivalent
encapsulation with DCF2. Complexing efficiency was not as
obvious as ctDNA when it came to spDNA, whereas it tends to
entangle with DCF2, but interacted with DCF1 through
electrostatic attraction on surfaces. Thus, we can assume that
longer nucleic acids match ligands for complexing easily, and



the apparent preference to optimal DCFs is attributed to
adaptive recognition and intertwined assembly regardless of
length of nucleic acids.

Conclusion

We reported here the preparation of a library of 40 dynamic
constitutional  frameworks varying hydrophilic/hydrophobic
balance, number and nature of cationic headgroups, and length
of PEG spacers. Marked differences in terms of DNA
complexation efficiency were observed between the different
DCFs. While the PEI cationic head group was showed to be best
for promoting DNA complexation, the lower generation dendrons
DCF1 were found more potent for pDNA complexation than
DCF2. However, exploring the complexation of ctDNA and
spDNA revealed different behaviors. For instance, carefully
looking at the weaker effect of the PEG spacers showed that
DCF1-bPEI800 series was best suited for ctDNA complexation,
while DCF2-bPEI800 series was best for complexing the shorter
spDNA. Finally, DLS and TEM analyses using P4 PEG spacer
suggest that condensation into nanoparticles is more effective,
which could be the result of hydrophobic collapse best promoted
using longer P4 PEG. DCF1-P4-bPEI800 was identified as best
suited for ctDNA complexation, while DCF2-P4-bPEIB00 was
best for complexing the shorter spDNA. Overall, these results
show that DNA complexation can not only be fine-tuned by
molecular engineering of the vector, but also by the nature of the
DNA that acts as a template in the formation of the final polyplex
nanoparticle. More generally, this work points out to the need to
consider the nucleic acid templating role when considering
evolutionary approaches for making therapeutic polyplexes.t®!

Experimental Section

Materials and methods. All reagents were bought from Sigma Aldrich
and used without further purification. *H-NMR spectra were recorded on
a 400 MHz Bruker spectrometer, and peaks are referenced in ppm with
respect to the residual solvent peak. 1,1’,2-Tris-nor-squalene aldehyde
(SQ) was synthesized through a 3-step reaction as previously
reported.%

Gel electrophoresis. Gel retardation assays were carried out by mixing
plasmid DNA (5700 bp, 100 ng) and DCFs in HEPES buffer (100 mM, pH
7.0, 10 uM EDTA, 150 mM NaCl) to a total volume of 12 pL with 2 pL of
Blue 6xloading dye (Fisher Scientific), incubating for 30 minutes. All
samples were run on a 0.7% agarose gel (50 V) for 20 minutes in
0.5xTBE buffer (20 mM Tris-borate/0.5 mM EDTA, pH 8.2) and
visualized with SYBER Safe (Life Technologies).

Fluorescence displacement assay. The complexation ability of DCFs
was evaluated by a fluorescence displacement assay by using a
spectrofluorometer (SAFAS Xenius), with calf thymus DNA (ctDNA, 13.3
pg/mL) and salmon sperm DNA (spDNA, 13.3 pug/mL) by using ethidium
bromide (5 pM). The binding behavior was evaluated by monitoring the
fluorescence emission at 620 nm and excited at 480 nm.

All samples were prepared in HEPES buffer (100 mM, pH 7.0). The
relative fluorescence emission was calculated as following: Relative
fluorescence emission=(l,-1o)/(l1-1o), where I, represents the fluorescence
emission of DCFs-complexed DNA and ethidium bromide; I, represents
the fluorescence emission of DNA and ethidium bromide; lo represents
the fluorescence emission of ethidium bromide.
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Isothermal titration calorimetry. The thermodynamic binding
parameters were recorded at 25°C on a MicroCal/Malvern PEAK-ITC
(Malvern Panalytics) instrument. The titration cell was filled with a
solution of ctDNA or spDNA (25-50 uM), and the syringe was loaded with
a solution of DCFs. For each experiment, a series of injections of ligand
(0.3-1 mM) from a rotating syringe (speed 750 rpm) were made into the
thermostatic cell (initial delay of 60 s, duration of 2 s and spacing of 120
s). Control experiments were performed by adding the ligand solution to
the cell containing the HEPES buffer. The corrected ITC titrations were
processed using the MicroCal Origin software.

Dynamic light scattering (DLS). The size of polyplexes were
determined by DLS from measurements recorded on Zetasizer Nano
(Malvern) using solutions prepared in HEPES buffer solution with the
corresponding nucleic acids at N/P = 20. Measurements were performed
after incubating DCFs and DNA for 30 minutes at 25°C.

Transmission electron microscopy (TEM). TEM images were obtained
by using a JEM 1400+ electron microscopy: 20 yL of sample solution
was dropped on a carbon coated copper grid and dried at room
temperature. Then the sample was observed at a 120 kV acceleration
voltage.

Preparation of DCF1. DCF1 was obtained through the following steps:

i) SQ-PEG: 1,1,2-Tris-nor-squalene aldehyde (104 mg, 0.27 mmol, 1 eq),
and Poly(ethylene glycol) diamine PEG (P1: PEG1500, 445 mg, 0.297
mmol, 1.1 eq; P2: PEG3000, 891 mg, 0.297 mmol, 1.1 eq; P3: PEG6000,
1782 mg, 0.297 mmol, 1.1 eq; P4: PEG10K, 2970 mg, 0.297 mmol, 1.1
eq) were mixed in acetonitrile at 80°C for 24 h. The resulting product
(SQ-PEG) was verified through *H NMR and stocked for next step.

ii) SQ-PEG-BTA: A solution of 1.3.5-benzenetrialdehyde (43.4 mg, 0.27
mmol, 1 eq) in acetonitrile was added to a solution of SQ-PEG (0.27
mmol, 1 eq) at 80°C for 24h. The reaction was monitored through *H
NMR until the equilibrium was reached and the resulting SQ-PEG-BTA
product was stocked in milli-Q water at 10 mM of concentration.

iii) DCF1: Positively-charged compounds, arginine building blocks (1 mL
of 20 mM aqueous solution, 2 eq), aminoguanidine hydrochloride (1 mL
of 20 mM aqueous solution, 2 eq), bPEI800 (1 mL of 20 mM aqueous
solution, 2 eq) were added to the above intermediary solution,
respectively, obtaining the corresponding DCF1 stock solution (5 mM).
Equilibrium was monitored through *H NMR.

Preparation of DCF2. DCF2 was obtained through the following steps:

i) BTA-PEG: Poly(ethylene glycol) diamine PEG (PEG1500, 225 mg,
0.15 mmol, 3 eq; PEG3000, 450 mg, 0.15 mmol, 3 eq; PEG6000, 900 mg,
0.15 mmol, 3 eq; PEG10K, 1500 mg, 0.15 mmol, 3 eq) and 1.3.5-
benzenetrialdehyde (8.1 mg, 0.05 mmol, 1 eq) were mixed in acetonitrile
at 80°C for 24 h. The resulting BTA-PEG was verified through *H NMR.

ii) BTA-PEG-SQ: A solution of 1,1’,2-Tris-nor-squalene aldehyde (19 mg,
0.05 mmol, 1 eq) in acetonitrile was added to the above BTA-PEG
solution, reacting at 80°C for 24h. The resulting BTA-PEG-SQ was
monitored through *H NMR until the equilibrium.

iii) (BTA)3-(PEG)3-SQ: 1.3.5-benzenetrialdehyde (16.2 mg, 0.10 mmol,
2 eq) was added to the above intermediary aqueous solution and the
equilibrium was monitored through *H NMR. And the resulting
intermediary product was stocked in milli-Q water at 10 mM of
concentration.

iv) DCF2: Positively-charged compounds, arginine building blocks (2 mL
of 20 mM aqueous solution, 4 eq), aminoguanidine hydrochloride (2 mL
of 20 mM aqueous solution, 4 eq), bPEI800 (2 mL of 20 mM aqueous



solution,

4 eq) were added to the above intermediary solution

respectively, obtaining the corresponding DCF2 stock solution (5 mM).
Equilibrium was monitored through *H NMR.
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Entry for the Table of Contents

40 different amphiphilic dynamic constitutional frameworks were prepared in a stepwise covalent self-assembly process and their
DNA complexation preferences revealed marked differences, not only as a function of the number and type of cationic headgroups,
but also as a function of the type of DNA, yielding distinct polyplex architectures.



