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Chitosan-based glycated polyampholyte nanogels for
copper-catalysed Fenton-like reactiont

Yeonjoo Jung, Eunseo Lee, So-Lee Baek and Sang-Min Lee (2 *

For several decades, there has been great interest in the application of polysaccharide nanogels as nano-
scale platforms that integrate polymer scaffolds to confer distinctive biochemical properties. Notably,
nanogels, utilizing metal coordination as an efficient cross-linking strategy to enhance structural integrity
and responsiveness, have emerged as nanoscale catalysts, broadening their utility in controlled drug deliv-
ery, sensing, and biomedical applications. In this study, we present a facile method for preparing chemi-
cally modified nanogels based on chitosan, facilitated by Cu(i) coordination for a Fenton-like reaction.
The chitosan scaffold undergoes modifications through ethylenediaminetetraacetate (EDTA) conjugation
and non-enzymatic glycation, yielding water-soluble structures across a wide pH range. Cu(i) chelation
facilitates coordination-mediated cross-linking, resulting in the formation of nanogels with multiple Cu(i)-
chelated domains that resemble artificial enzymes. The resulting Cu(i)-containing nanostructures exhibit
altered catalytic activity attributed to the distinctive chemical environment of self-folded polysaccharide
scaffolds. Spectroscopic monitoring reveals different kinetic pathways in Cu(i)-catalysed Fenton-like reac-
tions mediated by self-folded polysaccharide-based nanostructures containing Cu(i)-chelating active
sites. These results demonstrate the potential of polysaccharide nanogels as advanced materials with ver-
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Introduction

Enzyme catalysis plays a crucial role in biological processes
governed by intricate molecular mechanisms. An important
aspect of enzyme catalysis lies in the self-folding protein struc-
ture, which plays a pivotal role in forming the active site of an
enzyme.' Therefore, the three-dimensional conformation of
enzymes is finely tuned, facilitating a specific reaction at the
active site through the interaction with versatile substrate
molecules at the binding pocket. Moreover, metal cofactors
further contribute to the catalytic prowess of enzymes, serving
as essential components that orchestrate precise chemical
transformations.>” Inspired by these natural systems, there is
growing interest in the development of self-assembled nano-
structures as artificial enzyme-like catalysts with important
implications for sustainable chemistry.*”® However, challenges
still persist in achieving artificial smart nanocatalysts that
replicate the specific functionalities of natural enzymes.”
Nanogels, emerging as versatile nanoscale platforms,
exhibit unique characteristics through the integration of
polymer scaffolds, which imparts desirable properties.®
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satile functionalities in catalytic applications.

Specifically, the utilization of polysaccharides in nanogel con-
struction enhances biocompatibility and provides a means for
cost-effective mass production for various applications.”'° As a
key feature in nanogel design, metal coordination facilitates
cross-linking of the polymer matrix, contributing to the struc-
tural integrity and responsiveness of the nanogels."
Furthermore, with metal coordination for the catalysis of
specific reactions, nanogels can play an essential role as nano-
scale catalysts.""® As such, combined with the self-folding
capability of nanogels, the synergy of catalytic functions
further extends their applicability in controlled drug delivery,
sensing, and other biomedical applications, which establishes
nanogels as promising candidates for advanced materials with
multifaceted functionalities."*

Herein, we demonstrate the facile formation of chemically
modified chitosan-based nanogel structures mediated by the
coordination of Cu(u) as a catalyst for Fenton-like reaction. For
Cu(u) chelation, ethylenediaminetetraacetate (EDTA) is
employed on the chitosan (CS) backbone through amide lig-
ation, and the remaining glucosamine (GIcN) units are further
modified by non-enzymatic glycation to improve the water
solubility of the chitosan scaffold over a wide pH range. The
subsequent Cu(u) chelation provides facile coordination-
mediated cross-linking of polymer scaffolds, allowing the for-
mation of nanogel structures with multiple Cu(u)-chelated
domains (Scheme 1), similar to artificial enzymes with metal

RSC Appl. Polym., 2024, 2, 365-373 | 365


http://rsc.li/rscapplpolym
http://orcid.org/0000-0003-0430-387X
https://doi.org/10.1039/d4lp00055b
https://doi.org/10.1039/d4lp00055b
https://doi.org/10.1039/d4lp00055b
http://crossmark.crossref.org/dialog/?doi=10.1039/d4lp00055b&domain=pdf&date_stamp=2024-05-20
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4lp00055b
https://pubs.rsc.org/en/journals/journal/LP
https://pubs.rsc.org/en/journals/journal/LP?issueid=LP002003

Open Access Article. Published on 10 April 2024. Downloaded on 4/8/2026 5:33:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
OH OH
0, o
o} ‘
’{'HO |.(|)o Q
NH |y H [x  Cu(ll)
o] —_—
0
HO N
OH o=<_ 5
HO o _(>|:o Cu(ll)-Chelated
OH N Nanogels
Glycated, EDTA- (Gle-ECS/Cu)
Tethered CS o
(Glc-ECS) o

Scheme 1 Preparation of Cuf(i)-chelated nanogels with polyampholytic
Glc-ECS scaffolds.

cofactors for specific catalytic reactions. More importantly, the
resulting Cu(u)-containing nanostructures exhibit -catalytic
activity significantly modified from that of free Cu(u) due to
the unique chemical environment of the self-folding polysac-
charide scaffolds. Based on spectroscopic monitoring, Cu(u)-
catalysed Fenton-like reaction can proceed via a completely
different kinetic pathway with these nanogel catalysts, which
further demonstrates the potential of these nanogels as
advanced materials with versatile functionalities in catalytic
applications.

Results and discussion

Preparation of polyampholytic ECS and Glc-ECS

Glycated, EDTA-tethered chitosan (Glc-ECS) was obtained by
the two-step modification of native CS via carbodiimide-
mediated peptide coupling of EDTA at pH 4-5 followed by
in situ glycation of glucosamine (GlcN) units in aqueous solu-
tion (Scheme S1 in the ESIt). Compared to native CS, which is
soluble only in acidic solutions, EDTA-tethered CS (ECS)
showed improved solubility at pH 7, allowing facile glycation
under neutral conditions. The initial EDTA modification was
verified by "H NMR and FT-IR analyses. In the "H NMR spec-
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trum in D,0, a new proton peak 2’ at 3.8 ppm appeared in ECS
due to the amide formation by EDTA conjugation (Fig. 1A)."®
Additionally, the H signal at C2' (peak 3 at 2.9 ppm) of GlcN
units in ECS was shifted to higher fields (peak 3’ at 3.1 ppm)
by amide formation, further confirming EDTA conjugation.®
In FT-IR analysis, the presence of carbonyl groups in EDTA was
confirmed by a stretching band at 1730 cm™" in the ECS at pH
2 (Fig. 1B), while both asymmetric and symmetric COO™
stretching bands (1587 and 1408 cm™', respectively) were
observed under basic conditions, which also confirmed suc-
cessful EDTA conjugation.’”

After the EDTA modification, the ECS solution was titrated
with aqueous NaOH (0.1 M), and the subsequent pH change
was monitored to confirm the polyampholytic structure of
ECS. Compared to native CS, which shows a single plateau at
pH 5.0-6.5 due to the proton-buffering activity of GIcN units
(pKa ~6.5)," the ECS with 0.2 equiv. EDTA modification (e =
0.2, compared to the GlcN units of the CS scaffold) exhibited
significantly improved solubility with an equivalence point
(Veq) of 0.87 mL NaOH (Fig. 1C). ECS with higher EDTA modifi-
cation (¢ = 0.5) showed a V.q of 1.06 mL at an increased
volume of NaOH due to the high fraction of EDTA moieties,
while glycated CS without EDTA conjugation, for comparison,
required only a small amount of NaOH (V4 = 0.48 mL) for neu-
tralization due to the reduced portion of free GlcN units by gly-
cation. As such, pH titration analysis suggested a quantitative
modification of the ECS depending on the EDTA feeding dose,
resulting in a polyampholyte structure of the ECS after EDTA
conjugation.

To protect the reactive GlcN units of the CS scaffold, non-
enzymatic glycation of the ECS was achieved with aqueous
glucose by Maillard reaction, where reducing sugars can react
with versatile amino-containing molecules such as amino
acids and proteins. It has been suggested that during the reac-
tion, several reaction intermediates are generated through
Schiff base formation, which eventually exhibits characteristic
fluorescence and UV-vis absorbance.'® In the early stages of
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Fig. 1 (A) 'H NMR spectra of ECS (red) and native CS (blue) in D,O. Also shown is the 'H NMR spectrum of free EDTA for comparison (green). The
peak “Ac” is due to the N-acetyl moieties at GlcN residues in CS. (B) FT-IR spectra of ECS prepared under acidic (blue) and basic conditions (red). For
comparison, the FT-IR spectrum of native CS is also shown (green). (C) pH titration curves of ECS (the molar ratio of EDTA modification, ¢ = 0.2 and
0.5) and glycated CS with 0.1 M aqueous NaOH. For comparison, the titration curves of native CS and free EDTA are also shown. Each sample was
measured at 1.0 mg mL™2. *In native CS, the pH change above ~6.5 cannot be measured because of significant precipitation.
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the reaction, initial fluorescent intermediates are formed, typi-
cally with an absorbance of 294 nm, while the fluorescence
attenuates with a development of brown colour as the final
melanoidin compounds are formed through the Amadori
rearrangement.'® As such, ECS was incubated at 60 °C for 24 h
with an excess of glucose (~10-fold molar ratio relative to GlcN
units), and subsequent fluorescence emission was monitored
in aqueous solution. As shown in Fig. 2A and Fig. S1,} fluo-
rescence emission peaks at 390 and 415 nm developed with
the corresponding fluorescence excitation observed at 340 nm
(Fig. 24, inset), indicating the progress of the Maillard reaction
for the glycation of the ECS scaffold.’® Additionally, the
absorption band at 294 nm also confirmed glycation in the
ECS by Maillard reaction (Fig. 2B)."® After incubation for an
additional 24 h, however, the colour of the solution changed
to brown due to the formation of melanoidin, a late-stage
advanced glycation end-product (Fig. 2B, inset).

Given the zwitterionic nature of the polyampholytic ECS,
pH-dependent charge conversion of the ECS was observed
through zeta potential measurements in aqueous solution.>'
The isoelectric point (pI) of ECS (¢ = 0.2) was observed at pH
5.66, while ECS of ¢ = 0.5 showed a lower pI at 4.57 (Fig. 2C)
consistent with a higher level of anionic EDTA modification.
Glycation of the ECS led to further decrease of plI to 4.36, con-
firming that further neutralization of the cationic GlcN units
in Glc-ECS was achieved by glycation. Although the ECS (e =
0.2) solution became turbid under isoelectric conditions
(Fig. 2C, inset), as expected by DLVO theory, subsequent glyca-
tion further increased the overall solubility of Glc-ECS, indicat-
ing that highly improved aqueous solubility was achieved for
Glc-ECS even under isoelectric conditions.

Glc-ECS can be utilized as a polymer scaffold for further
metal chelation via EDTA ligands."®** As such, an equimolar
amount of aqueous Cu(u) relative to the GlcN units of Glc-ECS
was added and agitated at room temperature for 48 h for chela-
tion. To avoid significant precipitation due to interchain cross-
linking, the chelation reaction was performed under slightly
diluted conditions (~1 mg mL™").>* In contrast to the native
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CS in aqueous solution, which showed significant precipi-
tation upon Cu(u) addition under the same conditions, Glc-
ECS maintained excellent solubility in aqueous Cu(u) solution
(Fig. 3A, inset). After the purification of unreacted Cu(u) ions
by centrifugal filtration, the Glc-ECS/Cu complex exhibited
characteristic absorption peaks at 260 and 720 nm, which were
consistent with the Cu-to-acetate metal to ligand charge trans-
fer (MLCT) and d-d transition of Cu(u), respectively
(Fig. 3A).>** FT-IR analysis also confirmed the Cu(n) chelation
to Glc-ECS by shifting the characteristic stretching bands of
the carboxylate ligand in EDTA moieties. Upon Cu(u) chelation,
the separation frequency (Av) between the symmetric and
asymmetric stretching bands of carboxylates in EDTA
increased significantly from 180 to 230 cm™" (Fig. 3B), which
is similar to that of the previously reported metal complexes
with carboxylate ligands."”

Cu(u) chelation was further confirmed through powder
X-ray diffraction (XRD) analysis. Due to the crystal structure of
native CS by hydrogen bonding, strong diffraction peaks by
(110) and (020) reflections were observed at 20.1° and 9.9°,
respectively (Fig. 3C).”® However, EDTA conjugation and sub-
sequent glycation significantly reduced the peak intensity at
20.1°, resulting in a substantial increase in full width at half-
maximum (FWHM) from 0.1 to 18.8 and the complete absence
of 020 reflection, indicating that the crystallinity of Glc-ECS
was reduced by chemical modifications.>®*’ In particular, the
diffraction peak from the 110 reflection completely dis-
appeared after Cu(u) chelation due to the disruption of the
crystal structure of Glc-ECS/Cu, as observed previously.”®?’
Taken together, facile Cu(u) chelation for Gle-ECS was success-
fully achieved in aqueous solution.

Thermal degradation studies

Cu(u) chelation on the polymer scaffold significantly modified
the thermal stability of Glc-ECS as observed by thermo-
gravimetric analysis (TGA) and corresponding differential
thermogravimetric (DTG) profiles. Compared to glycated CS,
which exhibited a single degradation temperature (T4) at

4K

— A 515k
o) ©
210k
Hf; 3k = %
= w5k 8 =
o] 30 350 | &8 €
£ 2K+ Wavelength (nm) | & o
£ e}
c —15 § o
2 —10 2
é T —_— 3 N -20- —m= ECS (02) Pl ~5.66 o—o
u —e— ECS (05) pl ~4.57 =g
—— GIcECS pl~4.36
0 T T T T T 0.0 r T ——— -40 T T T T T T T
350 400 450 500 550 200 300 400 500 2 3 4 5 6 7 8
Wavelength (nm) Wavelength (nm) pH
Fig. 2 (A) Fluorescence emission spectra of Glc-ECS, depending on the feeding molar ratio of Glc to GlcN units in CS for glycation (ig, = 290 nm).

Inset shows the corresponding fluorescence excitation spectra (Ag,, = 390 nm). (B) UV-vis absorption changes of Glc-ECS by glycation. Inset shows
the Glc-dependent color change of Glc-ECS (5.0 mg mL™) by melanoidin formation after 48 h. (C) pH-dependent zeta potential changes of ECS
and glycated ECS. Isoelectric points (pl) of each sample are presented in the legend. (Inset) pH-dependent transmittance (%T) changes of aqueous

ECS, Glc-ECS, and native CS measured at 600 nm by UV-vis spectroscopy.
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Fig. 3 (A) UV-vis absorption spectra of Glc-ECS (blue) and Glc-ECS/Cu (red). Inset shows x30-magnified spectra at 500-900 nm to verify the

absorption peak of Cu(i) at 740 nm. The digital photographic image confirms no precipitation observed after Cu(i) chelation to Glc-ECS. (B) FT-IR
spectra show the increase of Av after Cu(i) chelation. (C) Powder X-ray diffraction (XRD) analysis of Glc-ECS and Glc-ECS/Cu.

256 °C (Fig. 4A) similar to native CS,*® Glc-ECS showed a two-
step degradation process with an additional T4 observed at
305 °C (Fig. 4B), presumably due to EDTA conjugation and
possible cross-linking inside the Glc-ECS scaffold. After Cu(u)
chelation, however, the second T4 substantially decreased to
278 °C without a significant effect on the first Ty (Fig. 4C).
This decrease of the second Ty clearly indicates that the
thermal degradation was promoted by the known catalytic
activity of Cu(u) for thermolysis at the chelating EDTA tethered
on Glc-ECS.>° After complete degradation, a Cu(u) loading of
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Fig. 4 TGA thermogram and differential thermogravimetric (DTG)
curves of (A) glycated CS, (B) Glc-ECS, and (C) Glc-ECS/Cu. Asterisk at
718 °C indicates the decomposition of residual sulfate ions from CuSO,.
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approximately 17 wt% in Glc-ECS/Cu was estimated by com-
paring the final residues at 900 °C.

Preparation of Cu(u)-chelated nanoparticles and viscosity
analyses

Given that metal coordination can be exploited as a facile
cross-linking strategy for polymer-based nanogel formation,'*
the hydrodynamic volume change due to Cu(u) chelation was
monitored by dynamic light scattering (DLS). Compared to Cu
(u)-free Glc-ECS, which exhibited a hydrodynamic diameter
(Du) of 232 + 73 nm in an intensity-based value, the Dy of Glc-
ECS/Cu decreased to 128 + 45 nm after Cu(u) chelation and the
polydispersity index (PdI) also decreased from 0.477 to 0.251
(Fig. 5A and Fig. S2t), indicating that compact nanogel par-
ticles with narrow dispersities were obtained by Cu(u) chela-
tion. Transmission electron microscopy (TEM) observation
also confirmed the DLS results (Fig. 5B and Fig. S3t), showing
spherical particles of 83 + 16 nm and multiple Cu(u)-chelated
domains formed in Glc-ECS/Cu (Fig. $47).>° Interestingly, XPS
analysis revealed significant reduction of Cu(u) to Cu(1) in Glec-
ECS/Cu (Fig. 5C and Fig. S51). Strong satellite peaks in the Cu
2p spectrum are typically observed in the Cu(u) state, whereas
Cu(r) complexes have been reported to display only subtle
satellites.**> Hence, it is highly anticipated that the reducing
Glc moieties in Glc-ECS can reduce Cu(u) during the chelation
reaction. Consistent with the cationic metal binding to the
anionic polymer scaffold,?® the zeta potential was significantly
neutralized ({ = —1.91 mV) after Cu(u) chelation (Fig. 5D),
which further confirmed the successful formation of Glc-ECS/
Cu nanogels. The resulting nanogels exhibited excellent col-
loidal stability in aqueous solution for 1 month, while moder-
ate aggregation was observed after lyophilisation (Fig. S61).
Chemical modification and Cu(u) chelation significantly
changed the viscosity of the diluted sample solutions. When
the reduced viscosity (1.eq) of aqueous CS derivatives was esti-
mated under acidic conditions (pH 4.0, 100 mM NaCl) at
25 °C (Fig. 5E), native CS showed a steady increase in #,.q as a
function of concentration according to the Huggins relation-
ship, but a sharp decrease in 7.4 was observed under highly

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (A) Hydrodynamic size distribution of Glc-ECS before and after the Cu(i) chelation. (B) TEM image of Glc-ECS/Cu (scale bar = 100 nm). (C)

XPS analysis of the Cu 2p region in Glc-ECS/Cu. CuSO,4 was measured with Cu(i) as a reference and ‘sat’ indicates the satellite peaks in Cuf(i). (D)
Zeta potentials of ECS, Glc-ECS, and Glc-ECS/Cu measured at pH 7.0. (E) Viscosity analysis of CS derivatives measured in 20 mM acetate buffer (pH

4.0) containing 100 mM NaCl at room temperature.

diluted conditions (<0.5 mg mL™"), which is a typical property
of the semiflexible polyelectrolytes.>® Compared with native
CS, glycated CS showed a slight decrease in viscosity in the
same concentration range, while the viscosity of ECS decreased
sharply under the same measurement conditions possibly due
to partial intra-polymer cross-linking within the ECS
domains.**® For both ECS and Glc-ECS, the sharp deviation
from the Huggins relationship under diluted conditions
mostly disappeared, despite a slight increase in the viscosity of
Glc-ECS, which can be attributed to the enhanced entangle-
ment of the polymer scaffold by glycation. More importantly,
Cu(u) chelation induced a completely different rheological
behaviour in Glc-ECS/Cu, showing a further reduction in vis-
cosity at intermediate concentrations due to the formation of
compact domains inside the nanogels consistent with DLS/
TEM results. Under highly diluted conditions, however, Cu(u)
ions can reversibly dissociate from the polymer scaffold
(Fig. S77), eventually resulting in the nanogels swelling and
undergoing an increase in their viscosity close to that of Gle-
ECS."

Catalytic activity of Glc-ECS/Cu for Fenton-like reaction

To investigate the catalytic activity of Glc-ECS/Cu, we moni-
tored the degradation rate of methylene blue (MB) as an
organic substrate for Cu(u)-catalysed Fenton-like reaction. To
this end, we used 40 pM MB and 0.6 mM Cu catalyst (Glc-ECS/
Cu or free Cu(u) ions) with H,0, (80 or 120 mM), which gener-
ated a final solution pH of ~5.8, requiring no further pH
adjustment for the dissolution of aqueous Cu(i). The temporal
degradation of MB was then monitored by UV-vis absorption
at 25 °C (Fig. 6A and D). As previously reported, pseudo-first-
order kinetics were obtained with the free Cu(u) catalyst when
the reaction progress was plotted by monitoring the absor-
bance of MB at 664 nm (Fig. 6B and C).>**® Although the
overall kinetics of Cu(u)-catalysed Fenton-like reactions are gov-
erned by a relatively slow Cu(u) reduction step, which generally
exhibits second-order kinetics,>” apparent pseudo-first order
kinetic results were observed in our study, presumably due to
modifications from the optimal reaction conditions.*®°

© 2024 The Author(s). Published by the Royal Society of Chemistry

In stark contrast, Glc-ECS/Cu showed significant deviation
from the first-order fit (Fig. S8%), whereas second-order kine-
tics were apparently observed by linear regression (Fig. 6E).
This different kinetics can be attributed to the local microenvi-
ronment of the Cu(u)-chelated catalytic site inside the self-
folded polysaccharide scaffold of Glc-ECS/Cu, which is not
present in free Cu(u) ions.>**® Generally, EDTA is often used as
a quencher in Fenton-like reactions®® due to its multivalent
chelating effect, which can block all active sites of the Cu(u)
catalyst and retard the reduction of Cu(u), eventually reducing
the overall reaction rate as shown in Fig. 6B.>® Nevertheless,
the observed catalytic activity for Glc-ECS/Cu confirms the
presence of reactive sites on Cu(u) chelated to EDTA tethered
to the polymer scaffold. Additionally, the Glc-mediated
reduction of Cu(u) in Glc-ECS/Cu, as observed in Fig. 5C, can
further facilitate the reactions, resulting in the altered kinetics
from that of free Cu(u). Indeed, the addition of methanol as a
radical scavenger substantially reduced the reaction rate of free
Cu(u), showing a 33.1% reduced catalytic activity (Fig. 6B),*"
whereas relatively small effects were observed with the
addition of methanol in the Glc-ECS/Cu-catalysed reaction
(Fig. 6E).

Finally, the degradation of MB was monitored at low H,O,
(10 mM) and pH 7, where the consumption of H,0, can be
accelerated by the enhanced kinetics of the Fenton-like reac-
tions.>® Under these conditions, no significant precipitation
was observed for Glc-ECS/Cu, in stark contrast to that with free
Cu(u), which substantially precipitated out of the solution due
to the formation of unstable Cu(i) intermediates during the
reaction (Fig. 6F, inset). Interestingly, two-step reaction kine-
tics were observed, showing an initial rapid phase followed by
a slow steady-state phase (Fig. 6F and Fig. S9). These kinetic
features can be possibly attributed to the burst generation of
hydroxyl radicals in the initial stage, while the second stage
can be characterized by a diffusion-controlled steady state to
recover the consumed H,0, around the catalyst after an induc-
tion period.*” These results demonstrate the potential capa-
bility of Glc-ECS/Cu as an artificial enzyme-like nanocatalyst
for Fenton-like reactions.
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Fig. 6 UV-vis analysis of MB decomposed by (A-C) free Cu(i)- and (D-

F) Glc-ECS/Cu-catalyzed Fenton-like reaction under the conditions of

[Cu?*] = 0.6 MM and [MB] = 40 uM at 25 °C. (A and D) Time-dependent change of UV-vis absorption spectra of MB with 80 mM H,O.. (B) First-order
fit of free Cu(i)-catalyzed reaction. (C) Second-order fit of free Cu(i)-catalyzed reaction deviates from linearity. (E) Second-order fit of Glc-ECS/Cu-
catalyzed reaction. (F) Reaction kinetics at pH 7.0 and 10 mM H;0,. Inset shows the enhanced stability of Glc-ECS/Cu before and after the Fenton-

like reaction at pH 7.0.

Conclusions

We demonstrated the development of polysaccharide nanogels as
an advanced nanoscale platform for catalytic applications. The
incorporation of EDTA and subsequent glycation for the chemical
modification of native CS result in improved water solubility over a
wide pH range and enhance the versatility of nanogels by exploiting
metal coordination. In particular, Cu(u) chelation has been proven
to be an efficient cross-linking strategy for enhancing the structural
integrity and catalytic activity for Fenton-like reaction. The resulting
nanostructures exhibited multiple Cu(u)-chelated domains similar
to artificial enzymes, and showed significantly modified catalytic
activity attributed to the distinctive chemical environment of self-
folded polysaccharide scaffolds. Given that these results can contrib-
ute towards broadening our understanding of the design and appli-
cations of polysaccharide nanogels, the demonstrated ability to
tailor their properties through chemical modification and metal
coordination for catalysis suggests the potential of these nanogels to
serve as highly adaptable and efficient nanocatalysts in diverse bio-
medical and technological contexts. Further modification of various
stimuli-responsive functional groups can make these nanogels
smart catalytic systems with great potential.*>**

Experimental section
Materials

Chitosan (low molecular weight, M, = 70 kDa estimated,
75-85% deacetylation), N-(3-dimethylaminopropyl)-N"-ethyl-

370 | RSC Appl. Polym., 2024, 2, 365-373

carbodiimide hydrochloride (EDC, commercial grade, powder),
ethylenediamine-tetraacetic acid (EDTA, ACS reagent), and
copper(u) sulfate pentahydrate (ACS reagent, >98.0%) were
purchased from Aldrich Chemical Co. (Milwaukee, WI) and
used without further purification. Regenerated Cellulose (RC)
dialysis membranes purchased from Spectrum
Laboratories (Thermo Scientific, Waltham, MA). Deionized
(DI) water was obtained from Human Power I' Scholar-UV
(Human Corporation, Seoul, Korea) (18.2 MQ cm resistivity).
Native CS was dissolved in pH 2 aqueous solution for complete
dissolution.

were

General methods and synthetic procedures

Instrumental analyses were carried out at the Cooperative
Center for Research Facilities of the Catholic University of
Korea. Fourier-transform nuclear magnetic resonance (NMR)
spectroscopy was carried out on an AVANCE III 300 MHz
spectrometer. The chemical shifts of "H NMR spectra are
reported in ppm against residual solvent resonance as the
internal standard (DMSO-d¢ = 2.5 ppm; D,0 = 4.8 ppm).
Measurements were performed after dissolving 10 + 1 mg of
sample in 0.7 mL deuterated solvent in a 5 mm NMR tube.
DLS and zeta ({) potential measurements were carried out with
a Zetasizer Nano ZS (Malvern Instruments, Malvern, UK).
Unless noted otherwise, all samples were dispersed in 10 mM
phosphate buffer (pH 7.4) for measurements. The data
reported represent an average of 10 measurements with five
scans each. Thermogravimetric analysis (TGA) was carried out
with an Auto Thermogravimetric Analyzer (TGA 2) (Mettler-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Toledo, Columbus, USA) under a nitrogen (N,) atmosphere.
The samples (5 mg) were heated from 30 to 850 °C at a con-
stant heating rate of 10 °C min~'. XRD data were generated
using a Miniflex 600 X-ray diffractometer (Rigaku, Austin, TX,
USA) with Cu-K, radiation at 4 = 1.5405 A. The samples were
observed in the range 2 6 = 3-90° and at a rate of 10° min™".

Ultraviolet-visible (UV-vis) absorption spectra were obtained
using a Lambda 35 spectrophotometer (PerkinElmer,
Waltham, MA). Fluorescence emission/excitation spectra were
obtained on a FluoroMate FS-2 fluorometer (Scinco Co., Ltd.
Seoul, Korea) at a scan speed of 100 nm min™" (g, = 290 nm,
Aem = 390 nm, slit width = 2.5 nm). Attenuated total reflec-
tance-Fourier transform infrared (ATR-FTIR) spectroscopy
measurements were carried out with a Bruker TENSOR II FTIR
spectrometer equipped with a Miracle Single Reflection
Horizontal ATR accessory (PIKE Technologies, Inc., Madison,
WI). The solution viscosity was measured with an Ubbelohde
viscometer (SI Analytics GmbH, Mainz, Germany). For the
measurements, a dilute solution of each sample was prepared
by dissolving the samples in 20 mM acetate buffered solution
(pH 4.0, 100 mM NaCl), and the measurements were carried
out at 25 °C.

Transmission Electron Microscopy (TEM) was carried out
with a Talos L120C (FEI, Brno, Czech Republic) with a beam
voltage of 120 kV and a slow-scan charge-coupled device at the
National Instrumentation Center for Environmental
Management in Seoul National University. The sample solu-
tion (20 pL) was placed on a copper grid (300 mesh) for 30 s,
and the excess solution was blotted with filter paper. The grid
was dried at room temperature for 24 h. The samples were
observed without staining. High Resolution Scanning Electron
Microscopy (HRSEM) observation was carried out with a
HITACHI SU8220 (Hitachi, Tokyo, Japan) at Korea Basic
Science Institute (KBSI, Metropolitan Seoul Center). X-ray
photoelectron spectroscopy (XPS, ESCALAB 250) measure-
ments were performed with an AXIS Ultra®" system (Kratos
Analytical, Manchester, UK) using a monochromatic Al K,
X-ray source (15 keV, 150 W) under a base pressure of 3 x 107°
Torr at Korea Basic Science Institute (KBSI, Busan Center). The
samples were concentrated by centrifugal filtration (100k
MWCO), drop-cast onto a Si wafer and dried overnight in the
dark.

Preparation of glycated, EDTA-modified chitosan (Glc-ECS).
Glc-ECS was prepared from native CS via EDC-mediated coup-
ling of EDTA at pH 4-5 followed by simple glycation by
Maillard reaction using a modified literature procedure."” For
ECS preparation, EDTA disodium salt (115.5 mg, 0.3 mmol)
and chitosan (0.1 g, 0.6 mmol in terms of the GlcN unit) were
added to DI water (70 mL) in a glass vial equipped with a stir-
ring bar. After adjusting the solution pH to 5.0, EDC (0.2 g,
1 mmol) was added to carry out the peptide coupling under
vigorous stirring at room temperature for 24 hours. For non-
enzymatic glycation, about 10 equiv. amount of glucose
(1.12 g, 6.2 mmol) was added to the ECS solution and the solu-
tion pH was adjusted to 6-7. The mixture was then placed in a
preheated water bath (60 °C) and stirred for 24 hours. After the
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confirmation of glycation, the reaction product was purified by
dialysis (RC membrane, 3.5 kDa MWCO) against DI water (12 x
1000 mL) for 6 days. The final Glc-ECS product was dried by
lyophilization and obtained as yellow cotton-like structures.

Preparation of Cu(u)-chelated Glc-ECS (Glc-ECS/Cu). In a
typical procedure, a stock solution of Glc-ECS (10 mg mL™") at
PH 6.5 was prepared by stirring the polymer solution at room
temperature for 6 h before the metal chelation. In a second
glass vial, an aqueous solution of 100 mM CuSO,-5H,O was
prepared. Then, 120 pL of Cu(u) solution was added to the Glc-
ECS solution with vigorous stirring and agitated at room temp-
erature for 48 hours. A final pH of ~5 was obtained. The result-
ing Glc-ECS/Cu was purified using an Amicon Ultra centrifugal
filter (0.5 mL, MWCO 10 kDa), followed by redispersion in DI
water.

Viscosity estimation of nanogel solutions. Using the
Ubbelohde viscometer, the relative viscosity (i7.1) of the
nanogel solution was initially obtained from the following
equation:

_n_*t
el = s B tO
where # and 5 are the viscosity of the nanogel solution and
solvent, respectively, which can be also derived from the ratio
of the corresponding flow times in the viscometer. The specific
viscosity (1s,) of the nanogel solution was obtained from the
following equation

U*'?s:t*to
Mg tO

Nsp = = et — 1.
Then, the reduced viscosity (7.q) of the nanogel solution
was obtained from the following equation

Tsp

]’I =
red c

where 7, is specific viscosity and c is the concentration of the
corresponding sample solution. The intrinsic viscosity, [5], of
the sample solution was obtained from the following equation

=)

The intrinsic viscosity was employed to determine the M, of
native chitosan using the reported Mark-Houwink parameters
(a=0.78, K=58.5x10">dL g™ 1).*°

General method for the monitoring of Cu(u)-catalysed
Fenton-like reaction. The Cu-catalysed Fenton-like reaction
was carried out using a modified literature procedure.®
Briefly, the following stock solutions were prepared just before
the reaction and the reaction was conducted at 25 °C: 0.6 mM
aqueous copper nanoparticles (or CuSO,-5H,0 for the control,
based on the Cu(Il) concentration); 10 mM, 80 mM, and
120 mM H,O, solution; and 40 pM MB as a typical organic
substrate for the Cu catalysed Fenton-like reaction. For deter-
mination of reaction kinetics, aliquots of the Cu catalyst
(1.2 mL), H,O, (10 pL, 0.08 mL, and 0.12 mL), and MB
(0.1 mL) were placed in a 2 mL glass vial, which was vigorously
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vortexed and the reaction was conducted at 25 °C. The UV-vis
absorbance of the MB substrate was measured every 20 min.
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