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Introduction: Chirality is immanent in nature, and chiral molecules can achieve their pharmacological
action through chiral matching with biomolecules and molecular conformation recognition.
Objectives: Clinical translation of chiral therapeutics, particularly chiral peptide molecules, has been
hampered by their unsatisfactory pharmaceutical properties.
Methods: A mild and simple self-assembly strategy was developed here for the construction of peptide-
derived chiral supramolecular nanomedicine with suitable pharmaceutical properties. In this proof-of-
concept study, we design a D-peptide as MDM2 Self-Degradation catalysts (MSDc) to induce the self-
degradation of a carcinogenic E3 Ubiquitin ligase termed MDM2. Exploiting a metal coordination
between mercaptan in peptides and trivalent gold ion, chiral MSDc was self-assembled into a racemic
supraparticle (MSDNc) that eliminated the consume from the T-lymphocyte/macrophage phagocytose
in circulation.
Results: Expectedly, MSDNc down-regulated MDM2 in more action than its L-enantiomer termed
CtrlMSDNc. More importantly, MSDNc preponderantly suppressed the tumor progression and synergized
the tumor immunotherapy in allograft model of melanoma through p53 restoration in comparison to
CtrlMSDNc.
Conclusion: Collectively, this work not only developed a secure and efficient therapeutic agent targeting
MDM2 with the potential of clinical translation, but also provided a feasible and biocompatible strategy
for the construction of peptide supraparticle and expanded the application of chiral therapeutic and
homo-PROTAC to peptide-derived chiral supramolecular nanomedicine.
� 2023 The Authors. Published by Elsevier B.V. on behalf of Cairo University. This is an open access article
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Introduction

Chirality, a class of enantiotropy meaning that two molecules
have identical elemental compositions but are non-
superimposable on their mirror images, is immanent in nature
and inherent in every biological system [1,2]. Interestingly, evolu-
tion selected L-form peptide/protein and D-form sugars/nucleic
acid as the main components in most living organisms [3,4]. This
homochirality of biomolecules and the subsequent lack of race-
mate is a striking property that serve as the important role for bio-
logical function [5,6]. By using this molecular asymmetry in life
activities, chiral molecules can achieve their pharmacological
action through chiral matching with biomolecules and molecular
conformation recognition [7,8]. As a result, a growing number of
drugs were emerged in an enantiomerically pure form, which
exhibited the excellent biological action and the expectant thera-
peutic safety [7,8].

While many successes have been achieved in developing chiral
therapeutics by small molecular compound, significant challenges
remain regarding to clinical translation of therapeutic chiral pep-
tides [9,10]. Peptide molecules, both L-enantiomer and D-
enantiomer, can mimic the topological structure of large proteins,
so as to be a class of modulators to regulate protein–protein inter-
actions (PPIs) [11,12]. In contrast to natural L-peptide, D-peptide,
or addressed chiral peptide, have two intrinsic advantage as anti-
cancer therapeutic agents: 1) the excellent proteolytic resistance
because of the L- enantiomeric selectivity of peptidase [10,13,14],
and 2) the enhanced uptake by cancer cells due to the strength-
ened affinity to lipid layers composed of phospholipids and choles-
terol [5]. Even so, none of the chiral peptide that targets
intracellular PPIs has been approved for clinical application, pre-
sumably because of its inefficacious accumulation in sickly tissues
and unsatisfactory stability in blood circulation [15]. Ultimately,
both of the weaknesses of D-peptide were attributed to the unde-
sired consume from the T-lymphocyte/macrophage phagocytose in
circulation and the quick remove by kidney [15,16]. Therefore,
there is a compelling need to develop new strategies for overcom-
ing the pharmaceutical obstacles of D-peptides, extending the chi-
ral therapeutics from small-molecular compounds to peptides.

Fortunately, both L-enantiomeric and D-enantiomeric peptides
can be building blocks to self-assemble into nanostructures with bio-
logical action, exploiting a variety of non-covalent weak interactions
such hydrogen bonding, hydrophobic force, coulombian force and
metal coordination [6,17]. Moreover, chiral supramolecular
nanomedicines have showed enormous potential to overcome the
deficiency of chiral molecule including but not limited to the insuffi-
cient stability in circulation, the undesired uptakes by immune cell
and the limited accumulation in the site of interest such as tumor
[18,19]. Nevertheless, the physiological and biochemical role of
supramolecular chirality, particularly those derived from peptide,
in life activities have not been unclosed and yet [5,20]. Besides,
though some success has been achieved in the construction of
supramolecular nanomedicines by chiral peptide, it remains a chal-
lenge to endow them with the controllability of chirality transfer
and manufacture them in a larger scale [21–23].

Herein, to design peptide-derived chiral supramolecular nano-
medicine with suitable pharmaceutical properties for clinical
translation, a mild and simple self-assembly strategy was devel-
oped to turn the building block - chiral peptide- into a spherical
supraparticle exploiting a metal coordination between mercaptan
in peptides and trivalent gold ion. Because of the flexibility of the
gold-sulfur interface, this chiral gold spherical supraparticle under-
gone racemization, which eliminated the consume from the T-
lymphocyte/macrophage phagocytose in circulation of D-
enantiomeric peptides. In this proof-of-concept study, we design
a D-peptide as MDM2 Self-Degradation catalysts (MSDc) to induce
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the self-degradation of a carcinogenic E3 Ubiquitin ligase termed
MDM2 through the chemically linked dimerization of a MDM2
binding D-peptide. Self-assembling MSDc into a spherical supra-
particle termed MDM2 Self-Degradation Nanocatalysts (MSDNc)
resulted in the potently homo-degradation of MDM2. To further
revealed the physiological and biochemical role of this
supramolecular chirality in vivo and in vitro, the L-enantiomer of
MSDc (CtrlMSDc) with the same capacity to catalyze MDM2
homo-degradation was designed and self-assembled into Ctrl-
MSDNc for comparative study to MSDNc. As expected, in more
action than CtrlMSDNc, MSDNc down-regulated MDM2 and subse-
quent suppressed the tumor progression in vivo and in vitro
through p53 restoration. As it were, our work not only developed
a secure and efficient therapeutic agent targeting MDM2 with
the potential of clinical translation, but also provided a feasible
and biocompatible strategy for the construction of peptide supra-
particle and expanded the application of chiral therapeutic and
homo-PROTAC to peptide-derived chiral supramolecular
nanomedicine.

Results

Preparation and characterization of MSDNc.

Human murine double minute-2 (MDM2) is one of the pivotal
suppressors to restrain the anti-cancer biological function of p53,
and has been recognized as a viable target for drug discovery [24–
27]. Moreover, MDM2 is a E3 Ubiquitin ligase and thus has the poten-
tial to be self- degraded by homo-proteolysis targeting chimeras
(PROTACs) [28]. To design this sub-stoichiometric MDM2 Self-
Degradation catalysts (MSDc), an identical chiral MDM2 affinity pep-
tide [10,29–31] was dimerized by a triethylene glycol linker as dia-
gramed in Fig. 1. In addition, for supramolecular assembly with
trivalent gold ions, a hydrophilic D-enantiomeric arginine residue
and a thiol-containing D-enantiomeric cysteine residue were intro-
duced into the C-terminus of MSDc, and this chiral peptide can be
synthesized by solid-phase peptide synthesis (SPSS) [32–35] in high
yield (>75%) and purity (>95%) (Figure S1A&B). For comparative study
of chirality, the L-enantiomer of MSDc (CtrlMSDc) with the same
capacity to catalyze MDM2 homo-degradation was synthesized in
the same chemical strategy, suggesting the high yield (>75%) and
purity (>95%) via HPLC and ESI-MASS (Figure S1C&D). In addition,
the benzene ring absorption peak at 280 nm in the UV spectra of
MSDc and CtrlMSDc have verified the successful preparation of pep-
tides (Figure S1E), which was also proved by the prominent amide
bond absorption peaks in the FTIR spectra (Figure S1F). And the abun-
dant side chain functional groups in the H1 NMR spectra verified the
successful preparation of MSDc and CtrlMSDc (Figure S1G).The optical
rotation was proved by their circular dichroism (CD), in which the CD
spectrometer of MSDc and CtrlMSDc showed characteristic peaks of
a-helical structure at 195 nm, 208 nm, and 222 nm, and appeared
X-axis symmetry (Fig. 2A).[10].

MSDc-derived supraparticles termed MSDNc are prepared by a
mild and simple self-assembly strategy in a ‘‘one-pot” synthetic
method. In details, 2 mg MSDc and 2 mg NH2-PEGn-SH (MW
2000 Da) were dissolved in 4 mL deionized water, following the
addition of 1 mL 10 mM chloroauric acid solution. After 3-min
magnetic stirring at 500 rpm, 5 mL 100 mM HEPES at pH 7.4 was
added into the solution as the self-assembled catalyst. After 10-
min stirring, the mixed liquor turned from a canary turbid liquid
to a fuchsia clear solution, and had an obvious Tyndall effect,
implying the successful preparation of MSDNc supraparticle col-
loids. This successful self-assembled construction was further
proved by Fourier Transform Infrared (FT-IR) spectroscopy and
ultraviolet absorption (UV–Vis) spectrum. The infrared spectra of
MSDNc and PEGN which is the MSDc-free blank of control carrier



Fig. 1. The peptide-derived home-protac molecule MSDc, its nano-engineering strategy, and anti-tumor mechanism. The peptide is composed of two MDM2 affinity peptides,
which can simultaneously bind to two MDM2 proteins and cause their subsequently mutual ubiquitination and degradation. The corresponding nano-engineered particle
MSDNc relies on the self-assembly of [Au(I)-S-MP]n. MSDNc reverses the p53 level in tumor tissues through the MDM2 degradation pathway, and synergistically enhances
the anti-tumor effect of anti-pd1 immunotherapy.
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showed differential absorption at 3250 cm�1 and 1650 cm�1,
which was caused by the amino and amide bonds [36] of MSDc
in MSDNc (Fig. 2B&S1F). This result was proved again by the char-
acteristic absorption peaks of peptides in UV–Vis spectrum at
280 nm (Fig. 2C&S1E), confirming the fabrication process of MSDNc
which is consistent with our expectations. Moreover, Transmission
electron microscope (TEM) images show that MSDNc is relatively
uniform in size and exhibits good monodisperse characteristics
(Fig. 2D). And dynamic light scattering (DLS) analysis confirmed
that MSDNc had an average hydrodynamic diameter of 21.4 nm
in a narrow peak distribution, further illustrating that MSDNc
has good uniformity in size (Fig. 2E). In addition, we performed ele-
mental analysis and diffraction analysis on MSDNc through a high-
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resolution transmission microscope. The superposition images of
bright fields and various elements under the same view show that
the gold, nitrogen, oxygen, and sulfur elements in MSDNc are uni-
formly distributed, which indicates the homogeneity of peptides
and gold in the nanoparticles (Fig. 2F). Energy Dispersive X-Ray
Spectroscopy (EDS) analysis shows that the elements of MSDNc
are consistent with those of its reactants (Fig. 2G). Furthermore,
as shown in Fig. S2, the size of diffraction fringe of MSDNc is
slightly smaller than that of PEGN, suggesting the formation of
gold-peptide supraparticle. Meanwhile, there is no significant dif-
ference of the lattice structure between MSDNc and PEGN, suggest-
ing peptide has no obvious influence for the crystal structure
(Figure S2).



Fig. 2. Preparation and characterization of MSDNc. (A) Circular dichroism spectrum of MSDc (red line) and natural CtrlMSDc (black line). The opposite absorption curve
characterizes the chiral characteristics of MSDc. (B) FTIR spectra of MSDNc (red line) and PEGN (black line), Au-S bond absorption near 2950 cm�1 verify the formation process
of MSDNc. (C) UV–Vis absorption spectra of MSDNc (red line) and PEGN (black line). The red shift of the absorption peak near 530 nm revealed the increase of nano size of
MSDNc, compared with PEGN. (D) TEM image and partial magnification of MSDNc. (E) Hydrodynamic diameter distributions of MSDNc measured in PBS at pH 7.4. (F) The
element analysis of Au, N, O, S overlay with a bright field image of MSDNc. (G) EDS analysis of MSDNc. (H&I) XPS spectra of Au 4f (H) and S 2p (I) at the surface and after
etching of MSDNc. (J) Zeta potential of MSDNc measured in PBS at pH 7.4.

W. Yang, W. Liu, X. Li et al. Journal of Advanced Research 45 (2023) 59–71
X-ray photoelectron spectroscopy (XPS) also shows that Au(I) is
conjugated with the sulfhydryl group of MSDc. The XPS results of
element Au 4f (Fig. 2H) show that the Au signal is smaller on the
surface layer, and the signal is significantly enhanced after etching,
and the peak position shifts in the positive direction. This indicates
that the inner layer of Au1+ is mainly bound to the polypeptide
through covalent bonds, while the outer layer of Au1+ can also be
bound by coordination with the sulfhydryl group of the polypep-
tide. Similarly, the XPS results of S 2p (Fig. 2I) show that the sulfur
in the outer layer of MSDNc exists mainly in the form of thiols, and
as the etching depth increases, the free sulfhydryl signal decreases,
which is consistent with the XPS results of Au [12,37,38]. Besides,
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MSDNc has a negative zeta potential with large absolute value
(Fig. 2J), indicative of good colloidal stability that was further
approved by the DLS analysis in the treatment of PBS buffer con-
taining 20% fetal bovine serum (Figure S3).

MSDNc possessed favorable physicochemical and pharmaceutical
properties

The diverse variety of protease and peptidase in the human
body is a great threat to peptide therapeutics. To verify the effect
of chirality on improving the proteolysis resistance, we treated chi-
ral MSDc and natural CtrlMSDc with chymotrypsin, and used high-
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performance liquid chromatography (HPLC) to determine the con-
tent of the residual peptides [12,30]. As expected, L-enantiomeric
CtrlMSDc was completely degraded after the 12-hour treatment
(Fig. 3A), while MSDc was hardly proteolyzed (the residual rate is
91.2%) (Fig. 3B). Further quantitative analysis revealed that the
half-life of CtrlMSDc against chymotrypsin was less than 0.3 h in
sharp contrast to the MSDc with over 12-hour half-life (Fig. 3C).

In the synthesis process of MSDNc, the Au-S bond is crucial for
the self-assembly of nanoparticles. The highly reducing environ-
ment in tumor cells (GSH concentration up to 10 mM) may reduce
the Au-S bond and trigger the release of the peptide MSDc [12,38].
Incubating with 10 mM GSH for 6 h, the MSDNc solution became
transparent, demonstrating the disassembly of MSDNc (Fig. 3D).
This result was proved again by TEM image, in which MSDNc
supraparticles were disappeared after GSH treatment. Next, the
GSH-triggered cargo release was time-dependently monitored by
HPLC. The 10 mM GSH incubation resulted in about 70% release
within 3 h, whereas hardly any release can be found upon GSH-
free incubation (Fig. 3E). Collective, these results demonstrated
that MSDNc possessed favorable physicochemical and pharmaceu-
tical properties including the proteolysis resistance, prolonged
blood circulation, low immunogenicity and the GSH-triggered dis-
assembly as well as the subsequent cargo release.

Another key design of MSDNc was the racemization, which is
largely due to the flexibility of the gold-sulfur interface. Expect-
edly, this racemization of MSDNc was proved by CD spectrum,
where nearly the whole ellipticity of MSDc was disappeared after
the their self-assembly into MSDNc (Fig. 3F). Theoretically, this
racemization can decrease the T-lymphocyte/macrophage phago-
cytose, which was approved by cellular uptakes test following
the 6-h incubation with Cy3-labaled MSDc and MSDNc (Fig. 3G
and S4). Besides, colloid stability is another critical factor for the
circulation of nanomedicine. In order to verify the colloidal stabil-
ity of MSDNc, solutions with different pH of 7.4, 6.5, 5.5, and 4.0,
and containing 20% serum were prepared. DLS results show that
under the above pH conditions, the size of MSDNc hardly changes
within 12 h (Figure S3), suggesting the good colloidal stability in
physiological environment and the subsequent escape from the
reticuloendothelial system. Both the satisfactory T-lymphocyte/
macrophage escape and the colloidal stability compelled us to
investigated the blood circulation of MSDNc. Towards this end,
the Cy3 fluorescence intensity in the blood was quantified after
the intravenous injection of Cy3-labaled MSDc and MSDNc into
healthy C57/B6 mice at the dosage of 1.5 mg/Kg. The fluorescence
intensity of MSDNc is significantly higher than that of MSDc
(Fig. 3H), indicative of the increased blood circulation after the
supramolecular self-assembly.

In addition, the immune response triggered by the immuno-
genicity of foreign drugs, particularly non-anthropogenic chiral
molecules, may bring huge side effects to the patient’s treatment.
Therefore, we used the enzyme linked immunosorbent assay
(ELASA) to further analyze the immunogenicity indicators such
as EPO, IL2, INF-c, and EOS in the blood after administration (Fig. 3-
I-L). Compared with the control group, the EPO content in the
blood of the MSDc group decreased, and the levels of IL2, INF-c
and EOS were all significantly increased, indicating that the admin-
istration of the MSDc triggered a severe immune response in mice.
The MSDNc group and the control group have no significant
changes in immune indicators, indicating that MSDNc has almost
no immunogenicity.

MSDNc degraded MDM2 and restored p53, thereby effectively killing
tumor cells in vitro

MDM2 is a E3 Ubiquitin ligase and thus has the potential to be
self-degraded by the homo- PROTAC, MSDc. As our design, the
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intracellular released MSDc can induce the homologous dimeriza-
tion of MDM2, thereby promoting the self-degradation (Fig. 4A). Of
note, due to the resistance against enzymatic hydrolysis, MSDc can
cyclically catalyze this self-degradation reaction (Fig. 4A). The effi-
ciency of MSDNc of inducing MDM2 degradation was evaluated by
Western blotting in the human lung cancer cell line 1650, which
carries wild-type p53 and overexpressed MDM2. After treating
1650 cells with 100 nM MSDNc for 48 h, the performed western
blot image (Fig. 4B) and its quantified results (Fig. 4C) showed
the down-regulated MDM2 level. In contrast, MSDc could not
degraded intracellular MDM2 significantly (Figure S5), due to the
poor ability of passive membrane penetration, the extensive clear-
ance caused by macrophage and low bioavailability in vivo of pep-
tide MSDc which have been proved by results of Fig. 3G&H. In
order to further explore the mechanism of MSDNc degradation of
MDM2, we pretreated the 1650 cell line with the proteasome inhi-
bitor MG132 or the ubiquitinase inhibitors PYR-41, both of which
interfered with the degradation efficacy of MSDNc (Fig. 4B&C).
These results indicated that the degradation of MDM2 induced
by MSDNc is mainly dependent on the degradation pathway of
ubiquitination, which is consistent with our prediction.

For further validation of mechanism, proteomics analysis mea-
sured by triple quadrupole system was performed in the 1650 cells
incubating with PBS (Control) or MSDNc for 12 h. The volcano
graph in Fig. 4D showed 290 differential proteins including 183
up-regulated ones and 107 down-regulated ones. Furthermore,
cluster analysis (Fig. 4E) and gene set enrichment analysis (GSEA)
(Fig. 4F) of the p53 signaling pathway indicated the activated
p53 signaling pathway in response to MSDNc treatment. Mean-
while, we conducted GSEA on other pathways related to p53, and
found five signal pathways with significant enrichment of differen-
tial genes: p53 downstream pathway (Figure S6), apoptosis
(Fig. 4G), cell cycle (Fig. 4H), cell cycle checkpoints (Fig. 4I), and cell
cycle mitotic (Fig. 4J). These results showed that MSDNc signifi-
cantly up-regulated p53 signaling pathways, and induced apopto-
sis and cycle arrest of cancer cells. Moreover, the image and
quantized data of western blot (Fig. 4K and S7) and immunofluo-
rescence (Fig. 4L and 4 M) proved again the restoration of p53 sig-
naling pathways by MSDNc. Additionally, these results also
showed MSDNc possessed increased action than its L-enantiomer
CtrlMSDNc in activating p53 signaling pathways, suggesting the
superiority of chiral supramolecules. In line with the above results,
MSDNc showed the potent inhibition action of cancer cell viability
(Fig. 4N) and the increased inducibility cell cycle arrest as well as
apoptosis (Fig. 4O&P, Figure S8) in more action than CtrlMSDNc.
Moreover, similar results were also observed in A549 (Figure S9),
LLC (Figure S10) and B16F10 cell lines (Figure S11). Collectively,
these results demonstrated that MSDNc potently degraded
MDM2 and restored p53 in more action than CtrlMSDNc, thereby
presenting intensive anti-cancer action.

MSDNc potently suppressed tumor growth in vivo through p53
restoration

Tumor targeting ability plays important role in the anti-cancer
action of nanomedicine, and contribute directly to the off-target
toxicity and biological safety [32,33,39]. The enhanced penetration
and retention effect (EPR) of tumor vascular tissue is an important
basis for the passive targeting of nanoparticles to tumor sites [40–
42]. To explore the biodistribution, a allograft model of melanoma
was established by subcutaneously inoculating 5 � 105 Bl6F10
cells into the haunch of immune-sound C57/B6 mice [43]. MSDNc
was injected intravenously into tumor-bearing mice, and the
inductively coupled plasma mass (ICP-Mass) was used to detect
197Au in various organs at different time points. As shown in
Fig. 5A, MSDNc showed satisfactory tumor enrichment. Moreover,



Fig. 3. MSDNc with a good proteolytic resistance, biological stability, GSH-responsive cargo release. (A&B) Residual peptide of L CtrlMSDc (A) and MSDc (B) in PBS treated by
0.5 mg/ml chymotrypsin for 12 h measured by HPLC. (C) Proteolysis resistance of MSDc (red) and CtrlMSDc (black) under PBS containing 0.5 mg/ml chymotrypsin. (D) TEM
images of untreated MSDNc (left) and MSDNc treated with 10 mM GSH for 6 h (right). (E) Cargo release rate of MSDNc over time without no treatment (black) or after treated
with 10 mM GSH (red) measured by HPLC. (F) Circular dichroism spectrum of MSDc (red line) and MSDNc (black line). (G) After treating cells with a drug concentration of
1 lM for 6 h, the uptake efficiency of FITC-labeled MSDNc and FITC-labeled MSDc by macrophages analysed by flow cytometry. (H) The fluorescence in bood of Cy3-labeled
MSDc (black) and MSDNc (red) after tail vein injection at a dose of 1.5 mg/kg. (I-L) The content of EPO (I), IL2 (J), INF (K), and EOS (L) in the blood measured by ELASA after the
above-mentioned administration.
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a time-dependent tendency for tumor accumulation can be found
through the further analyzed the ration of MSDNc in tumors to
other organs (Fig. 5B). For the investigation of the in vivo anti-
cancer action, 20 mice bearing tumors with the volume about
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100 mm3 were randomly divided into four groups (n = 5/group),
and intravenously administered with normal saline (Control), PEG-
N, CtrlMSDNc and MSDNc at a dose of 2 mg/kg every other day for
four times. After 9-day treatments, all mice were sacrificed and



Fig. 4. MSDNc degrades MDM2 and restores p53 levels, thereby effectively killing tumor cells in vitro. (A) Schematic diagram of degradation of MDM2 byMSDNc through home-protac
mechanism. (B&C) After 1650 cells were pretreated with MG132 or PYR-41 for 12 h, and incubated with MSDNc at a dose of 100 nm for 48 h, western blot was performed (B) and the
relativeMDM2 level were quantified (C) to analyze the expression ofMDM2 proteins, and GAPDHwas used as an internal reference protein. (D) After MSDNc treatment, the volcano plot
of the differential changes in gene expression in 1650 cell line was shown. The absolute value of the base 2 logarithm of the genetic difference is required to be>1.3, and the adjusted p
value should be>0.05. (E&F) GSEA result (E) and hierarchical clustering of genes (F) for p53 signaling pathway. (G-J) GSEA results for KEGG apoptosis, REACTOME cell cycle, REACTOME
cell cycle checkpoints and REACTOME cell cycle mitotic. (K) After 1650 cells were treated by PEGN, CtrlMSDNc, and MSDNc at a dose of 100 nm for 48 h, and then western blot was
performed to analyze the expression of p53, p73 and p21 proteins, and GAPDH was used as an internal reference protein. (L&M) Immunofluorescence staining (L) and quantitative
analysis (M) of p53 were performed in the 1650 cell line after above treatment. (N) The cell viability was measured by MTT after treated by PEGN, CtrlMSDNc and MSDNc at different
concentration in 1650 cell line. (O&P) The cell cycle (O) and apoptosis (P) were analysed by flow cytometry after treated by PEGN, CtrlMSDNc and MSDNc at a dose of 100 nm for 48 h.
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Fig. 5. MSDNc has good targeting ability in vivo, effectively restores p53 levels, and inhibits tumor proliferation. The melanoma subcutaneous allograft c57 model was
established (every mouse was injected with 5 � 105 B1610 cells subcutaneously.). (A) Drug metabolism of MSDNc. Gold concentration in several tissues, including heart,
spleen, liver, lung, kidney, and tumor were measured at 6 h, 12 h, 24 h, 48 h after dosing by ICP-MS. (B) tumor: organ ratios of MSDNc at the above several time points. The
data were shown as mean ± SD. After inoculation with tumor cells, the mice were randomly divided into four groups (n = 5/group). Normal saline, PEGN, CtrlMSDNc, MSDNc
were intravenously injected at a dose of 2 mg/kg at day 1, 3, 5, and 7. And all the mice were sacrificed at day 9. (C) The quantify scores of immunohistochemical staining
images of MDM2, p53 and p21 were performed in dissected tumor tissues. (D) Tumor growth curves of each group in c57 mice during the treatment cycle. (E) Tumor weights
of c57 mice in each group after treatment. (F) Tumor images of each group after treatment. (G) H&E staining images of tumor tissues dissected of each group.
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their tumor tissues were dissected. The immunohistochemical
staining on the isolated tumor tissues was performed to explore
the ability of MSDNc to degrade MDM2 and restore p53 in vivo
(Figure S11). As shown in Fig. 5C, the score of images of immuno-
histochemistry demonstrated that MSDNc has achieved better per-
formance than CtrlMSDNc in down-regulating MDM2 and
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activating p53. In line with it, MSDNc also significantly restored
the levels of the p53 downstream signaling molecule p21
(Fig. 5C). After the administration, CtrlMSDNc and MSDNc showed
tumor growth inhibition (TGI) rates of 66.6% and 78.6% in compar-
ison with control, whereas PEGN showed hardly any inhibition effi-
ciency (Fig. 5D), suggesting that all inhibitory effect attributed to



Fig. 6. MSDNc activates CD8+ T cells and sensitizes PD-1 therapy. (A) Administration schedule of normal saline, anti-PD1, and combination. (B) Body weights of mice in each
group during treatment. (C) Tumor images after treatment. (D) Tumor growth curves after treatment. (E) Tumor weights of c57 mice after treatment. (F) Immunofluorescence
staining of CD4/CD25 and CD3/CD8 of dissected tumor tissues in each group.
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peptide cargo other than carrier. The dissected tumor weight and
tumor photos also confirmed the powerful tumor suppression
effect of MSDNc in more action than CtrlMSDNc (Fig. 5E&F). Of note,
as shown in Fig. 5F, two tumors in MSDNc-treated group almost
disappeared, which further illustrated the extreme potency of
MSDNc. These results were approved again by the hematoxylin-
eosin (HE) staining of tumor sections (Fig. 5G). These results collec-
tively indicated that MSDNc had a strong tumor suppressor effect
in vivo by inducing the degradation of MDM2 and subsequent
recovery of p53.

MSDNc activated CD8+ T cells and sensitized PD-1 therapy

In order to further explore the application potential of MSDNc
in anti-tumor immunotherapy, we studied the synergistic effect
of MSDNc and Anti-PD1 therapy in this allograft model of mela-
noma. 15 mice bearing tumors with the volume about 100 mm3

were randomly divided into three groups (n = 5/group), and intra-
venously administered as the injection scheme in Fig. 6A. And the
frequency of administration was consistent between the experi-
mental group and the control group, which was once every two
days. Notably, the dosage of MSDNc was 2 mg/kg, and the one of
Anti-PD1 (murine monoclonal antibody) was 5 mg/kg. During the
9-day treatment, no statistically significant change can be found
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among the three group (Fig. 6B), suggesting the therapeutic safety.
After 9-day administration, the combined treatment presented an
inhibitory rate of 94.9% on melanoma in sharp contrast to the
monotherapy by Anti-PD1 (Fig. 6C). Images of isolated mouse
tumor tissue and tumor weight also showed similar results
(Fig. 6D&E). Immunofluorescence staining of tumor tissues showed
that compared with the control group and anti-PD-1 antibody
group, the combined treatment significantly increased the number
of cytotoxic T lymphocytes (CD3+/CD8+ T cells) and significantly
reduced the regulatory ability of T lymphocytes (CD4+/CD25+ T
cells) in tumor tissues (Fig. 6F). These results indicated that the
MSDNc activated CD8 + T cells and sensitized PD-1 therapy.

MSDNc maintained good biological safety

Nowadays, metabolizable and scrapable nanotherapeutics
showed reduced toxicity, presumably because of the elimination
of the unwanted accumulation [42,44,45]. As our design, triggered
by intracellular GSH, MSDNc disassembled into ultra-small
nanoparticles, which may be efficiently removed from human
body. To verify it, MSDNc was injected intravenously into healthy
C57/B6 mice, and ICP-Mass was used to detect 197Au in various
organs at 2 h, 6 h, 12 h, 24 h, 48 h, 72 h and one week. ICP-Mass
results (Fig. 7A) showed that the metabolism of MSDNc mainly



Fig. 7. MSDNc maintains good biological safety. (A) Organ distribution of MSDNc after drug was injected intravenously in healthy mice at a dose of 2 mg/kg. Gold
concentration in several tissues, including heart, liver, spleen, lung, kidney was measured at 2 h, 6 h, 12 h, 24 h, 48 h, 3 days, 7 days by ICP-MS. The data were shown as
mean ± SD. (B) Blood routine index was measured after the 9-day treatment. (Inject 200ul normal saline (Control group) or MSDNc intravenously every other day for 5 times).
(C) Body weights of mice after above treatment. (D&E) The liver (D) and kidney (E) function were measured after the above administration, and corresponding H&E staining
images is shown, respectively.
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depends on the liver and kidneys, suggesting that MSDNc is mainly
excreted from the body in the form of a mononuclear phagocytic
system. Moreover, after a week, nearly all MSDNc in all organs
was almost eliminated, which indicated that MSDNc is metaboliz-
able and scrapable.
68
Next, we conducted a comprehensive toxicity study using nor-
mal and active C57/B6 mice. The mice were randomly divided into
2 groups, and were administered with saline or MSDNc through
intravenous injection. The mice were intervened at a dose of
10 mg/kg every other day. After 5 dosing cycles, the blood routine
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indexes of the mice were checked. In blood routine examination,
there were also no significant differences in the levels of platelets,
white blood cells, and lymphocytes among the two groups
(Fig. 7B). The wight of mice in MSDNc group didn’t show any
abnormalities, compared with the control group (Fig. 7C). Since
the liver and kidneys undertake most of the metabolic tasks of
MSDNc, it is necessary to study the liver and nephrotoxicity caused
by long term accumulation of MSDNc in the body. After 5 dosing
cycles, the liver function (Fig. 7D) and renal function (Fig. 7E) of
the mice was checked. As expected, the liver and kidney function
indexes such as glutamate oxalate transaminase, glutamate-
pyruvate transaminase, creatinine and blood urea nitrogen in the
intervention group were not significantly different from those in
the control group, and they were all within the normal physiolog-
ical range (Fig. 7D&E). Besides, no obvious toxicity was found in
pathological sections of the heart, liver, spleen, lung, and kidney
(Fig. 7D&E, Figure S12). In summary, the above results indicated
that MSDNc possessed good biological safety.

Discussion

The network of protein–protein interactions (PPIs) is the basis
of vital activities in cells and between cells [46], and thus abnormal
changes in this network would disrupt normal physiological activ-
ities of cells, causing diseases including cancer [47]. In conse-
quence, regulating abnormal PPIs has huge potential for disease
therapy, and many PPIs-targeting small molecules derived from
natural compounds or pure organic synthesis have been developed
[11]. Nevertheless, the vast majority of PPIs possess the smooth
and flat contact interface, which cannot be targeted by small mole-
cules with the limited affinity [11]. Fortunately, in recent years, the
emerging Proteolysis-Targeting Chimeras (PROTAC) technology
offered a high-efficiency method to solve this problem and sub-
stoichiometrically catalytically redress the anomalously up-
regulated PPIs, by which E3 ubiquitin ligase can connect the target
protein, thereby resulting in its ubiquitin-dependent degradation
[48,49]. However, the development of PROTACs is often limited
by the lack of small-molecular ligands for E3 ubiquitin ligase and
the target protein [50]. Although many peptide fragments have
been approved to be capable of binding E3 ligase and target protein
with high affinity and consequently expanded the universality as
well as practicality of PROTACs [50], clinical translation of PPIs-
targeting peptides and peptide-derived PROTACs has been ham-
pered by their instability against proteolysis, inefficacious cellular
internalization and insufficient blood circulation [39,51]. In pre-
sent work, these intrinsic pharmaceutical obstacles of peptides
can be overcame well by D-enantiomerization and supramolecular
construction, so we can say that the peptide-derived chiral
supramolecular self-assembly strategy reported here provided a
viable way to target PPIs, particularly these inside the cell.

As a well-known tumor suppressor, p53 protein can regulate
the expression of a variety of target genes in response to DNA dam-
age and oncogene activation [52]. Although p53 retains wild-type
status in at least 50% of human tumors, its anti-cancer action and
intracellular stability are abrogated by its negative regulatory
molecule, an E3 ubiquitin ligase termed MDM2 [24,53]. A growing
number of studies showed that the active restoration of endoge-
nous p53 suppressed tumor progression through including apopto-
sis, cycle arrest and innate immune responses [54]. In addition,
recent studies have pointed out the emerging role of p53 in anti-
tumor immunity that p53 can directly activate the key regulators
of immune signaling pathways such as IFN and TLR3, etc. [55].
Thus, antagonists or degradant of MDM2 that restore the p53 sig-
naling pathway can potentially be developed into a class of thera-
peutics for anti-cancer therapy. Moreover, MDM2 can be triggered
to self-degrade by homo-PROTACs as it is an E3 ubiquitin enzyme
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[56]. Thus, in this work, an identical chiral MDM2 affinity peptide
[10,29–31] was dimerized by a triethylene glycol linker as a sub-
stoichiometric MDM2 self-degradation catalyst (MSDc). After
self-assembly into a racemic supraparticle termed MSDNc, this cat-
alyst resulted in the potently homo-degradation of MDM2 in vitro
and in vivo, thereby suppressing the tumor progression and syner-
gizing the tumor immunotherapy in allograft model of melanoma
through p53 restoration.
Conclusion

In this work, to design peptide-derived chiral supramolecular
nanomedicine with suitable pharmaceutical properties for clinical
translation, a mild and simple self-assembly strategy was devel-
oped to turn the building block - chiral peptide- into a spherical
supraparticle exploiting a metal coordination between mercaptan
in peptides and trivalent gold ion. Because of the flexibility of the
gold-sulfur interface, this chiral gold spherical supraparticle under-
gone racemization, which eliminated the consume from the T-
lymphocyte/macrophage phagocytose in circulation of D-
enantiomeric peptides. In this proof-of-concept study, we design
a D-peptide as MDM2 Self-Degradation catalysts (MSDc) to induce
the self-degradation of a carcinogenic E3 Ubiquitin ligase termed
MDM2 through the chemically linked dimerization of a MDM2
binding D-peptide. Self-assembling MSDc into a spherical supra-
particle termed MDM2 Self-Degradation Nanocatalysts (MSDNc)
resulted in the potently homo-degradation of MDM2. To further
revealed the physiological and biochemical role of this
supramolecular chirality in vivo and in vitro, the L-enantiomer of
MSDc (CtrlMSDc) with the same capacity to catalyze MDM2
homo-degradation was designed and self-assembled into Ctrl-
MSDNc for comparative study to MSDNc. As expected, MSDNc
down-regulated MDM2 in more action than CtrlMSDNc. More
importantly, MSDNc preponderantly suppressed the tumor pro-
gression and synergized the tumor immunotherapy in allograft
model of melanoma through p53 restoration in comparison to Ctrl-
MSDNc. As it were, our work not only developed a secure and effi-
cient therapeutic agent targeting MDM2 with the potential of
clinical translation, but also provided a feasible and biocompatible
strategy for the construction of peptide supraparticle and
expanded the application of chiral therapeutic and homo-
PROTAC to peptide-derived chiral supramolecular nanomedicine.
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