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PROTAC (Proteolysis TArgeting Chimeras) is a Liposome based split and mix protac platform (LipoSM-PROTAC)
promising therapeutic approach for targeted protein degradation | ' v
that recruits an E3 ubiquitin ligase to a specific protein of interest i s
(POI), leading to its degradation by the proteasome. Recently, we
developed a novel split-and-mix PROTAC system based on
liposome self-assembly (LipoSM-PROTAC) which could achieve
target protein degradation at comparable concentrations com-
parable to small molecules. In this study, we expanded protein
targets based on the LipoSM-PROTAC platform and further
examined its therapeutic effects in vivo. Notably, this platform
could efficiently degrade the protein level of MEK1/2 in A375 cells |
or Alk in NCI-H2228 cells and display obvious tumor inhibition ' G
(60—70% inhibition rate) with negligible toxicity. This study
further proved the LipoSM-PROTAC’s application potentials.
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However, only cellular level study was performed, and more
detailed study, such as the in vivo efficacy and safety evaluation,
is highly desirable to further support this system’s possible
further application. In this study, we expanded protein targets
based on the LipoSM-PROTAC platform and further
examined its therapeutic effects in vivo.

MEK and Alk are considered potent oncogenic drivers in
cancer and other diseases.'*™'” The MEK and Alk inhibitors’
development is a focused area for drug development.'”*’
Herein, we develop a new PROTAC based on the LipoSM
system to degrade the protein levels of MEK or ALK at single
digit micromolar concentration at the cellar level. Then, the in
vivo therapeutic efficacy was examined for MEK, which showed
higher efficiency than its small molecule counterpart (20 mg/
kg vs 50 mg/kg, one dose/2 days vs one dose/per day).”'

First, we successfully prepared liposome particles with
uniform sizes by utilizing the synthesized DSPE-PEG2000-E3
recruiters, DSPE-PEG2000-POI recruiters, and liposome
excipients as effective ingredients. Second, the POI recruiters
and E3 recruiters were distributed on the surface of liposome

The field of targeted protein degradation has attracted
significant interest in recent years, which offers a promising
approach to the development of new therapeutics for a range
of diseases.' ~* Since ARV-110 and ARV-471 went into phase-
II clinical trials, a research boom for PROTAC appeared in the
biopharmaceutical industry, promoting the innovation and
progression of PROTAC technology.”® The advantages of
PROTAC technology lay in its ability to overcome the
nondruggability and suppress the resistant mutation by
directing specific proteins to the ubiquitin—proteasome protein
degradation machinery.””'’ These advantages could propel
drug development and provide novel approaches for
personalized and precision medicine.'' Yet, some challenges
still exist, such as poor membrane penetration and time-
consuming drug screening, etc., which have further limited the
clinical applications of traditional PROTAC.*'*"* To address
these challenges, our group designed a novel peptide-based
self-assembly PROTAC nanoplatform (SM-PROTAC) with
facile screening, programmable ligand ratios, self-optimized
biomolecule spatial recognition, and multifunctional properties
that hold great promise as a targeted protein degradation March 28, 2024
strategy.'* However, this peptide-based SM-PROTAC plat- June 15, 2024
form requires high dosing (50—100 uM) for effective protein June 17, 2024
of interest (POI) degradation. Recently, we reported a novel July 11, 2024
LipoSM-PROTAC platform that could selectively degrade POI

and address the low efficiency of the SM-PROTAC platform."
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Scheme 1. Illustration of the Targeted Protein Degradation for Inhibition Tumor Proliferation Nanoplatforms Based on Split-

and-Mix Liposome PROTAC
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nanospheres in a regulated ligand ratio, facilitating the
proximity of intramolecular or intermolecular E3 ligases to
the POL This proximity promoted the degradation of POI by
the endogenous 268 proteasome on a spatial scale.”” In this
study, we incorporated MEK and Alk as model targets to assess
the efficacy of the LipoSM-PROTAC platform. The results
demonstrated that our platform has exceptional therapeutic
efficacy (60—70% inhibition rate) and biological safety in vivo
for MEK targets (Scheme 1). Together, LipoSM-PROTAC
presented unique advantages such as good biocompatibility
and significant potential for clinical translation. We anticipate
that this LipoSM-PROTAC system with the flexibility reported
in this work will provide reference strategies for gene therapy,
cell therapy, and immunotherapy.

First, to further broaden the applications of the LipoSM-
PROTAC platform, the novel MEK1/2 and Alk degraders
were designed, composed of a MEK1/2 or Alk binding module
and a von Hippel—Lindau (VHL) E3 ligase-recruiting element,
which can regulate the intracellular ubiquitin—proteasome
system to degrade target proteins. In this system, the functional
group NHS of DSPE-PEG—NHS was selected as the reactive
group, which could react with the amino functional groups of
the VHL, Mitb (mirdametinib analogue), and Cetb (ceritinib)
to modify the small-molecule drug by PEGylation (Figure 1A—
C). Next, the structures of DSPE-PEG2000-VHL, DSPE-
PEG2000-Mitb, and DSPE-PEG2000-Cetb were characterized
by using high-resolution mass spectrometry (HRMS) (Figure
S1). According to the HRMS spectrum, the average molecular
weight distribution of the DSPE-PEG2000-NHS was about
3000, but the DSPE-PEG2000-VHL, DSPE-PEG2000-Mitb,
and DSPE-PEG2000-Cetb were increased to about 3500 after
the reaction. These data analyses confirmed that DSPE-
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PEG2000 conjugates could be successfully synthesized with a
simple approach.

First, the thin-film hydration and extrusion method was used to
prepare the liposomes. As shown in Figure 1D,E, the particle
sizes of prepared Excip (without DSPE-PEG2000-VHL and
DSPE-PEG2000-Mitb), V-L (DSPE-PEG2000-VHL lipo-
some), Mitb-L (DSPE-PEG2000-Mitb liposome), and V-
Mitb-L. (DSPE- PEG2000-VHL and DSPE-PEG2000-Mitb
liposome) were about 150 nm with a narrow polydispersity
index (<0.3). Dynamic light scattering (DLS) measurements
indicated that these particles had a negative surface charge
(Figure 1F). We then tested the stability of Excip, V-L, Mitb-L,
and V-Mitb-L in DMEM medium, phosphate-buffered saline
(PBS), and 1640 medium and found that all particle sizes were
nearly unchanged after 48 h storage at 4 °C (Figures 1G, S2A,
and S2B), indicating satisfactory stability of the particles under
physiological environmental condition. The morphology of as-
prepared V-L, Mitb-L, and V-Mitb-L was tested by scanning
electron microscopy (SEM) as shown in Figure 1H, where the
particles were displayed as uniform and spherical with distinct
outlines. Moreover, the SEM—EDX element mapping revealed
that a single nanosphere of V-L and Mitb-L contained S and F
elements, respectively, and the V-Mitb-L nanosphere simulta-
neously contained S and F elements, indicating that DSPE-
PEG2000-VHL and DSPE-PEG2000-Mitb were successfully
modified onto the V-Mitb-L nanosphere (Figure S3). These
results demonstrated the successful assembly of these liposome
particles.

To investigate the drug distribution and uptake efficiency of
liposomes on a cellular level, the DSPE-PEG2000 copolymer
was labeled with the fluorescent dye FITC and CyS5 instead of
VHL and Mitb to observe liposome drugs’ intracellular
distributions (Figure S4A). The flow cytometry analysis
indicated that fluorescence signals gradually increased as the
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Figure 1. Synthesis route of (A) DSPE-PEG2000-Mitb, (B) DSPE-PEG2000-Cetb, and (C) DEPE-PEG2000-VHL. (D) Chemical structure of
DSPE-PEG2000-Mitb (POI recruitment module) and DSPE-PEG2000-VHL (VHL, E3 ligase recruitment module). (E) Particle size distribution
of Excip, V-L, Mitb-L, and V-Mitb-L measured via DLS. (F) Zeta potential distribution of Excip, V-L, Mitb-L, and V-Mitb-L. (G) Stability of Excip,
V-L, Mitb-L, and V-Mitb-L in DMEM (5% FBS) measured by sizes via DLS. (H) SEM images of particles. Scale bar = 1 ym and enlarged scale bar
= 200 nm. Error bars represent SEMs of at least three independent measurements.

incubation time was extended (Figure S4B,C). The confocal remarkably increased as the incubation time extended, and two
microscopic imaging showed that two fluorescence signals fluorescent signals were colocalized well (Pearson’s correlation
2917 https://doi.org/10.1021/jacsau.4c00278
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Figure 2. (A) Schematic diagram of MEK1/2 degrader-based degradation model via the proteasome. (B) WB analysis of the MEK1/2 degradation
in A37S cells treated with different doses of V-Mitb-L for 48 h. (C) WB analysis of the MEK1/2 degradation of A375 cells treated with 1.25 uM V-
Mitb-L at different time points (4, 8, 16, 24, 36, and 48 h). (D) MEK1/2 levels in A375 cells after being treated with 1.25 yM V-Mitb-L (with or
without 2 uM MG132) for 48 h. (E) Immunoprecipitation-WB analysis of the ubiquitinated MEK2 levels in A375 cells after treating with 1.25 uM
V-Mitb-L (with or without 10 uM MG132) for 8 h. (F) Expression levels of endogenous MEK-related genes Klf4 in A37S cells after treating with
different doses of V-Mitb-L (0.05, 0.3, 0.6, 1.2, and 2.5 uM) for 24 h (normalized to the mRNA levels of GAPDH). (G) Expression levels of
endogenous MEK-related genes Klf4 in A37S cells after treatment with different nanoformulations for 24 h. (H) Apoptosis of A375 cells was
quantitatively analyzed by Annexin V/PI staining after treatment with different doses of V-Mitb-L (0.0S, 0.3, 0.6, 1.25, and 2.5 uM). (I) The cycle
of the A375 cells was quantitatively analyzed by PI staining combined with flow cyto-fluorometry after treatment with different doses of V-Mitb-L
(0.1, 0.6, 1.25, and 2.5 yM). Error bars represent SEMs of at least three independent measurements.

coefficient, R 0.85) (Figure S4D—G). The results
demonstrated that the two modules remained in one
nanosphere after cellular uptake. Taken together, these data
illustrated that liposomes could efficiently transport drugs into
the cells.

Mitb is an inhibitor of MEK (MEK1/MEK2), which shows
obvious tumor inhibition in vivo.”® In this study, the MEK
LipoSM-PROTAC (V-Mitb-L) was developed with a Mitb
recruit module and a VHL ubiquitin ligase-recruit module.
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Since VHL is a tumor suppressor, resistance mechanisms in
VHL-based PROTACs are primarily due to alterations or
mutations in the E3 ligase genome. Additionally, different
types of E3 ligases exhibit varying expression levels in different
cell types, leading to differences in the degradation activity and
efficiency. Different target proteins also exhibit varying
selectivity toward E3 ligases, resulting in varying E3 ligase-
induced protein ubiquitination and degradation efliciency.
Furthermore, some proteins have greater tolerance to E3
ligases, allowing researchers to utilize multiple E3 ligases (such

https://doi.org/10.1021/jacsau.4c00278
JACS Au 2024, 4, 2915-2924


https://pubs.acs.org/doi/suppl/10.1021/jacsau.4c00278/suppl_file/au4c00278_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00278?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00278?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00278?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.4c00278?fig=fig2&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.4c00278?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Af______________________—l

L e
B 24 h, 1.25 pM
Ctrl 4:1 2:1 1:1 1:2 14
Ak [ s — — |
GAPDH |[ems e e amn e |
24 h, pM
C u
cl 01 06 125 25
Alk |— S S— —— .__I
N —
D 125 pM, h

Ctrl 4 8 16 24 36 48

Alk

I————-«—-—-——-,-l

- —

Ubiquitin |

Cell death |

S
E 24 h, 1.25 pM
N
D N z"“ g(} 0'\)
& @Y P
Ak |- o— - - e o
GAPDH [ e > e e w |
F -~ Excip —+ FreeV  -* Free Cetb
V-L =+ Cetb-L -* V-Cetb-L
120
Q
X 9%
<
z
= 60
2
]
> 30
)
O

0.01 0.1 1 10

Concentration (uM)

0.001

Figure 3. (A) Schematic diagram of the Alk degrader-based degradation model via the proteasome. (B) WB analysis of the Alk degradation in NCI-
H2228 cells treated with 1.25 uM V-Cetb-L with different molar ratios (4:1—1:4) for 24 h. (C) WB analysis of the Alk degradation in NCI-H2228
cells treated with different doses of V-Cetb-L for 24 h. (D) WB analysis of the Alk degradation in NCI-H2228 cells treated with 1.25 M V-Cetb-L
at different time points (4, 8, 16, 24, 36, and 48 h). (E) WB analysis of the Alk degradation in NCI-H2228 cells treated with different formulations.
(F) Cell viability of NCI-H2228 cells treated with different doses of Excip (excipients, without drug), V-L (VHL-liposome), free V (free VHL),
Cetb-L (ceritinib-liposome), free Cetb (free ceritinib), and V-Cetb-L (VHL-ceritinib-liposome) for 24 h. Error bars represent SEMs of at least

three independent measurements.

as CRBN, VHL, MDM2, and cIAP) in the design of
PROTACs. The split-and-mix liposome PROTAC system,
designed to target various proteins for degradation using
different E3 ligases, is currently undergoing verification. Here,
we primarily investigate the PROTACs based on VHL in
degrading MEK1/2 or Alk.

The western blot (WB) analysis was conducted to assess the
ability of the V-Mitb-L degrader to induce the degradation of
mitogen-activated protein kinase (MEK1/MEK2) in A37S
cells (Figure 2A). The WB results clearly showed that the
group with a ratio of 1:4 had the best degradation effect on
MEK (Figure SSA); hence, all following in vitro inhibition
experiments were implemented with this ratio. Next, the WB
results further revealed that the MEK protein could be
degraded in dose- and time-dependent manners (Figures 2B,C
and S5B). Compared with other groups, MEK was significantly
degraded in the V-Mitb-L group, which suggested that
LipoSM-PROTAC-mediated protein degradation was depend-
ent on the E3 and POI moieties (Figures 2B and SSB).

To investigate the MEK protein degradation pathway, the
A375 cells were treated with V-Mitb-L in the presence or
absence of proteasome inhibitor MG132 and El ubiquitin-
activating enzyme inhibitor MLN7243 (Figures 2D,E, S6A,
and S6B). The results suggested that the V-Mitb-L could
efficiently degrade MEK through a ubiquitin—proteasome-
dependent pathway. Furthermore, we verified whether a free
VHL ligand could efficiently block V-Mitb-L in degrading
MEK1/2 (Figure S6C). The results showed that the VHL
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ligand could efficiently block V-Mitb-L in degrading MEK1/2
after stimulating A375 cells.

Research has shown that KIf4 was an MEK target in some
melanoma cell lines.**** Here, we used quantitative polymer-
ase chain reaction (QPCR) analysis to further test the mRNA
levels of the downstream gene Klf4, which was transcriptionally
regulated by MEK. As shown in Figure 2F,G, A375 cells
treated with V-Mitb-L resulted in a significant decrease in the
mRNA levels of the KIf4 gene in a concentration-dependent
manner. Besides, the V-Mitb-L group had a significant effect
on Klf4 gene expression in all formulations.

We next evaluated whether the liposomes could inhibit the
A375 cell proliferation. Cell Counting Kit-8 assay was
conducted on A37S cells to evaluate the cytotoxicity of the
liposomes. The result showed that the V-Mitb-L group
exhibited significant suppression in cell proliferation in a
dose-dependent manner, with an IC50 of 0.046 uM (Figures
S7 and S8), which further revealed that V-Mitb-L was effective
at inhibiting proliferation in A375 cells. Moreover, we assessed
the cell apoptosis and cell cycle distribution induced by V-
Mitb-L in A37S cells using flow cytometry analysis (Figures
2H and S9A,B). As expected, the V-Mitb-L-induced apoptosis
appeared to be in a concentration-dependent manner, and the
drug-induced apoptotic rate reached 62% (early and advanced
apoptosis). Additionally, we simultaneously investigated
whether the V-Mitb-L drugs could have an effect on cell
cycle distribution in A37S cells, and the data further confirmed

https://doi.org/10.1021/jacsau.4c00278
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that the A375 cells were arrested in the G1 phase compared to
the untreated group (Figures 2I and S9C). These results
suggested that our as-prepared V-Mitb-L can efficiently induce
A375 cell apoptosis and influence the cell cycle distribution.

Furthermore, to verify the generality of the LipoSM-PROTAC
system, the DSPE-PEG2000-Cetb polymer was utilized to
construct V-Cetb-L LipoSM-PROTAC for Alk degradation
(Figure 3A). As shown in Figure S10A,B, the V-Cetb-L
particles were successfully prepared, which proved the
versatility of our method. The WB experiment clearly showed
that the ratio of the 1:4 (VHL: Cetb) group had the best
degradation effect on Alk (Figure 3B). Therefore, all in vitro
experiments were performed at this ratio. Furthermore, WB
results revealed that the degradation of Alk in NCI-H2228 cells
was both dose and time dependent (Figure 3C,D). Moreover,
as shown in Figure 3EJF, the V-Cetb-L-treated NCI-H2228
cells displayed the best inhibition efficiency and degradation
effectiveness among all treated groups. Besides, we verified
whether the free VHL ligand could efficiently block V-Cetb-L
in degrading Alk (Figure S11). The results showed that the
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VHL ligand could efficiently block V-Cetb-L in degrading Alk
after stimulating NCI-H2228 cells. In summary, these results
were consistent with the in vitro degradation results of MEK,
demonstrating that our LipoSM-PROTAC system could be
utilized as a general platform for the degradation of multiple
targets.

To explore the effect of LipoSM-PROTAC on different signal
pathways, we utilized an RNA transcriptome approach for the
in-depth analysis of the associated gene expression. The
grouped samples revealed a good correlation via the Pearson
correlation coefficient analysis (Excip similarly V-L, Mitb-L
similarly V-Mitb-L) (Figure $12).”° As shown in Figures 4A,B
and S13, the A37S cells treated with the V-L and Mitb-L
displayed 9 and 180 upregulated and 15 and 170 down-
regulated genes, respectively; whereas, the V-Mitb-L treatment
demonstrated 420 upregulated and 255 downregulated genes,
indicating different gene expression patterns. We then
evaluated the gene profiles between the Excip and different
groups via the heat-map analysis, and the results were
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consistent with the volcano plot where the V-Mitb-L showed
obvious differences (Figure 4C).

Signaling pathways, including PI3K-Akt, Wnt, MAPK, etc.,,
were reported to regulate cell proliferation, differentiation, and
apoptosis.”’~*” Here, we focused on exploring whether the
signaling pathway showed remarkable changes after being
treated with V-Mitb-L in A375 cells. Kyoto Encyclopedia of
Genes and Genomes (KEGG) functional enrichment analysis
revealed that more than 20 important signaling pathways such
as PI3K-Akt, Wnt, MAPK, etc., were affected by V-Mitb-L
drugs (Figure 4D). Therefore, several downregulated genes,
such as EGR1, TLR4, PGF, ITGB3, CCND1, EPHA2, ITGA2,
IL4R, and ITGBS genes in the PI3K-Akt signaling pathway,
were selected as candidates to verify the changes in their
mRNA expressions by RT-qPCR. The RT-qPCR results were
consistent with the KEGG analysis, demonstrating that the V-
Mitb-L group repressed the gene expressions of these
candidates compared to other treatment groups (Figure 4E).
Additionally, we further performed gene ontology analysis on
the functions of the differentially expressed genes. The result
indicated that these genes mainly affected biological processes
and molecular function (Figure 4F). Many researchers have
shown that these biological processes are closely associated
with certain genes in metabolic pathways, such as the growth
factor receptor (EGFR), Kriippel-like factor 4 (KLF4), and
peroxisome proliferator-activated receptor gamma (PPARG).
In this study, genes like EGFR, PPARG, and KLF4 exhibit
significant differences. The EGFR family signaling pathway
activates the RAS/RAF/MEK/ERK pathway for cell cycle
progression and DNA synthesis and the PI3K/AKT/mTOR
pathway for protein synthesis and metabolism, playing a crucial
role in metabolic processes.’ Investigators reported that KLF4
can interact with P-catenin, influencing the Wnt signaling
pathway essential for cell proliferation, differentiation, and
metabolic development.’’ Additionally, PPARG can modulate
the inflammatory response by inhibiting the production of
inflammatory factors, such as those mediated by the NF-xB
pathway.’” Therefore, these findings suggest that V-Mitb-L
could potentially impact the expression of various signaling
pathways. Specifically, V-Mitb-L might influence the EGFR
pathway, thereby affecting cell cycle and metabolic regulation,
altering the interaction of KLF4 with f-catenin to modify Wnt
signaling and regulate PPARG activity to modulate inflamma-
tory responses. Consequently, by modulation of these critical
signaling pathways, the LipoSM-PROTAC platform could
emerge as a significant regulator in cancer therapies.

Encouraged by the high degradation efliciency of LipoSM-
PROTAC for MEK in vitro, we subsequently evaluated the
therapeutic effects against tumors in vivo by establishing a
subcutaneous xenograft A375 melanoma tumor-bearing mice
model. The tumor-bearing mice were administered with PBS,
Excip, V-L, Mitb-L, and V-Mitb-L by tail vein injection at a
dosage of 10.0 mg/kg for V-Mitb-L, 20 mg/kg for other
groups, every 2 days for 6 treatments (Figure SA). As shown in
Figure SB (tumor volume), SC (tumor weight), and SD
(tumor image), the group of mice treated with 20 mg/kg V-
Mitb-L produced a more distinct tumor growth suppression
effect than the 10 mg/kg V-Mitb-L group. As with our rational
design, the 20 mg/kg V-Mitb-L group exhibited the best
antitumor effect compared to all of the control groups in vivo.
After the indicated treatments, we performed quantitative real-
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time PCR (qPCR) analysis to validate the gene expression
levels in tumor tissues. The gene expression analysis indicated
significant downregulation of the Klf4 gene after treatment
with 20 mg/kg V-Mitb-L (Figure SE). Besides, immuno-
fluorescence experiments revealed that the fluorescence
intensity of the MEK protein was the weakest in the tumor
tissue of 20 mg/kg of V-Mitb-L-treated mice, suggesting the
potential suppression of MEK protein expression in vivo
(Figure SG). Mitb showed favorable therapeutic effects with
oral administration with a dosage of 50 mg/kg/per day, and
our LipoSM-PROTAC showed similar antitumor activity in
vivo with 20 mg/kg and one dose/two day.21 These results
suggested that the LipoSM-PROTAC system has comparable
efficacy as its small molecule counterpart.

Finally, we further examined the effects of treatments on
body weight to assess their possible systemic toxicity. During
the treatment, we observed that the body weight of mice did
not change significantly (Figure SF), indicating the excellent
biosafety of this LipoSM-PROTAC system. Meanwhile, the
hemolysis experiment also proved the excellent hemocompat-
ibility of this system (Figure S14). Moreover, the tissue of
major organs (heart, liver, spleen, lung, kidney, and brain) was
used to evaluate the general toxicity of these formulations
using hematoxylin and eosin (H&E) staining (Figure S15).
Compared to the PBS control, none of the experimental
groups displayed notable morphological differences in H&E
staining. Taken together, our in vivo experiments confirmed
that the LipoSM-PROTAC system could be a promising nano
platform for clinical applications of cancer therapy.

The design and the optimization of PROTAC molecules
required significant expertise and resources, as it could be
challenging and time-consuming to achieve the right balance of
target binding affinity, cellular permeability, and proteasome
degradation efficiency.” In our previous study, we successfully
developed a peptide-based SM-PROTAC system and further
evolved it into a more efficient liposome-based SM-PROTAC.
In this study, we expanded other targets based on the LipoSM-
PROTAC platform and carefully evaluated its in vivo efliciency
and safety. The results suggested that this platform could
efficiently degrade the protein level of MEK in A37S cells or
Alk in NCI-H2228 cells, along with obvious tumor inhibition
(60—70% inhibition rate) and negligible toxicity. These results
further validated the LipoSM-PROTAC’s biocompatibility and
its potential for clinical translation, offering the capability for
multiple POI targeting and other chimera-type applications.
We anticipate that the LipoSM-PROTAC system presented in
this work will provide huge potential in clinical applications,
where its therapeutic area extends far beyond oncology.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.4c00278.

Compound synthesis, DLS analysis, SEM images, flow
cytometric analysis, confocal analysis, WB analysis, cck8
assays, cell apoptosis analysis, cell cycle analysis, volcano
plot analysis, hemolysis assays, H&E staining analysis,
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