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ABSTRACT: Responsive nanogel systems are interesting for the
drug delivery of bioactive molecules due to their high stability in
aqueous media. The development of nanogels that are able to
respond to biochemical cues and compatible with the encapsula-
tion and the release of large and sensitive payloads remains
challenging. Here, multistimuli-responsive nanogels were synthe-
sized using a bio-orthogonal and reversible reaction and were
designed for the selective release of encapsulated cargos in a
spatiotemporally controlled manner. The nanogels were composed
of a functionalized polysaccharide cross-linked with pH-responsive hydrazone linkages. The effect of the pH value of the
environment on the nanogels was fully reversible, leading to a reversible control of the release of the payloads and a “stop-and-go”
release profile. In addition to the pH-sensitive nature of the hydrazone network, the dextran backbone can be degraded through
enzymatic cleavage. Furthermore, the cross-linkers were designed to be responsive to oxidoreductive cues. Disulfide groups,
responsive to reducing environments, and thioketal groups, responsive to oxidative environments, were integrated into the nanogel
network. The release of model payloads was investigated in response to changes in the pH value of the environment or to the
presence of reducing or oxidizing agents.

■ INTRODUCTION

In recent years, stimuli-responsive nanogels (NGs) have
emerged as a class of efficient nanocarriers for drug and gene
therapy.1,2 Stimuli-responsive NGs combine the properties of
other nanocarriers, such as high drug loading, extended
biodistribution, and large surface area, allowing for their
efficient surface functionalization. Furthermore, using smart
hydrogels confers to the NGs the ability to efficiently respond
to environmental factors such as temperature, pH, light,
magnetic fields, or the presence of certain analytes.3−8 In smart
hydrogels, the application of a stimulus usually induces
modifications in the polymer network through decomposition,
isomerization, or supramolecular assembly/disassembly and
leads to volume changes between collapsed and swollen
states.9,10 Additionally, the response to these physicochemical
cues can be used to promote the release of active agents
encapsulated in the NGs, which make stimuli-responsive NGs
a versatile and adaptable class of delivery device to target
specific biological abnormalities such as tumor sites where the
distinct chemical environment could be used as stimuli.11

Stimuli-responsive NGs are especially well suited to develop
new chemotherapy treatments. The tumor environment is
unique; its characteristic vasculature determines the cellular
microenvironment and gives rise to multiple chemical
singularities that can be used as stimuli to trigger drug release.
For example, in solid tumors, the extracellular pH value can be
significantly more acidic (≈5 to 6) than the systemic pH value
(7.4) because of the poor vasculature and the resulting

anaerobic conditions prevailing in the malignant cells.12

Furthermore, certain tumor cells produce reactive oxygen
species, including H2O2, hydroxyl radical, and superoxide, at a
higher concentration than healthy cells.13−15 Similarly, in other
cells, the concentration of glutathione in the blood plasma is 2
μM, and the intracellular glutathione level ranges from 1 to 10
mM in normal tissues; in comparison, the glutathione level in
tumor cells can be 7−10-fold larger.16,17

Stimuli-responsive NGs can be designed to take advantage
of these intrinsic and distinctive properties of the malignant
cells to enhance intracellular therapeutic delivery in a tumoral
environment. The nonspecific action and poor tumor
selectivity sometimes associated with other therapies leading
to severe side effects and resistance to chemotherapy could be
avoided using carefully designed stimuli-responsive NGs.18 For
example, the addition of degradable thioketal units that are
responsive to the oxidative conditions of the cancerous
environment or disulfide linkages responding to a reducing
environment or pH-responsive groups can be used in the
design of stimuli-responsive NGs to target a specific tumoral
environment.3−5
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Among the methods used to prepare NGs, the gelation of
microemulsion precursor droplets is particularly interest-
ing.19−21 The main challenge with this method lies in the
type of reactions used to form the polymer network, such as
heterogeneous free-radical polymerization and unselective
chemical cross-linking. In addition to using these potentially
harsh chemical conditions, the encapsulation of payloads is
often inefficient.4,22 To palliate some of those drawbacks, NGs
prepared by the self-assembly of polymers through hydro-
phobic, electrostatic interactions, or hydrogen bonding have
been developed. However, their lack of stability after systemic
injection can result in their dissociation leading to the
premature release of the payload, causing adverse side
effects.23,24 NGs prepared via the cross-linking of miniemulsion
droplets can potentially circumvent all of these pitfalls. Using a
miniemulsion to prepare NGs allows to tune the diameter of
the resulting colloids from nanometers to micrometers and to
load large amounts of hydrophilic therapeutic agents.25

Additionally, the miniemulsion process is compatible with a
wide variety of chemistries, allowing the use of a robust bio-
orthogonal gelation process.26−29

The gelation reaction leads to the formation of a highly
swollen network and can occur through physical or chemical
cross-linking. The use of bio-orthogonal chemistry to produce
a chemically cross-linked hydrogel is becoming an attractive
method to produce new material for the biomedical field. A
bio-orthogonal reaction is a reaction that preferably proceeds
under normal physiological conditions, does not require the
use of toxic catalysts or radiation, has a fast kinetics, does not
yield side products, and cannot undergo side reactions with
molecules and functional groups present in biological environ-
ments.30 Such bio-orthogonal chemistries have been used as
the cross-linking strategies in the design of new hydrogels.31,32

For example, gelatin polymers with pendant tetrazine or
norbornene are a pair of reagents that spontaneously undergo
bio-orthogonal cross-linking to form hydrogels when they are
mixed. Such a system produced injectable gels and maintained
the cell-responsive properties of native gelatin.33

Here, stimuli-responsive NGs were prepared by combining
the advantages of the gelation of miniemulsion droplets with
robust bio-orthogonal chemistry. The NGs were prepared by
the formation of a polyhydrazone network by the cross-linking

of nanodroplets of a solution of dextran functionalized with
reactive carbonyls and containing a model payload. The
reaction occurred when the dextran nanodroplets were
combined with nanodroplets of a solution of a responsive
hydrazine-functionalized cross-linker (Figure 1). The reaction
between the hydrazide and the carbonyl resulted in the
formation of a hydrazone network, whose stability is influenced
by the pH value of the environment. In addition to its
selectivity, this reaction does not need catalysts or harsh
conditions, and the liquid precursor droplets were converted in
NGs without interfering with the payload and produced no
side products that could have a deleterious effect on any
biological systems.34 Additionally, disulfide and thioketal
linkages were built in the cross-linker, leading to the formation
of multiresponsive networks. The impact of the pH value and
oxidoreducing stresses on the release of the encapsulated
species was studied.

■ EXPERIMENTAL SECTION
Synthesis of the Nanogel Precursors. Functionalized dextran

was prepared in a two-step synthesis (see the Supporting Information
for the detailed synthesis); first, dextran was oxidized with potassium
periodate (KIO4) to functionalize the polymer with aldehyde
groups,35,36 and then the oxidized dextran was reacted with levulinic
acid to add ketone groups to dextran (Figure S1). The final polymer
was characterized by a combination of titration, NMR and Fourier
transform infrared (FTIR) spectroscopy, and gel permeation
chromatography (see the SI for details). The resulting polymer had
an average molecular weight of 18 kDa and a dispersity index of 2.32
(Figure S2); dextran was functionalized with 0.75 aldehydes/glucose
and 0.6 ketones/glucose.

Three cross-linkers were used in the preparation of dextran
nanogels. The first one, adipic acid dihydrazide (RNN), was
purchased from Sigma-Aldrich, and the others, thioketal dihydrazide
(TKNN) and 3,3′-dithiodipropionic acid dihydrazide (DSNN), were
synthesized (details are given in the Supporting Information). DSNN
was synthesized according to a previously reported method (Figure
S3)37 by the reaction of hydrazide with a functional diester (diethyl
3,3′-dithiodipropionate). Similarly, TKNN (Figure S4) was prepared
by the reaction of hydrazide with a functional diester, dibutyl thioketal
dipropionate.

Synthesis of Nanogels Via Coemulsification. Dextran NGs
themselves were prepared in an inverse miniemulsion. The
miniemulsion process involved the preparation of two separate

Figure 1. Synthesis of nanogels through coemulsification by microfluidization.
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miniemulsions A and B, where droplets A contained an aqueous
solution of a dextran derivative. In contrast, droplets B contained an
aqueous solution of a dihydrazide cross-linker. The same continuous
phase was used for both miniemulsions and was prepared by
dissolving 70 mg of polyglycerol polyricinoleate (PGPR) in 5 g of
cyclohexane. The first dispersed phase (A) was prepared by dissolving
100 mg of functionalized dextran in 0.5 mL of phosphate-buffered
saline (PBS) (20 mM) followed by the addition of 10 mg of NaCl. If
the nanogels were used for in vitro studies, a mixture of 5 wt % Cy5-
labeled and 95 wt % unlabeled functionalized dextran was used. When
a payload (rhodamine derivatives or fluorescein isothiocyanate
(FITC)-albumin) was used, 5 mg of this payload was added to the
dispersed phase A. The second dispersed phase (B) was prepared by
dissolving a 0.15 mM dihydrazide cross-linker in PBS buffer (20 mM,
0.5 mL).
Both dispersed phases were individually added to separate

continuous phases and preemulsified with an Ultraturrax for 30 s.
Both A and B were individually emulsified by two cycles through a
microfluidizer at 896.3 bar. Then, the two miniemulsions A and B
were combined and passed through a microfluidizer at 896.3 bar for
two more cycles. The resulting suspension was stirred for 24 h at
room temperature. The NGs were purified by two cycles of
centrifugation (1200g) to remove unreacted chemicals and excess
surfactant, and quantitative conversion of the precursor nanodroplets
into NGs was observed. The NGs in the suspension in cyclohexane
were transferred to water by the addition of 1 mL of the organic
dispersion to 3 g of a 0.1 wt % aqueous solution of sodium dodecyl
sulfate (SDS) in PBS buffer under mild sonication. Then, the samples
were stirred in open vials for 24 h at room temperature to evaporate
cyclohexane entirely. Finally, the excess SDS was removed using
centrifugal concentrators, followed by redispersion in fresh PBS
buffer.
Determination of the Encapsulation Efficiency. The

encapsulation efficiency of the payload was determined after every
step of the NG purification. Initially, the payload (FITC-albumin) was
dissolved in the nanodroplets containing the dextran solution and was
encapsulated in situ by the cross-linking reaction occurring when the
dextran nanodroplets were combined with the cross-linker nano-
droplets. Prior to the transfer of NGs to water, when NGs were
washed in cyclohexane, the encapsulation efficiency appeared to be
quantitative. Albumin, being insoluble in cyclohexane, was not washed
away whether encapsulated or not. However, after the transfer of the
NGs to water, unencapsulated or poorly encapsulated, albumin could
be washed away. To quantify the encapsulation efficiency, the
concentration of albumin was measured using fluorescence spectros-
copy to record the emission spectra of the fluorescein tag attached to
the albumin (λex = 488 nm, λem = 500−650 nm). First, the
concentration of FITC-albumin in the unwashed aqueous suspension
was measured from the total fluorescence intensity (It) of the FITC-
albumin in the solution and the FITC-albumin trapped in the NGs.
Then, the samples were separated by centrifugal filtration, and the
concentration of unencapsulated FITC-albumin and the concen-
tration of FITC-albumin in the solution recovered from the
centrifugal filtration was measured (Iw). Finally, the NGs were
redispersed following the centrifugal filtration, and the concentration
of FITC-albumin in the resuspended samples was measured (ING).
Systematically, ING + Iw = It, and the encapsulation efficiency was
defined as 100(It − Iw)/It. The maximal loading was determined by
repeating the preparation of the NGs with an increasing amount of
FITC-albumin in the dextran nanodroplets (from 0.02 to 1 mg of
FITC-albumin per mg of dextran) used to prepare the nanogels.
Release Kinetics. The release of the payload was measured by

fluorescence spectroscopy after the centrifugal ultrafiltration of the
NG suspensions incubated for different periods of time in a buffer
solution at controlled pH values and concentration of either reducing
or oxidizing agents. First, 10−20 mL of the suspension of NGs was
concentrated by centrifugal ultrafiltration at 1770g using Vivaspin
1000K centrifugal concentrators to yield a suspension of NGs with a
concentration of ca. 3 mg/mL in phosphate buffer (pH = 7.4). Then,
the release was monitored for 3 h in this suspension. After an

appropriate period of time (0, 0.5, 1, and 3 h), an aliquot (250 μL) of
the NG suspension was filtered by centrifugal ultrafiltration at 1770 g
for 15 min using a spin filter (Vivaspin 500 μL 1000K). After 3 h of
the release, the remaining sample was split into three to five aliquots
of 1 mL each. Then, the aliquot was diluted by the addition of 2 mL
of a solution at an appropriate pH value and concentration of the
oxidizing or the reducing agent to yield final suspensions of a
concentration of ca. 1 mg/mL of NGs. Then, after appropriate time
intervals, an aliquot (250 μL) of the NG suspension was neutralized
and filtered by centrifugal ultrafiltration at 1770g for 15 min using a
centrifugal concentrator. The concentration of the payload released
was measured from the fluorescence intensity of the filtrate. The
fluorescence of the samples containing FITC-albumin was measured
with λex = 492 nm and λem = 518 nm. Due to the quenching of
fluorescence caused by the presence of H2O2, the concentration of the
protein released in these samples was measured using a Brandford
protein kit (Sigma-Aldrich).

Cell Viability and Cellular Nanocarrier Uptake. The viability
of the cells was quantified with the CellTiter-Glo luminescent cell
viability assay (Promega, Germany) after coincubation of the cells
with the nanogel suspension with a concentration ranging from 37.5
to 150 μg/mL for 2 and 24 h. The uptake of the NGs by HeLa cells
was quantified by flow cytometry after the coincubation of the cells
with a suspension of 75 μg/mL for 2 and 24 h. Details of the in vitro
experiments are described in the Supporting Information.

■ RESULTS AND DISCUSSION

The formation of NGs resulted from the reaction between
aqueous miniemulsion droplets containing the functionalized
dextran and the other aqueous miniemulsion droplets
containing the water-soluble cross-linker. To accelerate the
mixing between the two populations of droplets, equivalent
volumes of the two miniemulsions containing an equimolar
amount of reactive groups were combined and passed through
a microfluidizer to provoke and facilitate the collision and
mixing between complementary droplets. To quantify the
efficiency of the mixing in the microfluidizer, a model system
where the aqueous phase A contained a solution of rhodamine
and fluorescein in dilute HCl (0.01 M) and the aqueous phase
B contained a solution of NaOH (0.01 M) was used. Upon
mixing, the pH of the solution of fluorescent probes was
neutralized, and since the signal from fluorescein decreases in
acidic media, the variation of the relative fluorescence of
rhodamine and fluorescein was used to monitor the pH
(Figure S5). The results show that after two to three cycles in
the microfluidizer, the two initially distinct aqueous phases
were thoroughly mixed.
An aqueous suspension of modified dextran and an aqueous

suspension of different cross-linkers were combined in the
microfluidizer to prepare NGs. Dextran was functionalized
with aldehyde and ketones and bore 0.75 aldehydes/glucose
and 0.6 ketones/glucose. Different molecules bearing two
acylhydrazide groups were used as cross-linkers. The first
cross-linker used, adipic acid dihydrazide (RNN), was used as
a model cross-linker. In bulk, the cross-linking of the
functionalized dextran with RNN resulted in the formation
of dynamic gels where the hydrazone cross-linking points can
be reshuffled, providing the bulk gel with a self-healing ability
(Figure S6) and this behavior was largely dependent on the pH
value of the environment. In mildly acidic media, the partial
hydrolysis of the hydrazone linkages led to a faster self-healing
behavior. This property could be harnessed in NGs to endow
the NGs with a pH-responsive release.38 In addition to the pH-
responsive cross-linking points, the cross-linkers were also
functionalized with chemical functionalities able to be
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degraded in response to specific biochemical cues. In addition
to RNN, 3,3′-dithiodipropionic acid dihydrazide (DSNN) was
prepared to introduce chemical groups sensitive to the
presence of a reducing agent like glutathione or dithiothreitol,
and thioketal dipropionic acid dihydrazide (TKNN) was
prepared to introduce chemical groups sensitive to the
presence of an oxidizing agent like hydrogen peroxide. The
resulting NGs (Table 1) were labeled DNGX, where X is the
cross-linker used.
The DNGs obtained were of uniform diameter with a

relatively small size distribution (Table 1 and Figure 2). All of
the DNGs were prepared with an equimolar amount of
hydrazide functionalities and reactive carbonyl groups. The
formation of the hydrazone network systematically resulted in
the formation of NGs, and the diameter of the resulting
nanogels was not affected by the cross-linker used to prepare
the nanogels. Upon drying on transmission electron micros-
copy (TEM) grids (Figure 2) or on solid substrates (Figure
S7), the nanogels collapsed during drying and appeared as
deflated balls when observed by electron microscopy. The
DNGs prepared in a suspension in cyclohexane stabilized with
PGPR were transferred to water. Although the pH value inside
the DNG nanoenvironment, when the DNGs were dispersed
in cyclohexane, was the same as the pH value of the transfer
medium (7.4), the DNGs moderately swelled after their
solvent transfer due to the swelling of the hydrazone network
to reach the equilibrium (Table 1 and Figure S8). During the
transfer of the DNGs to water, even though the water-swollen
DNGs should be highly stable in water, a moderate aggregation
of the DNGs was observed as characterized by an increase in
the polydispersity index measured by dynamic light scattering
(DLS). This aggregation was likely triggered by the presence of
remaining PGPR molecules promoting hydrophobic inter-
action between the DNGs. Before further analysis of the DNG
behavior, the aggregates were removed by filtration, and at
least 90% of the DNGs present in the organic suspension were
successfully resuspended in the final aqueous suspension of
DNGs. To favor the effective redispersion of the DNGs in an
aqueous medium, the nanogels were first dispersed in a dilute
solution of SDS, which was then removed through centrifugal
filtration. However, remaining SDS molecules at the surface of
the nanogels were responsible for the moderate negative ζ-
potential measured for the purified DNG suspension (Table 1
and Figure S9).
DNGs were used to encapsulate a model payload, FITC-

albumin, a protein with a molecular weight of 66 kDa. Albumin
was dissolved in an aqueous solution of modified dextran used
to prepare the DNGs prior to the cross-linking reaction to
encapsulate the payload. The payload was encapsulated in situ
as the cross-linked network of the DNGs was formed. The
encapsulation efficiency was measured after the transfer of the
DNGs to water as the fraction of FITC-albumin remaining in
the DNGs after the separation of the DNGs from the aqueous

media by centrifugal filtration (Figure S10A). The observed
encapsulation efficiency was measured after the transfer and
equilibration of the DNGs in PBS buffer and accounted for
both the unencapsulated payload molecules and those released
following the transfer to water of the DNGs (24 h, i.e., the time
needed to complete the water transfer process and the
complete evaporation of the cyclohexane). The payload was
added to the dextran solution prior to cross-linking the
dextran-containing droplets, and the encapsulation of the
payload in the DNGs occurred as the dextran precursors
reacted with the cross-linker molecules. The addition of large

Table 1. Characteristics of the Nanogels Prepared

Z-average hydrodynamic diameter
(nm) PDI

nanogel cross-linker cyclohexane water cyclohexane water ζ-potential (mV)

DNGRNN RNN 139 245 0.03 0.19 −12 ± 1
DNGDSNN DSNN 132 285 0.07 0.18 −9 ± 1
DNGTKNN TKNN 121 290 0.13 0.22 −11 ± 4
DNGTKNN,DSNN TKNN + DSNN 144 268 0.11 0.19 −13 ± 3

Figure 2. Size distribution (A) and TEM (B−E) images of the
dextran nanogels containing FITC-albumin prepared with adipic acid
dihydrazide (RNN) (black, B), 3,3′-dithiodipropionic acid dihydra-
zide (DSNN) (red, C), thioketal dipropionic acid dihydrazide
(TKNN) (blue, D), or a mixture of DSNN and TKNN (green, E).
The scale bars are 250 nm.
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amounts of payload to the dextran solution precluded the
efficient formation of the cross-linked network, resulting in
poor encapsulation efficiency. The encapsulation efficiency was
ca. 70% for payload loading of less than 0.3 mg of FITC-
albumin per mg of nanogels, but decreased significantly for
higher loading (Figure S10B). Other macromolecules (Figures
S10C and S11) can also be encapsulated and released from the
DNGs, but the encapsulation efficiency decreased as the
molecular weight of the payload decreased and small molecules
were immediately released after the transfer of the DNGs to
water (Figure S10C). The encapsulation efficiency of FITC-
albumin (Mn = 66 kDa) and rhodamine-labeled dextran (Mn =
110 and 500 kDa) in the DNGs reached up to 85%. However,
smaller rhodamine-labeled dextrans were encapsulated at less
than 30% (Figure S10C). Furthermore, the encapsulation
efficiency was not affected by the cross-linker used to prepare
the DNGs (Figure S10D).
The release of the encapsulated payload was first triggered

by changes in the pH value of the DNG environment (Figure
3). When the acidity of the media increased, an increase in the

release of the encapsulated protein was observed. After 1 day in
a dilute suspension, less than 15% of the protein was released
from the DNGs incubated at pH 7.4, but ca. 60 and 75% of the
encapsulated protein was released in the same period of time
after incubation in a buffer at a pH value of 6.2 and 5.2,
respectively. The type of reactive carbonyl groups used, ketone
or aldehyde, influenced the release kinetic as much as the pH
value of the environment.38 The hydrazone networks formed
by ketone-functionalized dextran were more responsive to
changes in acidity than aldehyde-functionalized dextran
(Figure S12). These results can be attributed to the higher
thermodynamic stability of the acylhydrazone bonds formed
between aldehyde and hydrazide in comparison to those
formed between ketone and hydrazide.39,40 To combine both
pH-responsive behavior and the formation of a strong network
allowing the successful encapsulation of the payload, both
aldehyde and ketone groups were used to functionalize
dextran. The hydrazone bonds formed between aldehyde and
hydrazide guaranteed the formation of a stable structure of the
DNG body, and those formed between ketone and hydrazide
provided the pH-responsive behavior. The cumulative release
of the cargo from the resulting DNGRNN was slow at neutral
pH but increased significantly as the acidity of the suspension

increased (Figure 3). This phenomenon occurred due to the
dissociation of the acid-sensitive acylhydrazone bonds when
the acidity of the environment increased. The same release
behavior was observed for all of the DNGs and for different
payloads (Figure S10). Such a pH-responsive behavior could
be harnessed either to target tumoral environments12 or
specific cell compartments41 that are more acidic than the
blood or cytosol.
When DNGs were redispersed from neutral pH buffer to

acidic pH buffer, the DNGs swelled by ca. 30% (Figure S13).
This swelling, triggered by the decrease in the effective cross-
linking density, was fully reversible and could be used to switch
on and off the release from the DNG suspension (Figure 4).

The hydrazone bonds were the cross-linking points of the
DNGs and the equilibrium of their formation is affected by the
concentration of protons in the solution. Consequently, the
variation in the pH value of the environment led to the
reversible assembly and disassembly of the hydrazone bonds.
Therefore, changing the acidity of the environment of the
DNGs by the addition of HCl or NaOH resulted in the stop-
and-go release of the payload encapsulated in the DNGs
(Figure 4). The results show that a rapid release of the payload
was observed at a pH value of 5.2, but slowed down and almost
stop at a pH value of 7.4, and the variation of the pH value of
the environment could be used to modulate the release profile
of the payload from the DNGs.
To enhance the control over the release kinetic, additional

functionalities were added in the design of the cross-linker.
Using either DSNN, a disulfide-containing dihydrazide, or
TKNN, a thioketal-containing dihydrazide, the release from
the DNGs was not only influenced by the pH value of the
environment, like in the case of DNGRNN, but was also
significantly affected by the addition of a reducing or an
oxidizing agent (Figure 5). DNGDSNN was sensitive to both
changes in the pH value and to the addition of dithiothreitol or
glutathione (Figure 5A). In the case of DNGTKNN, the
presence of H2O2 led to the release of the payload in addition
to variation in the pH value of the environment (Figure 5B). In
neutral conditions, all of the DNGs displayed a release of less
than 20% of the encapsulated cargo after 24 h of incubation in
suspensions at a pH value of 7.4. However, the cargo was

Figure 3. Release of FITC-albumin from DNGRNN in pH 7.4 (■), pH
6.2 (●), and pH 5.2 (▲).

Figure 4. Temporal control of the release of FITC-albumin from
DNGRNN by the modulation of the pH value of the environment
between 5.2 and 7.4. After 6 h, the sample was divided into two
aliquots, one incubated in a suspension at a pH value of 7.4 and the
second at a pH value of 5.2.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.1c00378
Biomacromolecules 2021, 22, 2976−2984

2980

https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.biomac.1c00378/suppl_file/bm1c00378_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00378?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00378?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00378?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00378?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00378?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00378?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00378?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.1c00378?fig=fig4&ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.1c00378?rel=cite-as&ref=PDF&jav=VoR


released entirely, from every DNGs, when the DNGs were in
suspension in acidic media.
Additionally, the DNG cross-linked with DSNN and TKNN

preserved the ability to respond to the reducing agent.
DNGDSNN released its cargo in the presence of dithiothreitol;
up to ca. 75% of the encapsulated payload was released after 24
h of incubation with 200 mM dithiothreitol. DNGDSNN was
also responsive to the presence of glutathione at a
concentration representative of diseased tissue (200 mM).
Furthermore, DNGTkNN completely released its payload after
incubation with H2O2 (200 mM), and released ca. 65% of the
payload after their incubation with H2O2 (50 mM)
Interestingly, the DNGs can easily be prepared by

combining both DSNN and TKNN in one system. The
resulting DNG TKNN,DSNN displayed multistimuli-responsive
behavior. Figure 6 shows that DNGTKNN,DSNN did not release
the encapsulated albumin when in suspension in a buffer at pH
7.4 (<20% in 24 h), but an efficient release was observed in
acidic media and in the presence of dithiothreitol or H2O2,
confirming that DNGTKNN,DSNN can undergo a multiresponsive
release.
The release of the encapsulated FITC-albumin was also

studied in the presence of dextranase. Dextranase is an enzyme
that hydrolyzes the α-1,6 glycosidic bonds of dextran and is
present in the human body in the intestine, kidneys, lungs, and
spleen.42 Despite the significant chemical modification of the
dextran, the DNGs were degraded by the addition of

dextranase to the suspensions (Figure 7), resulting in the
release of the encapsulated FITC-albumin. The DNG

dispersions in PBS buffer (at pH = 7.4) did not show any
release over several hours. However, after the addition of
dextranase (1 mg of dextranase for 10 mg of DNGs), a fast
increase in the fluorescence intensity of FITC-albumin was
detected in the supernatant after removing the DNGs by
centrifugal filtration. The signal of the released FITC-albumin
increased over time as the dextranase degraded the network of
the DNGs. The DNGs prepared with different dihydrazide
cross-linkers all reacted in a similar manner (Figure 7). The
degradation of the nanogels in the presence of dextranase can
thus be used as a possible pathway to deliver payloads to
dextranase-rich tissues like the colon or the spleen.
Finally, the interaction of the dextran nanogels with cells was

evaluated after incubation of the DNGs with HeLa cells
(Figure 8). The DNGs did not display any cytotoxicity after 1
day of incubation, even at high concentrations. The cellular
uptake of the DNGs by HeLa cells was measured using DNGs
prepared using functionalized dextran labeled with cyanine-5
(Cy5), a fluorescent tag. The fluorescently labeled function-
alized dextran was prepared by the esterification of the

Figure 5. Release of FITC-albumin from (A) DNGDSNN in buffer at
(■, black) pH 7.4 or (▲, blue) pH 5.2 and in the presence of a
reducing agent (▼, dark yellow) dithiothreitol 50 mM, (▼, green)
dithiothreitol 200 mM, and (⧫, burgundy) glutathione 200 mM; (B)
DNGTKNN in buffer at (■, black) pH 7.4 or (▲, blue) pH 5.2 or in
the presence of hydrogen peroxide (▶, orange) 50 mM or (▶,
violet) 200 mM as an oxidant.

Figure 6. Release of FITC-albumin from DNGTKNN,DSNN in buffer
with pH = 7.4 (■) and pH = 5.2 (▲) or in the presence of
dithiothreitol 200 mM (▼) or H2O2 200 mM (▶).

Figure 7. Biodegradability of the nanogels. Release of FITC-albumin
from the DNGs prepared with adipic acid dihydrazide (RNN), 3,3′-
dithiodipropionic acid dihydrazide (DSNN), thioketal dipropionic
acid dihydrazide (TKNN), or a mixture of DSNN and TKNN. The
DNGs were incubated at pH = 7.4 with dextranase for 0.5 h (green),
4 h (teal), and 24 h (blue).
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remaining alcohol groups on the functionalized dextran with a
Cy5-NHS derivative. The resulting fluorescent DNGs were
incubated with HeLa cells, and after washing off the free
DNGs, the fluorescence of the cells was quantified by flow
cytometry. Flow cytometry results showed that the different
DNGs were efficiently taken up by the cells. Different DNGs
were uptaken in a similar manner by the cells. After 24 h of
coincubation, the fraction of the cells that took up DNGs
increased in comparison to what was observed after only 2 h of
coincubation. This result was indicative of the continuous
uptake of the DNGs by the HeLa cells.

■ CONCLUSIONS

The preparation of multistimuli-responsive nanogels was
successful. These nanogels were prepared using a bio-
orthogonal reaction between reactive carbonyl and hydrazide
groups, leading to the formation of a hydrazone network under
biologically relevant conditions. The nanogels were synthe-
sized by performing this cross-linking reaction within the
confinement of nanodroplets prepared by a miniemulsion.
After the mixing of complementary droplets containing either
dextran, bearing the reactive carbonyl groups, or the cross-
linker, containing difunctional hydrazide molecules, the cross-
linked hydrazone networks were obtained within the nano-
droplets. To prepare the nanogels, a dextran precursor was
functionalized with both aldehydes and ketone groups on the
same polymer chain and resulted in nanogels that displayed
high encapsulation efficiency for macromolecular payloads and
a pH-responsive release behavior in a physiologically relevant
range. The stability of the hydrazone nanogels was influenced
by the pH value of the suspensions. An increase in the acidity
of the environment led to a disruption of the hydrazone
network and the release of the encapsulated payload.
Furthermore, the cross-linker dihydrazide molecules were
also functionalized with cleavable functionalities to provide
alternative release mechanisms. The combination of cross-
linker bearing disulfide and thioketal functionalities yielded
nanogels able to respond to changes in acidity, the presence of
oxidants, or the presence of reducing agents. Given their
versatility and their ability to encapsulate and release large
macromolecular payloads in simulated biological environ-
ments, these nanogels can find application in the development

of future therapies involving the delivery of biomacromolecular
therapeutic agents such as proteins or oligonucleotides.
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Figure 8. Cytotoxicity (A) and cellular uptake (B) for the dextran nanogels incubated with HeLa cells. (A) Fraction of viable cells was quantified
after 2 and 24 h of coincubation of the HeLa cells with increasing concentration of DNGs ranging from 37.5 to 150 μg/mL. (B) Fraction of cells
containing the DNGs as evidenced by the presence of cyanine-5 dye was quantified by flow cytometry after 2 and 24 h of coincubation between the
HeLa cell and a suspension of DNGs at a concentration of 75 μg/mL.
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