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A B S T R A C T

Alzheimer’s disease (AD) is characterized by progressive cognitive decline due to neuronal damage and impaired 
neurogenesis. Preserving neuronal integrity and stimulating neurogenesis are promising therapeutic strategies to 
combat AD-related cognitive dysfunction. In this study, we synthesized metformin carbon dots (CMCDs) using a 
hydrothermal method with metformin hydrochloride and citric acid as precursors. Notably, we found that 
CMCDs were significantly more effective than metformin in promoting the differentiation of neural stem cells 
(NSCs) into functional neurons under amyloid-beta (Aβ) conditions. Moreover, CMCDs fostered NSCs prolifer
ation, enhanced neurogenesis, reduced Aβ deposition, and inhibited glial cell activation. We also examined 
neuronal structure by assessing Map2/NF-H/PSD95/SYN expression in the hippocampus, finding that CMCDs 
robustly strengthened neuronal structure. These results suggest that CMCDs can cognitive dysfunction in AD and 
promote the proliferation and neurogenesis of NSCs, as well as ameliorate neuronal injury. Hence, CMCDs 
emerge as promising candidates for AD therapy, demonstrating superior efficacy compared to metformin alone, 
and offering novel insights into small molecule drug interventions for AD.

1. Introduction

Alzheimer’s disease (AD), a progressive neurodegenerative disorder, 
poses significant economic and social burdens [1,2] due to advancing 
neuronal damage, neuronal loss, and the accumulation of extracellular 
Aβ plaques and intracellular neurofibrillary tangles [3–5]. Existing 
clinical treatments offer only modest and temporary relief of symptoms 
without addressing the underlying neuropathology [6]. The absence of 
effective treatments has contributed to the increasing global prevalence 
of AD, especially as the aging population grows [7]. While multifacto
rial, neuronal damage and loss primarily contribute to memory 
impairment and cognitive decline in AD. Therefore, enhancing neuronal 
repair and promoting neurogenesis emerge as appealing strategies for 
AD therapy (see Scheme 1).

Neurogenesis—the formation of new neurons—continues 
throughout adulthood in certain brain regions, particularly the hippo
campal dentate gyrus (DG) [8,9]. Adult hippocampal neurogenesis plays 

a critical role in certain forms of learning and memory [10,11], making 
it a promising target for AD therapy [12]. Likewise, addressing neuronal 
damage is crucial for preserving cognitive function by preventing 
neuron and synapse loss [13,14]. Developing small-molecule drugs to 
enhance neuronal repair and stimulate neurogenesis is an attractive 
strategy for AD therapy. However, traditional small-molecule com
pounds often face limitations in reaching sufficient brain concentrations 
to exert therapeutic effects [15,16]. This highlights the need for inno
vative therapeutic approaches.

Metformin, a widely used medication for type 2 diabetes, has 
demonstrated the ability to delay disease progression in animal models 
and clinical studies [17,18]. Additionally, metformin reduces mortality 
in patients with cardiovascular disease [19], though its benefits in dia
betic populations are debated [20]. Metformin has also shown neuro
protective effects relevant to AD, including reducing Aβ production 
[21], inhibiting tau phosphorylation [22], enhancing hippocampal 
neurogenesis [23,24], alleviating neuroinflammation [25], and 
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enhancing cognitive performance [25–27]. However, despite metfor
min’s ability to cross the blood-brain barrier (BBB), its therapeutic ef
fects in AD vary, possibly due to challenges in achieving adequate brain 
concentrations and high clearance rates.

Nanomedicine offers promising solutions for overcoming pharma
cological barriers in AD treatment. Nanodrugs can effectively accumu
late in the brain following systemic administration, leveraging enhanced 
permeability and retention effects [28,29]. Moreover, surface func
tionalization augments their ability to traverse biological barriers and 
reach target cells [30,31]. Carbon dots (CDs), in particular, hold unique 
advantages as nanomaterials, including ultra-small size (typically＜10 
nm), high BBB penetration, excellent biocompatibility, stability, cellular 
uptake, and cargo delivery capabilities [32,33]. These properties make 
CDs ideal candidates for drug delivery to the brain, offering potential 
therapeutic effects in AD [34,35].

Previous studies have investigated the potential of CDs and other 
nanoparticles in AD treatment. For example, Anand et al. demonstrated 
that native PLGA, without any drug or agent conjugation, can reduce Aβ 
aggregation and toxicity and attenuate AD pathology in cell and animal 
models [36]. Rompicherla et al. found that intranasal delivery of 
rivastigmine-loaded liposomes was more effective in reversing memory 
deficits in AD rat models than oral rivastigmine and other intranasal 
formulations [37]. Zhou et al. developed amphiphilic yellow-emissive 
CDs as non-toxic nanocarriers for central nervous system drug delivery 
and as inhibitors of amyloid plaques [38]. Compared to these ap
proaches, our study using CMCDs targets multiple pathological pro
cesses in AD simultaneously, potentially offering more substantial and 
lasting therapeutic benefits. CMCDs are easy to synthesize, demonstrate 
good biocompatibility, and show promise for clinical translation.

In conclusion, combining metformin with CDs is a novel nano
medicine approach for enhancing AD therapy. CMCDs offer the potential 
to overcome current limitations of metformin in AD treatment while 
leveraging the unique properties of CDs for targeted brain delivery. 
Compared to other nanomedicine strategies, CMCDs simultaneously 

address multiple pathological processes in AD, potentially providing 
synergistic therapeutic effects.

Building upon these insights, our present study synthesized CMCDs 
using metformin and citric acid, and, for the first time, assessed their 
impact on cognitive function in AD. In vitro experiments demonstrated 
that CMCDs promoted NSCs differentiation into functional neurons in an 
Aβ1-42 oligomeric environment, laying the groundwork for neural 
network integration. In vivo experiments revealed that CMCDs admin
istration attenuated neuroinflammation and Aβ deposition, thereby 
improving the brain microenvironment, fostering neurogenesis, pre
serving neuronal structure, and mitigating synaptic loss. CMCDs 
exhibited superior therapeutic efficacy for AD compared to metformin 
alone in both in vivo and in vitro settings. Our findings unveil new ho
rizons for nanomedicine-centered small molecule drug therapy for AD 
by elucidating the effects of CMCDs on driving neurogenesis and 
neuronal repair.

2. Materials and methods

2.1. Chemicals

Metformin hydrochloride and citric acid (CA) were procured from 
Sigma Aldrich (MO, USA). DMEM/F12-Dulbecco’s Modified Eagle Me
dium (DMEM/F12), penicillin-streptomycin, MEM Non-Essential Amino 
Acids, and B27 Supplement were obtained from Gibco (NY, USA). Basic 
fibroblast growth factor (bFGF) and epidermal growth factor (EGF) were 
sourced from Peprotech (NJ, USA), while the Cell counting kit-8 (CCK-8) 
was acquired from Bimake (Houston, USA). Aβ1-42 monomer powder 
was obtained from GL Biochem Ltd. (Shanghai, China). Primary anti
bodies against Nestin, Sox2, Ki67, βIII-tubulin, Iba-1, GFAP, DCX, BrdU, 
NF-H, Map2, PSD95, and SYN were purchased from Abcam (MA, USA), 
and secondary antibodies from Proteintech (Wuhan, China). All chem
icals, unless otherwise noted, were from Sigma Aldrich and used as 
received. Reagents not procured from Sigma Aldrich are analytical grade 

Scheme 1. Schematic illustrating the ability of CMCDs to enhance neurogenesis and neuroprotection in Alzheimer’s disease (Created with BioRender.com) 
[CrossRef Exact].
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and should be used as received.

2.2. Synthesis of CMCDs

CMCDs were synthesized by dissolving 33.124 mg of metformin 
hydrochloride in 10 mL of deionized water containing 10 mM citric acid. 
The resulting mixture was transferred to a Teflon-coated autoclave 
(Beijing Taida Technology Co. Ltd., Beijing, China) and heated at 180 ◦C 
for 8 h. After cooling to room temperature, the solution was filtered 
through a 0.22 μm membrane, followed by dialysis in deionized water 
for 48h using a dialysis bag (MWCO = 1000Da, Solarbio Company, 
Beijing, China), with water changes every 6 h. The final transparent 
yellow-brown CMCDs were lyophilized and stored for subsequent 
experiments.

2.3. Characterization of the CMCDs

Various analytical techniques were employed to characterize 
CMCDs. Transmission electron microscopy (TEM) was conducted using 
a Hitachi H-800 electron microscope (Tokyo, Japan) with a CCD camera, 
operating at an acceleration voltage of 200 kV. High-resolution TEM 
(HRTEM) analysis was performed with a JEM-2100F electron micro
scope (JEOL, Tokyo, Japan). Photoluminescence (PL) spectroscopy 
measurements were carried out on a Shimadzu RF-5301 PC spectro
photometer (Tokyo, Japan), while UV–vis absorption spectra were ac
quired using a 3100 UV–vis spectrophotometer (Shimadzu, Tokyo, 
Japan). Fourier transform infrared (FTIR) spectra were obtained using a 
Nicolet AVATAR 360 FTIR instrument (Madison, WI, USA). X-ray 
photoelectron spectroscopy (XPS) analysis was conducted using an 
ESCALAB MKII spectrometer (VG Scientific, UK) with Mg Kα excitation 
(1253.6 eV), with binding energy calibration based on C1s at 284.6 eV.

2.4. Preparation of Aβ1-42 oligomers

To prepare the Aβ1-42 oligomers, 1 mg of Aβ1-42 monomer powder 
was fully dissolved in 220 μL of cooled hexafluoroisopropanol (HFIP) for 
60 min at room temperature. The solution was then placed on ice for 10 
min and transferred to a fume hood with the cap open to allow HFIP 
evaporation. Once air-dried, the resulting Aβ peptide film was dissolved 
in 44 μL of fresh anhydrous dimethyl sulfoxide (DMSO) to create a 5 
mmol/L Aβ1-42 solution. This was diluted to a final concentration of 100 
μmol/L in phenol red-free DMEM/F12 medium, incubated at 4 ◦C for 24 
h, and centrifuged at 4 ◦C for 10 min at 14,000 rpm. The supernatant 
containing the Aβ1-42 oligomers was collected, aliquoted, and stored at 
− 80 ◦C.

2.5. NSCs culture and identification

All animal procedures were approved by the Animal Research 
Committee of Jilin University, Changchun, China. E12-E14 fetal brain 
tissue from C57BL/6 mice (n = 6) was used to isolate NSCs. Meninges 
were removed, and brain tissue was diced into 1–2 mm3 pieces in cold 
DMEM/F12 medium, followed by centrifugation at 500 rpm for 1 min to 
remove larger tissue fragments. The supernatant was further centrifuged 
at 800 rpm for 3 min to discard debris and cell membranes. The isolated 
cells were resuspended in growth media (DMEM/F12 supplemented 
with B27, bFGF (20 ng/mL), and EGF (20 ng/mL)) and filtered through a 
75 μm cell strainer to create a single-cell suspension. Cells were then 
seeded in Nunc T25 culture flasks (5000 cells/cm2) and incubated at 
37 ◦C with 5 % CO₂, leading to neurosphere formation. Neurospheres 
were dissociated using Accutase, plated on poly-D-lysine (PDL) and 
laminin-coated plates, and confirmed using antibodies against NSCs- 
specific markers Nestin and Sox2, with Hoechst staining for nuclear 
visualization.

2.6. Differentiation and characterization of NSCs

To assess the differentiation potential of NSCs, cultures were grown 
without EGF and bFGF. After 14 days, immunofluorescent labeling was 
conducted using antibodies against glial marker GFAP and neuronal 
marker Map2, with Hoechst stain for nuclear labeling. To evaluate the 
effect of CMCDs on NSC differentiation, the differentiation medium was 
supplemented with metformin or CMCDs (at metformin-equivalent 
concentrations).

2.7. Cytotoxicity measurement

To assess CMCDs cytotoxicity, neurospheres in the logarithmic phase 
were digested with Accutase and seeded at a density of 1.0 × 104 cells 
per well onto treated 96-well plates. After 24h, the plates were washed 
with PBS, and the differentiation medium was supplemented with 
various concentrations of metformin and CMCDs (at equivalent met
formin concentrations) every 3 days. Following 1, 7, 14, and 21 days of 
incubation, 10 μL of CCK-8 solution was added to each well and incu
bated for 4h. Absorbance was measured at 450 nm, with untreated cells 
serving as controls (100 % viability).

2.8. Neuroprotective effects of CMCDs

To assess the neuroprotective effects of CMCDs, NSCs were co- 
incubated with various concentrations of CMCDs for 4h. After washing 
twice with PBS, differentiation medium with or without CMCDs was 
added along with Aβ1-42 Oligomers (10 μM), followed by incubation at 
37 ◦C for 3d to evaluate cell viability using the CCK-8 kit.

2.9. RT-qPCR

Differentiated cells were harvested using the RNAeasyTM Animal 
RNA Isolation Kit with Spin Column (Beyotime Biotechnology, 
Shanghai, China) after 7 days in differentiation medium containing Aβ1- 

42 oligomers (10 μM) with or without the addition of CMCDs. Total RNA 
was extracted and cDNA was synthesized using the TransScript® First- 
Strand cDNA Synthesis SuperMix (TransGen Biotech, Beijing, China). 
RT-qPCR was performed using the SYBR Green I Mix (Roche, Shanghai, 
China) and QuantStudio 3 Real-Time PCR System (Thermo Fisher Sci
entific Ltd., Waltham, MA, USA) to determine the expression of neuro
genic genes including DCX, Map2, βIII-tubulin, and GFAP, with Actin 
serving as an internal control. Please refer to Table S1 for the list of 
primers used.

2.10. Neurite outgrowth assay

The differentiation medium was supplemented with CMCDs (1.58 
μg/mL) and metformin(1 μg/mL) without EGF and bFGF. After 4h, Aβ1- 

42 oligomers at 10 μM were added, and co-cultivation was continued for 
8 days. Immunofluorescent staining with βIII-tubulin and GFAP was 
performed to determine the count, length, and branching points of 
neurons. Neurite lengths measured were required to be at least twice as 
long as the soma.

2.11. Intraperitoneal injection of CMCDs in 5 × FAD

In this study, 5 × FAD mice, which mimic key aspects of Alzheimer’s 
disease (AD) pathology, were used to investigate the effects of CMCDs on 
AD-related neurogenesis and cognitive impairment. The 5 × FAD model 
is characterized by amyloid plaque formation, neuroinflammation, 
synaptic dysfunction, cognitive deficits [39], and impaired adult hip
pocampal neurogenesis [40]. The model recapitulates several key as
pects of human AD pathology provides a suitable platform for exploring 
AD mechanisms and evaluating potential therapeutic interventions.

Five-month-old male 5 × FAD and wild-type (WT) mice were sourced 
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from Shanghai Southern Model Biotechnology Co., Ltd. Following a 
week of acclimation, mice were divided into four groups (n ≥ 6 per 
group): WT (saline control), 5 × FAD (saline control), 5 × FAD (Met-CA 
mix: 220 mg of metformin hydrochloride and 130 mg citric acid in 10 
mL saline, 350 mg/kg intraperitoneal injection), 5 × FAD (CMCDs: 350 
mg/kg intraperitoneal injection). The Met-CA mix group was included to 
differentiate the effects of the physical mixture from the synthesized 
CMCDs. Injections were administered for three weeks, and mice were 
monitored weekly for weight and behavioral performance.

2.12. BrdU injection

To trace cell survival and differentiation, mice received twice-daily 
intraperitoneal injections of BrdU (50 mg/kg) starting on day 17 for 
five consecutive days.

2.13. Morris water maze (MWM) experiment

To assess learning and memory, the MWM test was conducted three 
weeks post-treatment. A pool (diameter 1.1m) was filled with non-toxic 
titanium liquid at 22 ± 1 ◦C, refreshed daily. Over a 6-day hidden 
platform trial, mice were trained to locate a submerged platform. 
Training consisted of four 60-s trials per day, spaced 1 h apart, with mice 
allowed to remain on the platform for 15 s if located within the time 
limit.

To test spatial memory, the platform was removed 24h after the final 
training session, and each mouse swam freely for 60 s. The time taken to 
find the original platform location, swimming speed, and number of 
times the original platform area was crossed were recorded. Mice 
spending more time in the target quadrant were considered to demon
strate superior spatial memory.

2.14. Nissl staining

After the MWM test, mice were anesthetized, perfused, and their 
brain and visceral tissues fixed, dehydrated, and embedded in paraffin. 
Hippocampal sections (5 μm) were stained with a Nissl Staining Kit 
(Beyotime Biotechnology, Shanghai, China) to visualize Nissl bodies in 
neuronal cytoplasm. Sections were stained at 37 ◦C for 10 min, rinsed 
with water, dehydrated in ethanol, and cleared in xylene.

2.15. Hematoxylin and eosin staining

Deparaffinized, rehydrated sections of brain and visceral tissues 
(heart, liver, kidney, lung, spleen) were stained with hematoxylin for 5 
min, washed, differentiated in 1 % hydrochloric acid-alcohol for 5 s, 
rewashed, then stained with 0.5 % eosin for 2 min. Sections were 
dehydrated through an ethanol gradient, cleared in xylene, and sealed 
with neutral gum.

2.16. Immunofluorescence

Paraffin-embedded sections were initially subjected to deparaffini
zation and subsequent rehydration. The samples were then rinsed with 
distilled water and heated in 10 mM sodium citrate buffer (pH 6.0) 
(Beyotime) for 20min at 95 ◦C. After cooling the sections to room tem
perature (RT), they were permeabilized for 20min with 0.4 % Triton X- 
100 (Beyotime), blocked with 5 % sheep serum in PBS for 1h, and 
incubated with primary antibody overnight at 4 ◦C followed by fluo
rescently labeled secondary antibody for 1h at RT. The nuclei of the cells 
were stained with DAPI (Beyotime) before mounting the sections in an 
anti-fading mounting solution (Beyotime).

2.17. Immunohistochemistry

Procedures for antigen retrieval and permeabilization were as 

described in the "Immunofluorescence" section. To deactivate endoge
nous peroxidase, sections underwent a 20min incubation with 3 % H2O2. 
Subsequently, the sections were blocked with 5 % sheep serum in PBS 
for 1 h and then incubated with the primary antibody overnight at 4 ◦C. 
Following this, sections were incubated with horseradish peroxidase- 
conjugated secondary antibodies for 1 h at room temperature (RT), 
followed by color development with DAB and counterstaining with he
matoxylin. Finally, neutral resin was used to seal the sections.

All histologic sections were scanned using a digital slide scanner 
(3DHISTECH, Hungary), and images were captured using CaseViewer 
2.4.

2.18. Statistical analysis

Data are expressed as mean ± SD unless otherwise specified. Statis
tical significance among groups was assessed using one-way analysis of 
variance (ANOVA) followed by a Tukey post-hoc test. A threshold of p <
0.05 was considered statistically significant. Statistical analysis was 
performed using GraphPad Prism software (GraphPad Software Inc., San 
Diego, CA, USA).

3. Result and discussion

3.1. Characterization of CMCDs

The preparation of CMCDs was conducted as outlined in the exper
imental section (Fig. 1A). Typically, carbon dots are formed through 
condensation, polymerization, and carbonyl dehydration [41,42], 
resulting in graphitic carbon nuclei with functional groups on their 
surfaces. We hypothesize that an amide bond forms between the amine 
group of metformin and the carboxyl group of CA, leading to polyamide 
formation. Upon further heating, these polymers undergo carbonation, 
ultimately forming CMCDs. To achieve more uniform-sized CMCDs, a 
filtered and dialysis solution was prepared. Subsequently, the 
morphology characteristics of the CMCDs were examined using TEM and 
HRTEM. Fig. 1B depicts a TEM image of uniformly dispersed CMCDs 
without aggregation. The HRTEM image reveals well-resolved lattice 
planes with an inter-lattice spacing of ~0.21 nm. The nano-size of 
CMCDs facilitates their access to cells and enhances their pharmaceu
tical functions, with an average diameter of 2.95 nm (Fig. 1C).

The UV–Vis absorption spectrum of metformin in aqueous solution 
exhibits a characteristic absorption peak at 239 nm. Following hydro
thermal treatment, another peak at 338 nm is observed in the UV–Vis 
absorption spectrum of CMCDs, indicating that the PL originates from 
the heterostructure between surface groups and the carbon core 
(Fig. 1D). The 200–400 nm absorption bands in nitrogen-doped carbon 
dots are attributed to the n-π* electronic transition of C=O and the π-π* 
electronic transition of the conjugated structure of nitrogen and carbon 
[43]. PL spectra of CMCDs are consistent with UV–visible absorption 
characteristics, with excitation spectra at 360 nm and an optimal 
emission wavelength of 450 nm (Fig. 1E).

FTIR was utilized to further investigate the chemical structure and 
surface functional groups of CMCDs. The FTIR spectrum of CA (Fig. 1F) 
shows the O-H stretching vibration at 3200-3500 cm− 1 and the C=O 
stretching vibration at 1700-1750 cm− 1, indicating the presence of hy
droxyl and carboxyl groups conducive to dehydration and carboniza
tion. Metformin exhibits N-H stretching vibrations at 3368 and 3298 
cm− 1, as well as C=N stretching vibrations at 1575 and 1626 cm− 1 

(Fig. 1F). The presence of amine groups in metformin, in conjunction 
with citric acid hydroxyl/carboxyl groups, provides the possibility that 
CMCDs can be dehydrated, condensed, and carbonated afterward [44]. 
The FTIR spectrum of CMCDs displays O-H/N-H stretching vibrations at 
3000-3500 cm− 1. Peaks at 1670 and 1565 cm− 1 are attributed to C=O 
and C=N/C=C stretching vibrations, respectively. These analyses indi
cate that CMCDs contain hydroxyl, amine, and carboxyl groups, as well 
as possible amide bonds (Fig. 1F).
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XPS experiments were conducted to further investigate the surface 
functional groups of CMCDs. Fig. S1 shows the XPS spectra for the C1s, 
N1s, and O1s of CMCDs. The C1s spectra (Fig. S1A) reveal four peaks: O- 
C=O (289.3 eV), O=C-N (287.8 eV), C-O (285.9 eV), and C-C (284.67 
eV), supporting the amination of the citrate carboxyl group in citric acid. 
The N1s XPS spectra of CMCDs exhibit two peaks, the C-N peak at 401.1 
eV and the C=N peak at 399.7 eV (Fig. S1B). Similarly, the O1s XPS 
spectra of CMCDs display two peaks, C-O at 532.7 eV and N-C=O at 
531.4 eV. Fig. 1F and Fig. S1 demonstrate that CA and metformin form 
CMCDs via an amidation reaction, with the surface retaining the phar
macophoric moiety of both. Based on these findings, we hypothesize 
that the pharmacological effects of CMCDs remain comparable to those 
of metformin and citric acid.

3.2. Differentiation and neuroprotection of NSCs by CMCDs in the 
presence of Aβ1-42 oligomers

NSCs were isolated from embryonic mouse brains (E12–E14) and 
cultured according to established protocols [45,46]. By the 3rd day of 

culture, the cells had aggregated into neurospheres with notable 
refractive properties, as shown in Fig. S2A. By the7th day, these neuro
spheres reached diameters of approximately 100–150 μm (Fig. S2B), 
indicating the need for passaging to prevent central necrosis. The pro
tocols detailed in Figs. S3A and S4A were used to assess NSCs and their 
differentiation capacity. As illustrated in Fig. S3B, 90 % of the neural 
stem monocytes and neurospheres express Nestin and SOX2, 
well-established markers of NSCs [47]. Figs. S4B and S4C demonstrate 
the differentiation potential of NSCs into astrocytes and neurons, 
respectively. The isolated and cultured NSCs exhibited high levels of 
purity and robust differentiation capabilities, thus affirming their suit
ability for subsequent investigations.

To determine the optimal dose for NSCs differentiation experiments, 
we assessed the effects of metformin and CMCDs on differentiated NSCs 
over 1, 7, 14, and 21 days. CCK-8 assay results indicated no significant 
reduction in the viability of differentiated NSCs compared to controls, 
even at high CMCDs concentrations (15.8 μg/mL, equivalent to 10 μg/ 
mL of metformin) over 1–7 days (Fig. S5). However, at a dose of 1 μg/ 
mL, metformin reduced cell viability by 14.5 % by day 21 (Fig. S6), 

Fig. 1. Characterization of CMCDs. (A) Schematic illustration of the synthetic procedure of CMCDs (Created with BioRender.com). (B) TEM image (Scale bar: 20 μm) 
and HRTEM image (Scale bar: 5 μm) of CMCDs. (C) The size distributions of CMCDs. (D) UV–vis absorption spectra of CA (red), metformin (black), and CMCDs (blue). 
(E) The excitation spectrum (blue) and emission spectrum (red) of CMCDs. (F) FTIR spectra of CA (red), metformin (black), and the as-prepared CMCDs (blue)
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suggesting that CMCDs have superior biocompatibility, which is ad
vantageous for biological applications. Additionally, after 14 days of 
treatment with 1 μg/mL metformin or 1.58 μg/mL CMCDs (equivalent to 
1 μg/mL metformin), there were no notable changes in NSCs differen
tiation morphology compared to the control group (Fig. S7).

To identify the optimal concentrations of CMCDs and metformin for 

further experiments, we tested various CMCDs concentrations for their 
effects on neuronal differentiation and survival in NSCs-derived neurons 
exposed to Aβ1-42 oligomers. As shown in Figs. S8 and 1.58 μg/mL 
CMCDs significantly upregulated neuronal markers and downregulated 
astrocyte markers. Additionally, this concentration notably reduced 
apoptotic cells (Fig. S9). Based on these findings, along with CCK-8 assay 

Fig. 2. Effects of CMCDs on NSCs differentiation and maturation under Aβ1-42 oligomer exposure. (A) Schematic illustration of NSCs differentiation in response to 
various treatments under Aβ1-42 aggregation (Created with BioRender.com). (B) NSCs differentiated for 8 days were examined to assess the impact of treatments on 
neuronal differentiation in the presence of Aβ1-42 aggregation. Ten images were captured from random fields in each group (Scale bar:50 μm). (C) Neurite outgrowth 
was determined at DIV 8 using the NIH Image J plugin simple neurite tracer. (D) Branch numbers. (E) Neuron/astrocyte number ratio were quantified using the same 
images. (mean ± SD, n = 4, values were analyzed by one-way ANOVA with Tukey’s posttest, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001). Aβ1-42 ag
gregation leads to impaired neuronal differentiation due to the reduced expression of neuronal genes (F–H: DCX, Map2, and βIII-tubulin) and (I) increased expression 
of astrocytes. (mean ± SD, n = 3, values were analyzed by one-way ANOVA with Tukey’s posttest, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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results, we selected 1.58 μg/mL CMCDs (equivalent to 1 μg/mL met
formin) as the optimal dose for subsequent differentiation experiments.

To determine whether CMCDs could also ameliorate the neuronal 
differentiation defects in NSCs under Aβ1-42 oligomers, we employed 
βIII-tubulin+/GFAP + immunofluorescence to assess the neuronal dif
ferentiation in NSCs under the influence of Aβ1-42 oligomers, in the 
presence of metformin and CMCDs. As shown in Fig. 2B, metformin 
treatment increased βIII-tubulin+ cells and reduced GFAP+ cells; how
ever, these changes were not statistically significant compared to the Aβ 
group. In contrast, the CMCDs-treated group showed a significant in
crease in the βIII-tubulin+/GFAP+ ratio compared to the Aβ group 
(Fig. 2E). This suggests that CMCDs, unlike metformin, effectively 
improved neuronal differentiation deficits in NSCs exposed to Aβ1-42 
oligomers. Furthermore, CMCDs notably upregulated βIII-tubulin 
expression while downregulating GFAP expression (Fig. 2H–I).

A crucial factor in treating neurodegenerative diseases with NSCs is 

their differentiation into mature, functional neurons [48]. A defining 
characteristic of mature neurons is the development of neurite out
growths, essential for sensing neurotransmitter signals [49]. As shown in 
Fig. 2C, both metformin and CMCDs increased neurite length compared 
to the Aβ group; however, metformin did not restore neurite length to 
control levels. In Fig. 2D, both metformin and CMCDs significantly 
enhanced neurite branching compared to the Aβ group, with CMCDs 
exhibiting a greater effect than metformin. Collectively, these results 
indicate that CMCDs have a higher efficacy than metformin in facili
tating NSCs differentiation into mature neurons in the presence of Aβ1-42 
oligomers.

The enhanced efficacy of CMCDs over metformin alone may be 
attributed to several factors, including improved BBB penetration, 
enhanced cellular uptake, and the controlled release of the therapeutic 
payload. The nanoscale size and surface properties of CMCDs likely 
facilitate their interaction with biological barriers and cellular 

Fig. 3. CMCDs rescue cognitive deficits in 5 × FAD mice. Three weeks of treatment with Met-CA mix and CMCDs (350 mg/kg) was administered to 5 × FAD mice 
aged 5 months. As controls, WT mice and 5 × FAD mice treated with normal saline, respectively, served as normal and model controls. Beginning on the 17th day, all 
mice were injected intraperitoneally twice daily with BrdU (50 mg/kg) for five days. (A) Schematic illustration of the experimental setup for assessing cognitive 
function with CMCDs and the MWM experiment in 5 × FAD mice (Created with BioRender.com). (B) The escape latency of the MWM navigation experiment. (mean 
± SEM, n ≥ 6, values were analyzed by two-way repeated ANOVA, *p < 0.05, **p < 0.01, ***p < 0.001). (C) The percentage of time spent in the quadrant where the 
escape platform used to be located. (D) Frequency of traversing the platform’s location during the probe trial. (E) Swimming velocity of each group during the probe 
test. (C–E: mean ± SD, n ≥ 6, values were analyzed by one-way ANOVA with Tukey’s posttest, *p < 0.05). (F) Representative traces of mouse navigation during the 
60-s probe trial to locate the escape platform.
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membranes, increasing bioavailability and enabling targeted brain de
livery. Additionally, the carbon dot nanocarrier may provide sustained 
release of metformin, potentially amplifying its therapeutic effects. 
Future studies should focus on developing novel nanomedicine strate
gies that target multiple pathological facets of AD, such as neurogenesis, 
neuroinflammation, and amyloid-beta deposition.

It is noteworthy that the NSCs used in this study were isolated from 
embryonic mouse brains and cultured in vitro. While these cells provide 
a valuable model for examining the effects of CMCDs on neurogenesis 
and differentiation, they may not fully replicate the behavior and 
characteristics of adult neural stem/progenitor cells, which exist in a 
complex microenvironment in vivo and are influenced by various phys
iological cues. To address this limitation, we validated our findings in 
vivo using the 5 × FAD mouse model.

3.3. In vivo CMCDs exhibited enhanced cognitive flexibility

To evaluate whether CMCDs improve cognitive function in 5 × FAD 
transgenic mice, the Morris water maze (MWN) experiment was con
ducted in accordance with Fig. 3A. On the sixth day of training (Fig. 3B), 
the escape latency of mice in the 5 × FAD group was longer than that in 
the WT group, indicating cognitive deficits in the 5 × FAD mice. Both the 
CMCDs group and the Met-CA mix group showed reduced escape latency 
in the 5 × FAD mice, with the CMCDs group demonstrating a significant 
reduction, suggesting that CMCDs notably improved cognitive function 
in these mice.

To further assess memory capacity, we measured the time spent in 
the target quadrant and the number of platform location crossings in a 
spatial probe trial with the platform removed. Remarkably, CMCDs 
mitigated cognitive deficits in the 5 × FAD mice, whereas the Met-CA 
mix did not significantly affect learning or memory (Fig. 3C–F). In 
conclusion, CMCDs effectively ameliorate cognitive dysfunction in the 5 
× FAD mouse model. This anti-dementia effect may be attributed to 
structural modifications during CMCD formation, which likely enhance 
their uptake and retention in the brain.

3.4. CMCDs ameliorated neural proliferation and neurogenesis deficits in 
the DG of 5 × FAD mice

Neurogenesis, the fundamental process through which neural pre
cursor cells differentiate into neurons, is indeed profoundly impaired in 
AD [50]. The impaired neurogenesis observed in AD may contribute to 
cognitive deficits, highlighting the importance of investigating potential 
therapeutic strategies that stimulate neurogenesis. To explore whether 
CMCDs improve cognitive function by enhancing neurogenesis in the DG 
of 5 × FAD mice, we first examined the safety of CMCDs in 5 × FAD mice 
and then tested the expression of relevant markers associated with 
neurogenesis, including Ki67 for cell proliferation, Nestin for neural 
stem cells/precursor cells, and DCX/BrdU for newborn neurons.

The results are shown in Fig. S10, where histological examination of 
the major organs in the different treatment groups did not reveal any 
pathological changes. We then found that the proliferation of Ki67+ and 
Nestin+ cells were significantly decreased in the 5 × FAD group 
compared to the WT group. In contrast, there was no significant dif
ference in the expression in the Met-CA mixed group compared to the 5 
× FAD group. However, the expression was significantly elevated in the 
CMCDs group compared to the 5 × FAD group (Fig. 4A–D). Similarly, 
there was a statistically significant difference in the expression in the 
CMCDs group compared to the Met-CA mixed group.

To determine whether the observed increase in progenitors and 
neuronal cells in the CMCDs group would lead to subsequent alterations 
in DG neurogenesis, the quantification of newborn neurons was per
formed using DCX+ BrdU+ staining. The results showed that the number 
of DCX+, BrdU+ and DCX+ BrdU+ cells in the DG was significantly 
decreased in the 5 × FAD group compared to the WT group (Fig. 4E–H). 
There was no significant difference in the number of positive cells in the 

Met-CA mixed group compared to the 5 × FAD group, while the positive 
cells were significantly higher in the CMCDs group. Similarly, the 
number of positive expressions was statistically significant in the CMCDs 
group compared to the Met-CA mixed group.

Furthermore, the ratio of βIII-tubulin+ cells to GFAP+ cells was 
notably increased in the CMCDs-treated group (Fig. 2E and 2H-I), 
indicating enhanced differentiation of developed neurons. This sug
gests that CMCDs-treated NSCs differentiate into more neurons under 
Aβ1-42 oligomer conditions compared to the model control, demon
strating greater neurogenic potential. Overall, these findings suggest 
that CMCDs enhance the neurogenic potential of AD, both in vitro and in 
vivo.

3.5. CMCDs alleviated neuronal impairment in the hippocampus of 5 ×
FAD mice

The hippocampus in the brain is a key structure in the memory cir
cuit, and its primary role is to be responsible for memory and learning 
functions [51]. As shown in Fig. S11, HE results revealed that hippo
campal neurons in WT mice exhibited a normal structure, characterized 
by abundant cytoplasm, slightly rounded nuclei, and clear morphology. 
In contrast, neurons in the CA1 and CA3 regions of 5 × FAD mice dis
played signs of atrophy in the cytoplasm and cytosol. Additionally, most 
neurons exhibited darkly stained cytoplasm and nuclei, along with 
irregular nucleus morphology. However, in both the Met-CA mix and 
CMCDs groups, the majority of neuronal structures appeared normal and 
clear, indicating a preservation of neuronal integrity. Furthermore, the 
CMCDs group exhibited better improvement in neuronal structure 
compared to the Met-CA mix group.

Nissl staining results (Fig. S11) depicted that brain regions encom
passing CA1, CA3, and DG in WT mice exhibited a high density of 
neurons, indicative of healthy neuronal populations. Conversely, in 5 ×
FAD mice, the number of CA3 neurons was significantly reduced in 5 ×
FAD mice compared with WT mice. Upon treatment with Met-CA mix 
and CMCDs, there was an improvement of CMCDs in the number of 
neurons observed in the CA3 regions. Given the pivotal role of hippo
campal neurons in memory formation and retrieval, the findings from 
Figs. S11 and S12 suggest that CMCDs have the potential to enhance 
both the structure and number of neurons in 5 × FAD mice. This implies 
a possible mitigation of neuronal loss and subsequent improvement in 
cognitive impairment associated with AD.

Neuronal impairment is an essential characteristic of AD and is 
intimately linked to the disease’s onset and progression. The study uti
lized Map2 and NF-H staining to evaluate the protective effects of 
CMCDs on structural damage and cytoskeletal alterations in hippo
campal neurons of 5 × FAD mice (Fig. 5A and E). The fluorescence in
tensity of NF-H in CA1, CA3, and DG of 5 × FAD mice was significantly 
reduced compared to that of WT mice (Fig. 5B–D). While the NF-H 
fluorescence intensity showed a non-significant increase in the Met-CA 
mix group compared to 5 × FAD mice, the CMCDs-treated mice 
exhibited significantly higher fluorescence intensity in CA1, CA3, and 
DG. There was no significant difference in fluorescence intensity be
tween the Met-CA mix group and the CMCDs group. Regarding Map2 
fluorescence intensity (Fig. 5F–H), similar trends were observed as with 
NF-H in WT and 5 × FAD group. Compared to the 5 × FAD group, the 
Met-CA mix group showed a non-significant improvement, whereas the 
CMCDs group significantly increased Map2 fluorescence intensity in 
CA1 and CA3, but not in the DG region. These findings suggest that 
CMCDs can effectively mitigate cytoskeletal damage in 5 × FAD mice, 
thereby enhancing cognitive function.

To further explore the beneficial effects of CMCDs on synaptic defi
cits induced by impairment, SYN (presynaptic vesicle protein) and 
PSD95 (postsynaptic density protein) staining were employed in the 
study to assess synaptic deficits (Fig. 6A and E). The results revealed a 
statistically significant decrease in the fluorescence intensity of SYN and 
PSD95 in hippocampal CA1, CA3, and DG in the 5 × FAD group 
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compared to the WT group (Fig. 6B–D and 6F-H). While a statistically 
significant increase in PSD95 expression was observed in the Met group, 
it was limited to CA1 and CA3, with no significant improvement in DG 
expression, and there was no significant alteration in SYN expression. In 
contrast, in the CMCDs group, both PSD95 and SYN fluorescence in
tensities were significantly increased in all hippocampal regions except 
for SYN in the DG, which did not show significant improvement. These 
results suggest that CMCDs effectively prevented synaptic loss induced 
by 5 × FAD mice, leading to improved cognitive performance.

3.6. CMCDs reduced Aβ deposition and neuroinflammation in the brain 
of 5 × FAD mice

The study demonstrated that Aβ deposition alters neuronal function 
and impairs cognitive abilities in mouse models of AD [52], while 
metformin is effective in improving Aβ deposition and thus cognitive 

function. To further elucidate whether the cognitive enhancement by 
CMCDs is associated with reduced Aβ deposition, Aβ1-42 antibody was 
employed to detect Aβ deposition in the brains of 5 × FAD mice. The 
results depicted in Fig. S13 indicate a significant increase in Aβ plaque 
area in the CA1, CA3, and DG regions in 5 × FAD group compared to the 
WT group. Both the Met-CA mix and CMCDs groups exhibited reduced 
Aβ deposition in CA1 and DG, with the reduction in Aβ deposition in 
CMCDs group being comparable to that of the Met-CA mix group. 
Notably, the reduction observed in the CMCDs group appeared stronger 
than that of the Met-CA mix group, despite no improvement in DG area.

Neuroinflammation plays a significant role in the pathology of 
neurodegenerative diseases, including AD [53,54]. To assess the impact 
of CMCDs on the glial response in the AD brain, immunofluorescence 
staining was conducted using antibodies against GFAP for astrocytes and 
Iba-1 for microglia in the brains of 5 × FAD mice (Figs. S14A and S15A). 
The fluorescence intensity of GFAP was elevated in the hippocampus of 

Fig. 4. CMCDs promoted neural proliferation and neurogenesis in the DG of 5 × FAD mice. To clarify the neurogenesis effects of CMCDs on the DG of 5 × FAD mice, 
we utilized immunofluorescence staining labeled with Ki67 (cell proliferation marker), Nestin (neural stem cells/neural precursor cell marker), DCX (neuronal 
precursor marker), and BrdU (cell proliferation marker) to double-stain and compare neurogenesis in the DG of the CMCDs group and the 5 × FAD group. (A) The 
effect of CMCDs on the number of Ki67-positive cells in the DG of 5 × FAD (Stained cells shown by white arrows. Scale bar: 50 μm). (B) Quantification of Ki67- 
positive cells in the DG of mice in the CMCDs group, as well as its respective normal and model controls. (mean ± SD, n = 4, values were analyzed by one-way 
ANOVA with Tukey’s posttest, *p < 0.05, **p < 0.01, ***p < 0.001). (C) The impact of CMCDs on the quantity of Nestin-positive cells in the DG of 5 × FAD 
(White outlines enlarge stained cells. Scale bar: 50 μm). (D) Quantification of Nestin-positive cells in the DG of mice in the CMCDs group, along with the corre
sponding normal and model controls. (mean ± SD, n = 4, values were analyzed by one-way ANOVA with Tukey’s posttest, *p < 0.05, **p < 0.01). (E) In each group 
of mice, DCX-, BrdU-, DCX- and BrdU-positive cells were detected in the DG (White contours represent enlarged stained cells, while yellow arrows denote stained 
cells. Scale bar: 50 μm). (F–H) Determining the number of DCX-(F), BrdU- (G), and DCX- BrdU-double-positive cells in the DG of mice in each group. (mean ± SD, n 
= 4, values were analyzed by one-way ANOVA with Tukey’s posttest, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

Fig. 5. CMCDs alleviated structural damage in the hippocampus of 5 × FAD mice. This study employed Map2 (a marker for dendritic spine density and dendritic 
morphology) and NF-H (a marker for axonal morphology and integrity) staining to assess the ameliorative effects of CMCDs on structural damage in hippocampal 
neurons of 5 × FAD mice. Scale bar: 50 μm. (A) The effect of CMCDs on axonal damage in the hippocampus of 5 × FAD mice. (B–D) The mean fluorescence intensity 
of NF-H in CA1, CA3, and DG of 5 × FAD mice. (E) The effect of CMCDs on dendritic damage in the hippocampus of 5 × FAD mice. (F–H) The mean fluorescence 
intensity of Map2 in CA1, CA3, and DG of 5 × FAD mice. (mean ± SD, n = 4, values were analyzed by one-way ANOVA with Tukey’s posttest, *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001).
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5 × FAD mice compared to WT mice (Figs. S14B–E). Conversely, the 
fluorescence intensity of Met-CA mix group was lower than that of 5 ×
FAD mice in CA1 and CA3. Notably, the fluorescence intensity in CA1, 
CA3, and DG in the CMCDs group was significantly lower than that in 
the 5 × FAD group, with the fluorescence intensity in CA1 being 
significantly lower than that in the Met-CA mix group. Consistent with 
the GFAP results, the fluorescence intensity of Iba-1 was increased in the 
hippocampus of 5 × FAD mice compared to WT mice (Figs. S15B–E). 
Additionally, the fluorescence intensity of Iba-1 in CA1, CA3, and DG of 
both Met-CA mix- and CMCDs-treated 5 × FAD mice was significantly 
lower than that of 5 × FAD mice. However, the fluorescence intensity in 
CMCDs group was significantly lower than that in Met-CA mix group 
only in the CA3 region, with decreased fluorescence intensity observed 
in CA1 and DG, although not statistically significant (Fig.S15B-E).

In summary, CMCDs elicit cognitive improvement by ameliorating 
neuroinflammation resulting from Aβ deposition and glial cell over
activation in the AD brain. These effects may be attributed to their 
modulation of the microenvironment in the AD brain.

While this study demonstrates the promise of CMCDs as a therapeutic 
nanomedicine for AD, it is essential to recognize the limitations of pre
clinical models. Although the 5 × FAD mouse model replicates key as
pects of AD pathology, it does not fully capture the complexity of the 
human disease. Translating these findings to clinical applications will 
require further validation in additional preclinical models that more 
accurately mimic human AD, followed by clinical trials.

Furthermore, long-term safety, optimal dosing regimens, and the 
route of administration need to be explored. Investigating the potential 
for combination therapies with other AD drugs, as well as targeted de
livery strategies to enhance the specificity and efficacy of CMCDs, is also 

critical. In addition, further studies are needed to elucidate the mecha
nisms underlying the neuroprotective and neurogenic effects of CMCDs, 
to fully assess their therapeutic potential in AD.

4. Conclusions

Compared to metformin, CMCDs demonstrated superior therapeutic 
efficacy in promoting neurogenesis and reducing neuronal damage in 
the context of AD. In vitro, CMCDs facilitated the efficient differentiation 
of NSCs into functional neurons even under the toxic conditions induced 
by Aβ1-42 oligomers, laying the foundation for their potential integration 
into neural circuits. In vivo, CMCDs improved the brain’s microenvi
ronment in AD mice, promoting neurogenesis, repairing neuronal 
structural damage, and recovering lost synapses, which ultimately 
enhanced cognitive function.
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Aβ amyloid beta
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