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Structural control and functionalization of
thermoresponsive nanogels: turning cross-linking
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Advancements in nanogel (NG) applications require precise control over their size, structure, and
functionalization. However, synthesis methods have limitations that hinder the incorporation of some
functional groups and hamper the architectural control over NGs. In this work, we developed a facile
post-synthesis reaction strategy to modify the structure and functionalization of thermoresponsive NGs.
Specifically, we studied the incorporation of a cleavable crosslinker, (+)-N,N'-diallyltartardiamide (DAT), in
the synthesis of poly(N-isopropylacrylamide) (p-NIPAm), poly(N-isopropylmethacrylamide) (p-NIPMAm),
and p-NIPAm-co-NIPMAm-based NGs. The efficient cleavage of DAT-crosslinks by sodium periodate
enables control over the crosslinking degree and architecture of the NGs. This cleavage reaction also
introduces alpha-oxoaldehydes (glyoxylic groups), which can be used for subsequent bio-conjugation
under mild conditions. The incorporation of DAT-crosslinks in the NG architecture is governed by the
reactivity of monomers and crosslinkers, as well as the initiation method used. Consequently, the struc-
tural changes caused by the cleavage of DAT-crosslinks depend on the composition and synthesis para-
meters, providing a valuable tool for fine-tuning drug delivery nanodevices in a post-synthetic step. As
proof of concept, we demonstrated that the cleavage of DAT-crosslinks increased the loading efficiency
of bovine serum albumin, a macromolecular drug surrogate. Additionally, we used the obtained alpha-
oxoaldehydes to covalently link doxorubicin (DOXO) through hydrazone bonds, introducing pH-selective
drug release.

distribution of functional groups, mechanical and swelling
properties, and structure.

Nano-sized hydrogels (nanogels, NGs) require precise control
over their architecture to succeed in different applications."?
Structure, composition, size, and functional group distribution
might need to be adapted to each specific biomedical
purpose.”®” However, the synthetic methodologies often
impose limitations to achieve the desired composition, spatial
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Thermoresponsive NGs are often synthesized by a radical
polymerization reaction known as precipitation polymeriz-
ation.” This strategy however has some limitations when NGs
with controlled architectures are needed. The incorporation of
different monomers into the NGs is determined by parameters
such as the relative reactivity between monomers and cross-
linkers, the hydrophilicity of the formed oligomers, the con-
centration of the different species in the reaction media and
the reaction initiation rates. These parameters not only directly
affect nanoparticle size and polydispersity, but also com-
ponent spatial distribution along the NG structure.**" Thus,
to achieve an application designed architecture, it is often
necessary to apply post-polymerization modifications,”* and/
or strategies for structural control such as seeded precipitation
polymerization, semi-batch synthesis, controlled radical poly-
merizations, among others."*'* Therefore, methods developed
to control NGs architecture and functionalization are valuable
tools to fine tune NGs properties. Besides achieving specific

This journal is © The Royal Society of Chemistry 2023
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structural characteristics for certain applications, such tech-
niques also serve to key structure-property
relationships.”

Recently, we used (+)-N,N-diallyltartardiamide (DAT), a
commercially available crosslinker, to achieve post-synthetic
structural modification and functionalization of hydrogels."*
This strategy was possible thanks to DAT’s vicinal hydroxyl
groups which can be efficiently cleaved by periodate, thus
changing the crosslinking degree, and simultaneously generat-
ing valuable a-oxoaldehyde functional groups. Generally, the
functionalization of synthetic polymers with aldehydes is
limited by the instability of this functional group under
polymerization conditions. To overcome this limitation, it is
necessary to use aldehyde protecting groups (i.e., by forming
acetals),” which increase the number of reaction steps. In con-
trast, the periodate-mediated cleavage of DAT-crosslinks in
hydrogels yields a-oxoaldehydes by a simple and fast reaction
in water. Moreover, a-oxoaldehydes have been described to
undergo selective bio-orthogonal reactions under mild physio-
logical conditions, which has been advantageous for the modi-
fication of proteins and peptides with high yields."®"”
Therefore, the incorporation of DAT into NGs could be stra-
tegic for obtaining tailored NGs architectures and useful func-
tional groups otherwise not accessible with the current syn-
thetic methodologies.

In this work we studied the incorporation of DAT into ther-
mosensitive NGs as a strategy to control their architecture and
functionalization in a two-step process that consists of syn-
thesis and post-synthetic modification. We observed that the
incorporation of DAT along the NGs structure is significantly
affected by the nature of the monomers (NIPAm and NIPMAm)
but also depends on the initiation method applied during the
synthesis. Moreover, the post-synthetic cleavage of DAT-cross-
links substantially changes NGs architecture and functionali-
zation which may become a useful tool to control NGs’ pro-
perties. As proof of concept, we show how the cleavage of DAT-
crosslinks modifies the loading efficiency of a biomacro-
molecule. In addition, we exploited the utility of the obtained
a-oxoaldehyde functional groups to covalently link doxorubicin
(DOXO) through hydrazone bonds for pH-sensitive drug
release. In essence, the incorporation of DAT into NGs is a
useful tool to control NGs architectures and to promote valu-
able functionalization through an easy protocol.

explore

Experimental
Reagents

The monomers N-isopropylacrylamide (NIPAm) (Sigma-
Aldrich) and N-isopropylmethacrylamide (NIPMAm) (Sigma-
Aldrich) were recrystallized from hexane to eliminate the stabi-
lizing reagent before use. The agents N,N-methylenebis(acryl-

amide) (BIS); (+)-N,N'-diallyltartardiamide (DAT) (Sigma-
Aldrich);  N,N,N',N'-tetramethylethylenediamine = (TEMED)
(Sigma); ammonium persulfate (APS) (Anedra); sodium

dodecyl sulphate (SDS) (Anedra); sodium periodate (Sigma-
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Aldrich); adipic acid dihydrazide (AADH) (Anedra), doxo-
rubicin hydrochloride (DOXO) (Sigma-Aldrich) were used as
purchased. All the aqueous solutions were prepared with ultra-
pure water (18 MQ cm ™) from a Millipore Milli-Q® water puri-
fication system.

Nanogel synthesis

Thermosensitive NGs were synthesized as follows: the
monomer (1 x 10~ mol), the respective crosslinkers (DAT 0 to
15%mol and BIS 1.5%mol) and SDS (1.6 x 10~° mol) where
dissolved in 5 mL of ultrapure water (final monomer concen-
tration = 0.2 M). The solution was deoxygenated by N, bub-
bling during 10 min. Then, in cases in which TEMED was
used, 0.25 mL of deoxygenated TEMED (0.32 M) were added.
This solution was heated up to 70 °C under magnetic stirring
(350 rpm) for 5 min. Subsequently, 0.25 mL of deoxygenated
APS solution (7.8 x 107> M) were added. The reaction was
stirred at 70 °C during 4 h. The products were purified by
dialysis (Spectra/Por® 6 Standard RC, 50 kDa molecular weight
cut off [MWCO] dialysis bag), with reiterated water refreshing,
at room temperature, during 48 h. The obtained NGs were
named according to their composition as summarized in
Table 1.

Nanogel modification using sodium periodate

The purified NGs, dispersed in water solutions, were treated
with sodium periodate. A two-fold excess of sodium periodate
with respect to the moles of DAT (a0, = 2 X Mpar) Was esti-
mated considering eqn (1).
Mpar = TOAT: oy (1)
Ve
where mp,r, refers to moles of DAT used during the synthesis;
V¢ is the final volume of the solution during the synthesis and
V is the volume of NG solution to be treated with periodate.
After two hours of reaction at room temperature and under
mechanical stirring, the NGs were purified by dialysis (Spectra/
Por® 6 Standard RC, 50 kDa MWCO dialysis bag), with reiter-
ated water refreshing, during 48 h.

Dynamic light scattering (DLS)

DLS experiments were performed in a Nano-ZS 90 Malvern
equipped with a He-Ne (4 = 633 nm) laser measuring the light
dispersed at an angle of 173°. The samples were prepared with
freeze-dried NGs resuspended in distilled water with a concen-
tration of 1 mg mL~". Each sample was maintained at 20 °C at
least 20 min before the measurement, time observed to be
enough to reach the thermal stability of the system.

Transmission electron microscopy (TEM)

Samples were prepared by depositing 5 pL of NG solution
(01 mg mL™") over a carbon film coated copper grid
(300 mesh, QUANTILOF). Later, 5 pL of uranyl acetate solution
(1% w/v) were added and kept for 60 s. The excess of contrast
reagent was removed, and the sample was dried at room temp-
erature. For the measurement, a high-resolution transmission

Polym. Chem., 2023, 14, 2998-3007 | 2999
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Table 1 Feed composition of synthesized NGs and their respective hydrodynamic diameter (D) before and after treatment with periodate
APSy APSteMED
Untreated After NalO, Untreated After NalO,

Sample BIS (mol%) DAT (mol%) Dy (nm) PDI Dy (nm) PDI Dy (nm) PDI Dy (nm) PDI
NB 1.5 0 138 0.12 138 0.11 182 0.10 177 0.09
NBDS8 1.5 8 113 0.12 145 0.14 211 0.18 179 0.07
NBD10 1.5 10 84 0.05 132 0.13 203 0.23 168 0.08
NBD12 1.5 12 90 0.11 118 0.16 204 0.24 167 0.09
NBD15 1.5 15 109 0.11 134 0.14 275 0.40 126 0.13
NMB 1.5 0 159 0.07 158 0.09 PD PD PD PD
NMBDS8 1.5 8 253 0.01 242 0.08 139 0.29 PD PD
NMBD10 1.5 10 139 0.02 143 0.11 150 0.23 PD PD
NMBD12 1.5 12 127 0.05 134 0.12 157 0.21 PD PD
NMBD15 1.5 15 134 0.05 149 0.12 172 0.09 PD PD
NcoNMB 1.5 0 PD PD PD PD PD PD PD PD
NcoNMBDS8 1.5 8 281 0.02 371 0.01 414 0.06 PD PD
NcoNMBD10 1.5 10 271 0.01 360 0.03 451 0.05 PD PD
NcoNMBD12 1.5 12 258 0.01 347 0.03 403 0.04 PD PD
NcoNMBD15 1.5 15 247 0.01 337 0.03 354 0.08 PD PD

N = NIPAm; B = BIS; D = DAT; NM = NIPMAm. Dy was determined by DLS as the mean intensity value of three consecutive measurements at
20 °C. PD refers to samples that where too polydisperse to ensure an accurate Dy determination.

electron microscope TECNAI G2 20 TWIN was operated at 200
kV in transmission mode.

Cloud point temperature (Tcp)

The cloud point temperature (Tcp) of the NGs was determined
by measuring the change in optical transmittance (%7) at
different temperatures. A Cary 100 Bio UV-Visible equipment
with a 6-slot chamber with controlled temperature was
employed. The NGs aqueous solutions (1 mg mL™") were
warmed up at 0.2 °C min~" from 20 to 55 °C and the %T at
500 nm recorded (10 mm path length) while the internal temp-
erature of the samples was measured by a thermocouple. The
Tcp was considered as the global minimum of the first deriva-
tive of the function of %T with the temperature. Three cycles
of heating-cooling were performed for each sample.

'H-Nuclear magnetic resonance (‘H-NMR)

"H-NMR spectrums were acquired in a JEOL ECX400 equip-
ment. Approximately 10 mg of freeze-dried sample were resus-
pended in 0.5 mL of D,O 24 h before each measurement.
Samples were measured at 20 °C.

Loading of albumin

The encapsulation of bovine serum albumin labelled with flu-
orescein (BSA-FITC, Sigma Aldrich) was studied as a model
biomacromolecular drug. For this purpose, dialyzed and
freeze-dried NGs (1 mg) were re-dispersed in BSA-FITC solu-
tions (phosphate buffered saline, pH 7.4) of different concen-
tration, during 24 h at temperatures between 6-8 °C. Then, the
solutions were purified by centrifugation (10 min at 6000 rpm;
Sartorius, Gottingen, Germany) inside Vivaspin® devices
(300 kDa MWCO). The amount of encapsulated BSA-FITC was
determined by measuring the optical absorbance at 492 nm

3000 | Polym. Chem., 2023, 14, 2998-3007

together with a calibration curve made of BSA-FITC solutions.
All the measurements were performed by quadruplicate.

Loading efficiency of the systems was calculated according
to eqn (2):

NBsA; — MBSA¢

LE% = X 100

NBsA; (2)
where ngga, is the BSA-FITC number of moles used initially in
the incubating solution and 7ngs,, is the free BSA-FITC which
remained in the solution after the centrifugation (non-
encapsulated).

Loading capacity of the systems was calculated according to
eqn (3):

m .
LC% = —2%41 100
m

T

(3)

where mpgs,, is the mass of BSA-FITC incorporated into the
nanodevice and my is the total mass of the nanodevice (NG +
load).

Modification of nanogels with adipic acid dihydrazide
(NBD-HDZ)

p-NIPAm NGs (NBD10) were treated with sodium periodate to
yield a-oxoaldehydes. The product was then purified through
dialysis using the aforementioned method. Following, NGs
were modified with adipic acid dihydrazide (AADH). An excess
of the hydrazide was used, with respect to the a-oxoaldehydes,
to avoid the formation of crosslinks between NGs and promote
the functionalization. The number of moles of added AADH
was estimated as maapy = 5 X Mpar- The reaction was per-
formed during 4 h at room temperature under mechanical stir-
ring (350 rpm) in a sodium acetate buffer solution (pH = 5.3;
concentration 0.02 M; ionic strength = 0.06 M). Later, the
product was purified by dialysis (Spectra/Por® 6 Standard RC,

This journal is © The Royal Society of Chemistry 2023
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50 kDa MWCO dialysis bag) with repeated phosphate buffer
changes (pH = 7.3; concentration 0.02 M; ionic strength = 0.06
M) during 72 h.

Conjugation and release of doxorubicin (DOXO)

For DOXO immobilization, NBD-HDZ and NBD (control) NGs
were diluted (3 mg mL™") into 4.5 mL PBS solution (pH =
6.5; 10 mM). Then, 0.5 ml dimethylformamide (DMF)
solution containing 3 mg of DOXO hydrochloride was added.
The reaction was performed overnight, under mildly stirring,
at room temperature and protected from light. Afterwards, the
mixture was purified by dialysis (Spectra/Por® 6 Standard RC,
50 kDa MWCO dialysis bag) in phosphate buffer (pH = 7.4,
10 mM).

To study DOXO release at different pH values, 0.5 mL of
NGs-DOXO solution was added into phosphate buffer pH 2.8
or 7.4. The solution was mildly stirring for 1 h at room temp-
erature and protected from light. After the incubation, the
mixture was dialyzed (Spectra/Por® 6 Standard RC, 50 kDa
MWCO dialysis bag) for 3 days in phosphate buffer with the
corresponding pH value of 2.8 and 7.4 and measured by
UV-Vis absorption to quantify the amount of unreleased
DOXO. The amount of DOXO in NGs, before and after release
experiments, was calculated by measuring NGs-DOXO absor-
bance at 4 = 495 nm and contrasted with a calibration curve
made by DOXO solutions.

The cumulative release of DOXO was calculated according
to eqn (4):

MmMpoxo; — Mpoxoy

DOXO release % = x 100 (4)

Mpoxoy

where mpoxo, is the mass of encapsulated DOXO in the NGs
and mpoxo, is the unreleased DOXO after incubation at
different pH values.

NIPAm NIPMAmM
o o
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Initiation conditions

View Article Online

Paper

UV-Visible
Measurements were performed using a Shimadzu UV-1800

equipment. The absorbance spectra (all in buffer solution pH
= 7.4) were measured at 20 °C between 700-300 nm.

Results and discussion
Incorporation of DAT into thermoresponsive NGs

We propose to incorporate DAT, a crosslinker that can be
cleaved by periodate, as a tool to produce nano-structural
changes and aldehyde functional groups in p-NIPAm and
p-NIPMAm based NGs. For this reason, we studied how DAT
incorporation along the NGs structure depends on the
monomer/crosslinkers reactivity and the polymerization
initiation conditions (Fig. 1).

p-NIPAm, p-NIPMAm and p-NIPAm-co-NIPMAm based NGs
were synthesized via precipitation polymerization, using a
fixed amount of BIS (1.5 mol%) and variable compositions of
DAT (0-15 mol%) (Table 1). BIS was included in all formu-
lations to introduce non-cleavable crosslinking points to
prevent complete degradation of the NGs after cleavage of
DAT-crosslinks. To evaluate the effect of different initiation
conditions in DAT incorporation, two initiation strategies were
applied: the thermal decomposition of APS (APSy) and the
redox promoted decomposition of APS in the presence of
TEMED (APSteMmeD)-

The Dy of the NGs, determined by DLS as the mean inten-
sity value at 20 °C, was dependent on the nature of monomers
(NIPAm, NIPMAm, or NIPAm-co-NIPMAm) and the initiation
conditions. For instance, NIPAm-based NGs initiated by APSt
ranged from 84 to 109 nm while NIPAm-based NGs initiated
by APStgmep showed values between 182 to 275 nm. For
NIPMAm-based NGs, the ranges were 127-253 nm and
139-198 nm when synthesized by APSt or APStemep, respect-
ively. For copolymeric mixtures of NIPAm and NIPMAm, sizes

HN\%#

\ a-oxo-aldehyde y
post-synthesis :

modification ! ,'
_—

Nalo,

Structure Modification

Composition +

Fig. 1 Study design. The reactivity of monomers and crosslinkers, along with the conditions of the polymerization initiation, determine the final dis-
tribution of DAT and BIS within the structure of the NGs. This spatial distribution then influences the changes in NGs properties that occur after

post-synthetic cleavage of DAT-crosslinks.

This journal is © The Royal Society of Chemistry 2023
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ranged from 247 to 281 nm when synthesized by APSy and
from 354 to 451 nm when APStgyep Was used. In general,
larger Dy are obtained when APSygygp is used instead of APSy.
The difference in size ranges indicate that the structure of NGs
may vary under different initiation conditions and according
to monomer nature. Furthermore, the observed size differ-
ences may be directly (but not only) related to a differential
incorporation of the crosslinkers BIS and DAT in the different
formulations, leading to different crosslinking degrees and
NG’s architectures.

Furthermore, we studied the changes in NGs properties
caused by the cleavage of DAT-crosslinks. DAT-crosslinks were
cleaved through a fast and efficient reaction in aqueous NalO,
solution and changes in NGs properties were studied by DLS
and TEM."®

After the cleavage of DAT-crosslinks we observed changes in
Dy and morphology that correlates to the initial incorporation
of DAT along the NG structure under different reaction con-
ditions (Fig. 2). For instance, NGs synthesized in APSy showed
smaller Dy shift than those synthesized in APStgyvep. The Dy
of APSt-initiated NGs increased after periodate treatment (e.g.,
22 to 58% for NIPAm NGs), whilst in APStpygp-initiated NGs
either decreased (up to 217% in p-NIPAm NGs) or particles
were completely degraded (p-NIPMAm NGs). Thus, it is

NIPMAmM

View Article Online

Polymer Chemistry

evident that the initiation method (APSt vs. APStemep) influ-
enced the incorporation of the crosslinkers. Furthermore, DAT
seems to play a more structural and cohesive role after
APSrepvep initiation than after APSy polymerizations, presum-
ably by aggregating small particles during particle growing.
Comparable results have been reported for BIS-crosslinked
p-NIPAm NGs that indicated an early participation of the cross-
linker on particle nucleation,'® specially at higher concen-
trations of the crosslinker, when synthesized via APStgmep.~"
Compared to APSy, TEMED promotes a faster generation of
radicals during synthesis®* and has a role as chain transfer
reagent.”>*" These aspects may have effects in the number of
growing particles, their charge density, and their colloidal
stability, ultimately defining the incorporation of the com-
ponents in the NGs, and their final size and architecture.***
In addition, it may be considered that DAT is an allyl cross-
linker. Generally, allyl groups are likely to undergo monomer
chain transfer reactions, which often leads to the obtainment
of middle-molecular weight polymer chains (in contrast to the
large molecular weights commonly obtained with vinyl mono-
mers) and can lead to low conversion efficiency.”?
Furthermore, an increment in the concentration of initiator
can lead to a shortening of chain length (low degree of
polymerization) but increases the conversion efficiency in allyl

NIPMAmM-co-NIPAmM

Untreated

<
)
)
z
|
Q2
=
<

Fig. 2

300 4 . 650 4
2 ] = NBDs O +NalO, 2% a \meD,, o +NalO, 2 = NMcoNBD s o+ Nalo,
@ A NBDpy, A +NalO, % @ A NMBD.y A+ NalO, @ 600~7A7NM00NBDTEMELL A +Nalo,
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(A) Hydrodynamic diameter (Dy) of NGs obtained by the thermal decomposition of APS (black, squares) and the redox couple APS/TEMED

(black, triangles). Dy, of the NGs after post-synthesis modification with sodium periodate is shown by red empty symbols. Dy was determined by DLS
as the mean intensity value at 20 °C. Error bars denote the mean standard deviation for 3 consecutive DLS measurements. (B) TEM images of NGs

before (upper row) and after (down row) NalO,4 treatment.
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polymerization.>* Therefore, it is possible that the faster gene-
ration of radicals produced by TEMED, in comparison to APSr,
could modify the efficiency of DAT incorporation, as well as
polymer architecture. Our results suggested that APStemep
initiation promoted a more structurally relevant role of DAT as
a crosslinker in the nanogels than APSy. It could be speculated
that the faster production of radicals with APStemgp initiation
leads to an increase in the efficiency of incorporation of DAT at
the initial stages of polymerization, thus causing a more struc-
tural role of the crosslinker in particle nucleation.

Morphological analysis by TEM supported the previous
observations. Although noticeable structural changes were pro-
moted in APSy initiated NGs after treatment with periodate
(Fig. 2B; S1, 2%), they were relatively small in comparison to
NGs synthesized via APStemep (Fig. 2B; S3T). The last showed
either a globular to fuzzy structure change or a complete degra-
dation, depending on NG composition.

NGs synthesized with different monomers (either NIPAm or
NIPMAm) showed a completely different morphological
change after cleavage of DAT-crosslinks. This suggests that BIS
and DAT are differently incorporated when a different
monomer is used. On the one hand, p-NIPAm-based NGs always
maintained a globular structure after treatment with periodate
(Fig. 2; S1, S37). This implies that, after cleavage of DAT-cross-
links, BIS-crosslinks keep the globular structures together. This
observation is in line with the reported incorporation of BIS in
p-NIPAm NGs which takes place during early phase of particle
maturation creating highly crosslinked cores.'®** On the other
hand, p-NIPMAm-based NGs either underwent a large change
in Dy or lost completely their globular structure upon cleavage
of DAT-crosslinks, indicating little participation of BIS in NGs
globular architecture (Fig. 2; Table 1; Fig. S2t). It has been
reported that the differential reactivity between BIS and
NIPMAm is responsible for little incorporation of the crosslinker
into p-NIPMAm NGs.>*?” However, we noticed that this is
mostly the case only when the reaction was initiated by
APStgpmep. When p-NIPMAmM NGs were initiated via APSy, they
maintained a globular structure after DAT-crosslinks cleavage.

In summary, the difference in reactivity of monomers and
crosslinkers plays a very important role in the final distri-
bution of crosslinks along the NGs architecture. Furthermore,
this distribution can be greatly affected by the free radical
initiation method, which will alter the kinetics of particle
growth, nucleation and maturing.

To further understand our results, it is important to con-
sider that p-NIPAm NGs have been reported to undergo self-
crosslinking at the periphery creating a crosslinked-
shell.?>?873% Self-crosslinking only occurs in p-NIPAm NGs
under APS; initiation and is minimized by the presence of
TEMED.?® On the contrary, the methyl groups in p-NIPMAm
prevent the formation of those self-crosslinks in p-NIPMAm
NGs.? Self-crosslinking may contribute to the moderate mor-
phological change observed in NIPAm-based NGs synthesized
in APSy as compared to other NGs (Fig. 2).

Regarding DAT incorporation, it has been reported that its
reactivity is lower than that of BIS for acrylamide co-polymeriz-

This journal is © The Royal Society of Chemistry 2023
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ation.’’ In addition, DAT may form hydrophilic>* and soluble
polymer chains. Therefore, it is expected that DAT-containing
hydrophilic chains will be incorporated towards the outer shells
of NGs architecture when compared to BIS incorporation which
is expected to be at the core (at the initial stages of particle
maturing during a precipitation polymerization).'®*>** This
differential incorporation of BIS and DAT was more evident
when synthesizing p-NIPAm NGs compared to p-NIPMAm NGs,
probably due to the previously mentioned difference in BIS
incorporation due to NIPAm and NIPMAm reactivity. It is note-
worthy that the scenario changes when APStpyep is used as
initiator, promoting an earlier participation of DAT and a more
structural role in particle nucleation.

p-NIPAm-co-NIPMAm copolymers showed remarkable archi-
tectural changes after DAT-cleavage. NGs synthesized via APSt
increased HD approx. 32% with globular shape greatly pre-
served (Fig. 2). Moreover, nanosized openings were observed
within the globular particles, resembling a porous architec-
ture. It has been reported that p-NIPAm-co-NIPMAm NGs
display a nanophase separated internal morphology which
consists of nanosized p-NIPAm domains within p-NIPMAm
regions in a “dirty snowball” array.>* Our NGs were synthesized
in equivalent conditions to those reported and it is likely that
they may exhibit a similar architecture. Still, the incorporation
of the cleavable crosslinker may alter the NG structure. If
nanophase separation is taking place, BIS and DAT may also
be incorporated to a different extent within the NG different
phases, just as they were differently incorporated in the homo-
polymeric NGs. Although this hypothesis has yet to be con-
firmed, nanophase separation may be responsible for the
generation of the observed nanosized openings. Conceptually,
having localized cleavable crosslinks in nanophase separated
microgels may be of interest to further modify and control
their architecture for drug delivery applications.

The previous results indicate that DAT crosslinks can be uti-
lized for post-synthetic modification of NGs architecture. The
incorporation of DAT was found to be influenced by reaction
conditions and monomer reactivity, which can be manipulated
to induce various DAT-crosslinked NGs structures and sub-
sequent post-synthetically modified architectures. Since DAT-
cleavage likely alters the crosslinking degree of NGs and intro-
duces valuable functional groups, it could be used as a versa-
tile tool to optimize the properties of NGs for drug delivery
applications, as evidenced in the following sections.

Effect of the structural change on the loading of a
macromolecular cargo

The structure of a nanoparticle plays an important role on the
loading and release of bioactives for drug delivery applications.
It could affect, for example, the diffusion of the cargoes
through the network pores of the nanodevice.>>” Since only a
few scarcely available techniques can give valuable structural
information about NGs (e.g., small-angle neutron scattering),
these aspects have not been deeply explored. We envisioned
that our strategy to promote changes in architecture and cross-
linking degree of NGs may have an impact in drug loading and
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become a tool to improve the loading of macromolecules into
the NGs. As a proof of concept, we studied the loading of
bovine serum albumin (BSA) as a macromolecular model drug.
We loaded a fluorescently labelled albumin (BSA-FITC) into
p-NIPAm-co-NIPMAm NGs before and after DAT-crosslinks
cleavage. These NGs previously showed an increase in Dy; after
DAT-crosslinks cleavage while maintaining a low PDI and
spherical morphology (Table 1; Fig. 2). We compared the
loading of BSA-FITC in NGs synthesized with 8 and 15 mol%
DAT (NMcoNBD8 and NMcoNBD15, respectively) before and
after their structural modification with periodate.

At high protein concentrations (e.g., 2 mg mL™") in the
incubation media, we observed similar high loading efficiency
(LE) and loading capacity (LC) in all compositions, with little
difference between periodate treated and untreated samples
(Fig. 3). However, under lower protein concentrations (e.g.,
0.1 mg mL™") NGs showed a 20% increase in LE after DAT-
crosslinks cleavage. An increase in LE following the cleavage of
DAT-crosslinks could be attributed to an increase in their poro-
sity. This could allow for greater protein penetration, as pre-
viously reported in literature.’” This effect could have been
further enhanced due to the generation of polar a-oxoaldehyde
groups (Fig. S4 and 51) and to possible changes in the surface
charge of the particles, which could also have an effect in the
interaction with the protein. Both NG compositions, with 8
and 15 mol% DAT, showed a similar increase in LE after modi-
fication with periodate, indicating that their pore size is not
significantly different or that their differences do not impact
selectivity for this particular protein. The obtained results
demonstrate that the post-synthesis cleavage of DAT-crosslinks
can significantly affect the loading of a macromolecular model
drug into the NGs and therefore could be used as a tool for
tunning the properties of nanoplatforms for drug delivery and
to study structure-property relationships.
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Doxorubicin covalent binding to NG backbone and further pH-
triggered release

The periodate mediated cleavage of DAT-crosslinks leads to
the formation of a-oxoaldehydes (glyoxylic groups) which
could be further exploited for chemical derivatization and
drug conjugation in hydrogels.*® As a proof of concept, we
used the o-oxoaldehydes to covalently attach the anti-cancer
drug doxorubicin (DOXO) through hydrazone bonding
(Fig. 4A). DOXO has been previously attached to drug delivery
systems through hydrazone bonds to generate smart delivery
devices.* Since hydrazone bonds can be cleaved under acidic
conditions, the drug can be selectively released into acidic
environments such as tumour microenvironment and intra-
cellular lysosomal compartments. This approach has demon-
strated to be a promising solution to avoid multidrug resis-
tance during chemotherapy since the pH-selective release of
DOXO avoids elimination mechanisms of the cells and the
drug reaches the action site more efficiently than free
DOXO0.*™*

After treatment with periodate, the "H-NMR of p-NIPAm
NGs showed a new signal at 5.26 ppm, indicating the presence
of hydrated o-oxoaldehydes in the polymers (Fig. 4C).*®*?
Furthermore, the presence of polar a-oxoaldehyde groups pro-
moted an increase in the cloud point temperature (Tcp) of the
NGs (Fig. 4B).** Aldehyde-bearing NGs were then reacted with
adipic acid dihydrazide (AADH) to create anchoring points for
DOXO. We used diluted conditions and a large excess of AADH
to ensure the modification of the aldehydes with one hydra-
zide end of the bifunctional AADH and avoid crosslinking
between NGs (Fig. 4A). DLS showed no significant changes in
the size distribution after modification with AADH which indi-
cates no considerable interparticle crosslinking (Fig. S67).
Furthermore, the "H-NMR (Fig. 4C) spectrum showed the dis-
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Fig. 3 Loading efficiency (LE%) and Loading capacity (LC%) of BSA-FITC into pristine p-NIPAm-co-NIPMAm-BIS-DAT NGs (black/grey) and NGs

modified with periodate (red).
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Fig. 4 DAT-crosslinks cleavage promotes the formation of a-oxoaldehydes which can be used for further chemical derivatization and drug loading.
(A) Reactions performed at mild conditions for the immobilization of DOXO in thermoresponsive NGs. (B) T¢p values of p-NIPAm NGs before and
after treatment with periodate. (C) *H-NMR of p-NIPAm NGs bearing a-oxoaldehydes functional groups (red) and after their modification with adipic
acid dihydrazide (NBD-HDZ, blue). (D) DOXO cumulative release at different pHs for DOXO-loaded p-NIPAmM NGs.

appearance of the a-oxoaldehyde characteristic signal
(5.28 ppm) and appearance of new signals attributed to the
protons of the hydro-carbonated chain of AADH (2.23 and
1.58 ppm); and the hydrazone bonds between AADH and
a-oxoaldehydes (7.45 ppm).*® Following, hydrazide-functiona-
lized NGs and unmodified NGs (controls) were incubated with
DOXO in a mild acidic PBS buffer (pH 6.5, 10 mM) during
12 h. NG-DOXO conjugates were purified by dialysis (PBS pH
7.4, 10 mM) for 3 days and characterized by UV-VIS (Fig. S87).

The loading capacity was approximately three times higher
in control groups than in hydrazone functionalized NGs
(Fig. S8t), indicating that larger amounts of DOXO can be
(physically) entrapped in control groups. This result could be a
consequence of the structural change after the periodate treat-
ment. However, control NGs showed a large unspecific release
of DOXO at pH 7.4 (Fig. 4D). In contrast, hydrazone functiona-
lized NGs improved the pH-selective release profile, minimiz-
ing the release of DOXO at neutral pH and boosting the
release at acidic pH.

Altogether, these results proved that the incorporation of
DAT as a cleavable crosslinker can be used as a strategy to
modify the architecture of micro and nanogels and to promote
the formation of a-oxoaldehydes without the requirement of
protection and deprotection reaction steps. Furthermore, both
the structural and chemical modification can be applied to
tune the drug loading and release profiles of nanoplatforms.

This journal is © The Royal Society of Chemistry 2023

Conclusions

The cleavable crosslinker (+)-N,N'-dialyltartardiamide (DAT)
was incorporated in the synthesis of p-NIPAm, p-NIPMAm and
p-NIPAm-co-NIPMAm NGs. The periodate-mediated cleavage of
DAT-crosslinks triggered changes in architecture, hydrodyn-
amic diameter, and functionalization of the NGs. It was found
that the initiation method, either by APS thermal decompo-
sition or by redox initiation with the accelerator TEMED,
played a crucial role at determining the incorporation and
localization of DAT-crosslinks along the NGs’ architecture. In
addition, the different reactivity of NIPAm and NIPMAm influ-
enced the incorporation of the crosslinker.

The post-synthesis modification of DAT-crosslinked NGs
was performed by a quick reaction in water and promoted
changes in NGs’ structure as well as yielding valuable
a-oxoaldehydes. The structural modification showed a direct
impact on the loading of albumin as a model protein, increas-
ing the loading efficiency after the cleavage of DAT-crosslinks.
Moreover, the obtained a-oxoaldehydes were advantageous for
further chemical derivatization of the NGs through hydrazone
bonds formed under mild conditions. This feature was
exploited to conjugate DOXO and selectively release it under
acidic conditions.

The herein presented strategy could become a useful tool to
precisely tune NG’s properties such as crosslinking density,
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architecture, and functionalization. Moreover, a-oxoaldehydes
groups are incorporated by a simple post-synthesis modifi-
cation, which can facilitate (bio)conjugation under mild
conditions.
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