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Modulating the Mucosal Drug Delivery Efficiency of
Polymeric Nanogels Tuning their Redox Response and
Surface Charge

Jakes Udabe, Amanda Muñoz-Juan, Belal Tafech, María Soledad Orellano,
Sarah Hedtrich, Anna Laromaine, and Marcelo Calderón*

Mucus is a hydrated, viscoelastic, and adhesive gel that lubricates and
protects the body from pathogens; however, its protective function hinders
drug/nanomedicine diffusion and treatment efficiency. Therefore, novel drug
delivery strategies are required to overcome challenging mucosal barriers.
Here, multi-responsive nanogels (NGs) are developed and explored their
interaction with mucus. Specific NG features (e.g., surface charge,
temperature responsiveness, and redox response) are evaluated in a typical
mucus-associated environment (i.e., mucin proteins and high glutathione
concentrations). The results demonstrate that biocompatibility and the
capacity to deliver a protein through mucosal barriers in different in vitro and
in vivo models highlight the importance of specific NG design elements.
Disulfide bonds are highlighted as redox-sensitive cross-linkers within the NG
structure as critical for drug delivery performance; they function as
degradation points that enable NG degradation and subsequent drug release
and anchoring points to adhere to mucin, thereby enhancing their residence
time at the desired site of action. Additionally, it is confirmed that surface
charges impact interactions with mucin; positively charged NGs exhibit
improved interactions with mucin compared to negatively charged and
neutral NGs. Overall, the findings underline the importance of redox response
and surface charge in NG design for reaching efficient mucosal drug delivery.
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1. Introduction

The mucus hydrogel controls the entry
of bacteria, viruses, and toxins while al-
lowing the flux of water, ions, and solutes
(including nutrients).[1] This viscoelastic
material forms a barrier to mucosal drug
delivery, hindering the treatment of dis-
orders that include cystic fibrosis (CF),
inflammatory bowel disease (IBD), and
autoimmune diseases.[2] Drugs that cannot
cross mucosal barriers undergo mucocil-
iary clearance, which can significantly
reduce treatment efficacy. Utilizing small-
molecule compounds like expectorants,[3]

surfactants,[4] or enzyme inhibitors[5] may
eliminate/disrupt the mucosal barrier
and hence support the permeation of
therapeutic agents; however, limitations
such as a lack of therapeutic efficacy and
adverse drug reactions (causing toxicity
to healthy cells) have restricted treatment
doses and administration frequency. Given
that the mucosa protects the body against
external pathogens,[6] mucosal disrup-
tion enhances the chances of infection;
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therefore, overcoming the mucosal barrier while preserving in-
tegrity remains imperative when addressing patient concerns.

The mucosal barrier comprises a heterogeneous layer
≈500 nm thick, predominantly composed of glycoproteins
and glycolipids. This structure, known as the mucus gel, sup-
ports the entrapment and removal of pathogens.[7,8] Mucin, a
glycosylated macromolecule, represents the primary secreted
substance present in the mucosa.[8] Mucin entanglement forms
a mucus network characterized by mesh spacing (30–500 nm)
that obstructs particle diffusion through size-based separation.[9]

The mucosal environment is also characterized by substantial
reductive potential mediated by elevated glutathione (GSH)
concentrations, a tripeptide known for its antioxidant activity.[10]

High GSH concentrations raise concerns regarding drug sta-
bility, as certain pharmaceutical compounds may undergo
degradation in this milieu. In disorders such as CF or asthma,
spontaneous and induced sputum samples can present with
even higher concentrations of reductive agents.[11] Additionally,
at the cellular level, the cytosol presents higher concentrations
of GSH (2–10 mmol) compared to the extracellular medium
(2–20 μmol).[12]

Nanomedicine includes a variety of interdisciplinary ap-
proaches, including chemistry, pharmaceutical science, biol-
ogy, and clinical medicine in order to design and synthesize
biodegradable or non-biodegradable biomaterials tailored for bi-
ological, medical, and pharmaceutical uses.[13] Nanotechnology-
based approaches involving biologically active and responsive
materials have gained importance as promising and innovative
materials in the mucosal drug delivery field.[14] Modulating
nanocarrier properties (e.g., size or surface charge) represents
a critical means of achieving mucoadhesiveness and increasing
drug residence times.[15] The implementation of thiols and
disulfide linkers within the nanocarrier structure has been
linked with enhanced mucopenetration/mucoadhesion.[16]

Nanogels (NGs) constitute a highly promising category of
polymeric cross-linked nanocarriers, as they offer the potential
for facile adjustment of their properties (e.g., size, surface
charge, composition, or responsive modality) through modifica-
tions of their synthetic protocols.[17] Although GSH-responsive
NGs have been widely explored for intracellular drug delivery,
their ability to transport drugs across the mucosal barrier has
remained, until recently, relatively unexplored;[18] the effec-
tiveness of a controlled-release polymeric system is partially
determined by its distinct physical and chemical properties, as
well as its biodegradation rate.[19] Therefore, the full potential
of NGs as mucosal drug delivery systems remains somewhat
uncharted.

This study comprehensively investigates the interaction be-
tween thermo- and redox-responsive NGs with different ele-
ments of the mucus hydrogel. We developed NGs with differing
responsivities to reductive environments and surface charges and
then studied their mucosal drug delivery performance using in
vitro, ex vivo, and in vivo models. We correlated their structural
features with their ability to efficiently deliver our model drug,
bovine serum albumin (BSA), across the mucosal barrier to pro-
vide new insight into the rational design of NGs for transmucosal
drug delivery. This work highlights the vast potential of NGs in
delivering biomacromolecules in challenging conditions, such as
those found in the CF-affected mucus hydrogels.

2. Results and Discussion

2.1. Synthesis and Characterization of Nanogels

We synthesized five responsive NGs by free radical precip-
itation polymerization to systematically investigate the influ-
ence of structural composition on mucosal drug delivery po-
tential. As shown in Scheme 1A–C, N-isopropylacrylamide (NI-
PAM) and 2-hydroxyethyl methacrylate (HEMA) represented
the main components of all NGs. Variations in the co-
monomers and cross-linkers yielded NGs with different elec-
trostatic charges or redox sensitivities. We prepared three
NGs that do not respond to changes in reductive potential
using N,N′-methylene bisacrylamide (BIS) as a cross-linker
(Scheme 1A,B). We obtained an NG that displayed a posi-
tive charge at physiological pH after copolymerization with
2-(dimethylamino)ethyl methacrylate (DMAEMA); meanwhile,
copolymerization with 2-acrylamido-2-methylpropane sulfonic
acid (AMPS) yielded an NG with a negative charge. We synthe-
sized a neutral counterpart using solely NIPAM and HEMA as
co-monomers. We obtained redox-responsive NGs using N,N′-
bis(acryloyl)cystamine (BAC) as a cross-linker, which contains
disulfide groups that undergo cleavage under reductive condi-
tions (Scheme 1C,D). We also prepared an NG with an equimo-
lar composition of BIS and BAC to systematically evaluate
the impact of cross-linker composition on redox-responsive be-
havior. The nomenclature used for all the NGs is: p(NIPAM-
HEMA)(BIS), p(NIPAM-HEMA-DMAEMA)(BIS)(+), p(NIPAM-
HEMA-AMPS)(BIS)(-), p(NIPAM-(S-S)-HEMA)(BIS:BAC), and
p(NIPAM-(S-S)-HEMA)(BAC). In all cases, we followed synthesis
by purification via dialysis and freeze drying, which yielded NGs
with a white powder appearance and a high water dispersibility
at an overall yield of 75–90%. We determined the chemical com-
position of NGs, their morphology, and the polymerization re-
action kinetics by proton magnetic resonance spectroscopy (1H-
NMR), Fourier transform infrared spectroscopy (FT–IR), scan-
ning electron microscopy (SEM), and atom force microscopy
(AFM) (Figures S2–S10, Supporting Information). Except for
p(NIPAM-(S-S)-HEMA)(BAC), we observed the consumption of
the acrylic groups in all reactions within the first 2 h, indicat-
ing complete polymerization. The acrylic groups underwent con-
sumption over 4 h in the case of p(NIPAM-(S-S)-HEMA)(BAC)
(Figure S6, Supporting Information), suggesting the slower re-
activity of BAC due to the higher hydrophobicity compared to
BIS.[20,21] We measured the hydrodynamic size and 𝜁 -potential
of NGs by dynamic light scattering (DLS) and 𝜁 -potential mea-
surements. Table S1 (Supporting Information) shows a hydrody-
namic diameter for all NGs of ≈220–250 nm, an optimum size
for transmucosal drug delivery considering a mucus mesh size of
30–500 nm.[22] We also discovered a slightly negative surface po-
tential in 10 mm phosphate-buffered saline (PBS) buffer pH 7.4
for all NGs (between −1.59 and −8.87 mV) except for p(NIPAM-
HEMA-DMAEMA)(BIS)(+), which displayed a slightly positive
value of +2.7 mV.

2.2. Thermo- and Redox-Responsiveness of Nanogels

We expected our synthesized NGs to display both
temperature- and redox-responsive properties. NGs display a
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Scheme 1. Simplified synthetic route of each nanogel and their response. A) Synthetic scheme for non-redox responsive nanogels (NGs). B) The cationic
and anionic co-monomers are used for non-redox responsive NG synthesis. C) Synthetic scheme for redox-responsive NGs. D) Representation of the
covalent interaction between redox-responsive NGs and mucin. Scheme S1 (Supporting Information) provides more details of each synthetic route. APS
stands for ammonium persulfate, SDS stands for sodium dodecyl sulfate, and TEMED stands for N,N,N′,N′-tetramethylethylenediamine.

thermo-responsive behavior by shrinking at temperatures
above their transition temperature; meanwhile, NG redox-
responsivity induces the cleavage of disulfide bonds under
reductive conditions, leading to structural collapse or disas-
sembly. We demonstrated the thermo-responsive behavior
(provided by the presence of pNIPAM in the NG backbone[23])
by measuring the cloud-point temperature (Tcp) via turbidime-
try (Table S1, Supporting Information). All NGs except for
p(NIPAM-HEMA-AMPS)(BIS)(-) demonstrated the expected
thermal response with a transition temperature ≈36–37 °C.
A Tcp value of 40.8 °C for NGs bearing sulfonic acid groups
(p(NIPAM-HEMA-AMPS)(BIS)(-)) provides evidence for higher
hydrophilicity, highlighting the influential role of the anionic
groups in behavior and phase transition.

An increased reductive environment represents a typical fea-
ture of diseased mucus-covered barriers;[11,24,25] therefore, disul-
fide bonds within an NG will be expected to cause struc-
tural degradation and the consequent release of an encapsu-

lated therapeutic cargo in the target diseased mucosal tissue
(Figure 1A). We used Raman spectroscopy to determine disul-
fide bond cleavage under reductive conditions qualitatively; as ex-
pected, only BAC-containing NGs possessed signals correspond-
ing to disulfide bonds (425–550 cm−1, Figure 1B). Moreover, we
observed the formation of free-thiols (2530–2610 cm−1) when
incubating redox-sensitive NGs with the reductive agent tris(2-
carboxyethyl)phosphine (TCEP).

We further confirmed the structural collapse of redox-
responsive NGs with SEM, gel permeation chromatography
(GPC) (Figures 1C,D, respectively), and DLS (Figure S11, Sup-
porting Information). We incubated NGs with varying GSH
concentrations for varying incubation times. Figures 1C,D
demonstrate that p(NIPAM-(S-S)-HEMA)(BIS:BAC) became
fragmented into small pieces within 1 week of incubation un-
der reductive conditions. We verified this overall tendency thanks
to the increased retention times and distributions observed in
GPC analyses and the size decrease observed in SEM images
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Figure 1. Degradation behavior of redox-responsive nanogels. A) Schematic illustration of the degradation of redox-responsive nanogels (NGs).
B) Raman spectroscopy with/without 10 mm tris(2-carboxyethyl)phosphine (TCEP) treatment. C) Scanning electron microscopy (SEM) images reveal
the structural evolution of redox-responsive NGs in the absence (labeled as no stimulus) and the presence of 10 mM glutathione (GSH) for 1 week. D)
Gel permeation chromatography (GPC) profiles reveal retention time evolution in the absence or presence of differing GSH concentrations at several
time points. Figures S12,S13 (Supporting Information) present detailed data for RAMAN and GPC of all NGs. The information on the mean diameter
of the diameter of nanogels obtained from TEM can be found in Table S6 (Supporting Information).

(Table S6, Supporting Information). Similarly, we noted a size re-
duction accompanied by an increase in the polydispersity index
(PDI) by DLS analysis for BAC-containing NGs when incubated
with GSH (Figure S11, Supporting Information), which might fa-
cilitate the in vivo clearance of redox-responsive NGs;[26,27] how-
ever, subsequent analyses by DLS and SEM after 1 week revealed
a noteworthy increase in both the size and PDI of p(NIPAM-(S-S)-
HEMA)(BAC), indicating probable aggregation. In comparison,
non-redox-responsive NGs incubated with GSH maintained sim-
ilar sizes and morphologies for all concentrations at all measured
times.

2.3. Studies of Nanogel-Mucin/Mucus Interactions

As a first attempt to analyze NG-mucus interactions, we quanti-
fied the interaction strength by rheology since the physical and
chemical bonds of the molecules are transformed in mechanical

energy in the interaction and change the viscosity. We recorded
changes in viscosity after mixing solutions of NGs and mucin
and determined the interaction force (Figure 2A); overall, we ob-
tained mean values ranging between 7–23 dyne cm−2. We ob-
served a statistically significant 2–3 fold increase in the mucoad-
hesive force for p(NIPAM-(S-S)-HEMA)(BAC) compared to the
remaining NGs, which could be attributed to the capacity of this
NG to form covalent linkages with the free thiols of mucin. The
adhesive force of 23 ± 7 dyne cm−2 obtained for p(NIPAM-(S-
S)-HEMA)(BAC) compares well to values previously obtained for
moderately adhesive formulations.[28]

Next, we analyzed the potential of NGs to penetrate through
healthy mucus, which contains a relatively low concentration
of glutathione compared to unhealthy mucus,[10] using a tran-
swell diffusion apparatus with mucus extracted from the calf’s
small intestine to quantify NG penetration over time. Figure 2B
demonstrates that all NGs crossed the modeled mucosa over 24 h,
proving that these NGs can permeate mucus barriers. While we
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Figure 2. Nanogel-mucin/mucus interactions. A) Bioadhesive force between nanogels (NGs) and mucin measured by viscosity (μ) on a rheometer.
(n = 3). B) Particle permeation study in mucus extracted from porcine intestine (n = 3). C) Median diffusion mucus/mucin mobility assay; an average
of 339 particles were analyzed per NG. Data represented as mean ± standard deviation. Statistical analysis processed by two-way ANOVA with multiple
comparisons test, ***p < 0.001, **p < 0.01, *p < 0.05).

did not observe any statistically significant differences in mucus-
penetrating behavior between the NGs under these experimental
conditions (37 °C), a trend was noted. All NGs exhibited trans-
mucosal penetration within the first 8 h before reaching a sub-
sequent plateau. We hypothesize that initially, the NGs that have
not interacted with the mucosal barrier pass through it. As time
progresses, interactions are formed, thereby reducing the perme-
ation kinetics and leading to a plateau.

To further analyze the potential of NGs for transmu-
cosal drug delivery, we studied their mobility in normal mu-
cus hydrogels and mucus derived from CF patients (CF
mucus) by multiple particle tracking by fluorescence mi-
croscopy. As extensively described in the literature, mu-
cosa derived from diseased conditions, specifically mucosa
extracted from patients with CF, contains elevated concen-
trations of GSH;[11] thus, promoting responsiveness in the
redox-responsive NGs. As shown in Figure 2C, we observed
the decreased mobility of NGs in mucin with increased
BAC composition, perhaps due to their increased capacity
to form disulfide bonds with mucin. We also observed that
the negatively charged NG (p(NIPAM-HEMA-AMPS)(BIS)(-))
displayed lower mobility compared to a positively charged coun-
terpart, likely due to the repulsive forces induced by the nega-
tively charged mucin.[29,30] We observed a similar trend in the

case of NGs incubated with CF mucus; however, p(NIPAM-(S-
S)-HEMA)(BIS:BAC) displayed a significant increase in mobility
compared to the remaining NGs, most likely due to the high GSH
concentration found in the CF mucus. Under these conditions,
both BAC-containing NGs would suffer degradation and a conse-
quent decrease in size, which increases their ability to penetrate
through the mucus mesh; however, the elevated thiol/disulfide
exchange capacity of p(NIPAM-(S-S)-HEMA)(BAC) with compo-
nents of the mucosal barrier may result in decreased mobility.

2.4. Temperature- and Redox-Induced Drug Release from NGs

Next, we conducted release studies to demonstrate the capacity of
NGs for controlled drug delivery/release under healthy and dis-
eased mucus conditions. We selected bovine serum albumin la-
beled with fluorescein isothiocyanate (BSA-FITC) as a model pro-
tein for encapsulation, storage, and drug release studies. Over-
all, we obtained high encapsulation efficiency (>90%) and load-
ing capacity (≈65 wt.%) for all NGs (Table S3, Supporting In-
formation); moreover, all NGs efficiently retained BSA-FITC for
at least a month under refrigerated conditions, with the release
by diffusion observed at below 5%. All NGs released their cargo
when incubated at a temperature above their TCP due to NG
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shrinkage and the expulsion of their contents. The p(NIPAM-
HEMA-AMPS)(BIS)(-) NG displayed slower release kinetics than
the remaining NGs, perhaps due to the higher TCP value when
compared with other NGs. Based on the structure of redox-
responsive NGs, we assumed that redox-response-mediated drug
release exhibited rapid but sustained release kinetics, which de-
scribes the combinational effects of the erosion of the reduced
polymeric cross-linker and BSA-FITC dissolution and diffusion.
Under reductive conditions, we observed that release predom-
inantly occurred in BAC-containing NGs, while the remaining
NGs exhibited low release (≤10%); furthermore, we observed
a trend for a more rapid release of a greater extent of BSA-
FITC at higher GSH concentrations. As observed in Figures 3A
and S13 (Supporting Information), BAC-containing NGs re-
tained BSA-FITC (release below 10%) without a reductive stim-
ulus; however, release from redox-responsive NGs accelerated
when incubating NGs with 5 or 10 mm GSH. The release pro-
files for p(NIPAM-(S-S)-HEMA)(BIS:BAC) and p(NIPAM-(S-S)-
HEMA)(BAC) incubated with 5 mM GSH fitted the Higuchi and
Baker-and-Lonsdale models, respectively, which can elucidate the
drug release mechanism (the Fickian diffusion specifically) from
an insoluble matrix.[31] These findings indicate that the cross-
linkers of redox-responsive NGs partially degrade under reduc-
tive conditions with GSH concentrations ≈5 mm, thereby de-
creasing the cross-linking density and allowing cargo diffusion.
When incubated with 10 mm GSH, BSA-FITC release presents
a rapid zero-order release profile (Table S4, Supporting Informa-
tion). A rapid and constant release rate characterizes this type
of release,[32,33] which provides evidence for the rapid degrada-
tion of NGs followed by a burst release of BSA-FITC trapped in
the polymeric network. Finally, we observed that p(NIPAM-(S-S)-
HEMA)(BAC) exhibited higher release compared to p(NIPAM-
(S-S)-HEMA)(BIS:BAC), which suggests that increasing the con-
centration of the redox-responsive cross-linker enhances stimuli
responsiveness, thereby increasing the release capacity.

We also studied the penetration of NG-encapsulated BSA-
FITC in excised bovine small intestine; we quantified green
fluorescence intensity using ImageJ software to determine the
differential BSA-FITC penetration provided by NGs (Figure 3B).
The quantified area corresponds to the top of the tissue up
to the muscle (dotted line). Remarkably, p(NIPAM-HEMA-
DMAEMA)(BIS)(+) exhibited significantly higher BSA-FITC
penetration than the remaining NGs. The significantly lower
penetration of the protein loaded into the negatively charged
p(NIPAM-HEMA-AMPS)(BIS)(-) suggests that the surface
charge of the NGs strongly influences the penetration of the
cargo across this mucosal barrier. Figure 3C displays represen-
tative cross-tissue sections of the small intestine incubated with
the NGs used for fluorescence quantification, which reveals the
green fluorescence from BSA-FITC indicative of mucosal pene-
tration. We observed that p(NIPAM-HEMA-DMAEMA)(BIS)(+)
NGs showed higher green fluorescence compared to other
samples, indicating that these NGs promote higher penetration
of the cargo. The higher BSA-FITC penetration observed for
p(NIPAM-HEMA-DMAEMA)(BIS)(+) NGs could be explained
by the positive surface charge under physiological conditions,
which can interact with the negative moieties of mucin via
electrostatic interactions. Thus, our results show that a higher
NG mucoadhesion level correlates with a higher penetrated

protein, which agrees with previous reports that attributed the
enhanced diffusion of loaded drugs through the mucosal barrier
to the nanocarrier’s mucoadhesion properties.[34] Interestingly,
the fluorescence images of Figure 3C illustrate that BSA-FITC
can go deeper across this mucosal barrier when encapsulated
within BAC-bearing NGs, although the overall fluorescence
quantification of BSA-FITC (Figure 3B) did not show significant
differences with p(NIPAM-HEMA)(BIS) and p(NIPAM-HEMA-
AMPS)(BIS)(-) NGs. This observation also suggests that the
interaction of NGs with the mucosal barrier plays an important
role in cargo diffusion. We could attribute the deeper penetration
depth observed for BAC-bearing NGs in imaging to the disulfide
bonds within the mucus-interacting structure, which facilitates
enhanced cargo diffusion through the mucosal barrier.

To further analyze the protein delivery capacity of NGs in
the reductive environment of the diseased mucosa,[11] we stud-
ied the mucosal penetration of BSA-FITC loaded in Rhodamine
B-labeled NGs (synthesized as shown in Scheme S2, Support-
ing Information) by epifluorescence microscopy. For this exper-
iment, we prepared a thin mucus layer using isolated mucus
from small intestine tissue in a glass chamber. We placed protein-
loaded NGs on the mucosal surface and incubated for 2 h un-
der two conditions: 37 °C at 0 mm GSH and 10 mm GSH. We
then quantified the green and red fluorescence corresponding to
the penetrated protein and penetrated NGs, respectively, at dif-
ferent z depths. Figure S15 (Supporting Information) displays
a z-axis profile plotted with ImageJ software, representing the
mean fluorescence intensity of green and red channels of each
xy plane at different depths. The increased fluorescence inten-
sity as depth increases indicates higher BSA-FITC/NGs penetra-
tion. The quantification of FITC and Rhodamine-B channels al-
lows us to compare how is the relative diffusion of the encapsu-
lated protein and the NGs through the mucosal layer. Figure S15
(Supporting Information) demonstrates increased green fluores-
cence intensity as depth increases for all formulations in the non-
reductive condition (0 mm GSH), indicating that BSA-FITC pen-
etrated across the mucosal layer when encapsulated by all NGs.
This behavior agrees with the finding shown in Figures 3B,C. Re-
garding the penetration profile of NGs, treatment with p(NIPAM-
HEMA-DMAEMA)(BIS)(+), p(NIPAM-(S-S)-HEMA)(BIS:BAC),
and p(NIPAM-(S-S)-HEMA)(BAC) showed a decrease in red flu-
orescence intensity as depth increases, which indicates that
NGs mostly remain near the mucosal surface. This trend
evidences that these NGs display higher adhesion to the
mucosal layer, meanwhile enabling higher BSA-FITC pene-
tration. Interestingly, p(NIPAM-HEMA)(BIS) and p(NIPAM-
HEMA-AMPS)(BIS)(-) showed the opposite trend—increased
red intensity as depth increases—indicating that NGs diffuse
across the mucosal layer together with the loaded protein.

When comparing the behavior of formulations under re-
ductive conditions (10 mm GSH), we found similar tenden-
cies for protein penetration through the mucosa to the non-
reductive condition. The most relevant differences include the
drastically increased red fluorescence profile for p(NIPAM-(S-S)-
HEMA)(BIS:BAC) and p(NIPAM-(S-S)-HEMA)(BAC), as depth
increased. NG degradation under a reductive environment can
explain the higher penetration observed.[18] Overall, this diffu-
sion assessment confirmed the higher adhesion of p(NIPAM-
HEMA-DMAEMA)(BIS)(+), p(NIPAM-(S-S)-HEMA)(BIS:BAC),
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Figure 3. Drug release studies and mucus penetration of a model encapsulated protein in an ex vivo small intestine model. A) In vitro cumulative
drug release of bovine serum albumin labeled with fluorescein isothiocyanate (BSA-FITC) from nanogels (NGs) exposed to varying concentrations
of glutathione (GSH) for varying times. More information on the release at 37 °C in 0, 0.5, 5.0, and 10 m GSH of the NGs in Figure S15 (Supporting
Information). B) Green fluorescence intensity quantification of penetrating BSA-FITC after 2 h incubation at 37 °C. At least fifteen sections were analyzed.
Statistical analysis processed by two-way ANOVA with Bonferroni’s multiple comparisons test (****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05). C)
Fluorescence imaging of small intestine sections after the 2 h incubation at 37 °C (Scale bar = 500 μm).

Adv. Funct. Mater. 2024, 34, 2407044 2407044 (7 of 15) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Nanogel evaluation in cells. A) Cell viability studies in bronchial epithelial (HBE) cells treated with nanogels (NGs) at 1 mg mL−1 concentration
over 24 h; HBE cells were incubated in growth media as a untreated (healthy) control and in 10% dimethyl sulfoxide (DMSO) solution as a cytotoxic
control. B) Cell uptake studies in HBE cells using Rhodamine B-labeled NGs. All data represented as mean ± standard deviation; n = 3. GraphPad Prism
v9 was used for statistical analysis and graphical representation (*p < 0.05, ns; no statistical difference).

and p(NIPAM-(S-S)-HEMA)(BAC) and highlights the relevance
of disulfide bonds in NG structure concerning enhancing
NG/cargo penetration through the mucosal barrier in diseased
conditions.

2.5. Assessment of Nanogel Cellular Uptake and
Cytocompatibility

To further assess the therapeutic potential of NGs, we evalu-
ated their interaction, cell viability, and NG uptake with mucus-
producing primary human bronchial epithelial cells (HBE). We
incubated cells with 1 mg mL−1 solutions of respective NGs
(a high concentration in the biomedical field[35]) for 24 h. As
shown in Figure 4A, the cell viability observed after incubation
of most NGs failed to display significant differences compared
to the control (untreated control sample). Despite the signifi-
cant decrease in cell viability observed for the positively charged
p(NIPAM-HEMA-DMAEMA)(BIS)(+) compared to the control
(p < 0.05), cell viability remained at 85–90% even at high concen-
trations. Figure 4B demonstrates that BAC-containing NGs and
p(NIPAM-HEMA-AMPS)(BIS)(-) NGs displayed the highest up-
take by HBE cells after 4 h incubation. A previous study reported
that the thiol-disulfide exchange pathway improves cell mem-
brane penetration;[36] thus, we may be able to exploit dynamic in-
teractions between disulfide-containing NGs and disulfide/thiol
bonds in transmembrane proteins to enhance cell internal-
ization. Disulfide group-containing NGs can undergo endoso-
mal escape,[37] while non-redox-responsive NGs remain trapped.
Hence, we hypothesize that the increased availability of disulfide
groups on the surface of p(NIPAM-(S-S)-HEMA)(BAC) resulted
in enhanced cellular uptake and improved endosomal escape.
Surprisingly, HBE cells took up p(NIPAM-HEMA-AMPS)(BIS)(-
) to a greater extent than p(NIPAM-HEMA-DMAEMA)(BIS)(+).

Positively-charged nanocarriers become internalized to a greater
extent than neutral or negatively charged counterparts;[38–42] how-
ever, the role of nanoparticle surface charge on cellular up-
take remains controversial. Lunov et al. studied cell uptake
with both anionic and cationic nanoparticles,[43] revealing that
macrophages preferred to uptake anionic nanoparticles through
endocytosis, whereas monocytes favored cationic nanoparticles.
Hence, this study may have encountered varying mechanisms
of cellular uptake, with p(NIPAM-HEMA-AMPS)(BIS)(-) up-
take more efficient than that observed for p(NIPAM-HEMA-
DMAEMA)(BIS)(+).

2.6. A Comprehensive Evaluation of Nanogels in the Model
Animal C. elegans

Next, we evaluated the interaction of NGs with the intestinal bar-
rier using the invertebrate model Caenorhabditis elegans (C. el-
egans). This 1 mm long nematode shares 60% genetic homol-
ogy with humans and has been broadly applied in nanomaterial
testing.[44] The resemblance between C. elegans and the human
intestine is particularly interesting for evaluating NGs. The C. el-
egans intestine comprises twenty polarized cells, with microvilli
and glycocalyx—a protein-rich layer whose composition remains
not fully characterized but it contains heparin sulfate and der-
matan sulfate[45] in the apical membrane (Figure 5A).[46] This
complex barrier protects intestinal cells against mechanical dam-
age and pathogens while acting as a scaffold for enzymes and a
filter for the lumen’s content.

We exposed synchronized L4 worms to NGs and evaluated the
survival rate and alterations to body size after 24 h (ultrapure wa-
ter acted as a negative control, and 5% DMSO acted as a pos-
itive control for toxicity). p(NIPAM-HEMA-DMAEMA)(BIS)(+)
exposure prompted a significant reduction in the survival rate

Adv. Funct. Mater. 2024, 34, 2407044 2407044 (8 of 15) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Nanogel evaluations in a C. elegans model. A) The anatomical structure of C. elegans, with particular focus on the intestinal tract – 1) lumen; 2)
microvilli with actin bundles; 3) nucleus; 4) glycocalyx – and the exposure conditions. B,C) Effect of nanogel (NGs) on B) survival rate (mean ± SEM, as
compared to purified water (Control)) and C) body length (mean ± SD, as compared to purified water (Control)). DMSO was used as a positive control
for toxicity. D) 2D summation of confocal Image Z-stacks of the red channel analyzed with Royal Lookup Table of control and NG-treated worms. Images
were adjusted to maintain the same intensity range (represented with a color legend with 0 to 3000 intensity values on the left). The inset at the top left
of each image represents a zoom image of the intestine used to visualize vesicles. E) Nanogel concentration in worms is represented by the mean red
fluorescence intensity normalized to the total area of the image. F) Number of BSA-FITC vesicles visualized that crossed the intestinal barrier in the tail
region for each NG-treated group n = 5. G) Colocalizing green and red fluorescence to assess BSA-FITC release from Rhodamine B-labeled NGs. All data
represented as mean ± standard deviation; n > 3. C. elegans characterization employed the Kruskal test with Dunn’s post-correction, as samples did not
follow a parametric distribution. GraphPad Prism v9 used for statistical analysis and graphical representation, ***p < 0.001, ns no statistical difference.
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to 85 ± 2% (mean ± SEM, p < 0.001***) compared to the neg-
ative control, all remaining NGs supported a survival rate of
over 95% (Figure 5B). Interestingly, we found that p(NIPAM-
HEMA-DMAEMA)(BIS)(+)-treated L4 worms (initially ≈650 μm
long) were shorter than the negative control and other NG-
treated worms (p < 0.001***) (Figure 5C). Worms exposed
to 5% DMSO died without developing, displaying an aver-
age size of 674 ± 103 μm. Interestingly, p(NIPAM-HEMA-
DMAEMA)(BIS)(+)-treated worms grew to 811 ± 109 μm
(p < 0.001*** to control and DMSO-treated worms), indicating
that the decrease of the survival rate was not as substantial as
DMSO and allowed the worms to develop further although not to
the same size as control worms (917 ± 97 μm long) (Figure 5B).
These results indicate good NG biocompatibility of total negative
surface charge and detrimental impact of the positively-charged
p(NIPAM-HEMA-DMAEMA)(BIS)(+) (2.7 ± 0.5 mV in 10 mm
PBS buffer pH 7.4). Studies have suggested that a positive surface
charge could cause toxicity in C. elegans.[47] Furthermore, these
findings align with the outcomes of the in vitro cell viability as-
says performed in HBE cells.

Next, we studied the biodistribution of NGs throughout the
intestinal tract using Rhodamine B-labeled NGs encapsulating
BSA-FITC (Figures 5D,E). The optical microscope imaging re-
vealed the presence of NGs in the intestinal lumen (Figure S16,
Supporting Information), and confocal microscopy allowed for a
more detailed analysis of the intestinal permeation of each NG.
We focused on the tail region (Figure S17, Supporting Informa-
tion), given that this segment encompasses the final part of the
digestive tract. The red fluoresced due to the Rhodamine B was
assigned to the NGs, and it was detected inside and outside the in-
testinal lumen (forming vesicles), and a strong signal in the sper-
matheca (Figure 5B), indicating the permeation of the intestinal
barrier for all NGs. To note, is the detection of vesicles outside the
intestinal lumen, containing NGs, confirming the translocation
of NGs. We measured the red fluorescence intensity and normal-
ized it by area, revealing that worms treated with p(NIPAM-(S-
S)-HEMA)(BIS:BAC) and p(NIPAM-(S-S)-HEMA)(BAC) tended
to possess a higher mean red fluorescence intensity than
other NGs (Figure 5E), although differences were not signifi-
cant. Furthermore, p(NIPAM-HEMA-DMAEMA)(BIS)(+) had a
higher red fluorescence intensity than p(NIPAM-HEMA)(BIS)
and p(NIPAM-HEMA-AMPS)(BIS)(-), suggesting again that pos-
itive charges alter any organismal interactions (Figure 5E).
We also quantified fluorescence inside the intestine and the
amount of NGs that passed through the intestinal barrier (Figure
S18, Supporting Information), finding that p(NIPAM-HEMA-
DMAEMA)(BIS)(+) treatment induced a higher fluorescence in-
tensity than other NGs outside the intestinal lumen, although
differences were not statistically significant. Reports have sug-
gested that positive charges may disrupt the attractive forces ex-
isting between a nanomaterial and C. elegans,[45] thus promoting
the permeation of the intestinal barrier; meanwhile, other studies
have indicated that positively charged nanomaterials could inter-
act with the proteins, polysaccharides, or bacteria in the C. elegans
media, rendering their nutrients inaccessible.[48]

To measure the translocation of the intestinal barrier by NGs,
we employed high-resolution confocal microscopy to compute
the internal intestinal vesicles with NGs secreted from the in-
testinal lumen (Figure 5F) by ImageJ Fiji 3D Object counter.[49]

This analysis differentiates the intestinal lumen region of worms
from the intestinal cells thanks to the significant green intensity
found in the lumen. However, the quantification of vesicles in
response to p(NIPAM-(S-S)-HEMA)(BIS:BAC) exposure was un-
feasible due to the inability to discern the intestinal lumen in this
condition. Among the remaining NGs, we computed the highest
vesicle count for p(NIPAM-HEMA-AMPS)(BIS)(-) (Figure 5F),
with no substantial variance noted in area or volume (Figure S19,
Supporting Information). These findings indicate that C. elegans
digested comparable quantities of NGs, but in some instances, a
higher degree of internalization occurred within vesicles.

We then sought to monitor the colocalization of the BSA-
FITC signal with the red signal of Rhodamine B-labeled NGs
to study the release of the cargo molecule throughout C. ele-
gans, although with specific emphasis placed on the tail (as be-
fore) (Figure 5G). A colocalization value of 0% suggests the com-
plete release of the BSA-FITC from the Rhodamine B-labeled
NGs, while 100% indicates that BSA-FITC remains encapsu-
lated in NGs. Here, we observed colocalization values lower than
25% for all NGs, indicating the release of the cargo. While we
found no significant differences between NGs, p(NIPAM-(S-S)-
HEMA)(BAC) and p(NIPAM-(S-S)-HEMA)(BIS:BAC) provided a
somewhat lower colocalization percentage, suggesting the poten-
tial relevance of BAC to enhance the release of the encapsulated
BSA-FITC.

Finally, we evaluated the possible retention of NGs in the in-
testinal tract of C. elegans after 5 h of exposure, and then we
transferred worms to fresh plates with food. We then recollected
worms and anesthetized them to support imaging using a con-
focal microscope (Figure S20, Supporting Information). We did
not detect red fluorescence in worms exposed to any NG except
for p(NIPAM-HEMA-DMAEMA)(BIS)(+), presenting a low-level
fluorescence intensity in the pharynx. We still observed BSA-
FITC granules after this time, especially in worms exposed to
p(NIPAM-HEMA)(BIS), p(NIPAM-HEMA-DMAEMA)(BIS)(+),
p(NIPAM-HEMA-AMPS)(BIS)(-), which may indicate (as ob-
served in in vitro characterizations) that BAC-containing NGs
undergo degradation, making them more easily eliminated, and
hence undetectable.

3. Conclusion

The present study describes the preparation of stable, spheri-
cal NGs of varying composition with hydrodynamic diameters
of ≈220 nm. Synthesized NGs displayed temperature-dependent
swelling/shrinking properties; two presented redox-responsive
behaviors. The presence of BAC as a cross-linking agent within
the NG structure imparted the capacity for partial degradation in
reductive environments; overall, we observed more prominent
degradation with increased exposure time/reductive agent con-
centrations. Rheological characterization confirmed greater bond
strength between the mucin and disulfide groups; this covalent
union represents a promising strategy to selectively enhance in-
teractions between NGs and mucosa for improved targeted drug
delivery. The mucus-modified transwell technique demonstrated
efficient transmucosal permeation of the NGs under the studied
conditions.

We demonstrated that NGs efficiently encapsulated BSA-
FITC (a model protein) with almost no release (<5%) under

Adv. Funct. Mater. 2024, 34, 2407044 2407044 (10 of 15) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 45, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202407044 by M
ax-D

elbrueck-C
entrum

, W
iley O

nline L
ibrary on [07/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

refrigerated storage conditions (4 °C) over a month. Release stud-
ies demonstrated that all NGs released their cargo at physiolog-
ical temperatures; moreover, higher reductive agent concentra-
tions or disulfide-containing cross-linker percentages prompted
more rapid and more significant cargo release from redox-
responsive NGs. Penetration studies using an ex vivo small in-
testine model revealed that positively charged NGs robustly pro-
moted cargo penetration compared to negatively charged/neutral
NGs. Also, NGs bearing redox-sensitive bonds enhanced BSA-
FITC diffusion depth through mucosal barriers. The penetra-
tion study of BSA-FITC encapsulated into labeled NGs through
a mucosal layer revealed that positively charged NGs and BAC-
bearing NGs exhibit higher adhesion to the mucosal layer and
allow higher protein penetration.

Cell studies suggested that NGs generally lacked cytotoxicity
when evaluated in HBE cells at 1 mg mL−1 concentrations; fur-
thermore, as several previous studies had suggested, we found
that BAC-containing NGs underwent enhanced cellular uptake.
Subsequent evaluation in C. elegans explored the interaction of
NGs with an entire living organism for the first time. C. elegans
experiments set the first evidence of NGs’ biocompatibility and
intestinal barrier translocation in an alive organism. However,
due to C. elegans limitations, further evaluation in mammal mod-
els would be required for their use in nanomedicine. Despite
the evolutionary distance from humans, the C. elegans intestine
shares similarities with humans and supports the evaluation of
novel nanomaterials. These analyses confirmed the biocompati-
bility of NGs, although we did observe some adverse effects of
p(NIPAM-HEMA-DMAEMA)(BIS)(+) on survival and develop-
ment. C. elegans internalized all NGs, but those containing BAC
become more concentrated, possibly due to greater mucoadhe-
sion. In this case, NGs uptake occurred via endocytosis, and BAC-
containing NGs possessed a better BSA-FITC release profile.

Together, these results describe a promising approach to de-
veloping NGs with temperature- and/or redox-responsive behav-
ior and significantly contribute to exploring the interaction be-
tween NGs and elements of the mucosal barrier. This knowledge
provides a foundation for developing a systematic and rational
design approach for NGs tailored to deliver therapeutics in the
context of mucosal barrier-related diseases effectively.

4. Experimental Section
Materials: 4-Dimethylaminopyridine 98% (DMAP) was purchased

from Acros Organics; N,N´-Bis(acryloyl)cystamine 98% (BAC) from
Alfa Aesar; ammonium persulfate 98% (APS), deuterium oxide (D2O)
((deuteration degree min. 99.95% for NMR spectroscopy), hydroquinone
98% (HQ), N,N-dimethylformamide (anhydrous, 99.8%) (DMF), rose
Bengal 85% (RB) and sodium acetate ≥99% (NaAc) from Scharlau;
2-(Dimethylamino)ethyl methacrylate 98% (DMAEMA), 2-Hydroxyethyl
methacrylate 97% (HEMA), albumin-fluorescein isothiocyanate con-
jugate (Protein bovine) (BSA-FITC), deuterated dimethyl sulfoxide
(deuteration degree min. 99.95% for NMR spectroscopy) (DMSO-d6),
glutathione (Pharmaceutical Secondary Standard; Certified Refer-
ence Material) (GSH), N-Isopropylacrylamide ≥99% (NIPAM), N, N′

Methylenebis(acrylamide) 99% (BIS), N,N,N′,N′-Tetramethylethane-1,2-
diamine 97% (TEMED), mucin from porcine stomach (Type II), sodium
dodecyl sulfate ≥99.0% (SDS) and tris(2-carboxyethyl)phosphine
hydrochloride ≥98% (TCEP) from Sigma–Aldrich; Ready-Cal-Kit
PEO/PEG from Testa Analytical Solutions; 1,4-Dithiothreitol ≥98%,

(DTT), 2-Acrylamido-2-methyl-1-propanesulfonic 97% (AMPS), N,N′-
diciclohexilcarbodiimida 99% (DCC), phosphate-buffered saline (PBS)
and Rhodamine B f 98% from ThermoFischer. 10 kDa molecular weight
cut-off (MWCO) Pierce Protein Concentrators PES columns as well
as Hoechst 33342. Solutions were obtained from were obtained from
Thermo Fisher Scientific (Burlington, ON, Canada). CF mucus collection
was facilitated by Clinicians from Providence Health Care (Vancouver, BC,
Canada) from CF patients at Sant Paul’s Hospital, Vancouver, BC, Canada
(Ethics approval number: H20-03198). PneumaCult-Ex Plus Medium was
from STEMCELL (Vancouver, BC, Canada). Primary human bronchial
epithelial (HBE) cells were purchased from the Cystic Fibrosis Transla-
tional Research Centre at McGill University (Montreal, QC, Canada) and
Epithelix (Geneva, Switzerland). HBEs were maintained in PneumaCult-Ex
Plus Media. HBEs were maintained at 37 °C in a humidified atmosphere
of 5% CO2.

It was determined through an Ellman assay that both the commercial
mucin and the healthy mucosa extracted from the porcine stomach did
not contain GSH.

Preparation of Temperature- and/or Redox-Responsive NGs: NGs were
synthesized by precipitation polymerization (exact quantities can be found
in Table S6, Supporting Information). The experiments were carried out in
a 50 mL three-necked round-bottomed flask, equipped with a mechanical
stirrer, reflux condenser, thermometer, and gas inlet. To adjust the glass
transition of the final polymer to a physiological temperature, a mol ra-
tio of ≈97:3 NIPAM and HEMA was used. Typically, the monomers and
co-monomers (≈1 mmol), cross-linker (0.05 mmol in total), and SDS
(0.02 mmol) was dissolved in 9.5 mL ultrapure water and purged with
argon for 30 min. In the case of using the DMAEMA monomer, it is re-
acted at a pH of 9, adjusted with 0.1 m HCl solution, and the DMAEMA
monomer is added 1 h after adding the initiator. In order to avoid the pos-
sible electrostatic reaction between the monomer and the initiator or sur-
factant as suggested by Shen Z. et al.[50] Then, the reaction was placed in
a temperature bath depending on the reaction to synthesize the tempera-
ture was set at 70 or 50 °C, if the cross-linker was BIS or BAC respectively.
To start the polymerization, the initiator APS (0.04 mmol) was added and
dissolved in 0.5 mL ultrapure water. It was left reacting for 6 h and puri-
fied by dialysis against deionized water for 3 days against ultrapure water,
using Spectra–Por 10 kDa MWCO membrane. As has been demonstrated
in previous research,[51] reacting at high temperatures can promote the
breakdown of the disulfide bonds and the Michael addition between the
disulfide bonds and the double bonds, reducing the polymerization effi-
ciency and the degradability of the NG. For this reason, the reaction of
p(NIPAM-(S-S)-HEMA)(BIS:BAC) and p(NIPAM-(S-S)-HEMA)(BAC) was
carried out at lower temperatures using the TEMED catalyst. The Scheme
S1 (Supporting Information) provides additional details regarding the syn-
thesis procedure. The reaction kinetics were characterized by proton-1 nu-
clear magnetic resonance (1H-NMR) (Figures S2–S6, Supporting Informa-
tion). In addition, to confirm the successful synthesis and physicochemi-
cal properties, the final product was collected, freeze-dried, redispersed if
needed, and characterized by 1H NMR spectra (Figure S7, Supporting In-
formation), FTIR (Figure S8, Supporting Information), dynamic light scat-
tering (DLS), scanning electron microscopy (SEM), and atomic force mi-
croscope (AFM) (Bruker Dimension ICON) (Figures S9–S11, Supporting
Information). The diameters of the nanoparticles from the SEM were ex-
tracted using the software ImageJ (Table S6, Supporting Information). For
that, 30 nanoparticles were randomly selected and measured using the
measurement tool.

Preparation of Rhodamine B Labeled NGs: To prepare Rhodamine B la-
beled NGs, NGs (1 eq. is referred to as the primary alcohol group) were
dispersed in anhydrous DMF, followed by the addition of DCC (1.1 eq.)
and Rhodamine B (1.3 eq.) under stirring at 0 °C for 5 min, at that mo-
ment DMAP (0.1 eq.) was added dropwise while vigorous stirring to the
solution, and it was left to react for 5 h at RT, purification was performed by
dialysis (Spectra–Por 10 kDa MWCO membrane) against ultrapure water
for various days and the compound was finally collected and freeze-dried
for further use.

Thermoresponsive Study: The cloud-point transition temperature (TCP)
was quantified to study the thermal response of the NGs by measuring

Adv. Funct. Mater. 2024, 34, 2407044 2407044 (11 of 15) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 2024, 45, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202407044 by M
ax-D

elbrueck-C
entrum

, W
iley O

nline L
ibrary on [07/11/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

the turbidity over temperature. The absorbance at 600 nm was measured
using a microplate reader equipped with a temperature control system.
The absorbance of NGs dispersions (1 mg mL−1) was measured from 25
to 60 °C with a temperature gradient of 2 °C. Afterward, the transmittance
was calculated as follows:

Transmitance (%) = 10(2−Absorbance) × 100 (1)

Redox-Responsive Study: The chemical reduction was qualitatively de-
termined and compared by Raman spectroscopy, observing the reduction
of the disulfide bonds (425—550 cm−1) and the formation of free-thiols
(2530—2610 cm−1) mediated by a reductive agent 10 mm TCEP. Chemical
reversibility and disulfide formation were observed measuring after 1 week
of exposure to air.

DLS and gel permeation chromatography (GPC) were used to charac-
terize degradation at different GSH concentrations over time. For this, so-
lutions of NGs 1 mg mL−1 were prepared and incubated in 0, 0.5, 5, and
10.0 mm of GSH for 2, 24 h, and one week after the incubation at 300 r.p.m.
Before characterization, GSH was removed by precipitating and redispers-
ing the NGs in water several times by centrifugation. For GPC measure-
ments, OHpal SB-806 M column equipped with OHpak SB-G6B (guard
column) was used, ultrapure water was used as mobile phase at a flow
rate of 0.4 mL min−1, PDA analyzed the samples at 254 nm. This data
was complemented by SEM, cumulant rates measured by DLS using fixed
attenuator, >TCP size, and absorbance change after incubating with reduc-
tive agents. Further information about the characterization protocols can
be found in the supporting information.

Adhesive Force: The determination of the bioadhesive force (F) is im-
portant to determine the force of interaction between the material quan-
titatively and on this case the mucin. As has been observed in other
studies,[52,53] this force–energy interaction of the physical and chemical
bonds was transformed into mechanical energy causing a change in vis-
cosity. This characterization was expected to demonstrate a strong inter-
action in the degradable NGs caused by the creation of covalent bonds
between the disulfide bonds of the NG and the free thiols present in the
mucosa. For the determination of F, 1 mg mL−1 NG dispersions in ultra-
pure water, 1 mg mL−1 NG dispersions in a 5 mg mL−1 mucin solution,
and a 5 mg mL−1 mucin solution were prepared. Each of them was charac-
terized rheologically using a constant shear rate of 93 1 s−1, the viscosity
was determined at 120 s. As shown in Equation (2), the total viscosity
is the sum of the viscosity of the mucin, polymer, and chemical-physical
force between the mucin and polymer. Therefore, by estimating the vis-
cosity of the mucoadhesiveness, the bioadhesive force is determined as
shown in Equation (3).

𝜂total = 𝜂mucin + 𝜂polymer + 𝜂mucoad (2)

F = 𝜂mucoad ∗𝜎 (3)

where 𝜂total is referred to as the total viscosity; 𝜂polymer viscosity of the
polymer; 𝜂mucoad the viscosity of the mucoadhesion; F bioadhesive force
and 𝜎 to the shear rate.

Mucus Permeation Study: A mucus permeation study was performed
by mucus-modified transwell membranes using a similar protocol pro-
posed by Poinard B. et.al.[54] To modify the membranes, 50 μL of 10%
(w/v%) mucus extracted from the small intestine was added to the tran-
swell inserts and allowed to dry for 30 min to generate ≈600 μm mucin
layer based on calculation. The mucus-modified transwell inserts were
incubated at 37 °C in a 550 μL solution of 10 mm PBS pH = 7.4 at
250 r.p.m. for 10 min. Subsequently, a solution of Rhodamine B labeled
NG 10 mg mL−1 50 μL was added to the top. At different time points, the
bottom solution was removed and regenerated with fresh PBS. From the
extracted solutions, the NG was quantified by fluorescence and the particle
permeation is calculated (Equation 4).

Particle permeation (%) = NP mucus coated membrane
NP tuncoated membrane

× 100 (4)

Multiple Particle Tracking: To characterize the diffusivity of the differ-
ent NGs in cystic fibrosis mucus or mucin hydrogels, the multiple par-
ticle tracking (MPT) method was employed. The 2% mucin hydrogels
were made by first dissolving 20 mg of native mucin from the bovine
submaxillary gland (Sigma–Aldrich, Saint Louis, MO, USA) in acetate
buffer 0.05 m (pH 5) at 37 °C for 30 min. This was then transferred onto
a 10 kDa MWCO Pierce Protein Concentrators PES columns (Thermo
Fisher Scientific, Burlington, ON, Canada), centrifuged at 15 000 g for
15 min, washed with Milli-Q water, and then centrifuged again (15 000 g for
15 min). This was repeated three times in total. A final centrifugation was
then performed, then the mucin-containing retentate was resuspended at
20 mg mL−1 to obtain 2% mucin in Milli-Q water. For mucus samples from
cystic fibrosis patients, clinicians at Providence Health Care (Vancouver,
BC) made possible the collection of mucus samples which were sponta-
neously produced by local cystic fibrosis patients at Sant Paul’s Hospital,
Vancouver, BC, Canada (Ethics approval number: H20-03198).

For MPT analysis, NGs were added to the mucus/mucin hydrogel in
an Ibidi μ-Slide VI-0.4 (Ibidi, Gräfelfing, Germany) at a final volume frac-
tion ≤0.2%. Next, using a PerkinElmer VoX Spinning Disk fluorescence
microscope (PerkinElmer, Woodbridge, ON, Canada) equipped with 100×
objective, a high-speed Hamamatsu 9100–02 CCD camera and a thermo-
plate (37 °C), the real-time movement of the NGs in CF mucus/mucin
hydrogel was recorded at a frame rate of 10 FPS. At a minimum, 15
videos were recorded per condition, lasting 10 s each. On average 339
NPs were used to determine the median diffusion coefficient in each
condition.

The movement of NGs in each video was analyzed using the Nan-
oTrackJ plugin (ImageJ software, Version 1.53k). To start, the spot assistant
tool was set to an appropriate tolerance value and mean filter size to max-
imize the selection of visible NGs while minimizing noise selection. Then,
by following the trajectory of each NG, the NanoTrackJ function measured
the displacements of each visible NG. Finally, the covariance estimator was
employed to estimate the diffusion coefficient of each NG as a function of
the measured displacements. According to studies that compared differ-
ent methods, the covariance method is an unbiased estimation method
of diffusivity under different experimental conditions.[55]

Encapsulation and In Vitro Temperature- and/or Redox-Induced Release:
The ability of the NGs to encapsulate and release biomacromolecular car-
gos by a specific stimulus was tested first with fluorescein-labeled albumin
as a model protein. BSA is a small, stable, moderately non-reactive pro-
tein that is ideal for proof of concept in encapsulation and release studies.
For the encapsulation of the NGs, a solution of BSA-FITC (2 mg mL−1)
was prepared, this solution was added to the freeze-dried NG in a weight
ratio of 2:1 NG:BSA FITC, and stored overnight at 4 °C. The free protein
was separated by a few cycles of vivaspin centrifugal concentrator 300 kDa
MWCO, the free protein was characterized at 280 nm. A calibration curve
was made using different concentrations of BSA-FITC and the encapsula-
tion efficiency (EE) (Equation 5) and loading capacity (LC) (Equation 6)
were calculated.

EE(%) =
Model proteinLoaded

Model proteinInitial
× 100 (5)

LC(%) =
Model proteinLoaded

Model proteinTotal
× 100 (6)

BSA-FITC Release Studies by Ex Vivo Small Intestine Model: A local
slaughterhouse kindly provided fresh calf small intestine from a healthy
animal. The calf was slaughtered for a commercial meat production pro-
cess. Therefore, no ethical requirements specific to this study were nec-
essary. The fresh intestinal segments were carefully opened longitudinally,
frozen in liquid nitrogen, stored at −20 °C, and defrosted overnight in the
fridge before use. For the ex vivo experiment, a piece of 3 cm × 3 cm calf
small intestine was placed in a Petri dish with a wetted soft paper on the
bottom. A plastic cylinder of 2 cm in diameter was driven into the tissue to
act as a sample container. Afterward, 300 μL of FITC-loaded- NG suspen-
sion (1 mg mL−1 BSA-FITC-1 mg mL−1 NGs) was placed into the cylinder
container. The Petri dish containing the sample was incubated at 37 °C
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for 2 h. After incubation, the tissue pieces were fixed by immersion in 4%
paraformaldehyde for 24 h, then kept 24 h in 15% sucrose and 24 h in
30% sucrose for cryoprotection. Afterward, the samples were embedded
in OCT media to cut 30 μm-cryosections using a cryostat (CM3050 S Leica
Microsystems GmbH, Weltzar, Germany). The tissue sections were ana-
lyzed using an inverted Nikon Eclipse Ti2 – Fluorescence microscope. The
fluorescence intensity of the penetrated protein in the mucosal layer was
quantified as integrated density using ImageJ Software.

The penetration of FITC-loaded-Rhodamine B labeled NGs across the
mucosal barrier was also studied. For this in vitro experiment, the mu-
cus was carefully removed from the tissue using a spatula. Then, 130 mg
of mucus was placed per well of a glass chamber (Lab-Tek) and let dry
overnight at room temperature in the hood. After that, 100 μL of FITC-
loaded-Rhodamine B labeled NG suspension (1 mg mL−1 Rhodamine B
labeled NGs-1 mg mL−1 BSA FITC) was added into the well and incubated
for 2 h at 37 °C with and without 10 mm of GSH. After incubation, the wells
were observed at different z planes in the green and red channels using an
inverted Nikon Eclipse Ti2 – Fluorescence microscope. The data were an-
alyzed using ImageJ software and reported as a z-axis profile of green and
red channels.

Cell Uptake: The cellular uptake of Rhodamine B labeled NGs was
visualized by EVOS M5000 Imaging System (Thermo Fisher Scientific,
Burlington, ON, Canada). Primary human bronchial epithelial cells (HBE)
were seeded in a sterile 12-well plate at 100 000 cells per well overnight
at 37 °C and 5% CO2 and then treated with NGs diluted to 1 mg mL−1

in culture medium. After 4 h, the media was aspirated from the wells, and
cells were washed with PBS. The nuclei were stained by Hoechst 33342 So-
lution (Thermo Fisher Scientific CatNr. 62249, 1:2000 dilution). The cells
were then imaged using the EVOS M5000 Imaging System (Thermo Fisher
Scientific, Burlington, ON, Canada).

Cell Viability: The cytotoxicity of the NGs was assessed via the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. First,
20 000 HBE cells were seeded in a 96-well plate for 24 h to reach ≈70%
confluence. Then, the cells were treated with 1 mg mL−1 NGs in culture
media at 37 °C and 5% CO2 for 24 h. As a untreated (healthy) control, the
cells were incubated in the growth media;, as cytotoxic control, the cells
were incubated in 10% DMSO solution. Next, the media with NGs were
aspirated from the wells, and MTT at 0.5 mg mL−1 in culture media was
added to each well and then incubated for 4 h at 37 °C and 5% CO2. After
that, the insoluble formazan crystals were dissolved in 50 μL DMSO and
quantified using the Bio-Tek μQuant.

C. elegans Studies: NGs were dispersed in ultrapure water at
1 mg ml−1 concentration and kept at 4 °C until further use. Before their
evaluation, they were left for 15 min at RT to warm up. Worms were
synchronized at the L4 stage to start the evaluation following previous
protocols.[46] An average number of 15 ± 3 L4 worms were transferred
to 96-well plates per well. The final exposure volume was 100 μL of 3 μL
worms in M9 buffer, 4 μL of heat inactivated-E. coli OP50 (OD600 = 1 × 2.5
concentrated), 43 μL M9 buffer, and 50 μL of 1 mg mL−1 NG solution to
have a final concentration of 0.5 mg mL−1 of each. As a negative control,
ultrapure water was used, as NGs were dissolved in it, and 5% dimethyl
sulfoxide (DMSO) in ultrapure water was used as a positive control.

Worms were exposed for 24 h in these conditions at 20 °C, and the
survival rate was immediately measured. N = 3 n = 540. Data represents
the mean ± SEM. Then, worms were washed of NGs with three rounds of
1 min at 1300 x g, and the supernatant was replaced with fresh M9 buffer.
Worms were paralyzed with 10 mm sodium azide and imaged to measure
the length of worms. N = 3 n = 150. Data represents mean ± SD. Worms
were also imaged with an Olympus BX51 optical microscope coupled to a
fluorescent lamp to determine the biodistribution of nanogels. Rhodamine
B was excited with a 510–550 nm light, and emission was observed at
590 nm. BSA-FITC was excited with a 450–480 nm filter and observed at
515 nm.

To assess the clearance of NGs from worms, treated worms were trans-
ferred to fresh OP50-seeded NGM plates and left for 5 h at 20 °C. After-
ward, worms were recollected with M9 buffer and cleaned thrice to remove
bacteria. Each clean step consisted of 1 min at 1300 x g and replacing su-
pernatant with fresh M9 buffer.

Confocal Microscopy of C. elegans: Confocal analysis was performed
just after the exposure. Worms were cleaned and anesthetized as de-
scribed above. Worms were directly placed onto a microscope slide and
covered with a cover slide. Leica TCS SP8 confocal multispectral mi-
croscope with STED 3× and HyVolution at Sant Joan de Deu Hospi-
tal (Barcelona) was used. A total of 5 worms were imaged for further
analysis.

ImageJ/Fiji (Image J 1.54f version) was chosen for quantification anal-
ysis. As the green channel was saturated, quantification was performed
by analyzing the red fluorescence, corresponding to the Rhodamine B
molecules covalently attached to NGs. Working in the red channel, a 2D Z-
sum projection was created, and intensity was measured per area (μm2) of
worms. All images were calibrated to have a maximum intensity signal and
plotted with a Royal lookup table in ImageJ to better see the differences in
intensity.

The number of spheres that cross the intestinal barrier was checked
using the function 3D Object Counter (Analyze).[49] The threshold of each
image was selected manually, and the size was limited to a minimum of 10
voxels and a maximum of 100 voxels to avoid the intestinal lumen region.
The area and number of particles were counted.

The plugin JACOP, with the method based on Lachmanivich et al. and
the object-based method, was applied to avoid considering the fluores-
cent intensity.[56] Two channels colocalization was considered when the
object’s mass center of the red channel was in the object’s area of the
green channel. Values of colocalization go from 0 to 100%. In the case of
this study, a low grade of colocalization corresponds with a good release of
the cargo molecule (BSA-FITC in green) from the NG (Rhodamine B-red).

Statistical Analysis: Experimental data were given as the mean ± stan-
dard deviation (SD). The one-way analysis of variance method was
adopted to evaluate the significance level of the experimental data between
groups through Graphpad Prism 9. A p value of 0.05 was selected as the
significance level, and all data were marked as * for p< 0.05, ** for p< 0.01,
and *** for p < 0.001.
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