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ABSTRACT: Dynamic covalent bonds are established upon molecular recognition of sugar derivatives by boronic acid molecules.
These reversible links can be used as crosslinking method to fabricate polymer-based responsive nanosystems. Herein, we report the
design of the first dynamic nanogels entirely made of polysaccharides (PS). Based on PS chains alternately modified with phenyl
boronic acid groups and sugar moieties, these colloids self-assemble in physiological conditions and combine the biocompatible
nature of their PS backbone with the reconfiguration capacities of their crosslinking chemistry. These dynamic nanogels are easily
prepared, long time stable, pH responsive and efficiently internalized by cancer cells.

Molecular recognition is a powerful tool to design soft nano-
particles used for diagnostics, chemical sensing and drug deliv-
ery.! In particular, the formation of boronic ester upon recog-
nition of sugars by boronic acids attracts a growing attention as
it results in dynamic covalent bonds that are stimuli-respon-
sive.* Accordingly, phenylboronic acid (PBA)-containing poly-
mers have been used to design glucose-responsive nanosys-
tems.* For instance, responsive micelles have been prepared by
self-assembly of PBA-containing block copolymers driven by
hydrophobic interactions.>” Alternatively, some studies also
demonstrated that the interaction between PBA and diol moie-
ties can be used as driving force to form dynamic reconfigurable
nanoparticles.®!! In this case, the dynamic covalent crosslink-
ing grants the nanosystem with the ability to reorganize its mo-
lecular structure in response to the presence of a competing
diol-containing molecule. Such nanosystem can thus be effi-
ciently used for the controlled release of insulin triggered by the
presence of glucose in the surrounding medium.!> More re-
cently, this approach was also applied to fabricate dynamic
thermo- and pH-sensitive drug delivery vehicles for cancer
treatment.'® Despite the potential of these boronic ester-cross-
linked colloids for medical applications, the synthesis of such
nanosystems consisting exclusively of PS has never been re-
ported so far.

Polysaccharides are outstanding candidates for the design of
such functional nanoparticles. Indeed, they are non-immuno-
genic, biocompatible, and biodegradable. Moreover, in spite of
their functionalization by hydrophobic groups such as PBA,
they remain water-soluble when they are charged, which pre-
vents the use of organic cosolvent for nanoparticle formation
contrarily to many synthetic polymers.'* Nevertheless, assem-
bling such hydrophilic biopolymer building blocks, without any
preconcentration technique, like water-in-oil emulsion,'#!* is
highly challenging. It can be achieved using attractive partners,

typically oppositely charged macromolecules,'* 2?2 but the as-
sembly of identical PS polyelectrolytes is hindered by electro-
static repulsion. Therefore, the nature of the molecular cross-
linkers as well as the composition of the PS backbones are crit-
ical for the design of PS-based dynamic nanoassemblies.

Considering the unique biological properties of hyaluronic
acid (HA) and its natural presence in tissues, we aimed at de-
signing boronic ester crosslinked gel nanoparticles (also called
nanogels) from this anionic PS. Previously, we successfully
prepared dynamic covalent macrogels based on HA derivatives
modified with a boronic acid moiety, and a maltose (or fructose)
derivative.”** In physiological conditions, boronic ester cross-
links form between the two HA partners leading to a hydrogel
with self-healing properties. In order to translate this approach
to nanoscale materials, the balance between the associative
property of the boronic ester cross-links and the electrostatic re-
pulsion separating the anionic HA chains should be adjusted to
promote nanoaggregate formation. Hence, our strategy is to re-
place one of the HA partners with Dextran (Dex), a neutral PS.
Using HA modified with PBA (HA-PBA) and Dex functional-
ized with sugar moieties, we report the synthesis of original dy-
namic nanogels entirely made of biocompatible and biode-
gradable polysaccharides.

HA-PBA (Fig. 1A) is prepared by an amide coupling reaction
between HA (My, = 100 kg/mol) and 3-aminophenylboronic
acid (the final degree of substitution (DS) is 0.18). Dex (My, =
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Figure 1. (A) Chemical structure of the PS partners HA-PBA and Dex-Fru. (B) Principle of nanogel formation upon creation of boronic ester
crosslinks between PS partners. (C) DLS measurements of mixtures of PS partners at different concentrations displaying values of hydrody-
namic diameter: d, scattering intensity: LSI, and the polydispersity index: PDI. (D) Schematic representation of the structure formed upon
increasing the PS partner concentration. (E) Transmission electron microscopy image of nanogels at 1 g/L in PBS.

210 kg/mol) modified with fructose moieties (Fig. 1A) is ob-
tained by an amide coupling reaction between 1-amino-1-de-
oxy-Fructosamine and Dex chains functionalized with mercap-
topropionic acid molecules (DS = 0.2; synthetic routes are de-
tailed in ESI).

From these PS partners in separate PBS solutions, nanoas-
semblies can be obtained by simply mixing both solutions (Fig.
1B) with a ratio between functional groups equal to one
([PBA)/[Fru] = 1). Nanogel formation is evidenced by dynamic
light scattering (DLS, Fig. 1C) recording the hydrodynamic di-
ameter (d) and polydispersity index (PDI) obtained by the
method of cumulants.?® Additionally, the light scattering inten-
sity (LSI - expressed in counts per seconds) is followed as it
represents the overall quantity of suspended scattering material
and depends on particle size, concentration and refractive index.

From these DLS data, nanogel formation is found to occur
only in a specific concentration range between 0.5 and 2 g/L. In
fact, for concentration below 0.5 g/L, the values of the LSI (red
dots on Fig.1C) are very low and resemble those obtained with
mixture of unmodified partners in the same conditions (see ESI
— Fig. S13). This suggests that the partners are mostly present
in the form of free chains in solution. This is further confirmed
by the high PDI (blue squares in Fig. 1C) recorded for these low
concentrated samples. For concentrations above 2 g/L, large
polydisperse structures are present as evidenced by high values
of d and PDI. Furthermore, the LSI decreases with increasing
concentration showing that there are less scattering materials in
the sample at 5 g/L than in the sample at 3 g/L. This indicates
the sedimentation of some of the gel material which is con-
firmed by visual observation of a precipitate at the bottom of
this more concentrated sample (Fig. S14). On the contrary, be-
tween 0.5 and 2 g/L, DLS results show the presence of relatively
polydisperse (PDI < 0.35) nanoassemblies which size vary from
75 to 160 nm depending on the concentration. At 1 g/L, the
nanogels formed have a typical size of 97 £ 5 nm and PDI equal
to 0.25 = 0.01. TEM images corroborate this observation by
showing nanostructures which smaller size (around 80 nm; see
Fig. S17) can be explained by the drying of the sample on the
TEM grid (Fig. 1E). Interestingly, for a given concentration, the
nanoparticle size is not affected by the preparation method.
Modifying the mixing mode and/or the order of introduction of

the partner solutions invariably leads to the same diameter (Fig.
S12) confirming the robustness of this nanogel design. In the
following, the nanogels formed at 1 g/L will be used for all fur-
ther experiments.

The properties of the so-formed nanogels depend on the na-
ture of the small molecular crosslinkers. This is demonstrated
by comparing both fructose and maltose moieties grafted on
Dex (see Fig. 1A and Fig. 2A). Firstly, just after preparation,
the nanogels formed with maltose-functionalized dextran (Dex-
Mal; DS = 0.22) in PBS have a slightly larger size than those
formed with Dex-Fru (Fig. 2B). This is observed on all the
tested samples (see Fig. S18), which suggests that this size dif-
ference is significant despite the relatively large PDI values rec-
orded for these samples (= 0.25). Secondly, they also exhibit
different long-term stability at room temperature. Although
DLS measurements performed overtime (Fig. 2C) show a sys-
tematic size increase of both types of nanogels, the LSI of nano-
gels containing maltose decreases after about 30 hours of stor-
age. This denotes a greater instability leading to sedimentation.
On the contrary, nanogels containing fructose are stable for
longer times as the first decrease in LSI is only observed after
more than 170 hours (= 7 days) of storage. Both types of nano-
gels are metastable objects which temporary stability can be at-
tributed to their net negative charges ( potential of -19+1 mV
in PBS for Dex-Fru/HA-PBA nanogels). The process of insta-
bility of these colloids is believed to occur through the fusion
of nanogels until reaching a critical size forcing them to sedi-
ment. This is consistent with the progressive size increase ob-
served in Fig. 2C and the observation of a precipitate after long
storage time (Fig. S15). For these dynamic nanogels, fusion
may be promoted by the dynamic exchange of boronic ester
crosslinks between neighboring particles (see Fig. 2D). The
subsequent bridging may bring the nanogels into contact and
allow a structural rearrangement through exchange of boronic
ester partners leading to larger objects. In this representation,
the kinetics of instability relies on the exchange rate (k..) be-
tween partners: the quicker the exchange, the faster the process
of fusion. Hence, the influence of the sugar moieties on the sta-
bility of nanogels could be explained by the difference in ex-
change rates between the partners: PBA/Fru and PBA/Mal. This
hypothesis is in line with a recent work by us which demon-
strates that the mechanical behavior of hydrogels crosslinked by
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Figure 2: (A) Chemical structure of Dex-Mal. (B) Hydrodynamic
diameter of nanogels formed with Dex-Fru and Dex-Mal just after
preparation. (C) DLS measurements of fructose- and maltose-con-
taining nanogels upon increasing storage time at RT. (D) schematic
illustration of the bridging of neighboring nanogels and subsequent
fusion. (F) Rheological measurements of fructose- and maltose-
containing macrogels (15 g/L).

boronic ester bonds is essentially governed by the exchange ki-
netics of the boronic ester partners.? This confirms the key ef-
fect of k.. on the dynamic properties of bulk materials.”” Build-
ing on this knowledge and in order to confirm the key role of
ke here, rheological measurements were performed on two
macrogels (prepared at 15g/L in PBS) based on the PS partners,
i.e. HA-PBA/Dex-Mal and HA-PBA/Dex-Fru. As shown in
Fig. 2E, both materials exhibit a gel-like behavior (G” > G*’)
within the whole range of frequencies covered. The G’ values
in the plateau region of both assemblies are in the same order of
magnitude (Fig. 2E). This indicates that the crosslinking densi-
ties, which are closely related to the binding constants of the
PBA/saccharide complex,? are similar. However, the differ-
ence between the values of G’ and G” is much larger for the
HA-PBA/Dex-Fru network than for the HA-PBA/Dex-Mal one.
This suggests that the crossover frequency where G’ = G”’,
which can be approximately considered as the inverse of the
characteristic relaxation time of the network,?® is lower for the
HA-PBA/Dex-Fru mixture. In other words, the exchange rate
of the PBA/Mal bond is faster since the dynamics of reversible
networks is governed primarily by the network strand size and
by the effective lifetime of reversible junctions.”” As described
above, this faster exchange may accelerate the process of fusion
and explain the quicker instability observed for maltose-based
nanogels (Fig. 2C). Since HA-PBA/Dex-Fru nanogels are more
stable, they will be preferentially used in all further experi-
ments.

Another interesting property of these nanogels is that after
their formation at an appropriate concentration (1g/L), they can
be diluted and remain stable (Fig. 3A) at a concentration for
which they cannot be formed by mixing both partners (<0.5 g/L

— see Fig. 1C). Indeed, DLS measurements on diluted samples
show that the concentration does not affect the diameter of the
gel particles (Fig. 3B). Furthermore, the recorded LSIs for these
diluted samples vary linearly with the concentration (Fig. 3C).
This demonstrates that the nanogels are present in quantities
proportional to their concentration thereby proving that no
nanogels are disintegrating upon dilution. In comparison, inten-
sities obtained with mixtures of unfunctionalized polysaccha-
rides are much lower (Fig. 3C). In addition, these diluted sam-
ples age in a similar fashion to the more concentrated ones: they
undergo a slow size increase over several days (Fig. S16).

While the nanogel structure is not influenced by dilution it is
found to be greatly affected by pH conditions. This can be ex-
pected since boronic ester bond-cleavage is triggered by acidic
conditions.*® Accordingly, upon preparation in PBS at different
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Figure 3: (A) Schematic illustration of the conservation of the
nanogel integrity upon dilution. (B) DLS measurements of samples
obtained by dilution of 1 g/L nanogel solutions. (C) LSI recorded
on diluted nanogel samples (black circles) and samples containing
unfonctionalized partners at the same concentrations (red circles).
Linear fits are represented by dotted lines. (D) DLS measurements
of samples at 1 g/L obtained by mixing the PS partners in PBS at
different pH. (E) Schematic illustration of the pH responsiveness
of nanogels. (F) DLS measurements of one nanogel sample (1g/L)
submitted to a periodic change in pH (between 7.4 and 5).

pH, the DLS data show that nanogels are only formed for pH
above 7 (Fig. 3D). For more acidic samples, the recorded LSIs
are low and very similar to those obtained for the free partners
in solution (see Fig. 3C - red circles). This shows that the PS
partners are not associated at acidic pH. Interestingly, once
formed at pH 7.4, the nanogels can be reversibly dismantled by
lowering the pH as shown by the decrease of LSI and the in-
crease of PDI upon adding HCI (Fig. 3F). Conversely, increas-
ing again the pH of the same sample to 7.4 leads to an increase
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Figure 4: (A) schematic drawing of the labelled PS partners for
FRET studies. (B) Intensity normalized absorption (solid line) and
emission (dashed line) spectra of both labelled partners. (C) Nor-
malized (at donor emission maxima) emission spectra (Aex = 548
nm) of mixtures of PS partners at different pH. (D) Confocal mi-
croscopy imaging of A375 melanoma cells after 30 min incubation
with labelled nanogels displaying the signal emitted by SCy3
(green), Cy5 (red) and the FRET Signal (white).

in LST and decrease in PDI (Fig. 3F) which suggest that nano-
gels are re-associating. This process of pH-driven dissocia-
tion/association can be repeated several times (Fig. 3F). The
overall decrease in LSI seen on Fig. 3F can be attributed to the
dilution of the system upon addition of NaOH and HCI.

In order to study the molecular structure of the nanogels as
well as to probe their interaction with cells, Forster Resonance
Energy Transfer (FRET)?*' is used. More specifically, FRET al-
lows to evaluate the molecular proximity of both PS partners
thanks to a fluorescent donor—acceptor pair (Fig 4A).>%33 To
this aim, cyanine-based dyes SCy3-NH, (donor) and Cy5-NH,
(acceptor)* are grafted with a relatively low degree of substitu-
tion on HA-PBA and Dex-Fru, respectively (DS =0.02 and 0.01
respectively), so as not to alter the properties of the partners (see
ESI for details on grafting method). The intensity normalized
adsorption and emission spectra of the labelled polysaccharides
are presented in Fig 4B. Upon mixing of both partners at pH 5,
for which boronic ester bonds should not be formed, no FRET
signal is observed (Fig. 4C — dark purple curve) confirming that
both partners are free in the solution. On the contrary, at pH 7.4,
a FRET peak is obtained at the characteristic wavelength (660
nm). This indicates that both partners are coming in close prox-
imity through the formation of boronic ester crosslinks and con-
firm the molecular mechanism of its responsiveness to pH.

Finally, these nanogels have a great potential for biological
application. This is the case firstly because their constitutive
molecules (HA-PBA, Dex-Fru and Dex-Mal) are biocompati-
ble. Indeed, they show no noticeable cytotoxicity on HEK293
kidney cells when introduced in concentrations similar to those

used for nanogel formation (Fig. S19). And secondly, because
confocal images of labelled nanogels incubated for 30 minutes
with cancer cells (A375 melanoma cells) show that nanogels are
internalized within small vesicles in the cell cytoplasm (Fig.
4D). During their invagination, nanogels do not lose their integ-
rity since the FRET signal is also visible on internalized objects
(Fig. 4D - white signal on the right hand side). The first sign of
nanogel dissociation, highlighted by a decrease in the FRET
signal, was observed after more than 12 hours of incubation
time.

In summary, dynamic nanogels exclusively made of PS can
be obtained by simple mixing of negatively charged PS modi-
fied with PBA and neutral PS chains functionalized with sugar
derivatives. The properties of the boronic ester crosslink re-
sponsible for the nanoassembly can be tuned by changing the
sugar moieties or playing with the pH rendering these nanosys-
tems highly versatile. Finally, these new nanogels are internal-
ized by cancer cells thereby showing high potential for drug de-
livery purposes. Future work will focus on fine-tuning the sta-
bility and drug release of the nanogels by varying the degree of
substitution of the PS and by integrating functional inorganic
nanoparticles. Such versatile hybrid nanocolloids could offer an
advanced platform for personalized therapy.
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