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A B S T R A C T

In the evolving eld o nanomedicine, tailoring the mechanical properties o nanogels to ne-tune their bio-
logical perormance is a compelling avenue o research. This work investigates an innovative method or
modulating the stiness o hyaluronan-cholesterol (HACH) nanogels, an area that remains challenging. By
grating dopamine (DOPA) onto the HA backbone, characterized through UV, 1H NMR, and FT-IR analyses, we
synthesized a novel polymer that spontaneously orms nanogels in aqueous environments. These HACH-DOPA
nanogels are characterized by their small size (~170 nm), negative charge (around 32 mV), high stability,
ecient drug encapsulation, and potent antioxidant activities (measured by ABTS test). Leveraging mussel-
inspired metal coordination chemistry, the DOPA moieties enable stiness modulation o the nanogels
through catechol-Fe3+ interactions. This modication leads to increased crosslinking and, consequently, nano-
gels with a signicantly increased stiness, as measured by atomic orce microscopy (AFM), with the ormation
o the HACH-DOPA@Fe3+ complex being pH-dependent and reversible. The cytocompatibility was evaluated via
WST-1 cell prolieration assays on HUVEC and HDF cell lines, showing no evident cytotoxicity. Furthermore, the
modied nanogels demonstrated enhanced cellular uptake, suggesting their substantial potential or intracellular
drug delivery applications, a hypothesis supported by conocal microscopy assays. This work not only provides
valuable insight into modulating nanogel stiness but also advances new nanosystems or promising biomedical
applications.

1. Introduction

In the realm o nanomedicine, the dimensions, morphology, surace
characteristics, and other physicochemical parameters o nanoparticles
have been extensively studied. These aspects' eects on drug delivery
systems, especially or anticancer agents, have been systematically
investigated [1–4]. However, tailoring the mechanical properties o
nanocarriers or enhancing drug delivery has emerged as a burgeoning
area o interest; recently, it has been recognised to play an important
role in regulating their biological perormances. This is mainly inspired
by the act that many cells or even viruses can modulate their me-
chanical properties to achieve certain biological unctions [5,6]. Sti-
ness, a material's inherent resistance to deormation upon external

orces, is widely employed to characterise biological specimens, such as
erythrocytes and cancer cells [7,8].

Despite accumulating evidence underscoring the pivotal role o
material stiness in biological contexts, a denitive consensus on the
correlation between nanocarrier stiness and their resultant biological
ates remains elusive due to divergent ndings in various studies [9,10].
Most studies suggest that sot particles exhibit extended blood circula-
tion time compared to their sti counterparts, which can be attributed to
the superior deormability that enables them to elude phagocytosis by
macrophages more eectively [8,9]. Moreover, this characteristic also
contributes to the improved biodistribution and tumour accumulation
observed with sot nanomedicines, likely resulting rom their prolonged
residency in the circulatory system. However, the arrival o
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nanomedicines at a pathological site, such as tumour tissue, is not the
end o drug delivery; on the contrary, it is just another beginning [11].
Nanomedicines need to penetrate and be internalised eectively by cells
to exert a therapeutic eect ater the long journey o blood circulation
and their subsequent accumulation.

Thereore, great eorts have been dedicated to exploring the design
principles o nanocarriers with enhanced cellular uptake. Numerous
relevant studies claim that cancer cells preer sti nanomedicines over
sot counterparts; the sti particles display enhanced uptake by tumour
cells, thereby promoting antitumor eectiveness [10,12,13]. While sot
nanomedicines possess advantages in terms o blood circulation, accu-
mulation, and penetration, sti nanoparticles oer distinct benets by
enhancing cell association, which is crucial or intracellular drug de-
livery and situations where swit cellular internalisation is desired. For
instance, sti nano-vaccines administered intramuscularly have been
shown to elicit improved immune responses, signicantly aecting
lymphatic transport and antigen presentation [14], as well as main-
taining longer post-injection retention than their sot counterparts [15].
Furthermore, the topical in-situ administration o sti nanomedicines
emerges as another promising strategy or eective cancer treatment, in
which injectable nanogels have received substantial interest or their
delivery capabilities.

Polysaccharide-based nanogels have generated signicant interest
or their application in drug delivery, especially or overcoming bio-
logical barriers, owing to their excellent biocompatibility, biodegrad-
ability, and high drug-loading capabilities [16–19]. Among them,
hyaluronic acid (HA), composed o alternatingly linked disaccharide
units o glucuronic acid and N-acetylglucosamine via β-1,4- and β-1,3-
glycosidic bonds, has gained prominence due to its inherent ability to
target the CD44 receptor specically, thus attracting considerable
attention as a promising carrier or therapeutic agents [20–22]. Our
previous work investigated the sel-assembly process o injectable
nanogels derived rom cholesterol (CH)-modied HA, in which the
incorporation o hydrophobic cholesterol moieties acilitated the
transormation o the amphipathic polymer into nanogels in an aqueous
environment through hydrophobic interactions. This nanosystem
exhibited eective CD44-mediated intracellular drug delivery [23].
However, despite the promising outcome, a clear understanding o how
modulations in the stiness o these nanogels infuence their biological
ecacy remains an open question.

Two conventional strategies or modulating hydrogel stiness
include the variation o cross-linking density and the modication o
hydrogel constituents [24]. However, modulating the stiness o sot
nanogel systems, such as the above-mentioned HACH nanogels, remains
a substantial challenge. Over the past two decades, hydrogel systems
inspired by the sel-healing properties o mussel byssal threads have
solicited great interest [25–27]. These hydrogel systems are based on the
reversible metal-ligand coordination interactions between catechol-
containing 3,4-dihydroxyphenylalanine (DOPA) groups and erric iron.
The combination o catechol and iron chelation imparts enhanced
hardness and extensibility to these hydrogel systems and exhibits pro-
nounced pH sensitivity [28,29]. Recently, several studies have reported
catechol-unctionalized HA derivatives that orm hydrogels through
iron-induced coordination crosslinking. Nevertheless, these in-
vestigations have predominantly ocused on bulk systems with high
polymer concentrations [30–33]. To our knowledge, there have been no
reports about stiness modulation o sot nanogels with low polymer
concentration via catechol‑iron coordination interactions.

In this study, we explore the tunability o the mechanical prosperities
o sot HACH nanogels through the innovative use o mussel-inspired
Fe3+-catechol coordination interactions. Specically, we reported the
surace chemical modication, preparation, and characterization o the
injectable HACH nanogels by inducing catechol groups. Additionally,
the Fe3+ ions were utilised to modulate the stiness o sot nanosystems,
enhancing their internal crosslinking strength through multiple in-
teractions, including coordination linkage, hydrogen bond and

electrostatic interactions. The morphology and nanomechanical prop-
erties o the nanogels were investigated through atomic orce micro-
scopy (AFM). We also evaluated their drug encapsulation eciency,
antioxidant activity, and biocompatibility. Crucially, we investigated
how the stiness o the nanogels aects their cellular internalisation
behaviours on CD44-expressing cell lines. Overall, this study provides
valuable insight into the stiness modulation o sot nanogels and con-
tributes to the advancement o new nanosystems with signicant po-
tential or application in drug delivery.

2. Materials and methods

2.1. Materials

2.1.1. Chemicals and materials
Hyaluronan-cholesterol (HACH, HA MW = 220 kDa, DF o CH =

11.3 %), S.N. 01-080222/dB, was provided by NOVAGENIT SRL, Trento.
1-(3-(Dimethylamino) propyl)ethylcarbodiimide hydrochloride
(EDC⋅HCl), N-Hydroxysuccinimide (NHS), 2-(N-morpholino)ethane-
sulonic acid (MES), dopamine hydrochloride, betamethasone, 2,2′-
azino-bis (3-ethylbenzothiazoline-6-sulonic acid (ABTS), acetone,
acetonitrile (HPLC grade), phosphate buered saline tablets (PBS),
Ethylenediaminetetraacetic acid disodium salt dihydrate (EDTA-Na2,
≧97 %), (3-aminopropyl)-triethoxysilane (APTES), petri dishes and
dialysis tubing cellulose membrane were purchased rom Sigma-Aldrich
(Milan, Italy). Iron(III) chloride hexahydrate was purchased rom
Thermo Scientic Chemicals.

2.1.2. Cell culture
Two dierent human cell lines, umbilical vein endothelial cells

(HUVEC, MERCK, Milano, Italy) and dermal broblasts (HDF, ECACC,
Salisbury, UK), were considered as characterized by a high level o CD44
expression [34]. HUVEC were cultured in Endothelial Cell Growth Me-
dium 2 (ECGM2, PromoCell, Milano, Italy) supplemented with the
Supplement Mix (PromoCell) according to the manuacturer's instruc-
tion and HDF in DMEM-F12 (Dulbecco's Modied Eagle's Medium,
Sigma-Aldrich) supplemented with etal bovine serum (FBS 10 %, Sigma
Aldrich), streptomycin (100 μg/mL, Sigma-Aldrich) and penicillin (100
units/mL, Sigma-Aldrich). Both cell lines were maintained in a humid-
ied atmosphere o 5 % CO2–95 % air at 37 ◦C and were used, in their
rst ten passages, or testing the cytotoxicity and cellular internalisation
o the dierent nanogels.

2.2. Synthesis and preparation o HACH NHs

The method or the synthesis o hyaluronan-cholesterol (HACH)
derivative was already described in detail in previous work [35]. The
derivatisation degree o this amphipathic derivative is around 11.3 %,
which is poorly soluble in water. However, it can orm nanohydrogels/
nanogels (NHs) by sel-assembling HACH molecules.

HACH NHs were prepared beore the synthesis to urther modiy
HACH molecules, which allows or as much exposure as possible to the
reaction mixture. Briefy, 50 mg o HACH was dispersed in distilled
water (2 mg/mL) by magnetic stirring overnight at room temperature
(RT). For NHs ormation, the HACH suspension was then placed in an
autoclave and a standard sterilising cycle was perormed (121 ◦C, 1.1
bar, 20 min).

2.3. Synthesis o DOPA-modied HACH

Dopamine (DOPA)-modied HACH NHs were synthesized using EDC
as an activation agent o the carboxyl groups on HA chains ollowing a
procedure already reported previously with some modication, where
the carboxylic acid groups oHAwere substituted with the amine groups
o dopamine [33]. In a typical synthesis, 25 mL o HACH NHs (50 mg o
polymer) was mixed with 2.5 mL o 0.5 M o 2-(N-morpholino)-
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ethanesulonic acid (MES) buer (pH 4.8, nal concentration around 50
mM) to adjust the pH o polymer suspension. 42.2 mg o EDC and 25.4
mg o NHS were then added and magnetic stirred or 30 min, ollowed
by 41.8 mg o dopamine hydrochloride. All the stock solutions were
prepared in 50 mMMES buer (pH 4.8), and the molar ratio o reactants
was -COOH groups o HACH: dopamine: EDC: NHS = 1:2:2:2. The pH o
the mixture solution was maintained between 4.5 and 5.0 by adding 1 M
HCl or 1 M NaOH. Aterwards, the solution was purged with nitrogen
and kept nitrogen protected during the reaction under magnetic stirring
at 25 ◦C overnight. Then, the solution was dialysed against a pH ~5
aqueous solution or 2 days, ollowed by dialysing again in distilled
water or 8 h to ully remove unreacted reagents and salts (membrane
molecular weight cuto between 12,000–14,000 Da). The synthetic
polymer o HACH-DOPA was obtained by lyophilising the resultant so-
lution. The catechol modication o HACH-DOPA was conrmed by UV,
FTIR and 1H NMR.

2.4. Synthesis o fuorescence-labeled NHs

Fluorescent HACH (Rhod-HACH) or HACH-DOPA (Rhod-HACH-
DOPA) were synthesized as previously reported with some modica-
tions [23,36]. Briefy, 1 mg/mL oHACH or HACH-DOPA polymers were
dispersed in bi-distilled water under magnetic stirring or 5 h at room
temperature. Subsequently, the HACH suspension underwent auto-
claving (121 ◦C or 20 min), and the HACH-DOPA suspension underwent
sonication in the water bath or 30 min to enable the sel-assembly o
NHs. Ferric chloride (4 mM in water) was used to protect catechol
groups o HACH-DOPA polymers by coordination reaction beore the
synthesis with Rhodamine B. Rhodamine B-isothiocyanate (Rhod) stock
solution in DMSO (9 mg/mL) was added to HACH or HACH-DOPA NHs
suspension (8 μL or 1 mg o polymers corresponding to a degree o
unctionalisation (DF) o 6.1 and 6.4 % or HACH and HACH-DOPA,
respectively). The reaction mixtures were kept under magnetic stirring
or 5 h at 25 ◦C in the dark. Subsequently, exhaustive dialysis against
water was carried out. In the case o dialysing Rhod-HACH-DOPA, an
equimolar concentration o EDTA was introduced into the dialysis
water, and the pH was adjusted to approximately 5 using hydrochloric
acid. This step aimed to remove the iron ions rom the complex over the
course o overnight dialysis, ollowed by urther dialysis against water.
Rhod-labeled polymers were obtained through reeze-drying and stored
at 4 ◦C in the dark. Beore using, Rhod-NHs were prepared by re-
dispersing at a concentration o 1 mg/mL in bi-distilled water and
sonicated or 30 min to allow the ormation o NHs.

2.5. Characterization o HACH-DOPA derivatives

A Lambda 25 UV–Vis spectrophotometer (Perkin Elmer, US) was
used to record the absorption spectra o the HACH-DOPA nanogels (1
mg/mL); the wavelength was in the range o 200–800 nm. Double-
distilled water was used as a blank solution. In addition, to conrm
the conjugation o catechol in the HACH, 1H NMR spectra were collected
on a JNM-ECZ 600R spectrometer and using D2O as the solvent to obtain
a nal concentration o 10 mg/mL. The degree o unctionalisation was
calculated by comparison o the area o 6.5–7.5 ppm and 1.8–2.2 ppm
peaks using the ollowing Eq. (1):

DF% =
1
3× Area (6.5 7.5 ppm)

Area (1.95 ppm)
× 100 (1)

Fourier transorm inrared (FT-IR) spectra o HACH and HACH-DOPA
samples were recorded at wavenumber region o 4000–650 cm1

using an FTIR Cary 630 spectrometer equipped with ATR system (Agi-
lent Technologies, Santa Clara, Caliornia, US).

To quantitatively assay dopamine non-covalently linked to the
polymer chains, the lyophilised polymer was dispersed in methanol
(MeOH) at the concentration o 1 mg/mL by magnetic stirring at 25 ◦C

or 5 h. The ree dopamine dissolved in MeOHwas measured by UV ater
separating the insoluble polymer via centriugation at 3000 rpm or 15
min at 25 ◦C (Universal 30RF, Hettich Zentriugen, Germany).

2.6. HACH-DOPA nanogels preparation and drug encapsulation

To produce nanogels, the HACH-DOPA lyophilised product was
dispersed in distilled water (1 mg/mL) by magnetic stirring at RT or 5 h.
For nanogel ormation, the suspension was then sonicated or 30 min
using an ultrasonic bath sonicator (Strasonic 18–35, Liarre).

Betamethasone was solubilised in acetone at the concentration o 2
mg/mL as the stock solution, and 0.5 mL o stock solution was added to a
glass vial and allowed to evaporate by rotary evaporator (Buchi,
Schwabach, Germany) in order to orm the lm o the drug, then mixed
with 3 mL o nanogels. Aterwards, the mixture was kept under magnetic
stirring at 25 ◦C overnight, ollowed by sonication in an ultrasonic bath
sonicator or 20 min. Drug-loaded nanogels were obtained by centriu-
gation at 4000 rpm or 15 min at 25 ◦C (Universal 30RF, Hettich Zen-
triugen, Germany).

2.7. Preparation o Fe3+-induced modulation o nanogels

Fe3+ ions were mixed homogeneously with HACH-DOPA nanogels to
modiy the nano-system. To study the eect o Fe3+: catechol ratio upon
the interactions, iron (III) chloride hexahydrate solution o dierent
concentrations (4 mM and 12 mM) was prepared in distilled water. 3 mL
o nanogels were treated with 45 μL o 4 mM or 12 mM o Fe3+ ions to
give a 3:1 or 1:1 o catechol: Fe3+ molar ratio. pH, particle dimension,
zeta potential, and stiness o nanogels were measured ater the mod-
ulation o Fe3+.

2.8. Dynamic light scattering (DLS)

Nanogel size, polydispersity (PDI), and ζ-potential o nanogels and
Fe3+ treated nanogels were determined by DLS using a Zetasizer Nano
ZS instrument (Model ZEN3690, Malvern Instruments, Worcetershire,
UK) equipped with a solid state HeNe laser (λ = 633 nm) at a scattering
angle o 173◦.

To investigate the stability o HACH-DOPA nanogels and Fe3+

modied nanogels, DLS measurements were perormed, samples were
stored at 4 ◦C between the measurements, and each measurement was
carried out at ambient temperature and in triplicate (n = 3).

2.9. Determination o drug encapsulation eciency (E.E)

The drug loading eciency was indirectly determined by quanti-
ying the unloaded drug using HPLC. Briefy, a Knauer Azura HPLC in-
strument was used or the analysis, which was equipped with a binary
pump (Azura P 6.1 L) and a UV–Vis detector (190–750 nm, Azura UVD
2.1 L), and controlled by Clarity sotware. Chromatographic conditions
as ollows: a Knauer Eurospher II C18 column (4.6× 250 mm, 5 μm) was
used or the separation; acetonitrile: water (50:50, v/v) as mobile phase,
at initial isocratic mode, ollowed by gradient mode rom 50:50 to
100:0; fow rate v = 1 mL/min, detection wavelength λ = 250 nm, 20 μL
o the sample was loaded or each injection and analyses were per-
ormed at ambient temperature. The pellets o unloaded drug ater
centriugation were solubilised in acetonitrile or quantitative analysis,
using a calibration curve previously recorded with BM standard solution
in acetonitrile in the range o 1–200 μg/mL (R2 = 0.9999).

Encapsulation eciency (EE) and drug loading (DL) were calculated
by using the ollowing Eqs. (2) and (3).

EE% =
(Total mass o drug) (Mass o untrapped drug)

Total mass o drug
×100 (2)
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DL% =
Concentration o loaded drug

Polymer concentration
×100 (3)

2.10. Evaluation o the antioxidant activity

Antioxidant activity o HACH-DOPA nanogels and Fe3+ modied
nanogels was evaluated by ABTS assay, as previously reported [37],
using an HP8452A (Hewlett Packard, Palo Alto, CA, US) singular beam
spectrophotometer working in the 190–820 nm wavelength range and
with a resolution o 2 nm.

A solution (containing ABTS•+) was prepared and let overnight at
25 ◦C in the dark beore use, by adding 88 μL o K2S2O8 solution (38 mg/
mL) in double-distilled water to 5 mL o ABTS solution (3.8 mg/mL) to
allow ree radical generation, corresponding to a molar ratio o 2.3 (mol
o ABTS per mol o K2S2O8). The mixture was then diluted ~1:80 with
double-distilled water in order to have an absorbance (Abs) o 0.70 ±

0.02 at 730 nm.
Aterwards, 0.1 mL o nanogel (1 mg/mL) sample was added to 2.9

mL o diluted ABTS•+ solution and the Abs were monitored at λ = 730
nm at dierent time points (rom 0 to 20 min). For an appropriate
comparison, the ABTS assay was tested on DOPA (40 μg/mL), dopamine-
ree HACH nanogels at the same concentration as well as the Fe3+

modied nanogels. The antioxidant activity (AA%) was calculated, by
using the ollowing Eq. (4):

AA% =
Abs (ABTS) Abs (Sample)

Abs (ABTS)
×100 (4)

2.11. Atomic orce microscopy (AFM) measurements

AFM measurements were perormed with a PARK NX12 microscope
(Park Instruments, Korea) mounted over a Nikon Eclipse Ti2 inverted
optical microscope (Nikon, USA). For each measurement, mica sub-
strates (with dimensions o 1.0 cm × 1.0 cm) were placed in a petri dish
and chemically unctionalized by drop-casting o 50 mL o APTES or 10
min, to avour the absorption o the NHs, ollowed by cleaning o the
excess APTES with ultrapure distilled water. An aliquot o 50 mL o the
sample was deposited on the unctionalized mica and let in adhesion or
at least 8 h at 4 ◦C.

Beore inserting the sample in the AFM, the petri dish bearing the
mica substrate with the sample was gently lled with 3 mL o ultrapure
distilled water to ensure the hydration o the specimen throughout the
measurements. The measurements were perormed rstly in non-contact
mode to obtain a high-resolution image o the area and subsequently
using a ast orce-volume modality (Pin-Point) to determine the elastic
properties o the specimens. In both cases, we used silicon nitride qp-
BioAC (Nanosensors, Switzerland) tips, with nominal elastic constant
and resonant requency o 0.03 N/m and 37 kHz, respectively. To ensure
optimal control over the orce exerted by the AFM tip on the sample,
beore the analysis o each sample, the elastic constant o the tip was
measured using the built-in thermal noise method. The high-resolution
images were acquired using at least 512 × 512 points and with a 30
% damping rate. The Pin-Point data contained no <64× 64 orce curves
each and were acquired using a maximum applied orce o 2 nN. All
samples were analysed in at least 9 dierent areas and all the experi-
ments were perormed in triple independent preparations.

2.12. Cell prolieration assay

The eect o nanogels and Fe3+ modied nanogels on cell prolier-
ation was evaluated by WST-1 cell prolieration assay (Roche Applied,
Sigma Aldrich). Briefy, cells were seeded in 96 well plates at a density o
1000 and 2000 cells per well or HUVEC and HDF, respectively. Two
days ater the seeding, cells were incubated with increasing concentra-
tions oHACH-DOPA or HACH-DOPA@Fe3+ nanogels (10, 50, 100, 150,
and 250 μg/mL), and HACH nanogels (250 μg/mL). Furthermore,

untreated cells were considered as a control. The evaluation o cell
prolieration was perormed on both HUVEC and HDF cells by WST-1
reagent (Sigma Aldrich) that was added to each well (10 μL/100 μL)
at 24, 48, and 72 h, and the plates were incubated at 37 ◦C in 5% CO2 or
4 h. The absorbance o the well was measured at 450 and 620 nm
(reerence wavelength) in a microplate reader (Asys UV340, Biochrom,
Cambridge, UK).

2.13. Cell uptake evaluation o fuorescently labeled nanogels

Thirty thousand HUVEC and HDF cells were seeded, respectively, in
6-well culture plates and allowed to a growth or 72 h beore the
treatment. Subsequently, Rhod-labeled NHs or Fe3+-modied labeled
NHs were added to the cell culture medium at an appropriate concen-
tration o 100 μg/mL and incubated or 5 and 24 h at 37 ◦C within an
incubator with 5 % CO2. Ater the incubation period, cells were de-
tached using a 0.05 % trypsin-0.02 % EDTA solution, the pellet was
centriuged and resuspended in 200 μL o PBS. The cytofuorimetric
analysis o the intracellular nanoparticles was conducted using fow
cytometry (Accuri C6, Milano, Italy), with excitation at 488 nm by
considering 10,000 events and medium fow rate and by discarding
cellular debris, with low orward scatter (FSC) and low side scatter (SSC)
rom the analysis. The integrated mean fuorescence intensity (iMFI),
which is the product o the requency o Rhod-positive cells and the
mean fuorescence intensity o the cells, was used to express the inter-
nalisation, which is the ratio between the iMFI values o the treated and
untreated cells.

2.14. Conocal microscopy evaluation o fuorescently labeled nanogels

Twenty thousand HUVEC and HDF cells were seeded in 24-well
plates with glass coverslips on the bottom o the wells and allowed to
a growth or 72 h beore the treatment. Subsequently, Rhod-labeled NHs
or Fe3+-modied labeled NHs were added to the cell culture medium at
an appropriate concentration o 100 μg/mL and incubated or 5 h and
24 h at 37 ◦C within an incubator with 5 % CO2. Ater the incubation
period, cells were washed with PBS and then incubated with Lyso-
Tracker Green (Lie Technologies) 60 nM or 90 min at 37 ◦C, in the
last 15 min o incubation a solution o 4′,6-diamidino-2-phenylindole
(DAPI, Sigma-Aldrich) was added to stain cell nuclei or 15 min at 37 ◦C.
When the incubation was nished, all slides were washed twice with PBS
and then xed with paraormaldehyde (PAF, 4 %) or 15 min at room
temperature. Finally, the slides were then washed again, and glass
coverslips were placed on the slides with Fluoroshield™ mounting me-
dium (Sigma-Aldrich, Milano, Italy) to preserve the cells and prevent the
rapid photobleaching o the fuorescent probe. Conocal images were
acquired using a laser scanning conocal microscope (LSM 900, Zeiss,
Milano, Italy) with a 40× oil immersion objective using the multitrack
mode.

2.15. Statistical analyses

For the experiments, statistical signicance was determined by using
a one-way analysis o variance (ANOVA) with GraphPad Prism 9.5.1
Sotware (Graph Pad Sotware Inc., La Jolla, CA, USA). Dierences be-
tween groups were determined by Tukey's multiple comparison test. For
the AFM results, the stiness and size o the structures were analysed
using a one-way analysis o variance (ANOVA) using Origin Pro (Ori-
ginLab, USA). All results are presented as mean ± standard deviation
(SD). Asterisks denote statistically signicant dierences. The level o
statistical signicance was set to a p-value <0.05.
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3. Results

3.1. Synthesis and characterization o HACH-DOPA

The amphipathic polymer o HACH (DF 11.3 %), which has been
developed and described in previous papers, was chosen as raw mate-
rials or urther modication [23,36]. To obtain catechol-modied
HACH, dopamine moieties were grated onto the HACH backbone,
which endows the structural component or tunable properties. EDC and
NHS were added to the reaction system to activate the carboxylic groups
o HACH, thereby enabling the coupling o polymer with the amino
group o dopamine moieties. The reaction ormula is shown in Fig. 1A.

UV spectroscopy, FT-IR spectra, and 1H NMR were employed to
demonstrate the successul grating o dopamine on the HACH backbone
and evaluate the degree o unctionalised substitution. The catechol
group o dopamine gives an absorption peak at 250–300 nm in a pure
water environment, while HACH does not. As shown in Fig. 1B, S1,

maximum absorption peaks at 280 nm are shown both in the standard
dopamine and physical mixture with unmodied polymer samples,
while the absorption peak o modied polymer exhibits a slight blue
shit (at 275 nm) probably because o the infuence o the N-substituent
group (HACH molecule) o DOPA, indicating the grating o dopamine
onto the HACH backbone. To urther demonstrate the modication o
dopamine by means o chemical linkage, the modied polymers were
suspended in MeOH to extract the ree dopamine (non-covalent link-
age), since the polymers are insoluble in MeOH. The results indicated
that the amount o non-covalent linkage o dopamine in HACH-DOPA
polymers was much lower than 2.5 μg in each milligram o polymer,
which was lower than the limit o quantitation o the calibration curve
(Fig. 1C).

The successul synthesis o HACH-DOPA was also conrmed by 1H
NMR. As shown in Fig. 1D, proton peaks or the DOPA group (6.5–7.5
ppm) were observed in the 1H NMR spectrum, and the content o DOPA
in synthesized HACH-DOPA analysed by 1H NMR was 11.2 %. The

Fig. 1. (A) Schematic process o the catechol-modied HACH (HACH-DOPA); (B) UV–visible spectra o HACH-DOPA, HACH, DOPA, and their physical mixture in
water; (C) quantitative analysis o non-covalent linkage o dopamine in the modied polymer, measuring by the precipitation o polymer in MeOH solution with a
concentration o 1 mg/mL; (D) 1H NMR spectra and (E) FTIR spectra o HACH and HACH-DOPA polymers.
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calculation was perormed using the area o methylene o catechol
moieties (6.5–7.5 ppm) and methyl o HA (1.95 ppm) based on the
ormula outlined in Section 2.5. Integral ratios were obtained using the
MestReNova sotware (version 14.3.2), and the calculation method can
be ound in Fig. S2.

In the FT-IR spectrum (Fig. 1E), both spectra show a broad peak at
3200–3400 cm1 that corresponds to the stretching o –OH and –NH
groups [38]. Notably, the dierence in peak intensity o HACH-DOPA
compared with that o HACH may be due to the co-existence o these
groups in the chemical structure o dopamine. The new characteristic
peak at 1638 cm1 in HACH-DOPA may be assigned to the amide bond
between HACH and dopamine [39]. Moreover, the HACH-DOPA spec-
trum displays a characteristic peak at 1260 cm1 that is not present in
the spectrum o unmodied HACH (magnication in Fig. 1E), which can
be assigned to the C–O single bond vibration o phenolic moieties [40].
Overall, the FT-IR characterization o the HACH-DOPA indicates the
presence o grated dopamine moieties, in line with the UV–visible and
1H NMR analyses. These results provided evidence or the successul
conjugation o HACH with DOPA.

3.2. Preparation, characteristics, and stability o nanogels

In the previously reported studies, the sterile HACH nanohydrogels
or nanogels (NHs) were synthesized relying on the sel-assembly in
water under the condition o autoclave, in which the CH moieties
contribute to orm a hydrophobic core and the hydrophilic HA chains
expose to the solvent, as is shown in Fig. 2A [23,36]. In this study, we
urther modied the amphipathic system by inducing dopamine moi-
eties; however, the catechol group o dopamine is prone to oxidation

under harsh conditions. The novel HACH-DOPA nanogels were prepared
by bath-sonication in aqueous media at the concentration o 1 mg/mL
ollowing the procedure already described or the HACH polymer system
[41]. Similarly, or the HACH polymer system, the sel-assembly o
amphiphilic HACH-DOPA in the aqueous environment is mainly due to
the hydrophobic interactions among the hydrophobic core-orming
cholesterol moieties and hydrophilic HA chains as well as the dopa-
mine moieties. In addition, the dopamine-modied polymer is rich in
benzene rings and phenolic hydroxyl groups. Thus, there were also a
large number o hydrogen bonds and π–π stacking eects in the nano-
hydrogel network (shown in Fig. 2B), accounting or the ease o or-
mation o nanogels as well as the versatile unctionalisation.

The size o the obtained HACH-DOPA nanogels was smaller than that
o HACH nanogels prepared under the same conditions. The size
decreased by increasing the sonication time up to 30 min; thereater, it
remained almost unchanged. The stability o the nanogels, investigated
at 4 ◦C, showed that HACH-DOPA nanogels are stable in aqueous media
or at least 35 days, as reported in Fig. 3, whereas the HACH nanogels
prepared with the same conditions showed slightly larger size and
higher PDI, although have the similar stability.

We investigated the capacity o HACH-DOPA nanogels to encapsu-
late betamethasone (BM), a hydrophobic steroid drug. To obtain drug-
loaded nanogels, a mixture o 3 mL o nanogels and 1 mg o BM was
prepared and subjected to sonication treatment. The results indicated
that this novel nano-system enabled an eective encapsulation o BM
and, to some extent, demonstrated superior drug encapsulation capa-
bility compared to HACH nanogels. As is shown in Fig. 4A, the encap-
sulation eciency (EE%) o HACH-DOPA nanogels (41.1 ± 5.4 %, n =

5) is higher than that o HACH nanogels (34.4 ± 6.6 %, n = 4),

Fig. 2. Schematic illustration o (A) HACH nanogels ormed by hydrophobic interactions and (B) HACH-DOPA nanogels ormed by the association o hydrogen
bonding and π–π stacking except or hydrophobic interactions.
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corresponding to drug loading (DL%) by polymer weight 13.7 ± 1.8 %
and 11.5 ± 2.2 %, respectively. The drug encapsulation ability o HACH
nanogels has been investigated in previous work, demonstrating excel-
lent drug-loading eciency under autoclave conditions or hydrophobic
molecules [36]. Here, drug encapsulation under sonication conditions
can serve as a refection o the drug-loading properties o the nanogels.
The slightly higher EE and DL o HACH-DOPA nanogels can be attrib-
uted to multiple physical interactions, such as hydrogen bonds and π-π 

stacking, acilitated by the dopamine moieties in the nanogel system.
The average concentration o BM in the HACH-DOPA nanogels was 137
± 18 μg/mL, which showed an enhanced apparent solubility by more
than two times [42]. Besides, the stability o drug-loaded nanogels was
investigated, and they were almost stable or at least two weeks at 4 ◦C
(Fig. 4B).

3.3. Characterization o nanogels modulated with Fe3+ via coordination
bonds

To modulate the properties o dopamine-modied nanogels, the
tunable stiness o the nanogel system was constructed by mussel-
inspired catechol-Fe3+ coordination bonds. The catechol groups
possess ascinating chelating potential owing to the complex ormation
o catechol with Fe3+. In the present work, a certain amount o FeCl3
solution was directly added to HACH-DOPA nanogels or drug-loaded
nanogels with a molar ratio o 3:1 between the catechol group and

Fe3+. Interestingly, the ormation o complex aroused instantaneously
when the HACH-DOPA nanogels containing Fe3+ ions, as the colour o
the system changed rom colourless to pale green immediately when 37
μL o 4 mM erric ion solution was added to 3 mL o HACH-DOPA
nanogels, whereas there was no colour change occurred or the HACH
nanogels system. Notably, compared with other physical interactions,
the coordination bonds between catechol and Fe3+ are remarkably
strong and are closer to covalent bond binding energy [43]. More
importantly, the negatively charged carboxylate group in the HA
backbone allows electrostatic interactions between Fe3+ and carbox-
ylate. Thereore, the catechol-Fe3+ complex may impart good mechan-
ical strength and stability to HACH-DOPA nanocarriers by providing
tighter intramolecular and/or intermolecular interactions. Indeed, as is
shown in Fig. 5, the introduction o Fe3+ in the HACH-DOPA system led
to a signicant decrease in size without obvious infuence on PDI,
indicating that the catechol-Fe3+ complex gives tighter interactions in
the nanogels system. Furthermore, the net values o zeta potential
decreased signicantly ater the ormation o the catechol-Fe3+ complex
due to the electrostatic interaction (Fig. 5C).

A similar phenomenon was observed in the drug-loaded HACH-
DOPA nanogels system. However, there was no obvious infuence on the
HACH nanogel system when introducing erric ions (Fig. 5D-F). There-
ore, Fe3+ is unable to signicantly modiy the properties o HACH
nanogels. Moreover, the stability o Fe3+ modied both HACH-DOPA
nanogels and drug-loaded HACH-DOPA nanogels were investigated by

Fig. 3. The stability o nanogels at a concentration o 1 mg/mL in water: (A) mean dimension and (B) PDI, representative graph o size distribution or HACH-DOPA
nanogels. All data are presented as mean value ± standard deviation. Each measurement was done in triplicate (n = 3).

Fig. 4. (A) EE% and DL% o HACH-DOPA nanogels, with HACH nanogels as the control; (B) Mean diameter and PDI o drug-loaded HACH-DOPA nanogels as a
unction o the time at 4 ◦C. All the data are expressed as the mean value ± standard deviation. Results were obtained at least in triplicate.
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DLS analysis, as is shown in Fig. 6; there were no obvious changes in size
and PDI, indicating all the samples are stable in rerigerator storage or
>4 weeks.

3.4. Eect o pH on coordination interaction and Nanogel system

As previously well investigated, the mussel oot secretion has been
proposed at acidic pH (~5–6) [44,45], the Fe3+ is prebound in DOPA-
Fe3+mono-complexes by mp-1 in secretory granules at pH ≤ 5. When it
is exposed to seawater, the signicant pH jump and rapidly equilibrate
to alkaline marine would cause nascent thread cuticle material to un-
dergo a spontaneous cross-linking process via the ormation o bis- and/

or tris-DOPA-Fe3+ complexes [29]. Generally, the metal coordination
interaction between catechol and iron ions is strongly dependent upon
the pH o the solution and has been described in other works [29,46,47].
The above experiments were all perormed under acidic conditions, as
the pH o HACH-DOPA nanogels in water revealed around 4.5. As a
result, the pale green mono-complexes ormed at the catechol- Fe3+ ratio
o 3:1. However, the results demonstrated that the change in catechol-
Fe3+ ratio would aect the coordination eect, the mono-complexes
were more prone to orm at the ratio o 3:1 than that o 1:1, the spec-
troscopic evidence is shown in Fig. S3, which is consistent with the re-
sults reported by Shubin Li et al. [48]. Thereore, considering the
applications o nanogels, we ocused on the ormation o complexes at

Fig. 5. The infuence o introducing Fe3+ on (A, D) size, (B, E) PDI, and (C, F) zeta potential o HACH-DOPA nanogels (A-C) and drug-loaded HACH-DOPA nanogels
(DL% ~15 %) (D-F), drug-loaded HACH nanogels as the control. The dierent molar ratios (3:1 and 1:1) between the catechol group and Fe3+ were investigated. All
data are presented as mean value ± standard deviation. Results were obtained in triplicate (n = 3), * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.

Fig. 6. The mean diameter and PDI o Fe3+ modied HACH-DOPA nanogels and drug-loaded nanogels (DL% ~15 %) as a unction o time at 4 ◦C. All the data are
expressed as the mean value ± standard deviation. Results were obtained in triplicate (n = 3).
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the catechol-Fe3+ ratio o 3:1 and investigated the infuence o pH on the
coordination eect rom acidic to physiological conditions.

As shown in Fig. 7, the initial HACH-DOPA@Fe3+ complex o HACH-
DOPA nanogels at a concentration o 1 mg/mL modied with FeCl3 at a
molar ratio o 3:1 between the catechol group and Fe3+ yielded a
UV–visible spectrum with a wide peak at 600-800 nm, which demon-
strates the ormation o mono-complex dominates at initial pH (~4.3).
Besides, a similar UV absorption behaviour was observed when the pH
was adjusted to 5.1 with 0.05 M o NaOH (Fig. 7). With a urther pH
increase to 7.4, the peak showed a clear shit to 450-600 nm. At the same
time, the colour o the system changed rom pale green to purple-blue.
This phenomenon is attributed to the stoichiometry o catechol-Fe3+

transorming successively rom mono-to bis-complex with increasing pH
values, which is in good agreement with the expected coordination
behaviour presented in Fig. 8 and with previous results presented by
Menyo et al. [47]. To investigate the reversibility o the nanogel system,
the nanogel@Fe3+ complex with pH 7.4 was recovered to pH 5.0 by
adding 0.05 M HCl. Interestingly, as is shown in Fig. 7A and Fig. S4, the
UV absorption characteristic is similar to that o the initial state; at the
same time, the colour o nanogels recovered rom purple to pale green,
suggesting good reversibility o this nanogel@ Fe3+ complex system.

Moreover, the infuence o pH on the properties o nanogels was also
investigated, and the results indicated that the ormation o mono-
complex dominates led to a signicant decrease o dimension without
obvious change o PDI when compared with that o HACH-DOPA
nanogels. More importantly, the size o nanogels decreased urther
ollowing the ormation o bis-complex dominates at pH 7.4 (Fig. 7B).
Furthermore, the obvious infuence o complex ormation on zeta po-
tential was observed due to the electrostatic interaction between Fe3+

and negatively charged nanogels. The net value o the zeta potential o
the nanogels complex slightly increased when the pH increased rom 4.5
to 7.4 (Fig. 7C) because o the decrease in the positive charge o Fe3+

when exposed to a nearly neutral environment.

3.5. Antioxidant activity o HACH-DOPA nanogels

Ater the preparation o HACH-DOPA nanogels and Fe3+ modied
nanogels, the antioxidant activity o samples was evaluated by the
spectrophotometric ABTS test (described in Section 2.9) in order to
veriy the existence o ree catechol groups in the nano-systems. The test
is based on the UV absorption (at 730 nm) o the stable radical ABTS•+

that is generated by a preliminary interaction in a solution o ABTS with
K2S2O8. By measuring the absorbance (Abs) ater the introduction o a

molecule with antioxidant activity, it is allowed to assess its eect on the
decrease in Abs due to the conversion o ABTS•+ in its non-radical orm
ABTS+.

It is known that compounds containing more phenolic hydroxyl
groups have stronger antioxidant activity [49]; DOPA is recognised as an
endogenous catechol antioxidant produced rom nerve cells responsible
or regulating brain unctions [50]. Fig. 9A illustrates the trend o Abs o
ABTS•+ when incubated with blank control, HACH nanogels, HACH-
DOPA nanogels, and Fe3+ modied nanogels, in which the concentra-
tion o polymer was 1 mg/mL in water. As expected, both HACH-DOPA
nanogels and HACH-DOPA@Fe3+ complexes exhibited signicant anti-
oxidant activity. However, the HACH nanogel did not show eective
ree radical scavenging properties; this signicant dierence in antiox-
idant activity demonstrated not only the successul introduction o
DOPA onto HACH polymer but also the radical scavenging property
being retained. Considering the decrease in Abs at 5 min and 24 h, the
antioxidant activity (AA%) o samples was calculated according to Eq.
(4) (Section 2.9). The results indicated that the HACH-DOPA nanogel
displayed higher AA% (38.2 %) than that o HACH-DOPA@Fe3+ com-
plexes at the same time point (5 min), with AA% o 33.6 % and 22.9 %
or ratios o 3:1 and 1:1, respectively (Fig. 9B). The lower AA% oHACH-
DOPA@Fe3+ complexes may be ascribed to the ormation o coordinate
bonds between catechol groups and Fe3+, resulting in less phenolic
hydroxyl group exposure to remove ABTS•+ radicals. Similarly, ater
incubation or 24 h, HACH-DOPA nanogel and HACH-DOPA@Fe3+ (3:1)
complex achieved complete ABTS•+ radical scavenging, in comparison
to the 1:1 ratio o Fe3+ complex while showing a 61.7 % o antioxidant
activity.

3.6. AFM imaging and mechanical testing

AFM technique can study sot and sti systems in air or liquid en-
vironments, with little need or sample preparation and no need or
staining. Indeed, AFM is routinely employed in the study o samples o
interest to biological and medical issues [51,52], oten combined with
other complementary techniques [53,54], with very interesting results
at the single cell or molecule levels. In this sense, the ability to probe a
single nanogel can provide a detailed overview o the dierent nanogel
preparation protocols and allows or comparing the properties o the
particles obtained through the various treatments [35].

AFM measurements were perormed in ultrapure water with the
nanogels immobilised on a mica substrate. The morphology measure-
ments were perormed in non-contact mode, while the stiness data

Fig. 7. (A) UV–visible spectra o HACH-DOPA nanogels and Fe3+ modied nanogel system (molar ratio o catechol: Fe3+ = 3:1) at acidic and physiological pH
conditions. (B) Eect o pH and coordination bonds on the size, PDI, and (C) zeta potential o HACH-DOPA nanogels. * p < 0.05, ** p < 0.01, *** p < 0.001.
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were acquired using the Pin-Point mode, a ast-orce volume modality o
the Park microscope. The data were perormed on several areas o each
sample and repeated on three dierent preparations in order to ensure
repeatability. Fig. 10 A shows the topographic images o the nanogels,
highlighting the presence o several nanogel structures on the surace. A
signicant fattening o both HACH and HACH-DOPA nanogels in a
liquid environment was observed, indicating the sot nature o these
particles, while the iron-modied HACH-DOPA nanogels showed closer
to a spherical structure. While the lateral dimension o the structures is
dicult to measure in a liquid environment, we were able to determine
with good accuracy the vertical size o the nanogels. Both the
morphology images and the height analyses were perormed using the
ree sotware Gwyddion. As shown in the right panels o Fig. 10A and C,
the average height o HACH-DOPA@Fe3+ particles is signicantly
higher than the sot particles. The nanomechanical analyses o the very

same areas allowed us to measure the Young's modulus o the nanogels.
The Young's modulus data were obtained using the ree FCAnalysis
sotware [55] to extract the nanomechanical properties rom each orce
volume curve. Fig. 10B shows the histogram representing the dierences
in mechanical properties between the dierently prepared nanogels. As
expected, the modulation o nanogels with Fe3+ led to a signicant in-
crease in particle stiness (p < 0.01). Notably, despite having similar
vertical heights, the HACH-DOPA nanogels exhibited a signicantly
higher Young's modulus compared to the HACH nanogels. This dier-
ence could be attributed to the presence o more physical interactions
during the ormation o HACH-DOPA nanogels, resulting in tighter
crosslinking.

3.7. Eect o nanogels on cell prolieration

The eect o HACH-DOPA and HACH-DOPA@Fe3+ nanogels on cell
prolieration was evaluated over a wide concentration range o up to 72
h. In both cell lines, no signicant decrease in cell prolieration was
observed ater 24 h and 48 h rom the treatment with HACH-DOPA
nanogels, compared to untreated cells (Fig. 11A, C), whereas ater 72
h, a signicant decrease in cell prolieration was observed only at the
highest concentration tested (250 μg/mL, p< 0.05). Even Fe3+modied
HACH-DOPA nanogels determined signicant cytotoxicity ater 72 h o
incubation at the highest concentration tested (250 μg/mL, Fig. 11B) in
HUVEC, whereas in HDF HACH-DOPA@Fe3+ nanogels led to a signi-
cant decrease in cell prolieration already at 48 h (Fig. 11D). By
considering these data, urther cell experiments were carried out using
the non-cytotoxic concentration o 100 μg/mL.

3.8. Evaluation o nanogel cellular uptake and distribution

To investigate the infuence o dopamine or Fe3+-modication on
cellular internalisation, cell uptake studies o Rhod-labeled NHs were
perormed by fow cytometry on both HUVEC and HDF cells at a non-
cytotoxic concentration (100 μg/mL) over time. As expected by using
CD44 expressing cell lines, a time-dependent increase o the iMFI ratio,
corresponding to the Rhod-labeled NHs internalisation, was observed
ater the incubation o all the nanogels in both HUVEC and HDF cells
except or HACH-DOPA in HUVEC cells (Fig. 12A). However, the
application o Fe3+ during both the synthesis and stiness modication
o Rhod-labeled nanogels led to the fuorescence quenching o Rhoda-
mine B to some extent [56]. As a result, the Rhod-labeled HACH nano-
gels showedmuch higher fuorescence intensity compared to both Rhod-
labeled HACH-DOPA and HACH-DOPA@Fe3+ nanogels at the same
concentration (Fig. S6). Thereore, we normalised the data o iMFI ratio
with consideration o the fuorescence quenching actor, as shown in
panels b2-c2 o Fig. 12A. Interestingly, the normalised results o cellular

Fig. 8. Schematic o HACH-DOPA nanogels modication with erric ion, and pH-dependent stoichiometry o Fe3+-catechol complexes.

Fig. 9. Antioxidant activity evaluated by ABTS assay. (A) UV–Vis Abs (λ = 730
nm) trend as a unction o time or dierent samples with a concentration o 1
mg/mL; (B) antioxidant activity (AA%) calculated ater 5 min and 24 h o in-
cubation. All the data are expressed as the mean value ± standard deviation.
Results were obtained in triplicate (n = 3). * p < 0.05, ** p < 0.01, *** p <

0.001, **** p < 0.0001. (C) A representative photograph shows the colour
change in the ABTS solution in the tube ater incubation or 24 h.

J. Wang et al. International Journal of Biological Macromolecules 280 (2024) 135553

10



internalisation indicated that the modication o nanogels with both
DOPA and Fe3+ enhanced cellular uptake. Specically, compared with
HACH-DOPA nanogels, the HACH-DOPA@Fe3+ nanogels showed
approximately 5-old and 3-old enhanced internalisation ater 24 h o
incubation in HUVEC and HDF (Fig. 12A, panels b2-c2), respectively.

To support the previous data a qualitative investigation o the
nanogels distribution into HUVEC and HDF was perormed by conocal
microscopy. Notably, the various nanogels accumulate into the HUVEC
and HDF cytoplasm with a preerential accumulation into lysosomes, as
shown in Fig. 12B and C. Overall, the enhanced cellular internalisation
behaviour o the stiness-increased nanogels (modied with iron ions)
are similar to the ndings rom other studies [10,12,13]. This suggests
their potential application in enhancing intracellular drug delivery
eciency.

4. Discussion

Inspired by tunable mechanical properties o mussel byssus, which
are ound in natural load-bearing materials primarily composed o
organic macromolecules and inorganic metal ions, synthetic catechol or
polyphenol-containing polymers have been widely explored or the
preparation o biomaterials with remarkable mechanical properties and

improved adhesion behaviour by the ormation o cooperative metal
coordination sites with metal ion [57]. For instance, hyaluronic-based
mussel-inspired polymers have been employed to develop bulk hydro-
gels [58–60] and biolms [61,62] or tissue adhesive applications.
However, combining the mechanical properties with the outstanding
biological properties o hyaluronic acid derivative in the sot nanogel
system remains a challenge in this relatively new eld. Previous studies
by our group have extensively investigated HACH-based nanogels,
demonstrating their potential applications in drug delivery
[23,35,36,63]. In this study, we present a strategy to combine multiple
physical properties (e.g. nano size, sel-assembly, injectable), biological
properties (e.g. CD44 targeting, crossing bio-barriers), and tunable me-
chanical properties (sot and sti) by employing coordination interac-
tion between catechol and erric ion. Our results highlight the
importance o surace chemistry and stiness o nanogels in their bio-
logical ates, such as their proper eect on in vivo circulation time and
cellular internalisation, indicating potential application or enhancing
eective drug delivery.

4.1. Synthesis and properties o HACH-DOPA polymer

The results provide evidence or the successul conjugation o HACH

Fig. 10. (A) Typical images o hydrogel structures are imaged using AFM. Panel a reers to HACH particles, panel b to HACH-DOPA particles and panel c to the iron-
modied HACH-DOPA nanogels. The right panels show some typical cross-sections on the identied structures. (B) Young's modulus o the dierently prepared
nanogels obtained rom the Pin-Point AFM images. Results were obtained in triplicate (n = 3). * p < 0.05, ** p < 0.01. (C) Average vertical size (height) o the
nanogels obtained through AFM images. The scale bar represents 500 nm. Results were obtained in triplicate (n = 3). * p < 0.05.
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with DOPA, as conrmed by UV–vis absorption, 1H NMR, FT-IR, and
coordination reaction with Fe3+. In the synthesis o DOPA-modied
HACH, a molar ratio o -COOH: DOPA = 1:2 was selected or the reac-
tion; however, the degree o substitution (DS%) was lower than that
reported in other studies or DOPA-modied HA [33,60]. This is pri-
marily due to two reasons, on the one hand, there was only no >90 % o
-COOH available in HACH or urther substitution, on the other hand,
not all the carboxyl groups were exposed to the reaction due to the
spontaneous ormation o nanogels in amphipathic HACH. Similarly, not
all the dopamine groups were exposed to the solvent during UV mea-
surement, since nanogels, rather than a solution, would spontaneously
orm in water under the condition o sonication. Thereore, we speculate
that the true content o dopamine in the polymer should be higher than
what we measured by UV spectroscopy. As expected, the conjunction o
DOPA onto HACH backbone endows the novel polymer with more in-
teractions in aqueous environments or nanogel ormation (Fig. 2).
Indeed, the HACH-DOPA nanogels, whether in the presence o Fe3+ or
not, exhibit smaller size and better stability when compared to those o
HACH nanogels prepared under the same conditions, albeit with no
signicant dierence (Figs. 3 and 6).

4.2. Stability and reversibility o HACH-DOPA@Fe3+ nanogels complex

As it is well known, the spontaneous autoxidation o dopamine oc-
curs in basic aqueous media by dissolved oxygen. The initial autoxida-
tion o dopamine leads to the ormation o dopamine-semiquinone,
which urther oxidizes to dopamine-o-quinone. The subsequent step is
the practically irreversible intramolecular cyclization to orm dop-
achrome [64,65]. It has been conrmed that the intramolecular cycli-
zation represents the rate-limiting step o oxidation reaction at pH
values below 5 [65]. Interestingly, the dopamine moiety in HACH-DOPA
remains stable within its mildly acidic nanogels, with a pH value o
4.5–4.8. Even in an aerobic environment, no obvious oxidation products
were observed. This excellent stability could be attributed not only to

the slightly acidic nature o the system but also to the side-chain N-
substitution o -NHCO- by the HACH macromolecule, in which the NH
group in the dopamine derivative is not suciently nucleophilic to
undergo cyclisation readily [66]. Moreover, M Salomäki M. et al.
demonstrated that Fe (III) can enhance dopamine oxidation in acidic
media under both aerobic and anaerobic conditions [65]. However, in
the HACH-DOPA@Fe3+ nanogels system, no prominent oxidation
products were detected by UV absorption when the pH was below 5.6.
Instead, a mono-complex o catechol and Fe3+ is ormed (Fig. 8A). The
ormation o complexes and dopamine oxidation strongly depends on pH
value. As the pH increases rom 5 to 7.4, the reversible mono-complex
dominates transerred into bis-complex dominates. Simultaneously,
oxidation products o dopamine semiquinone (with an absorption band
at 305 nm) and dopamine-quinone (395 nm) were generated [65,67].
Notably, the oxidation reaction is reversible, and the UV absorption
characteristics (indicated by the red dashed line in Fig. S3) recover when
the pH recovers rom 7.4 to 5.0. Although the tris-complex would orm
at pH values above 9.1 [31], our ocus is mainly limited to the pH range
rom slightly acidic conditions to physiological conditions, considering
the application o injectable sot nanogels. Furthermore, we also inves-
tigated the eect o both dierent ratios o Fe3+ and pH values (ranging
rom initial to 12) on the nanogel systems. The results indicated that the
HACH-DOPA@Fe3+ complexes at a ratio o 3:1 exhibited good revers-
ibility within pH values ranging rom approximately 4 to 11. However,
at a higher Fe3+ ratio o 1:1, more irreversible oxidation products were
generated when the nanogels were exposed to strong alkaline conditions
(Fig. S4). Consequently, the UV absorption was unable to recover to its
initial state.

4.3. Infuence o dopamine and Fe3+ on cytocompatibility

Considering both the eective modication as well as stability o
nanogels and the possible cytotoxicity induced by high concentrations o
metal ions, we selected the ratio o 3:1 between catechol and Fe3+ as the

Fig. 11. Eects o nanogels on HUVEC and HDF cell prolieration. Eects o HACH-DOPA nanogels (A, C) and Fe3+modied HACH-DOPA nanogels (B, D) on HUVEC
(A, B) and HDF (C, D) cells at increasing concentrations o polymer (10, 50, 100, 150 and 250 μg/mL). HACH nanogel (250 μg/mL) was used as the control. Cell
viability was evaluated by WST-1 assay ater incubation or 24, 48, and 72 h. Statistically signicant dierence versus untreated cells: * p < 0.05 and ** p < 0.01.
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test samples or the modulation o the ormulation. Previous studies
have demonstrated that dopamine and its derivatives can induce adult
neural precursor cell prolieration [68], enhance endothelial cell an-
ity, promote cellular prolieration [69,70]. Notably, HACH-DOPA
nanogels do not aect cell prolieration o both HUVEC and HDF cell
lines up to 150 μg/mL (Fig. 11A and D). The present study suggests
HACH-DOPA@Fe3+ nanogels as promising tools or biomedical appli-
cations, although their cytocompatibility is slightly aected by Fe3+

concentrations being the highest not-cytotoxic concentration (100 μg/
mL) lower than that o HACH-DOPA nanogels (150 μg/mL) in HDF
(Fig. 11). The concentration o Fe3+ in the nanogels@Fe3+ complex is
approximately 60 μM, which is unlikely to induce signicant cytotox-
icity. It has been demonstrated that polymer-carriers containing a higher
concentration o Fe3+ have promising applications in cell trans-
plantation and drug delivery [71,72].

4.4. The possible infuence o mechanical properties on biological
behaviour

In recent decades, nanomedicine has been developed to promote
drug delivery eciency by enhancing the permeability and retention
(EPR) eect [73]. However, one o the major challenges in drug delivery
is the quick clearance o nanoparticles rom blood circulation by mac-
rophages in the reticuloendothelial system (RES) ater i.v. injection,
which limits the delivery o drugs to the targeted site [74]. Thereore,
eective strategies or decreasing blood clearance, increasing targeted
accumulation and promoting cellular internalisation are highly desir-
able. The mechanical properties o nanomedicine have been demon-
strated to play a crucial role in blood circulation time and cellular
internalisation [75]. Zheng Li et al. proposed a strategy o mechano-
boosting nanomedicine by taking ull advantage o nanogels mechani-
cal properties to overcome pathophysiological barriers in RES-blockade
and drug delivery [13]. Specically, sti nanogels with poor deorm-
ability can enhance cellular uptake and prolong blood circulation by
RES-blockade. On the other hand, sot nanogels can achieve ecient
tumour penetration and accumulation. The stiness-dependent RES-
blockade strategy demonstrated improved eective drug delivery,
benetting rom the combined advantages o nanogels with distinctive
stiness at dierent drug delivery stages [13]. In this work, surace
chemistry modication o nanogels, including surace hydrophobicity
and surace charge, combined with the internal crosslinking strength,
made HACH-DOPA@Fe3+ nanogels display signicantly increased
stiness (Fig. 10B), resulting in enhanced cellular internalisation
behaviour (Fig. 12A). Compared to HACH nanogels, HACH-DOPA
nanogels also exhibited enhanced cellular uptake, likely attributed to
the altered surace hydrophobicity o nanoparticles. Additionally,
incomplete removal o iron ions coordinated with catechol groups may
have occurred during the purication process o Rhod-labeled HACH-
DOPA, leading to an increase in the stiness o the nanogels, to some
extent, and subsequently promoting cellular internalisation.

Clinical application is the nal target o nanomedicines and nano-
therapeutic strategy. Due to the injectable and CD44 targeting charac-
teristics, these tunable HACH-DOPA nanogels are promising to enhance
intracellular drug delivery in the treatment o diseases where CD44
overexpression occurs by i.v. or topical in-situ administration. This work
has several critical signicances. First, dopamine-modied amphipathic
HACH polymer that endows various properties was obtained, including
better sel-assembly capability, drug loading eciency, stability,

antioxidant activity, and modied surace hydrophobicity. On the other
hand, we provide valuable insights into the modulation o nanogel
mechanical properties by introducing metal coordination interactions.
However, several aspects require urther exploration. We investigated
the cell uptake behaviour omodied nanogels, but how the surace and
stiness modication aect their in vivo distribution and blood circu-
lation time remains unclear. Furthermore, assessment o the drug
loading eciency or other therapeutic agents (e.g., antitumor mole-
cules, hydrophilic antibiotics, etc.) and urther in vivo evaluation o the
therapeutic eciency o the nanogels are still necessary.

5. Conclusions

In summary, this work proposes valuable insights into the stiness
modulation o sot nanogel by bio-inspired strategy, intending to
develop a new carrier or potential applications in drug delivery. The
HACH polymer was successully modied by grating dopamine onto the
HA backbone, obtaining a novel amphipathic polymer capable o sel-
assembly into nanogels in an aqueous environment. These nanogels
exhibited excellent properties, including antioxidant activity and e-
cient encapsulation ability o hydrophobic drugs. The introduction o
catechol groups allowed or the modulation o nanogel stiness via co-
ordination interaction with Fe3+, with a molar ratio o 3:1 between
catechol groups and Fe3+ or the modication. Besides, it was demon-
strated that nanogels@Fe3+ mono-complexes dominate ormed at
slightly acidic conditions, which transitioned into bis-complexes as the
pH increased to physiological conditions. Moreover, cell prolieration
assays indicated no obvious cytotoxicity, and it was observed that the
modied nanogels displayed enhanced cellular internalisations. The
present modulation strategy, inspired by metal-catechol coordination
interaction in mussel nature, holds great potential or expanding the
applications o HACH nanogels in enhancing intracellular drug delivery.

CRediT authorship contribution statement

Ju Wang: Writing – review & editing, Writing – original drat,
Validation, Methodology, Investigation, Formal analysis, Data curation,
Conceptualization. Benedetta Brugnoli: Writing – review & editing,
Methodology, Investigation, Data curation. Federica Foglietta:Writing
– review & editing, Validation, Methodology, Investigation, Data cura-
tion. Ilaria Andreana: Writing – review & editing, Validation, Meth-
odology, Investigation, Data curation. Giovanni Longo: Writing – 

review & editing, Methodology, Investigation, Data curation. Simone
Dinarelli:Writing – review & editing, Methodology, Investigation, Data
curation. Marco Girasole: Writing – review & editing, Supervision.
Loredana Serpe: Writing – review & editing, Supervision. Silvia
Arpicco: Writing – review & editing, Supervision, Resources. Iolanda
Francolini: Writing – review & editing, Supervision. Chiara Di Meo:
Writing – review & editing, Supervision, Project administration. Pietro
Matricardi: Writing – review & editing, Writing – original drat, Su-
pervision, Project administration, Funding acquisition,
Conceptualization.

Declaration of competing interest

The authors have no conficts o interest to declare.

Fig. 12. Cellular uptake and distribution o nanogels. A) The graphs represent the cytofuorimetric evaluation o the cellular uptake o fuorescently labeled NHs
(HACH, HACH-DOPA, and HACH-DOPA@Fe3+) in HUVEC and HDF cells at 5 and 24 h o incubation. The data are presented as original data (a1, b1, c1) and
normalised data according to fuorescence intensity (b2, c2), respectively. Fluorescent signals were detected using a fow cytometer to measure the intracellular
amount o Rhod-labeled NHs that was expressed as iMFI ratio versus untreated cells. B) HUVEC and C) HDF representative images o the intracellular localisation o
the fuorescently labeled nanogels at 24 h o incubation. Conocal images show cell nuclei stained with DAPI (blue), Lyso-Tracker Green (green), Rhodamine (red)
and overlay (magnication 40× and scale bar 20 μm).
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