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Construction of self-assembled nanogel as
mulitenzyme mimics for bioresponsive tandem-

catalysis imaging
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ABSTRACT The self-assembled phospholipid- or cytosol-
associated multienzyme complexes constitute necessary com-
ponents of the foundation of life. As a proof of concept, metal-
coordinated supramolecular nanogels (MCSGs) have been
designed, with the self-assembly of di-lysine coordinated iron
(Fe(Lys),)-functionalized peptide gelators on the interface by
The
monoatomic and highly dispersed active centers of Fe(Lys),

an in situ amidation-induced protonation process.

offered the nanogel mimics with excellent reaction rates due to
the high density and nano compartmental structure similar to
the natural matrix-associated multienzyme complex. SiO,@
MCSGs show both superoxide dismutase (SOD) activity and
peroxidase (POD) activity, and the higher activities compared
with the activity of free Fe(Lys), molecules can be detected.
After loading the substrate 2,2'-azinobis-(3-ethylbenzthiazo-
line-6-sulphonate) (ABTS), S$i0,@MCSGs"*™

sively convert O, ' in the tumor microenvironment into H,O,

can respon-

intermediates and then tandem catalyze the oxidization of
ABTS for contrast photoacoustic (PA) imaging of tumor by
the SOD-POD mimic activity, showing their great potential as
the efficient enzymatic agents for pathological theranostics.

Keywords: nanogel, self-assembly, multienzyme mimics, pho-
toacoustic imaging

INTRODUCTION

Self-assembly, a process prevalent in nature, plays im-
portant roles in biology, from maintaining the integrity of
cells to performing cellular functions and inducing ab-
normalities that cause diseases [1-4]. Extracellular matrix
(ECM) assembly is a critical and tightly regulated process
in tissue repair. In the process of matrix assembly, mul-
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tivalent ECM proteins are induced to self-associate and
interact with other ECM proteins to form fibrillar net-
works [5]. Various proteins such as collagens, laminins,
proteoglycans, and remodeling enzymes constitute the
ECM, playing the key role in tissue architecture and
homeostasis [6]. Actually, enzymes usually perform their
biological functions in a volume (cytoplasm)- or surface
(membrane)-confined environment [7]. Many cellular
reactions within metabolic pathways are catalyzed by
matrix-associated multienzyme complexes, but not via
the free enzymes. Enzymes, together with the process of
self-assembly, constitute necessary components of the
foundation of life on the nanometer scale [8-10].

Substantial research efforts have been directed to the
development of enzyme-encapsulated self-assembled
microstructures, such as liposomes [11], microcapsules
[12,13], polymersomes [14,15], lipid-stabilized aqueous
droplets [16] or protein-assembled virus-like structures
[17,18], as confined organized microenvironments for
mimicking biological functions [19-22]. The vital effects
of microenvironmental organization would reveal im-
plications for the high efficiency, specificity, and regula-
tion of metabolic pathways.

As typical ECM mimics, supramolecular hydrogels
made of the self-assembled low-molecular-weight com-
pounds (i.e., gelators) can integrate multienzyme proteins
or active centers through noncovalent interactions
[23,24]. Herein, as a proof of concept, the enzyme mimic-
functionalized peptide gelators have been designed. De-
tailedly, the tripeptide gelators have been first formulated
and designed, by considering the hydrophobic assembly
force and the hydrophilic modification group [25-27].
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The peptide NapFFE (Nap-Phe-Phe-Glu) was therefore
synthesized (Fig. S1) and further connected to enzyme
mimics, di-lysine-coordinated iron (Fe(Lys),) molecules.
The amino group at one end can facilitate the successful
grafting onto the peptide monomer (NapFFE-Fe(Lys),),
while the remaining amino group at the other end can be
used for subsequent protonation-induced self-assembly.
Based on the good chemical stability, biocompatibility,
easy modification and no special catalytic influence with
the enzyme mimics, the SiO, nanoparticle has been se-
lected as the inorganic core, and the self-assembled metal-
coordinated supramolecular nanogel (MCSG) mimics can
be therefore constructed on the nano-interface (SiO,@
MCSGs), as shown in Scheme 1.

The self-assembly hydrogelation of SiO,@MCSGs
nanogel mimics was realized by the amidation-induced
protonation process. The interfacial decrease of pH to 6.5
during the reaction between carboxylic modified silica
(5i0,-COOH) and the amino group of NapFFE-Fe(Lys),
monomer leads to the deposition of peptide on the sur-
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face of nanoparticles, and thus the resultant in situ self-
assembled nanogel mimics were obtained due to m-m
stacking of hydrophobic naphthalen and the Phe group in
the hydrogelators. The monoatomic and highly dispersed
active centers of Fe(Lys), facilitate the self-assembled
nanogel mimics with excellent reaction rates due to the
high density and nano compartmental structure of en-
zyme mimics like the matrix-associated multienzyme
complex structure. SiO,@MCSGs show both superoxide
dismutase (SOD) activity and peroxidase (POD) activity
similar to natural SOD (Fig. S2) and horseradish perox-
idase (HRP). After loading the substrate 2,2'-azinobis-(3-
ethylbenzthiazoline-6-sulphonate) (ABTS), Si0,@
MCSGs™™™ can responsively convert O, " in the tumor
microenvironment into H,0O, intermediates by the SOD
mimic activity, then tandem oxidize the ABTS into its
oxidized form with strong absorption in the near-infrared
(NIR) band in the presence of H,O, by the POD mimic
activity. These self-assembled Si0,@MCSGs™*™ nanogel
mimics show great potential as the responsive enzymatic
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(a) Synthesis of the NapFFE-Fe(Lys),. (b) Preparation of the SiO,@MCSGs. (c) Schematic representation of multi-catalyzed PA imaging
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agents for photoacoustic (PA) imaging of tumor [11,28].
RESULTS AND DISCUSSION

Characterization of Si0,@MCSGs

As shown in Figs 1 and 2, the structure and physico-
chemical properties of SiO,@MCSGs were investigated by
scanning electron microscopy (SEM), transmission elec-
tron microscopy (TEM), scanning TEM (STEM), energy
dispersive X-ray (EDX) spectroscopy mapping, dynamic
light scattering (DLS), Fourier transform infrared spec-
troscopy (FT-IR) measurements and thermogravimetry
(TG) analysis.

As shown in the typical TEM and SEM images in
Fig. 1a and b, SiO,@MCSGs have a rougher surface
compared with that of the SiO, cores, and the significant
core-shell structures with MCSG nanoshell of about
10 nm can be observed around the black SiO, core. More
obvious shell structure can be observed in STEM as
shown in Fig. 1c. The major elements including Si, O, C

Figure 1

energy dispersive spectroscopic (EDS) analysis of the Si0,@MCSGs*""™
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and Fe can be detected by EDX. Importantly, the
monodispersed Fe as the active center of self-assembled
nanogel mimics has been detected. Furthermore, the self-
assembly hydrogelation of SiO,@MCSGs has been ver-
ified by the increased average hydrodynamic sizes and the
changes of the zeta potential during the preparation
(Fig. 2a and b). The X-ray photoelectron spectroscopy
(XPS) result showed the existence of S, which proved the
successful load of ABTS (Fig. S3). The typical character-
istics of Fe(II) and Fe(IIl) in SiOZ@MCSGsABTS can be
observed in the Fe 2p XPS spectra (Fig. S4). The peaks
appearing at about 710.8 and 724.0 eV were assigned to
Fe(II), and that at 712.3 eV corresponded to Fe(III),
whereas other peaks were assigned as satellite peaks [29].
The FT-IR characteristic peak at 1642 cm ' (C=0
stretching), 3274 cm ' (N-H stretching), 1062 cm ' (Si-O
stretching) and 949 cm ' (Si-OH bending) of the silica
structure also verify successful grafting procedures
(Fig. 2¢) [30]. The components of the hydrogel layer in
SiO,@MCSGs were further analyzed by TG with a 30.5%

DUU:

(a) SEM and TEM images of SiOz@MCSGSABTS. (b) STEM image and the element mapping of Si, O, C, and Fe of SiOZ@MCSGsABTS. (c) The

, and the weight percentages of O, Si, C and Fe.
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Figure 2 (a) DLS size distribution of SiO, NPs and SiO,@MCSGs dispersed in water. (b) Zeta potentials of SiO,-OH, SiO,-NH,, SiO,-COOH,
Si0,@MCSGs and Si0,@MCSGs*"™ dispersed in water. (c) FT-IR spectra of SiO,-OH, SiO,-NH,, Si0,~COOH, $i0,@MCSGs and SiO,@MCSGs™*"".

(d) TG analysis of SiO, NPs and SiOZ@MCSGsAB’rS.

total weight loss as 1 g SiO,@MCSGs contained 0.305 g
hydrogels (Fig. 2d). In addition, the DLS results (Fig. S5)
showed that the SiO,@MCSGs"”"® nanoplatform was
stable in normal saline, Dulbecco’s modified Eagle med-
ium (DMEM) and simulate body fluid (SBF).

Multienzyme-like activities of Si0,@MCSGs

The multienzyme-like (SOD and POD) activities of
Si0,@MCSGs were further investigated as shown in
Fig. 3, and a concise diagram of the catalytic reactions of
SiO,@MCSGs with 3,3’,5,5’-tetramethylbenzidine (TMB),
ABTS and O, " is shown in Fig. S6. Electron paramagnetic
resonance (EPR) test confirmed the existence of Fe(III)
intermediate in the catalytic process (Fig. 3a) [29]. Then,
the POD-like activity of SiO,@MCSGs was investigated
by monitoring the absorbance change of substrate TMB
at 652 nm. As illustrated in Fig. 3b, compared with the
TMB control group, SiO,@MCSGs could effectively cat-
alyze TMB oxidation with the POD-like activity. In ad-
dition, with the decrease of pH, the catalytic effect was
enhanced, which is also beneficial for the responsive re-
action in the acidic tumor microenvironment (Fig. S7).
Then, the SOD-like activity of SiO,@MCSGs was further
confirmed by WST-1 method (Fig. 3¢c) [31], and the ab-
sorbance change of the SiO,@MCSGs group was in-
hibited compared with the control group. In addition,
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Michaelis-Menten kinetics of SiO,@MCSGs and Fe(Lys),
was investigated in Fig. 3d and Fig. S8. At the same
amount of active centers, the self-assembled supramole-

cular  nanogel mimics  SiO,@MCSGs (k. /kp
=1.898's ' L mol ') showed higher activities compared
with that of free Fe(Lys), molecules (k./kp

=1.209 s ' Lmol '), verifying that the enzyme-anchored
self-assembled microstructures through noncovalent in-
teractions can provide the favorable enzymatic micro-
environment, similar to the biological ECM structure.

In vitro PA effect

As reported, the oxidized ABTS exhibited strong NIR
absorption [32-34]. SiOz@MCSGsABTS can tandem gen-
erate H,O, intermediates by the SOD mimic activity and
further oxidize the ABTS into its oxidized form with NIR
absorption by the POD mimic activity. As shown in
Fig. 4a, Si0,@MCSGs™""® have the same absorption peak
as ABTS at 342 nm, which proves the successful load of
ABTS. In addition, an absorption of nanodots in the NIR
region can be observed after incubation with H,0,. And
with the increase of H,O, concentration from 5 to
50 pmol L' [35], the absorbance of SiOz@MCSGsABTS in
the NIR region was significantly improved (Fig. 4b).
Moreover, the absorbance of SiOz@MCSGsABTS in the
NIR region has a certain linear relationship with the

December 2021 | Vol.64 No.12
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Figure 3 (a) Perpendicular-mode X-band EPR spectrum of the Fe(Lys),/H,O, system. (b) Typical UV-vis absorbance spectra showing POD-like
activity of SiO,@MCSGs. (c) SOD-like activity measured by the WST-1 method. (d) Michaelis-Menten kinetics and the double-reciprocal plots (inset)
of POD activities.
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Figure 4 (a) The UV-vis absorption spectra of ABTS, SiO,@MCSGs, and SiO,@MCSGs before and after H,0O, treatment. (b) The UV-vis
absorption spectra of SiOz@MCSGsABTS before and after treatments with different concentrations of H,0, (0-50 umol L™). (c) The linear fitting curve
between the H,O, concentration and the absorbance at 808 nm. (d) PA signal intensity of SiOz@MCSGsABTS after treatments with different con-
centrations of H,0, (0-100 pmol L") under 808-nm laser irradiation. Inset: the corresponding PA images. n = 3, **P < 0.001, **P < 0.01, *P < 0.05
(compared with the previous group).
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concentration of H,O, at 808 nm (Fig. 4¢c). Then, the in
vitro PA imaging effect of SiO,@MCSGs""" has been
explored. As shown in Fig. 4d, the PA signal intensity
increased with the increase of H,0, concentration, and
the PA imaging effect was positively correlated with the
H,0, concentration from 5 to 50 p mol L. Therefore
$i0,@MCSGs"™"® can be potentially used for efficient
bioresponsive PA imaging of tumor.

In vivo PA imaging effect

Before in vivo application, we studied the endocytosis and
cytotoxicity of $i0,@MCSGs""™. As shown in Fig. $9, the
green fluorescence from fluorescein isothiocyanate
(FITC)-modified SiOz@MCSGsABTS can be foundAg%gide

the cells. Then, the cytotoxicity of SiO,@MCSGs to
3T3 and Hela cells was assessed by CCK-8 assay and

| NIRLlaser __ PASignal

ABTS MCSGsreE™

PBS

Figure 5 (a) Schematic illustration and 3D PA scanning image of Hela tumor-bearing mice by intravenous injection of SiO,@MCSGs

Calcein AM/PI staining (Figs S10 and S11). It was found
that SiO,@MCSGs"""® show negligible cell cytotoxicity
even at the concentration of 200 ug mL .

A schematic diagram of in vivo PA imaging by using
Si0,@MCSGs™*"® is shown in Fig. 5a. The animal ex-
periments in this study were conducted in accordance
with the National Institutes of Health of China for the
care and use of laboratory animals. All animal work was
carried out under the guidance of Tongji University’s
Animal Care and Use Committee. Five-week-old female
BALB/c nude mice were ordered from Shanghai Meixuan
Bio-tech company and Hela cells (~5 X 10° cells) sus-
pended in phosphate buffered saline (PBS) (100 pL) were
injected into the right thigh of each mouse to establish a
tumor model.

The 3D PA imaging was performed on the mice by

High
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c
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=] PBS
L
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Ultrasonic PA fusion mode; II: PA mode; III: PA mode with pseudo color; IV: PA signal of one cross section. (b) In vivo PA images at different

timepoints and (c) the corresponding PA signal intensities in the tumor region of SiO,@MCSGs

APTS| ABTS and PBS group, respectively. n = 3, **P <

0.001, **P < 0.01. (d) H&E and (e) TUNEL-stained images of heart, liver, spleen, lung, kidney and tumor (nuclei were stained blue and apoptotic cells

were stained green). Scale bar, 200 um.
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intravenous injection of $i0,@MCSGs*"". Results in-

dicated that the PA signals in tumor areas were sig-
nificantly stronger than those in other
Furthermore, as displayed in Fig. 5b and ¢, the PA signal
intensities in the tumor region of Si0,@MCSGs™" "
group increased significantly over time after intravenous
injection. The maximum value was detected at 2 h, and
then it went down over time. As controls, the PA images
of ABTS group and PBS group showed the negligible
signal. The pharmacokinetics results reveal that the cir-
culating half-life of $i0,@MCSGs""" is 1.48 h (Fig. S12).
In addition, the main organs including heart, liver,
spleen, lung and kidney were stained with hematoxylin-
eosin (H&E) to evaluate the biocompatibility of SiO,@
MCSGs™™™ in vivo. As shown in Fig. 5d, no tissue da-
mage or inflammation was observed in any of the major
organs. In addition, the results of TUNEL staining
(Fig. 5e) also verified that there was no significant
apoptosis in the tested area. It is indicated that the
Si0,@MCSGs**"® with the self-assembled mimics struc-
ture show high tandem enzymatic capability for the ef-
ficient responsive PA imaging of tumor.

areas.

CONCLUSIONS

In summary, bioinspired by the natural matrix-associated
multienzyme assembled structure, we designed MCSGs
with the self-assembly of di-lysine-coordinated iron
(Fe(Lys),)-functionalized peptide gelators by in situ
amidation protonation reaction, which exhibited the
tandem SOD and POD catalytic ability. Furthermore, the
self-assembled nanogel mimics SiO,@MCSGs show
higher activities (ko /k,=1.898s ' Lmol ') compared
with free Fe(Lys), molecules (k./k,=1.209s 'L mol '),
verifying that the enzyme-anchored self-assembled mi-
crostructures through noncovalent interactions can pro-
vide the favorable enzymatic microenvironment, similar
to the biological ECM structure. Both the in vitro and in
vivo results verified that SiOZ@MCSGsABTS demonstrated
the effective PA imaging by the tandem enzymatic reac-
tion. The high tandem efficiency exhibited by self-as-
sembly SiO,@MCSGs mimics in this work leads to the
exploration of design strategy and the applications of
multienzyme mimics in further work.
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