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1. Introduction

Carbonized polymer dots derived from metformin
and L-arginine for tumor cell membrane- and
mitochondria-dual targeting therapyf

Manling Chen,? Yang Li,° Yangcheng Liu,® Baohua Jia, Xue Liu @2 *? and
Tianyi Ma () *

Metformin has demonstrated antitumor potential in clinical studies; however, achieving optimal antitumor
effects requires administering an extremely safe medication dose. To enhance the efficacy and reduce
dosage requirements, we propose the creation of large-molecule drugs through the combination of
small-molecule drugs. In this study, we developed novel polymer dots, referred to as MA-dots, with sizes
of approximately 5 nm, featuring dual targeting capabilities for tumor cell membranes and mitochondria.
MA-dots were synthesized using metformin and L-arginine via a rapid microwave-assisted method.
Notably, the resulting MA-dots (with a half maximal inhibitory concentration (ICso) of 93.60 pg mL™Y)
exhibited more than a 12-fold increase in antitumor activity compared to the raw metformin material
(ICso = 1159.00 pg mL™) over a 24-hour period. In addition, our MA-dots outperformed most metformin-
derived nanodrugs in terms of antitumor efficacy. Furthermore, oral gavage treatment with MA-dots led
to the suppression of A549 (lung cancer cell lines) tumor growth in vivo. Mechanistic investigations
revealed that MA-dots bound to the large neutral amino acid transporter 1 (LAT1) proteins, which are
overexpressed in malignant tumor cell membranes. Moreover, these MA-dots accumulated within the
mitochondria, leading to increased production of reactive oxygen species (ROS), mitochondrial damage,
and disruption of energy metabolism by modulating the 5'-adenosine monophosphate-activated protein
kinase (AMPK)/mammalian target of rapamycin (mTOR) pathway in tumor cells. This cascade of events
triggers cell-cycle arrest and apoptosis. In summary, this study presented a rapid method for fabricating a
novel nanoderivative, MA-dots, capable of both tumor targeting and exerting tumor-suppressive effects.

minimal adverse effects, low clinical risk, and excellent toler-
ability. Particularly noteworthy is its application in type-2 dia-

Metformin, a commonly employed oral antidiabetic medi-
cation, is reported to exhibit a certain degree of tumor cell pro-
liferation suppression and apoptosis induction." Its antitumor
effect manifests through the induction of cell cycle arrest and
the activation of the apoptotic pathways.>* The long-term clini-
cal use of metformin has numerous advantages, including
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betes patients with malignancies, where metformin therapy
enables the maintenance of reasonable glycemic control and
provides additional clinical benefits in tumor treatment.*®
However, when administered at repeatedly high doses, metfor-
min exhibits limited additional antitumor activity in patients
with tumors.” This limitation primarily stems from the
restricted cellular uptake of metformin.® The high doses
required for its antitumor function far exceed the standard
antidiabetic doses,”'® potentially resulting in severe side
effects such as gastrointestinal symptoms and relatively rare
occurrences of lactic acidosis.!* Therefore, future clinical use
of metformin in tumor therapy necessitates selective enhance-
ment of tumor cell uptake efficiency and a reduction in the
medication threshold.

Carbonized polymer dots (CPDs) are zero-dimensional
carbon nanomaterials that have garnered substantial attention
in biomedicine owing to their exceptional properties.'*"?
CPDs can be administered conveniently through either injec-

This journal is © The Royal Society of Chemistry 2023


http://rsc.li/nanoscale
http://orcid.org/0000-0001-5187-0354
http://orcid.org/0000-0002-1042-8700
https://doi.org/10.1039/d3nr04145j
https://doi.org/10.1039/d3nr04145j
https://doi.org/10.1039/d3nr04145j
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr04145j&domain=pdf&date_stamp=2023-11-13
https://doi.org/10.1039/d3nr04145j
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR015044

Published on 18 October 2023. Downloaded on 1/20/2026 11:19:16 AM.

Nanoscale

tion or oral intake, ensuring effective integration into the
in vivo environment.'*'® Their favorable solubility and bio-
macromolecule-like size significantly facilitate the penetration
of various biological barriers."” They can be readily functiona-
lized to enhance tumor-targeting capabilities and serve as
drug-delivery vehicles.'®° Their outstanding biocompatibility
and minimal toxicity revealed in both in vitro and in vivo
studies further underscore their promise in
biomedicine.>?"?*> Recent investigations have revealed that
CPDs derived from conventional small-molecule drugs can
augment their original pharmacological properties and miti-
gate their toxic side effects in normal cells. In fact, these CPDs
often exhibit superior therapeutic effects compared with the
original drugs. For instance, berberine CPDs demonstrated
exceptional water solubility and tumor accumulation, resulting
in enhanced in vivo antitumor activity compared with free ber-
berine (approximately a two-fold increase).>® Aspirin CPDs
exhibited efficient cellular internalization, enhanced inhibitory
effects on TNF-a and IL-1B, and an ability to regulate inflam-
matory responses.” Highly soluble levofloxacin CPDs demon-
strated antimicrobial activity more than 500 times higher than
insoluble levofloxacin.?® Furthermore, the CPDs derived from
curcumin exhibited a 1000-fold higher antiviral capacity and
34-fold greater biocompatibility than curcumin itself.?® Han
et al. synthesized CPDs through the hydrothermal treatment of
adenosine and aspirin,*” resulting in CPDs with superior cyto-

L-arginne

Q@ Household microwave ovens

&
; b
Amino acid ga D:)X% Q e ; :

9 o
Guanidyl OAQ }}3\'

Metformin

Non-toxic Y X

View Article Online

Paper

compatibility and biosafety compared to their precursors
(more than a two-fold increase), which directed the osteogenic
differentiation of the human bone marrow mesenchymal stem
cells.

Based on these results, it is worthwhile to explore a novel
design and fabrication strategy for transforming metformin
into metformin CPDs, potentially overcoming the limitations
encountered in the current use of metformin in tumor treat-
ment. A recent study by Wan et al. involved mixing metformin
with citric acid to prepare CPDs aimed at suppressing tumor
cell growth. However, these CPDs did not exhibit significant
cytotoxicity against A549 (lung cancer cell lines) cells until the
concentration reached 1000 pg mL™' under the normal-
glucose conditions for 72 h.>®

In the present study, a novel well-soluble antitumor nano-
derivative, hereafter referred to as MA-dots, was synthesized
through a straightforward microwave treatment involving met-
formin and r-arginine (Scheme 1). The MA-dots exhibited the
characteristic morphology of classical CPDs, presenting as
small-size globular carbon nanoparticles measuring approxi-
mately 5 nm in size. The formation mechanism and potential
structure of MA-dots were elucidated. Specifically, metformin
contributed to the formation of the triazine framework within
the MA-dot precursor, whereas r-arginine played a pivotal role
as a passivation agent, stabilizing this framework.
Consequently, the MA-dots retained their antitumor activity
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Scheme 1 Diagram depicting the fabrication of the MA-dots for tumor-targeted treatment.
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and specifically targeted both tumor cell membranes and
mitochondria. These MA-dots were capable of binding to the
large neutral amino acid transporter 1 (LAT1) proteins, which
are known for their high expression in malignant tumor cell
membranes. This tumor-specific targeting mechanism facili-
tated substantial accumulation of the MA-dots within tumor
cells and tissues, as evidenced by their autofluorescence. Once
inside the tumor cells, MA-dots like metformin accumulated
within the mitochondria, a phenomenon verified through
colocalization studies. Subsequently, MA-dots inhibited tumor
development by inducing increased production of reactive
oxygen species (ROS), causing damage to the mitochondrial
structure, disrupting energy metabolism, and ultimately
leading to cell cycle arrest and apoptosis. Notably, the half
maximal inhibitory concentration (ICso) of the tumor cells
treated with MA-dots (ICs, = 93.60 pg mL™") decreased by more
than 12-fold compared to those treated with metformin (IC5, =
1159.00 pg mL™') over a 24-hour period. Furthermore, oral
administration of MA-dots in an A549 tumor-bearing mouse
model confirmed their in vivo antitumor activity.

2. Materials and methods
2.1. Materials

Metformin hydrochloride (Met, >98%), r-arginine (Arg, 99%),
t-phenylalanine (Phe, 99%), i-leucine (Leu, >99%), glycine
(Gly, 99%), and dimethyl sulfoxide were obtained from
Shanghai Adamas Reagent Co. Ltd (Shanghai, China). 2-Amino
bicyclo-(2,2,1)-heptane-2-carboxylic acid (BCH, 95%) was
obtained from Macklin Biochemical Co. Ltd (Shanghai,
China). Chlorpromazine and genistin were purchased from
Sigma-Aldrich Co. Ltd (Munich, Germany). Bovine serum
albumin (BSA) was acquired from Solarbio Life Science Co. Ltd
(Beijing, China). Hoechst 33342, Mito-tracker, methyl thiazolyl
diphenyl-tetrazolium bromide (MTT), mitochondrial mem-
brane potential (MMP) assay kit, 2’,7’-dichlorodihydrofluores-
cein diacetate (DCFH-DA), annexin V-FITC/propidium iodide
(PI) apoptosis assay Kkit, cell cycle and apoptosis assay kit, and
bicinchoninic acid (BCA) protein assay kit, cyclin A2 rabbit
polyclonal antibody (AF6624, diluted 1:1000 with 3% BSA),
and cyclin B1 rabbit polyclonal antibody (AF6627, diluted
1:1000 with 3% BSA) were obtained from Beyotime
Biotechnology Co. Ltd (Shanghai, China). Enhanced radioim-
munoprecipitation precipitation assay (RIPA) lysis buffer,
phosphatase inhibitor cocktail, phenylmethanesulfonyl fluor-
ide (PMSF), and paraformaldehyde were ordered from
Servicebio Biotechnology Co. Ltd (Wuhan, China). Primary
antibodies against 5’-adenosine monophosphate-activated
protein kinase o (AMPKa) (ab32047, diluted 1:1000 with 3%
BSA), phosphorylated AMPKa (p-AMPKa) (ab92701, diluted
1:1000 with 1% BSA), mammalian target of rapamycin
(mTOR) (ab134903, diluted 1:1000 with 3% BSA), and phos-
phorylated mTOR (p-mTOR) (ab109268, diluted 1:1000 with
3% BSA) were purchased from Abcam Co. Ltd (Cambridge,
UK). p-Actin antibody (AF7018, diluted 1:5000 with 3% BSA)
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and the secondary antibody (S0001, diluted 1:5000 with 3%
BSA), horseradish peroxidase (HRP)-conjugated goat anti-
rabbit IgG (H + L), were from Affinity Biosciences Co. Ltd
(Changzhou, China). All cell growth plates were purchased
from NEST Biotechnology Co. Ltd (Wuxi, China). Ultrapure
water (18.2 Q) from a Milli-Q system (Merck, Germany) was
used throughout the experiments.

2.2. Characterization of MA-dots

Fourier-transform infrared (FT-IR) spectra were obtained from
an FT-IR spectrometer (PerkinElmer, Waltham, US). KBr
pellets were used to disperse the powder samples. X-ray photo-
electron spectroscopy (XPS) spectra were obtained from a
K-Alpha XPS system (Thermo Scientific, Massachusetts, US).
Transmission electron microscopy (TEM) studies were carried
out using the JEM-2100 high-resolution electron microscope
(JEOL, Tokyo, Japan) or Hitachi HT7700 electron microscope
(Hitachi, Tokyo, Japan). Powder X-ray diffraction (XRD)
measurements were conducted on a D8 Advance X-ray diffract-
ometer (Bruker, Karlsruhe, Germany). The ultraviolet-visible
(UV-vis) absorption spectra were obtained from a TU-1900 UV-
vis absorption spectrophotometer (Purkinje General, Beijing,
China). Fluorescence spectra were obtained from an
RF-5301PC fluorescence spectrophotometer (Shimadzu, Kyoto,
Japan). Flow cytometry experiments were conducted on an
Accuri C6 plus flow cytometer (Accuri Cytometers, Ann Arbor,
US) or a FACSCalibur flow cytometer (BD Biosciences, San
Jose, US). Cell imaging was carried out using a Ts2 inverted
microscope (Nikon, Tokyo, Japan).

2.3. Synthesis of the MA-dots

The MA-dots were prepared via a microwave-mediated method
as follows. First, 0.50 g Met (MW = 165.63 g mol ") and 0.53 g
Arg (MW = 174.20 g mol ") were dissolved in 10 mL water. The
solution was dissolved entirely after sonicating for 5 min using
a KH-400KDB ultrasonic cleaner (Hechuang Ultrasonic
Equipment, Kunshan, China). Subsequently, the solution was
heated for 3 min using a microwave reactor (Midea Microwave,
Foshan, China). A dark brown clustered solid was collected
from the container. The solid was cooled to room temperature
and dissolved in 10 mL water, assisted by sonication. The
crude MA-dot solution was centrifuged (5000 rpm, 5 min) to
eliminate undissolved precipitates using a TGL-16 centrifuge
(Xiangyi, Hunan, China). The supernatant was then filtered
through a 0.22 pm filter membrane (Spectrum Labs, Rancho
Dominguez, US). The filtrate was dialyzed using a 500-1000 Da
dialysis membrane (Spectrum Labs, Rancho Dominguez, US)
for 24 h. The pure MA-dot powder was obtained by freeze-
drying the dialysate using an FDU-1200 lyophilizer (EYELA,
Tokyo, Japan).

2.4. Cell uptake

The A549 and BEAS-2B (normal lung epithelial cell lines) cells
were cultured in 6-well plates (1 x 10° cells per well). After 24 h
of incubation, the cells were incubated with the MA-dots
(100 ug mL™") for another 6 h. Then, the cells were washed
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three times with PBS and analyzed by inverted fluorescence
microscopy and flow cytometry.

To check the feature of the large neutral amino acid ana-
logues of the MA-dots, the A549 cells were pretreated with
5 mM amino acids (including Leu, Phe, and Gly) or inhibitors
(including 5 mM BCH, 20 pM chlorpromazine, and 50 uM gen-
istein) for 1 h before being treated with the MA-dots.

2.5. Cell viability analysis

Cell viability was assessed by the MTT method. In detalil,
various cells were seeded in 96-well plates (1 x 10" cells per
well) with a specific culture medium for 24 h. Then, a fresh
culture medium containing various concentrations (0, 25, 50,
100, 150, and 200 pg mL™") of the MA-dots or Met or Arg was
added after the culture medium was removed. After 24 h of
incubation, each well was washed with 100 pL MTT (5 mg
mL™"), and the cells were incubated for another 4 h.
Subsequently, the MTT solution was carefully aspirated, fol-
lowed by dissolving with 150 pL dimethyl sulfoxide per well.
Absorbance was conducted at 570 nm using a FLUOstar
Omega microplate reader (BMG Labtech, Offenburg,
Germany).

2.6. Cell apoptosis and cycle analysis

The A549 cells were cultured in 6-well plates (1 x 10° cells per
well). Then, the culture medium was changed to a 2 mL
culture medium containing the MA-dots or Met (50 pg mL™").
After 24 h of incubation, the cells were washed and harvested
with PBS. Afterward, the cells were treated with annexin
V-FITC/PI for cell apoptosis assay based on the kit instruc-
tions. The cells were treated with RNase and stained with PI
for cell cycle assay.

2.7. Colocalization imaging

The A549 cells were cultured in 12-well plates (3 x 10* cells per
well) for 24 h. A fresh culture medium containing the MA-dots
was then added after the culture medium was removed. After
incubating for 8 h, the cells were washed with PBS and imaged
using an inverted microscope. Fluorescence imaging was
carried out by using Mito-tracker (50 nM) and Hoechst 33342
(5 pg mL™") to process the PBS-washed cells for 30 min before
imaging. Analysis of Pearson’s correlation coefficient was per-
formed by Image J software using Coloc2 analysis.

2.8. MMP measurement

The A549 cells were cultured in 6-well plates (1 x 10° cells per
well). Then, the culture medium was changed to a 2 mL
culture medium containing the MA-dots or Met (100 ug mL™").
After 24 h of incubation, the cells were washed and harvested
with PBS. Afterward, the cells were treated with 1 uM JC-1 for
MMP assay based on the kit instructions. The mitochondrial
morphology was observed before staining using an
HT7800 high-resolution electron microscope (Hitachi, Tokyo,

Japan).
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2.9. ROS measurement

The A549 cells were cultured in 6-well plates (1 x 10° cells per
well). Then, the culture medium was changed to a 2 mL
culture medium containing the MA-dots or Met (100 pg mL™").
After 24 h of incubation, the cells were washed and harvested
with PBS. Afterward, the cells were treated with 10 pM
DCFH-DA at 37 °C for 30 min for ROS assay before fluo-
rescence imaging and flow cytometry analysis.

2.10. Animals

Female BALB/c nude mice (5-6 weeks) were purchased from
the Vital River Laboratory Animal Technology Co. Ltd (Beijing,
China). Healthy female BALB/c mice (5-6 weeks) were supplied
by Liaoning Changsheng Biotechnology CO. Ltd (Benxi,
China). The animal experimental procedures were conducted
following the recommendations of the Animal Ethics
Committee of China Medical University (assigned approval
number: no. 2023656). Under a 12 h/12 h darkness/light cycle,
the mice were kept in a specific-pathogen-free (SPF) barrier
environment with a 40-70% humidity at 25 °C.

2.11. Xenograft tumor model

BALB/c nude mice (about 20 g) were subcutaneously inocu-
lated with A549 tumor cells (1 x 107 cells per mouse) in the left
axilla. When tumors reached approximately 50 mm?® (tumor
volume = tumor length x tumor width x tumor width x 0.5),
various drugs were administered to the mice.

2.12. Ex vivo fluorescence imaging of the organs and tumors

After oral administration of the MA-dots (dose: 100 mg kg™"),
the tumor-bearing mice were sacrificed at 2, 4, 6, 16, and 24 h.
The organs, including the heart, lungs, spleen, liver, kidneys,
stomach, and small intestine, were harvested and observed by
immediate fluorescence imaging using an IVIS system (Caliper
Lifesciences, Waltham, US). The fluorescence images were
obtained at 480 nm excitation and 520 nm emission. The
images were analyzed using the Living Image 4.2 software
(Caliper Life Science, Hopkinton, USA) with the same settings
for data consistency.

2.13. Invivo therapy

The tumor-bearing mice were randomly split into three groups
(n = 5) and administered through everyday oral gavage with
various formulations, including (1) 1 mL of water (control), (2)
Met dispersed in 1 mL of water (100 mg kg™ "), and (3) the MA-
dots dispersed in 1 mL of water (100 mg kg™"). The tumor
volume was monitored on the selected days (0, 3, 6, 9, and 12
d). The tumor-bearing mice were sacrificed on day 14 after the
last gavage. The tumor was removed from the body and
weighed. The tumors were cut into slides and visualized under
light microscopy after hematoxylin-eosin (H&E), Ki67, and
terminal transferase dUTP nick end labeling (TUNEL) staining.
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2.14. Western blot analysis

The A549 cells and tumor tissues treated with the MA-dots or
Met according to the method above were extracted in a lysis
buffer solution using protease and phosphatase inhibitors,
respectively. The total protein concentration was detected by
the BCA method. Equal amounts of denatured proteins were
isolated via SDS-PAGE gel and transferred to the PVDF mem-
branes. The membranes were probed with the antibodies
against cyclin A2, cyclin B1, AMPK, p-AMPK, mTOR, p-mTOR,
and p-actin and then incubated with an HRP-labelled second-
ary antibody. The proteins were captured using an ECL detec-
tion kit (Beyotime, Shanghai, China) on a Tanon-5200 chemi-
luminescence (Tanon Science &
Technology, Shanghai, China). Images were analyzed using
Image J software.

image analysis system

2.15. Statistical analysis

The data were represented as the mean + standard deviation
(s.d.). Unpaired Student’s t-test (two-tailed) was used to
compare the two groups. One- or two-way ANOVA was carried
out to analyze the statistical significance among more than
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two groups. Statistical analysis was conducted with GraphPad
Prism 10.0.2 software (GraphPad Software, San Diego, US).

3. Results and discussion

3.1. Chemical structure and formation mechanism of the
MA-dots

The synthesis of MA-dots involved microwave treatment with
metformin and r-arginine. The proposed mechanism for the
formation of MA-dots is shown in Fig. 1a. Initially, conden-
sation polymerization occurred between metformin molecules,
and in the presence of HCI and H,0, intermolecular guanidine
groups underwent a reaction, leading to the formation of a six-
membered triazine ring after deamidation. The triazine ring
continued to grow with the addition of metformin.
Subsequently, r-arginine, acting as a passivation agent, reacted
with the active edge atoms of the multimeric ring structure.
The guanidine groups from the two r-arginine molecules par-
ticipated in the formation of a new six-membered triazine ring
by reacting with the fringe C-N-C structure of the two triazine
rings. During the microwave heating process, C=C and C=N
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Fig. 1 Formation mechanism and chemical structure of the MA-dots. (a) Possible formation mechanism of the MA-dots. (b) FT-IR spectra of the
MA-dots (red), metformin (blue), and L-arginine (yellow). (c) XPS survey spectrum of the MA-dots. The deconvoluted C 1s (d), N 1s (e), and O 1s (f)
spectra of the MA-dots. (g) TEM image of the MA-dots. Scale bar = 10 nm. Inset, the size distribution of the MA-dots. (h) XRD patterns of the MA-
dots. (i) UV-vis absorption spectrum (red) and fluorescence emission spectrum (blue) of the MA-dots solution (excitation wavelength from left to

right: 360, 380, 420, 440, 460, and 480 nm).
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bonds were formed within the carbon skeleton, ultimately
resulting in the final aromatic structure of the MA-dots and
conferring their fluorescence properties. The presence of
L-arginine passivation agents significantly enhanced the stabi-
lity and hydrophilicity of the MA-dots.

FT-IR and XPS spectra were obtained to gain deeper insight
into the chemical structure and composition of the MA-dots.
Notably, several characteristic vibrational signatures attributed
to guanidine groups were observed in the FT-IR spectrum of
the MA-dots (Fig. 1b), including C-N-C bending vibrations at
537 em™, C-N stretching vibrations at 1159 cm™', C=N
stretching vibrations at 1052 and 1631 cm™ ', N-H wagging
vibrations at 996 cm™, and N-H stretching vibrations at 3176,
3212, 3320, and 3409 cm™*.2°*° This confirmed the retention
of guanidine groups during incomplete polymerization. The
presence of C=O0 stretching vibrations at 1686 cm ™" indicated
the inheritance of the carbonyl group from r-arginine.’ The
appearance of new peaks at 806, 925, 1271, 1324, 1412, and
1484 cm™" provided strong evidence for the formation of the
triazine rings within the MA-dots.*** Furthermore, a new
peak at 2036 cm™" indicated the presence of triple bonds and
cumulative double bonds in the MA-dot structure.*

According to the XPS results of the MA-dots, their compo-
sition consisted of 61.01% carbon (C), 29.24% nitrogen (N),
and 9.75% oxygen (O) (Fig. 1c). The theoretical and actual
compositions of the MA-dots were compared (Table S1}). The
theoretical compositions of the MA-dots were estimated based
on the initial feed amount of the carbon source. Given the sig-
nificantly higher elemental stability of carbon compared to
nitrogen and oxygen, it was assumed that no loss occurred in
the carbon content of the initial carbon source during the for-
mation of MA-dots. Thus, the carbon from the initial carbon
source was fully utilized for constructing the MA-dots. Under
this premise, it was observed that the actual nitrogen content
decreased by 14.33% compared with the theoretical value.
This finding supports the occurrence of deamidation during
the formation of the MA-dots.

The XPS C 1s spectrum of the MA-dots revealed four contri-
butions arising from C-H/C-C/C=C, C-N/C-O, C=N/O=C-
NH, and -COOH species, located at 284.60 eV (1.59, 43.90%),
285.76 eV (1.49, 22.99%), 287.24 eV (1.81, 17.88%), and 288.33
eV (2.2, 15.23%), respectively (Fig. 1d),>® with the full width at
half-maximum and relative peak areas provided in parenth-
eses. Concerning the XPS N 1s states of the MA-dots, three
peaks at 398.10 eV (1.41, 24.57%), 399.16 eV (1.47, 29.52%),
and 400.03 eV (1.92, 45.91%) were attributed to primary (NH,),
secondary (NH), and tertiary amine (N) groups, respectively
(Fig. 1e).’® Compared to the theoretical nitrogen composition,
the primary and secondary amine groups within the MA-dots
decreased by 10.43% and 25.48%, respectively, while the ter-
tiary amine increased by 35.91% (Table S2t). This outcome
further corroborates the generation of the triazine structure,
which is characterized by a significant presence of tertiary
amine groups. The XPS O 1s spectrum of the MA-dots dis-
played peaks at 531.33 eV (2.06, 75.57%) and 532.90 eV (2.18,
24.43%), consistent with the presence of C=0 and C-OH func-
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tional groups (Fig. 1f),*” indicating the retention of character-
istic amino acid functional groups in the MA-dots, even after
the partial loss of -NH, and -COOH functional groups during
the aromatization and carbonation processes.

The MA-dots exhibited a uniform and mono-dispersed
spherical nanoparticle morphology (Fig. 1g), with an average
particle diameter of approximately 3.5 nm. In the XRD pat-
terns of the MA-dots, a prominent and broad diffraction peak
was observed at approximately 24° (Fig. 1h), corresponding to
the (002) plane of the graphitic carbon. This peak confirmed
the graphene structure of the MA-dots.***° The ultrasmall size
of the MA-dots enables them to easily traverse the gut mucosal
barriers following oral administration.*’ Additionally, excess
MA-dots with ultrasmall dimensions in the systemic circula-
tion can be efficiently eliminated through renal clearance,*'
significantly reducing their toxicity in vivo. Furthermore, the
resulting MA-dots displayed a robust absorption peak at
208 nm, which was attributed to the n—-n* transition of the aro-
matic C=C bonds (Fig. 1i).** This absorption can be converted
into fluorescence emission. Owing to quantum confinement
effects, the fluorescence emission of the MA-dots is dependent
on the excitation wavelength (Fig. 1i), with emission peaks red-
shifting as the excitation wavelength increases. The most pro-
nounced fluorescence emission spectrum of the MA-dots was
centered at 404 nm when excited at 340 nm. The autofluores-
cence of the MA-dots can likely be attributed to their triazine
structure, which promotes chromophore formation, combined
with their exceptionally small size, contributing to the
quantum confinement effect.*™**> The quantum yield (QY) of
the MA-dots was determined to be 15.12% using quinine
sulfate as a standard (Fig. S11).

3.2. Invitro antitumor effect of the MA-dots

The evaluation of antitumor activity in vitro involved monitor-
ing the survival status of A549 cells incubated with the MA-
dots. BEAS-2B cells were used as controls to assess the cyto-
toxicity of MA-dots. The MA-dots exhibited noticeable antitu-
mor activity at a minimum concentration of 50 pg mL™*
(Fig. 2a), resulting in the death of 17.20% of A549 cells. A549
cells treated with MA-dots (100 pg mL™") for 24 h displayed
characteristic apoptotic morphology, inducing cell shrinkage
(Fig. S2t). The ICs, of A549 cells treated with MA-dots was
determined to be 93.60 pg mL™" (Fig. 2c), representing over a
12-fold reduction compared to metformin-treated cells (IC5, =
1159.00 pg mL ™). Notably, the effective concentration of met-
formin in the antitumor process was even lower when consid-
ering the actual feeding amount of metformin used to prepare
the MA-dots. In contrast, when equal doses of r-arginine and
metformin were tested within the chosen concentration range
(0-200 pg mL™"), virtually no antitumor activity was observed
(Fig. 2a). Additionally, the highest tested concentration of the MA-
dots (200 pg mL ™) did not exhibit cytotoxicity against non-cancer-
ous BEAS-2B cells (Fig. 2b), which maintained their morphology
with almost no changes after treatment with MA-dots (100 pg
mL ") for 24 h (Fig. S21). Similar results were obtained in experi-
ments involving other tumors and non-cancerous cell lines. The
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Fig. 2 In vitro antitumor effect of the MA-dots. The viability of the A549 (a) and the BEAS-2B (b) cells treated with various concentrations of the
MA-dots, metformin, or L-arginine (0, 25, 50, 100, 150, and 200 ug mL™?) for 24 h. n = 3. (c) The ICsq of the A549 cells was treated with various con-
centrations of MA-dots or metformin. n = 3. (d) Flow cytometry analysis of A549 cells treated with MA-dots or metformin (50 pg mL™) for 24 h. (e)
The apoptosis rate of the A549 cells treated with the MA-dots or metformin (50 pg mL™2) for 24 h. n = 3. Data display mean + s.d. (two-way ANOVA
analysis for (a) and (b), one-way ANOVA analysis for (e), ***p < 0.001 and ****p < 0.0001).

MA-dots demonstrated inhibitory effects on HepG2 (liver cancer
cell lines), MCF-7 (breast cancer cell lines), and HeLa cells (cervi-
cal cancer cell lines), with minimal effects on NCTC1469 (normal
liver cell lines) and HEK293 (normal human embryonic kidney
293 cell lines) cells (Fig. S3T). When comparing the ICs, values of
free metformin and encapsulated metformin, it was evident that
the effective concentration of the MA-dots in the antitumor
process was lower than that in other metformin delivery nano-
systems (Table S31). These findings led to the conclusion that
microwave-induced nanosizing of metformin significantly
enhances its antitumor activity while maintaining low toxicity to
normal cells.

Annexin V-FITC/PI double staining was used to assess the
degree of apoptosis in the tumor cells (Fig. 2d and e). After
24 h of treatment with MA-dots (50 pg mL™"), 20.10% of A549
cells underwent apoptosis, accounting for the reduction in cell
counts. Cell proliferation and growth are intricately governed
by the orderly progression of cell cycle stages, including the GO
(gap 0), G1 (gap 1), S (synthesis), G2 (gap 2), and M (mitosis)
phases. Dysregulation of the cell cycle can lead to rapid cell
proliferation and induce carcinogenesis,’® making it an intri-
guing target for tumor treatment.*” Cell cycle analysis of A549
cells stained with PI was conducted to determine which cell
cycle stage was affected by MA-dots. The cell cycle comprises
five phases: GO, G1, S, G2, and M. Flow cytometry analysis,
based on the DNA content, identifies these cell cycle stages,
including G0/G1, S, and G2/M phases. Following treatment
with MA-dots, the cell cycle was predominantly arrested at the
S and G2/M phases, while the cell population in the G0/G1

17928 | Nanoscale, 2023,15,17922-17935

phase decreased by 18.25% compared to that in the metfor-
min-treated group (Fig. S4t). This observation indicated that
MA-dots suppressed DNA replication and mitosis. Notably, the
cell cycle-dependent antitumor mechanism of the MA-dots
differed from that of high concentrations of metformin.
Tumor cells exposed to high concentrations of metformin are
mainly arrested at the GO/G1 stage,*® and metformin primarily
interferes with the synthesis of RNA and proteins to form spin-
dles. Additionally, the progression of cells through the S and
G2/M phases is regulated by cyclin A2 and cyclin B1.**°°
Consistent with the flow cytometry results, western blot
demonstrated that cyclin A2 and cyclin B1 levels were downre-
gulated after 24 h of exposure to the MA-dots (Fig. S57).

3.3. Tumor targeting effect of the MA-dots

The heightened antitumor activity of the MA-dots is attributed
to their superior cell uptake efficiency compared to that of
metformin alone. To achieve this, r-arginine was introduced to
confer tumor-specific targeting capabilities to MA-dots. These
t-arginine-decorated MA-dots act as large neutral amino acid
analogs capable of binding to the highly expressed LAT1 pro-
teins found in the membranes of various human tumor cells.
LAT1 proteins play a crucial role in supplying amino acids and
essential nutrients to rapidly proliferating tumor cells.>" The
characteristic of being large neutral amino acid analogs makes
MA-dots more readily internalized by tumor cells than by
normal cells. The tumor-specific targeting ability of the MA-
dots was assessed by observing their interaction with cells by
fluorescence microscopic imaging and flow cytometry analysis.

This journal is © The Royal Society of Chemistry 2023
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Fluorescence imaging revealed that the MA-dots selectively
penetrated the A549 cells, predominantly residing in the cyto-
plasm (Fig. 3a). In contrast, their presence in the BEAS-2B cells
was barely detectable. This strong evidence confirmed the
high tumor-selective uptake capacity of the MA-dots.
Quantitative analysis using flow cytometry demonstrated that
the cellular uptake rate of MA-dots in A549 cells was 84.30%,
which was approximately 18-fold higher than that in BEAS-2B
cells (4.70%) (Fig. 3b and Fig. S61). This substantial difference
in tumor-specific cell uptake efficiency enhances the biodistri-
bution of the MA-dots, maximizes their antitumor effective-
ness, and minimizes their potential toxicity to healthy cells.
Additionally, the autofluorescence exhibited by MA-dots makes
them suitable as fluorescent nanoprobes for tumor imaging or
labeling.

The inclusion of r-arginine in the modification of metfor-
min serves the dual purpose of stabilizing the nanostructure
and imparting MA-dots with the characteristics of the large
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neutral amino acid analogs. Structural characterization con-
firmed that the MA-dots retained the characteristic functional
groups of the amino acids. To confirm their status as large
neutral amino acid analogs of the MA-dots, various large
neutral amino acid distracters were co-incubated with A549
cells and MA-dots. These distracters included Phe, Leu, and
Gly, and BCH. Both Leu and Phe exhibited a higher binding
affinity for LAT1 proteins than Gly.>> LAT1 can also be targeted
for cancer therapy, and LAT1 inhibitors, such as BCH, can
inhibit amino acid transport in tumor cells, thereby suppres-
sing their proliferation.>®

The experimental results demonstrated that the uptake of
MA-dots by tumor cells was inhibited by over 50% in the pres-
ence of Leu, Phe, and BCH, while Gly had virtually no effect on
MA-dot uptake by tumor cells (Fig. 3c and Fig. S7}). The co-
presence of MA-dots or BCH did not synergistically strengthen
the antitumor effect (Fig. 3d). Conversely, the antitumor effect
of MA-dots at higher concentrations (150 and 200 pg mL ™)
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Fig. 3 Tumor targeting effect of the MA-dots. (a) Fluorescence images of the A549 and the BEAS-2B cells treated with MA-dots (100 ug mL™?) for
6 h (blue fluorescence (lex = 365 nm): nuclei, green fluorescence (1ex = 488 nm): the MA-dots). Scale bar = 10 pm. (b) Cellular uptake of the MA-dots
(100 pg mL™) in the A549 and the BEAS-2B cells at 6 h using flow cytometry analysis. (c) The cellular uptake rate of the MA-dots in the A549 cells in
the presence of Leu, Phe, Gly, or BCH (5 mM). n = 3. (d) Cell viability of the A549 cells treated with MA-dots (100 ug mL™) in the presence of BCH
(5 mM) by MTT assay. n = 3. Data display mean + s.d. (one-way ANOVA analysis, *p < 0.05, ***p < 0.001, and ****p < 0.0001).
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decreased by more than 30% in the presence of BCH. This
result reinforces the notion that BCH inhibits the expression
of LAT1, thereby blocking the uptake of MA-dots by tumor
cells and affecting their antitumor activity.

The internalization process of the MA-dots was further
investigated, focusing on two major pathways used by eukary-
otic cells to internalize extracellular substances through mem-
brane deformation: clathrin- and caveolin-mediated endocyto-

s.>* Chlorpromazine, a clathrin inhibitor, and genistein, a
caveolin inhibitor, were introduced in the context of BCH,
serving as controls. Both chlorpromazine and BCH inhibited
the internalization of the MA-dots by more than 50%
(Fig. S81). In contrast, genistein did not significantly affect the
uptake of the MA-dots. This result confirmed the internaliz-
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ation of the MA-dots through the mechanism of clathrin-
mediated endocytosis.

3.4. Mitochondrial damage effect of the MA-dots

This prevailing perspective suggests that metformin exerts its
antitumor effects by interfering with the metabolism of tumor
cells.”>>° The properties of metformin passed down to the MA-
dots may have conferred a high affinity for mitochondria,”
resulting in excellent mitochondria-targeting capabilities. To
further analyze the colocalization of MA-dots within mitochon-
dria after 8 h of incubation in A549 cells, we scrutinized the
fluorescence images in Fig. 4a. These images reveal that MA-
dots effectively enter the mitochondria, exhibiting a Pearson’s

Pearson's correlation
coefficient: 0.78

MA-dots

Overlay

= 2
4 g

e
8 8
S >
o 0.78%}yo 0.99%}1077 45.00% 5
> 1 =
© 1
< fo"{Control 10°{ Metformin 10" MA-dots 9
O b LU S e A
- 10 10 10 10 10 10 10 10 10 10 10 10 »

JC-1 monomers (green)

3
8
1

o
3
L

[FEE—
= —

«©
o '{\0‘
W

((\\(\ 60\%
W

Fig. 4 Mitochondrial damage effect of the MA-dots. (a) Fluorescence images (scale bar = 10 pm) of A549 cells incubated with MA-dots (100 pg
mL™) and Mito-Tracker Green (iex = 644 nm). (b) Fluorescence imaging (scale bar = 10 um) of the mitochondrial membrane potential (MMP) of the
A549 cells treated with the MA-dots or metformin (100 pg mL™) using JC-1 staining as an MMP-specific marker (1o = 514, 585 nm). (c) Flow cyto-
metry analysis of the mitochondrial membrane potential (MMP) of the A549 cells treated with the MA-dots or metformin (100 pg mL™?) using JC-1
staining as an MMP-specific marker. n = 3. (d) TEM images (scale bar = 500 nm) of the mitochondria of the A549 cells treated with or without the
MA-dots (100 pg mL™). Arrows point to mitochondria. Data display mean + s.d. (one-way ANOVA analysis, **p < 0.01).
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correlation coefficient of 0.78, signifying their exceptional
mitochondrial targeting ability.

Tumor cells, characterized by their rapid and uncontrolled
growth, undergo abnormally accelerated energy metabolism
compared with normal cells.”®*° This metabolic trait renders
tumor cells susceptible to interference in energy metabolism.
Some antitumor drugs have been designed based on this
metabolism-perturbing mechanism, in which mitochondrial
function plays a pivotal role in cellular energy metabolism.
Therefore, certain drugs, such as metformin, directly interfere
with energy metabolism and damage mitochondrial structure
and function.®® Herein, we assessed the impact of MA-dots on
the mitochondria of tumor cells through MMP, mitochondrial
morphology, ROS levels, and signaling pathways.

A decline in MMP serves as an indicator of mitochondrial
damage and dysfunction,®* and is a parameter assessed by
JC-1 staining.®® Both fluorescence microscopy and flow cyto-
metry analyses were employed to observe the aggregation
status of JC-1 molecules. JC-1 monomers (green fluorescence,
low potential) were dispersed in the cytoplasm in the presence
of MA-dots, and JC-1 aggregates (red fluorescence, high poten-
tial) exhibited a significant reduction of approximately 50%
(Fig. 4b and c). This outcome underscores a decline in MMP
and the disruption of MMP by MA-dots. In contrast, metfor-
min at the same concentration had almost minimal effect on
the mitochondrial membrane permeability of tumor cells.

Furthermore, the mitochondrial morphology exhibited sig-
nificant alterations in the presence of MA-dots (Fig. 4d). Under
the influence of these nanoparticles, mitochondria swelled
with a lower matrix density. The mitochondrial cristae, which
are essential for mitochondrial structure and function,
appeared irregular and diminished compared to those of the
control group. Mitochondrial damage typically coincides with
increased ROS levels.®® Elevated ROS levels were observed in
A549 cells treated with MA-dots, providing additional evidence
for mitochondrial damage (Fig. S9 and S107). High levels of
ROS can further impede tumor growth,’®® augmenting the
antitumor effect of the MA-dots.

AMPK and mTOR play pivotal roles in cellular energy
metabolism.®®®” Some studies have proposed that the antitu-
mor activity of metformin, based on the mitochondrial
damage mechanism, may be mediated by activation of the
AMPK pathway and inhibition of the mTOR pathway.®® To
ascertain the signaling pathway involved in the antitumor
process of MA-dots, we investigated the expression of AMPK
and mTOR in A549 cells treated with MA-dots via western blot
analysis.

The results revealed that the MA-dots increased the phos-
phorylation/activation of AMPK 0.28-fold, while reducing the
phosphorylation/activation of mTOR 1.11-fold in tumor cells
compared to that in the metformin group (Fig. S11%). This
phenomenon also occurs in the presence of high concen-
trations of metformin.®”*® However, low concentrations of
metformin, equivalent to those of MA-dots, had minimal
effects on these two pathways. Activation of the AMPK pathway
can influence various pathophysiological activities related to
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View Article Online

Paper

tumor growth and metabolism, including the inhibition of cel-
lular proliferation and induction of a high level of
autophagy.®®’® mTOR, a downstream target of AMPK, is
involved in intracellular nutrient-sensing by controlling
protein synthesis during cell growth and metabolism.”
Overactivation of mTOR is associated with tumor progression
and resistance to chemotherapy resistance.”> Therefore, regu-
lating the AMPK/mTOR pathway is a promising therapeutic
target for antitumor treatment, solidifying the evidence for the
antitumor capabilities of MA-dots.

3.5. Invivo antitumor effect and safety of the MA-dots

Therapeutic evaluation of MA-dots was further conducted in
A549 tumor-bearing mice. Following intragastric adminis-
tration (100 mg kg™ "), the MA-dots exhibited a tumor-suppres-
sive effect in vivo (Fig. 5a-e) without any toxicity, as evidenced
by measurements of body weight (Fig. 5f). In comparison, the
tumor volume in the control and metformin group rapidly
increased 3.21- and 1.34-fold, respectively.

These results are consistent with those obtained in the
in vitro cell experiments. Additionally, cell proliferation and
apoptosis in the tumor tissues were analyzed. The tumor
tissues from each group on day 14 were harvested after intra-
gastric administration and subjected to H&E staining and
immunohistochemistry methods, including the Ki67 assay and
TUNEL assay (Fig. 5g). The experimental results showed that
tumors from mice treated with MA-dots displayed the highest
apoptosis rate and lowest proliferation level compared to the
other control groups.

The expression of AMPK and mTOR in tumor tissues was
also assessed by western blot analysis. Mice administered MA-
dots exhibited increased phosphorylation/activation of AMPK
and significantly decreased phosphorylation/activation of
mTOR compared to metformin-administered mice (Fig. 5h
and k). This result was consistent with the protein expression
trends observed in the in vitro cell experiments (Fig. S117).
Regarding p-AMPKua expression levels, there was a significant
difference in the tumor tissues of MA-dot-treated mice (1.61-
fold increase) compared with those of the control group.
However, the difference was not significant when compared
with the metformin-treated group (0.53-fold improvement).
Conversely, alterations were more pronounced in p-mTOR
expression in the tumor tissues of MA-dot-treated mice.
Relative to the control and the metformin-treated group, the
MA-dot group exhibited a notably lower p-mTOR expression,
by 1.37-fold and 0.74-fold, respectively. Therefore, concerning
the combined protein expression levels observed in both
in vivo and in vitro experiments, it is likely that MA-dots pri-
marily exert their effects through the activation/phosphoryl-
ation of p-mTOR.

The tumor-specific targeting ability of the MA-dots in vivo
was also confirmed during administration. Mice were sacri-
ficed at 2, 4, 6, 16, and 24 h after oral administration of the
MA-dots. The major organs and tumors were collected and
observed using an in vivo imaging system (IVIS). MA-dots were
distributed in the stomach and small intestine after 2 h
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Fig. 5 In vivo antitumor effect of the MA-dots. (a) Mice received daily gavage of the drug for 14 days at 100 mg kg~*. (b) Tumor images of the mice
on day 14 treated with metformin or MA-dots. (c) Images of the mice treated with metformin or MA-dots for 14 days. (d) Tumor volume growth
curves of the mice treated with metformin or the MA-dots. n = 5. (e) Final tumor weight. (f) Body weight of A549 tumor-bearing mice. (g) Tumor
tissues (stained by H&E, Ki67, or TUNEL) of the mice on day 14 treated with metformin or the MA-dots. Scale bars = 50 pm. (h) and (k) Western blot
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(Fig. S12at). Some of them penetrate the digestive system and
enter the bloodstream and liver (Fig. S12bt), which are the
primary sites for drug metabolism. The MA-dots began to
accumulate in the tumors after 4 h (Fig. S12bt), demonstrating
the in vivo tumor-specific targeting ability of the MA-dots. The
highest level of MA-dots in the tumors was reached at 6 h

17932 | Nanoscale, 2023,15,17922-17935

(Fig. S12bf¥), with some MA-dots appearing in the kidneys for
renal excretion. At 16 h, the presence of MA-dots in the small
intestine significantly declined, while their retention in the
stomach remained relatively stable compared to that at 6 h.
This suggested that, similar to most orally administered drugs,
the small intestine served as the main absorption site for most
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MA-dots. Even at 24 h, MA-dots were still observed in the
digestive system, indicating a prolonged gastric retention time
and gastric emptying time, which contribute to high
bioavailability.

Furthermore, the MA-dots exhibited a high retention rate
and long duration (within 4-24 h) in the tumor area, allowing
them to fully exert their therapeutic effect. In summary, the
MA-dots demonstrated in vivo tumor-specific targeting treat-
ment effects and non-specific distribution in the stomach,
small intestine, liver, and kidneys, which are related to absorp-
tion, metabolism, and excretion, respectively. No MA-dots were
detected in the heart, spleen, or lungs, confirming their rela-
tive safety in these organs.

The in vivo safety of the MA-dots was further evaluated
using healthy female BALB/c mice through daily quantitative
oral gavage for 7 days (6 weeks old, n = 5 per group). Data on
body weight, blood chemistry, and histopathological profiles
were also collected. Administration of the MA-dots did not
induce any observable toxicity in the mice (Fig. S13at). Even
the mice treated with the highest dose (400 mg kg™ day ") of
MA-dots developed normally and were indistinguishable from
the control group. Furthermore, there was no evidence of
hepatic or renal toxicity in these mice, as indicated by the
normal levels of liver and renal function markers, including
alanine aminotransferase, alkaline phosphatase, aspartate
aminotransferase, creatinine, and blood urea nitrogen
(Fig. S13b-ff). Organs, including the heart, liver, spleen,
lungs, and kidneys, were harvested from the treated mice and
subjected to H&E staining. These organs showed minimal dis-
crepancies compared with those of the control group
(Fig. S1471). The accumulation of MA-dots in the liver and
kidneys did not result in any specific or obvious organ
damage. These results collectively demonstrate that oral
administration of the MA-dots had negligible local or systemic
toxicity. Both the in vitro and in vivo experimental findings
support the conclusion that MA-dots exhibit an acceptable
intrinsic safety profile for potential human use in tumor
therapy.

4. Conclusions

In summary, we developed a novel nanomedicine (MA-dots)
using metformin and t-arginine through a simple microwave-
based strategy. Extensive in vitro and in vivo evidence has con-
firmed that MA-dots possess excellent biocompatibility and
demonstrate potent antitumor activity. The ICs, of the A549
cell lines treated with MA-dots was 93.60 pg mL™", which was
over 12-fold lower than that of metformin (IC5, = 1159.00 pg
mL ™). These MA-dots exhibit the ability to target tumor cells
in vitro and in vivo by binding to the highly expressed LAT1
proteins in malignant cell membranes. Their autofluorescence
also allows tumor tissue and cell labeling and imaging both
in vitro and in vivo. Upon entering tumor cells, they accumulate
in the mitochondria, leading to mitochondrial damage and
disruption of energy metabolism by disrupting the AMPK/

This journal is © The Royal Society of Chemistry 2023
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mTOR pathway. This straightforward, safe, and effective nano-
medicine offers new possibilities for the design and prepa-
ration of therapeutic agents based on existing molecular
drugs. It has the potential to significantly shorten the research
and development timeline for drugs in high-demand areas,
thereby advancing the concept of “new uses of old drugs”.
Current research also holds promise for advancing the use of
metformin in tumor treatment.
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