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Abstract: There are currently approximately 50 million victims of Alzheimer’s disease (AD) worldwide. The exact cause of the
disease is unknown at this time, but amyloid plaques and neurofibrillary tangles in the brain are hallmarks of the disease. Current drug
treatments for AD may slow the progression of the disease and improve the quality of life of patients, but they are often only
minimally effective and are not cures. A major obstacle to developing and delivering more effective drug therapies is the presence of
the blood-brain barrier (BBB), which prevents many compounds with therapeutic potential from reaching the central nervous system.
Nanotechnology may provide a solution to this problem. Among the medical nanomaterials currently being studied, carbon dots (CDs)
have attracted widespread attention because of their ability to cross the BBB, non-toxicity, and potential for drug/gene delivery.
Keywords: Alzheimer’s disease, blood-brain barrier, nanoparticles, carbon dots, gene delivery

Introduction

Alzheimer’s dementia is one of the greatest global challenges for health and social care in the 21st century.
Approximately 50 million people worldwide currently suffer from Alzheimer’s disease, and the number is expected to
triple by 2050. While there are many different illnesses that can cause dementia, Alzheimer’s disease (AD) is the most
common.'> AD results in a progressive deterioration of brain function, initially characterized by cognitive deficits, with
loss of recent memory and language ability, impairment of orientation, problem solving, and abstract thinking.’

The pathophysiology of AD is very complex, but has the primary histopathological features in the brain of
extracellular plaques comprised of amyloid B (AP) and intracellular neurofibrillary tangles (NFTs) comprised of
hyperphosphorylated tau protein.* ® Although great progress has been made in exploring the etiology of AD, the exact
pathogenesis of the disease is still unclear.” Since patients with more advanced disease require full-time care, AD
imposes a heavy burden on both families and society.® Currently there are two classes of drugs that are most used for the
treatment of AD: acetylcholinesterase inhibitors, which act to boost brain levels of acetylcholine, a neurotransmitter

known to play an important role in cognition,” '

and an antagonist to the glutamatergic N-methyl d-aspartate (NMDA)
receptor, which seem to act by preventing overactivation of excitatory neurotransmission.'* Very recently, a third
approach to the treatment of AD was approved for use in the United States. The drug, aducanumab, is a monoclonal
antibody that acts to remove amyloid from the brain. However, currently available clinical data indicate that the drug is,

at best, only marginally effective, fails to protect patients from cognitive and functional decline, and carries significant
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risks including brain swelling.'> Thus, currently available treatments for AD have limited efficacy, marginally slowing
symptom progression in AD patients, and cannot prevent the progress of brain damage, or cure the disease.'* '

With the exception of aducanumab, drug treatments for AD are administered orally. Oral administration is convenient
for patients, but presents many obstacles to achieving desired effects, including poor bioavailability, low absorption, first-
pass metabolism, and dose-dependent side effects.'? When targeting the brain, presence of the blood-brain barrier (BBB)
is an additional problem. The BBB is a unique and complex multicellular structural barrier separating the central nervous
system from the rest of the body, composed of a semi-permeable membrane of endothelial cells.'” The BBB prevents
viruses and most macromolecules from entering the CNS, shields the brain from blood-borne pathogens and other
hazardous chemicals, and is the human body’s most tightly regulated biological barrier.'® However, these clearly
beneficial functions of the BBB are countered by the difficulty it creates for delivering many potentially therapeutic
compounds to the brain.

One promising method to overcome BBB is to load drugs into nanocontainers, which are characterized by relatively
small size and the ability to cross the BBB.'”? Using this drug delivery method can significantly improve the
bioavailability of therapeutic substances and reduce side effects.'> Nano-formulations are characterized by their plasticity
and modified surface properties, flexibility and controlled release of active drug substances, which can target CNS active
drugs to the brain through the BBB.> Studies also reveal that nanotechnological approaches can aid in early diagnosis
of AD and enhance therapeutic efficacy, and have demonstrated tremendous potential for the development of effective
brain-targeted therapeutics.*** Carbon dots (CDs) are one of the most promising and novel nanocarriers with potential
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nanomedicine applications®>*® because they are relatively easy to synthesize, and have advantageous properties such as
ultra-small size, good photostability, outstanding biocompatibility, tunable photoluminescence (PL), chemical stability
and low cytotoxicity.”” In addition, CDs have clear potential as an advanced drug delivery system with the capacity to
cross BBB.?®?° CDs are usually spherical or hemispherical, with a size of less than 10 nm, and are mainly composed of
a core of sp2 inter-hybridized carbon atoms. The surface has many functional groups,*® giving CDs a rich morphology
and structure and a large number of surface groups/polymer chains such as carboxyl, hydroxyl, amine, etc., that promote
water solubility, which is convenient for compounding with other materials without phase separation.*'~** In addition,
abundant functional groups make CDs easily modified. While we use the general term “carbon dots” in this review,
classes of CDs can be subdivided into carbon quantum dots (CQDs), graphene quantum dots (GQDs), carbon nanodots
(CNDs) and carbonized polymer dots (CPDs) according to their carbon core structure, surface functional groups, and
their properties.**~* Carbon sources include inexpensive and low-toxicity molecules such as citric acid,*® ethanol,*
glycerol,”” flour’® and even plant tissues.”” The aim of the current review is to provide a summary of current knowledge
concerning the development and potential applications of using CDs for the diagnosis and treatment of Alzheimer’s
disease.

CD Characteristics, Synthesis, Safety and Ability to Cross the BBB

CDs can have different sizes and multifunctional surface moieties to facilitate the loading and delivery of drug molecules
across the BBB. As reported by Zhang et al,** after combining of folic acid (FA) and CDs, the photostable FA-CDs can
selectively enter HepG2 cancer cells through folate receptor (FR)-mediated endocytosis. However, depending on the size
and surface dopants, the transport mechanism differs. Most CDs, because of their small size, polymer core structure or

. . 41,42
various functional groups on the surface,”"

promote the delivery of macromolecular drugs through carrier-mediated
transport covalently bound to the drug.***> However, in order to improve transport efficiency, multiple mechanisms can
be engaged to increase the ability of CDs to traverse the BBB by 50-100%.*® At the same time, PL characteristics of
CDs can be used to track the penetration of CDs through BBB.*’

The production methods of CDs can generally be divided into “top-down” and “bottom-up” approaches, using carbon
materials or organic matter as precursors, respectively.**>* The “top-down” method generates CDs by oxidizing double
bonds on macromolecular starting materials such as coarse carbon powder>® via arc discharge,*® laser ablation®*>° or
electrochemical oxidation.”*>”>® The “bottom-up” method uses small organic molecules to synthesize CDs. The
“bottom-up” approach involves polymerization of small monomer units (such as citric acid or amines) through covalent

and hydrogen bonding®® achieved through combustion,

thermal carbonization,”' acid dehydration or ultrasonic
treatment.’’ Reaction time, solvent and temperature are manipulated to change the chemical structure and size of
CDs.%*% The “bottom-up” synthesis method is usually more flexible and environmentally friendly, and its use is
more common.*® Table 1 summarizes several classic synthesis methods and relevant characteristics of the resultant CDs.

As is shown in Table 1, CDs obtained by different synthesis methods show different emission peak positions.®*">"74
Most CDs show strong absorption peaks in the ultraviolet region, and the formation of absorption peaks/shoulder peaks is
attributed to m— n* (C=C bond), n—n* transition (C=O bond) or other.®>”® It is worth noting that changes in oxygen/
nitrogen content, structural defects and CD morphology play a key role in determining the position of absorption peaks.>

Systemic administration of CDs appears to be very safe. Although CDs can be subsequently found in various organs,
the accumulation is very low. No significant signs of toxicity have been reported, such as clinical symptoms, death, or
significant weight loss.”® In addition, under the high concentration of CDs required for PL bioimaging, histopathological
results from treated mice did not show obvious damage.”® Intravenously delivered CDs are mainly excreted through

urine,”’

a method of elimination of PEGylated nanoparticles widely reported in the literature, especially for the use of
very small particles.”® Ex vivo imaging analysis revealed that only dissected kidney and liver showed meaningful
fluorescence from CDs; the former was brighter, consistent with the urinary excretion pathway. Different injection
methods affect the biodistribution of CDs in major organs and tissues as well as the clearance rate. The clearance rate of
CDs in descending order is intravenous (iv) > intramuscular (im) > subcutaneous (sc).”’

Importantly in the current context, the plasticity and modified surface properties of nanoforulations allow them to

carry neuroactive drugs across the BBB for targeted delivery to the brain. In addition, the surface characteristics of CDs
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Table | Characteristics of Carbon Dots Generated Through Different Synthetic Methods

Name Synthetic Precursor(s) | Reaction Dopant(s)/ Surface PL Quantum
Approach Conditions Conjugate(s) Functional Emission | Yield (%)
Moieties (nm)
G-CDs® Solvothermal | Citric acid 160 °C 1,2-ethylenediamine | C=C, C=0O, N-H, | 450 33
-OH, C-N
Pd-CQDs*® | Hydrothermal | Tetraphenyl- 250 °C, 20 h 1,2-ethylenediamine | -OH, C=0O, C=C, | N/A 17.8
porphyrin Nitric acid N-H, C-O-C, C-N
Re-CDs®’ Hydrothermal | Ginsenoside 200 °C, I0 h Citric acid N-H, C-H, C-O, 360, 460 15.4
Re Ethylenediamine C=C, C=0
N-C-dots®® | Hydrothermal | Citric acid 170 °C, 10 min Monoethanolamine | O-H, N-H, C-H, 455 40.3
C=0, C-O
N-CDs® Laser ablation | Graphite Pulse duration: 150 fs | Aminotoluene N-H, C=C, C=0 543 6.5
repetition rate: |
kHz,2 h
power: 100~400 mw
EDA-CD”® | Microwave Citric acid 700 W, 2 min ,2-ethylenediamine | C=0O, C-N 360 302
Cys CDs”' Microwave Citric acid 1000 W, 3 min N/A O-H, N-H, S-H, 450 75.6 £ 2.1%
Cysteine C=N, C-N, C-S

can be modified to facilitate the process, such as binding to transferrin as a means of transporting neuroactive substances
into the brain.*>®' Li et al used carbon powder as a raw material to synthesize CDs using a “top-down” method, and
achieved effective Dox delivery through receptor-mediated endocytosis.®” In the same year, Li et al® used zebrafish as
a biological model to study whether CDs coupled to transferrin can cross the BBB. They found that CDs alone could not
overcome the BBB, but that transferrin-CDs were able to do so through transferrin-receptor-mediated endocytosis.

It is also possible to cross the BBB through transport proteins present on the cell membrane surface. Mintz et al®*
used tryptophan as a carbon precursor, mixed with 1,2-ethylenediamine (EDA) and urea, respectively, with two
N-dopants, to obtain two kinds of products. The substances in the yellow gel state, namely CDs-EDA and CDs-urea,
appeared to have tryptophan moicties on the surface, and exhibited bright photoluminescence (QY=48%) and low
toxicity. Most prominently, CDs-EDA were shown to cross the BBB and enter the CNS of zebrafish through endocytosis
mediated by the LAT1 transporter (Figure 1A). The two CDs demonstrated the possibility of delivering drugs to the CNS
without binding to receptors. More recently, Seven et al® used glucose as the substrate to synthesize GluCDs to take
advantage of a glucose transporter to deliver CDs across the BBB. Importantly, this study demonstrated that a non-
receptor mediated transport mechanism could be used to deliver CDs to the central nervous system of a mammal
following intravenous administration. Examples of CNS penetration of Glu-CDs in zebrafish and rat models are shown in
Figures 1B and C, respectively.

The hydrophilicity and hydrophobicity of CDs can also be adjusted so that they can cross the BBB by passive
diffusion. For example, Zhou et al*
mediated method, with small size (3.4 + 1.0 nm) and low zeta potential (—15.3 mV). Y-CDs exhibit solvent effects, which
suggests that Y-CDs can be dispersed in many different organic solvents and exhibit different PL properties. Therefore,

created novel amphiphilic nontoxic CDs (Y-CDs), synthesized by an ultrasound-

Y-CDs have amphiphilic properties and can mediate drug delivery via passive diffusion. However, one of the most
attractive features of Y-CDs is that this amphiphilicity is not altered by conjugation to hydrophilic molecules. Under
excitation at 405 nm, yellow fluorescence from Y-CDs could be clearly observed in the central canal of zebrafish spinal
cord following intracardial injection, indicating that Y-CDs crossed the BBB. This is illustrated in Figure 2.
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Figure | Examples of central nervous system penetration by carbon dots designed to use transporters to cross the blood-brain barrier. (A) CDs-EDA with attached
tryptophan moieties appear in the central canal of zebrafish spinal cord following injection into the heart. Spinal cord is labeled with cherry red; central canal appears as
a thin yellow band at base of red arrow. ((A) Adapted with permission from Colloids Surf B Biointerfaces, Vol 176, Mintz K|, Mercado G, Zhou Y, et al, Tryptophan carbon dots
and their ability to cross the blood-brain barrier, Pages 488-493, Copyright 2019, with permission from Elsevier.®* (B) Glu-CDs appear in zebrafish central canal (thin green
line at head of yellow arrow) following injection into the heart. (C) After Glu-CDs injection into rat tail vein, labeled neurons are seen in neurons in spinal cord gray matter.
(B and C) Adapted from Seven ES, Seven YB, Zhou Y, et al. Crossing the blood-brain barrier with carbon dots: uptake mechanism and in vivo cargo delivery. Nanoscale Adv.
2021;3(13):3942-3953.%% 2021, with permission from the Royal Society of Chemistry.

Potential Applications of Carbon Dots to the Treatment of AD
Solutions Targeting Amyloid to Reduce AD Pathology

Many studies to date suggest promising applications for CDs in the treatment of AD. Because of the association of
amyloid plaques with AD, they have long been the target of potential therapeutic approaches. Unfortunately, the many
positive results in preclinical studies have yet to translate into effective therapies in humans. Nevertheless, a significant
amount of research targeting amyloid continues, and it may be that modifying drug delivery systems that affect amyloid
synthesis or aggregation could be a critical for the success of this approach. Han et al®® were the first to explore the
effects of CDs on AP. They found that CDs inhibited in vitro A fibrillation of both AB40 and AB42. In addition, CDs
were found to inhibit the activity of B-site amyloid precursor protein cleaving enzyme 1 (BACE1), a key enzyme for
generating these AP fragments. The authors also demonstrated that CDs inhibited the negative effects of AB42 fibrils on
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Control Y-CDs

Central Canal

Figure 2 Y-CDs appear in zebrafish spinal cord central canal follow injection into the heart. Central canal is thin yellow line at the head of the red arrow. Used with
permission of Royal Society of Chemistry, from Zhou Y, Liyanage PY, Devadoss D, et al. Nontoxic amphiphilic carbon dots as promising drug nanocarriers across the blood-
brain barrier and inhibitors of B-amyloid. Nanoscale. 2019;1 | (46):22387-22397; permission conveyed through Copyright Clearance Center, Inc.?®

the development of sea urchin embryos, likely by delaying the formation of AP42 toxic species. Finally, the authors

confirmed the earlier findings of Li et al®*

that CDs conjugated to transferrin would cross the BBB to localize in the brain
of a zebrafish model, while retaining their inhibitory activity against AP fibrillation and BACE]1 activity.

As mentioned above, Zhou et al*> synthesized Y-CDs that were shown to cross the BBB and exhibited good
nanocarrier properties. In addition, the authors found that, using in vitro studies, Y-CDs reduced the expression and
secretion of AP by inhibiting the production of amyloid precursor protein (APP). As mentioned earlier, Y-CDs exhibit
amphiphilicity, which means that Y-CDs not only have a hydrophilic surface but also exhibit more hydrophobic functions
than hydrophilic CDs. The hydrophilic surface can interact with AP alone to form more extended structures, making it
more flexible, and the increased flexibility will be beneficial for inhibiting AB fibril formation.®”*® Importantly, Zhou
et al examined the toxicity of Y-CDs in four different cell lines and demonstrated that Y-CDs were nontoxic at the
concentrations tested. More recently, Yan et al® combined Y-CDs with Ce6, a photosensitizer, and showed that this
combination crossed the BBB after tail vein injections in mice. Further the Y-CD/Ce6 combination reduced amyloid
aggregation and toxicity, and removed amyloid plaques from the brains of the APP/PS1 Alzheimer’s disease mouse
model.

It has been convincing shown that copper ions increase the risk for, and magnitude of, AD pathogenesis.”>’' The
Cu(I)-bound AP complex (AB-Cu(Il)) is one of the most toxic AP species known.”? In addition, Cu(I) with redox
activity triggers oxidative stress in Fenton-type reactions and increases Ap-mediated cytotoxicity.”> Chung et al®*
designed multifunctional CDs that can chelate Cu(Il) ions, inhibit AP aggregation and photo oxidize AP peptides.
These investigators conjugated CDs and AB-Cu(Il) by using o-phenylenediamine (OPD) as a polymerization precursor to
generate pOPD-CDs. The nucleophilic amine and imine groups on the surface of these CDs exhibit high affinity for
cationic metal ions such as Cu(Il). Synthetic pPOPD-CDs exhibit a variety of anti-AD properties. Their surface attracts
cationic Cu(Il) and interrupts the orderly B-sheet accumulation of AP peptides. At the same time, under light irradiation,
light-excited pOPD-CDs can further oxidize A residues, leading to light enhancement and inhibition of Cu(Il)-mediated
AP aggregation (Figure 3).

In later work, Chung et al®> used a novel approach to disrupt B-amyloid aggregation. They used citric acid and urea as
precursors to synthesize red light-absorbing CDs (RCDs) under the solvothermal conditions of an aprotic solvent, and
then mixed the RCDs with a DNA aptamer sequence to AP peptides. These CDs, termed Apta@CDs, showed good A
species targeting, co-localizing with AP aggregates in brain tissue in vitro and in vivo following injection into the brain
of transgenic SxFAD mice, a model of AD. In addition, Apta@CDs under red light effectively inhibited the formation of
the AP aggregates rich in neurotoxic B-sheets by oxidizing adjacent AP species. Importantly, unlike the original A
peptide, the light-modulated Ap species had negligible toxicity to neuronal PC12 cells. Chung et al’s findings demon-
strated the therapeutic potential of light-regulated CDs for inhibiting AP self-assembly and showed light-driven
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Figure 3 (A) The MALDI-TOF mass spectra of AB-Cu(ll) aggregates incubated with pOPD-CDs for 24 hours at 37°C. Light was irradiated only for the initial one hour
during incubation. (B) Atomic force microscopy (AFM) images, and (C) spectra of AB-Cu(ll) aggregates incubated with or without pOPD-CDs under dark and one-hour-light
illuminating conditions (scale bar: Ium). The concentration used in all samples was 50pg/mL. For light irradiation, a blue LED was used. Used with permission of Royal
Society of Chemistry, from Chung Y], Lee BI, Park CB. Multifunctional carbon dots as a therapeutic nanoagent for modulating Cu(ii)-mediated B-amyloid aggregation.
Nanoscale. 2019;11(13):6297-6306; permission conveyed through Copyright Clearance Center, Inc.”*

suppression of associated neurotoxicity, establishing another potential new platform and path for the treatment of AD. As
the authors note, the next steps in this work will be to insure that Apta@CDs can be delivered to the brain following
systemic administration and to develop minimally invasive methods for their red-light activation.

Curcumin (CUR) is a small polyphenol molecule extracted from turmeric.”® CUR has anticancer, anti-inflammatory,
antioxidant, antibacterial, and neuroprotective effects”’ and may prevent or ameliorate the pathological processes
underlying age-related cognitive decline, AD, or other dementias.’® There is increasing evidence that CUR may partially
protect cells from AB-mediated neurotoxicity by inhibiting AP aggregation.”” Zheng et al'®® explored whether CUR
could reduce memory decline by inhibiting BACEI expression and -amyloid pathology in 5XFAD transgenic mice. It
was found that CUR reduced amyloid plaque deposition and soluble AB1-42 in the brain by inhibiting BACEI. In
addition, CUR was found to upregulate synaptophysin expression (essential for maintaining synaptic transmission)'®*'?
and attenuate synaptic damage in 5XFAD mice. Finally, learning and memory in CUR-treated mice were improved.

Although CUR shows promise for clinical treatment of diseases’’, its poor water solubility and water stability result
in very low cell-targeted absorption efficiency and bioavailability, and can cause significant cytotoxicity at high
concentrations.”” To better improve the cell uptake efficiency and bioavailability of CUR, Kuang et al®® mixed citric
acid and glucose to synthesize CDs using a microwave method. They then combined the as-prepared CDs with
CH;COONa and FeCl; to obtain Fe;O4@CDs, which were subsequently combined with CUR. In vitro studies showed
that CUR-Fe;04@CDs had a high specific affinity for Ap42 and could significantly inhibit the aggregation of AB42
protein. The CUR-Fe304@CDs also inhibited the production of reactive oxygen species (ROS) mediated by AP fibrils
and reduced AP-mediated toxicity in PC12 cells. These experiments all suggest that CDs could provide an efficient

International Journal of Nanomedicine 2022:17 hetps: 6627
Dove:


https://www.dovepress.com
https://www.dovepress.com

Guo et al Dove

A B

65 -
—a—Tg Ctrl

—e—PBS
—a—GQDG
—v— Wt Ctrl|

60

554
50 4
45

40+

N '
35
30 | X 10 um
. - \ [V
\« T
\ ; z
v

Escape latency(s)

254 N

204

15 10 ym
T T T T T T T T 1 —
day1 day2 day3 day4 day5 day6 day7 day8
Time(day)

Figure 4 (A) After 4 weeks of intravenous administration of GQCDs to APP/PS| mice, spatial learning in a water maze was significantly improved and approached that of
wild-type controls. (B) Dendritic spine densities were markedly reduced in untreated or vehicle-treated APP/PSI mice (TgCtrl or PBS, respectively). Treatment with
GQCD:s restored spine densities to near normal levels. Scale bars: 40pm, left; 10pm, right. Asterisks indicate **p < 0.01, **p < 0.00| versus Tg Ctrl or PBS groups.
Reprinted from Biomaterials, Vol 106, Xiao S, Zhou D, Luan P, et al, Graphene quantum dots conjugated neuroprotective peptide improve learning and memory capability,
Pages 98110, Copyright (2016), with permission from Elsevier.'*?

delivery system for CUR and thus a promising platform for AD therapy. However, studies are needed to demonstrate that
CUR-Fe;04@CDs cross the BBB and show in vivo efficacy.

Graphene Quantum Dots (GQDs) are a class of carbon dots synthesized from small fragments of graphene, and thus
tend to have a planar instead of a spherical structure.'”’ GQDs have been shown to inhibit the aggregation of Ap42

peptides in vitro,'%?

with the degree of inhibition proportional to the amount of surface negative charge. This study also
showed that GQDs were able to significantly reduce the toxicity of AB;_4, in an in vitro PC12 cell model, while having
negligible effects on cell viability themselves.

Xiao et al'®® conjugated a neuroprotective peptide, glycine-proline-glutamate, to GQDs to generate GQDGs. These
conjugated nanoparticles were shown to inhibit the aggregation of Ap in vitro. Importantly, intravenous administration of
GQCD:s to transgenic APP/PS1 mice, another model of Alzheimer’s disease, reduced brain levels of AP, reduced brain
inflammatory markers, increased brain neurotrophin levels and reduced learning and memory impairments in the mice
(Figure 4A). No histopathological abnormalities were seen with the 4-week administration period. GQDGs also enhanced
neurogenesis and improved dendritic morphology (Figure 4B) in the hippocampus (a brain structure known to be
essential for many types of learning and memory) of treated mice.

In a study published three years after their initial exploration of the effect of GQDs on AB aggregation, Liu et al'®*
covalently bound tramiprosate, a compound shown to inhibit amyloid aggregation that has shown some success in
195 to GQDs. The resultant GQD-Ts showed a synergistic effect on

inhibiting amyloid aggregation and fibril formation, while retaining the non-toxic nature of GQDs alone. It remains to be

clinical trials with AD patients (Manzano et al)

shown that GQD-Ts can penetrate the BBB and have in vivo efficacy. Table 2 is a summary of studies on the beneficial
effects of CDs on amyloid pathology in recent years.

Solutions Targeting Tau to Improve AD Pathology
It is well known that tau plays an important role in maintaining the stability of cellular structures.'"'®” In AD,
hyperphosphorylation of tau disrupts the balance between tau phosphorylation and dephosphorylation, resulting in the
production of a large amount of free ptau, which can dissociate from microtubules and self-aggregate to form NFTs in the
cell body and dystrophic neurites, thereby destroying microtubule function. This eventually leads to neuronal death,
a hallmark of AD.”'®® Current studies have proposed that preventing tau pathology could be a better target than amyloid
for treating AD.'%-'1°

In recent work, Zhang et al''' and Zhou et al''? investigated the ability of carbon nitride dots (CNDs) to inhibit tau
aggregation. Further, they successfully combined CNDs with memantine hydrochloride, a drug long used to treat AD but
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Table 2 A Summary of Studies Demonstrating Beneficial Effects of CDs on Amyloid Pathology

Name Year | BBB Model(s) | Size(nm) | Conjugated Mechanisms (Reduce AD Pathology)
Crossing? Drug/Modified
Molecule

Studies with CDs

C-Dots® 2017 | Yes; coupled to | Zebrafish N/A Human I. AB fibrillation inhibition.
transferrin transferrin 2. Target up-stream secretases (BACEI enzyme).
receptor 3. Reduce the toxicity of A fibril.
Y-CDs*># 2019 | Yes; passive Zebrafish | 3.4 N/A 1. Inhibit the overexpression of human APP and Af.
diffusion 2. Inhibit AP aggregation and toxicity
2022 | Yes APP/PS| 2045 Ceb
mice
OPCDs™ 2019 | Not Tested PCI2 7.3 N/A |. Effectively chelate Cu(ll)
cells 2. Suppress AP self-assembly and toxicity

3. Photodynamically oxidize AP residues

Apta@CDs”® 2020 | Not Tested 5xFAD 5 AB-binding DNA | |. Strong targeting AP
mice aptamers 2. Induced irreversible degeneration of AP peptide
3. Reduces AP aggregation and toxicity

Fe304@CDs” | 2020 | Not Tested PCI2 5-20 CUR
cells

. Deliver CUR as the carrier
. Inhibition of extracellular Afibrillation

. Reduce ROS generation induced by Ap fibrils

|

2

3. Protect cells from Ap fiber toxicity

4

5. Enhance neuronal viability and maintain morphology

Studies with GQDs

GQDs'0%1% 2015 | Not Tested PCI2 8 N/A I. Inhibition of AP peptide aggregation
2022 cells 2. Rescue AB-induced cytotoxicity
GQDGs'® 2016 | Yes; APP/PS| 18 GPE I. Inhibition of AP fiber aggregation
mechanism mice 2. Reduce A plaque deposition
unknown 3. Reduce inflammation
4. Increase the number of neurons
GQD-Ts'* 2018 | Not Tested N/A 15-20 Tramiprosate I. Inhibition of Ap peptide aggregation

2. Rescue AB-induced cytotoxicity

with limited efficacy. It was found that both CNDs alone CNDs-MH exhibited the ability to inhibit tau aggregation
in vitro (Figure 5). Further, these authors have shown that both CNDs and CNDs-MH can cross the BBB in a zebrafish
model.""""'"* Thus, this work provides a foundation for further studies to attack AD-related brain neuropathology via

multiple mechanisms.

Solutions Targeting Acetylcholine to Improve AD Symptoms

As has been described, inhibition of acetylcholinesterase (AChE) to elevate levels of acetylcholine (Ach) in the
brain is one of the few currently available symptomatic therapies for AD. Extracts of the leguminous butterfly pea
can increase of Ach levels in the hippocampus, which can lead to improved learning and memory.114 Based upon

this information, Tak et al''

used a one-pot microwave-assisted green synthesis method to synthesize GQDs
(ctGQDs) from butterfly pea flowers. In an in vitro assay, ctGQDs were shown to inhibit AChE as effectively as

donepezil, the most commonly used drug currently used to treat AD. Systemically administered ctGQDs were also
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Figure 5 Inhibition of microtubule associated protein tau (MAPT) aggregation using an in vitro fluorescence assay. (A) and (B): CNDs alone significantly inhibited tau
aggregation at concentrations of 14.3 pg/mL and above. Memantine hydrochloride-conjugated CNDs (CNDs-MH) were equally effective in inhibiting tau aggregation. (C) and
(D) Both CNDs and CNDs-MH were shown to cross the BBB in a zebrafish model (see text for references).Reprinted from Journal of Colloid and Interface Science, Vol 617,
Zhang W, Kandel N, Zhou Y, et al, Drug delivery of memantine with carbon dots for Alzheimer’s disease: blood-brain barrier penetration and inhibition of tau aggregation,
Pages 20-31, Copyright (2022), with permission from Elsevier.'"'

shown to reverse the learning and memory deficits in rats induced by scopolamine, a cholinergic receptor antagonist.
These results provide further evidence and GQDs are able to cross the BBB to affect brain function.

17" used citric acid as a carbon source and cysteine (Cys) as a source of sulfur and nitrogen,

More recently, Suner et a
and prepared S- and N-doped Cys CDs through a green synthesis technique using a microwave method. Their study
showed that inhibition of AChE was proportional to the concentration of Cys CDs (Figure 6). Of course, it is not known
whether this route of enzymatic inhibition would show better functional efficacy or a reduced side effect profile than
existing pharmacotherapies, but the work clearly reinforces the idea that CDs can serve as an effective way of delivering

agents to the brain.

Carbon Dots as Diagnostic Tools or Carriers for Gene Therapy

CDs can be used to fabricate tools to monitor biomarkers for predicting AD risk or monitoring the course of the
disease.''® ' This is a rapidly evolving research area, but germane to topics we have previously discussed, CDs or
GQDs have been used to develop methods for CSF monitoring of A monomers'*® or AChE."?! In addition to acting as
a tool to inhibit AchE itself, CDs can also serve as a monitoring and sensing platform based on the acetylcholine
hypothesis. Martinez et al'** developed a novel fluorescent biosensor that is based on nitrogen doped GQDs (N-GQDs)
as a fluorescent probe and AChE system as a biorecognition element. Among them, N-GQDs were obtained by
hydrothermal synthesis using citric acid and ammonia as the carbon and nitrogen sources. The sensor is used to assess
tacrine (a cholinesterase inhibitor drug used in the clinical treatment of AD) in aqueous solution. It utilizes the fact that
the native fluorescence of N-GQDs is quenched by interaction with enzymatic reaction products, while the fluorescence

intensity of N-GQDs is gradually restored in an inhibitor concentration-dependent manner after the addition of tacrine.
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Figure 6 Inhibition of AChE enzyme activity by carbon dots. (A) Cys CD inhibition of AChE in vitro is proportional to carbon dot concentration. ((A) Reprinted by
permission from Springer Nature Customer Service Centre GmbH: Springer Nature; Journal of Fluorescense; Versatile fluorescent carbon dots from citric acid and cysteine
with antimicrobial, anti-biofilm, antioxidant, and AChE enzyme inhibition capabilitie, Suner SS, Sahiner M, Ayyala RS, et al, COPYRIGHT (2021).”' (B) ctGQDs inhibit AChE
in rat hippocampus as effectively as Donepezil, a drug commonly prescribed to patients with Alzheimer’s disease. Asterisks indicate ***p < 0.001 versus no treatment. ((B)
Adapted with permission from Tak K, Sharma R, Dave V, et al. Clitoria ternatea mediated synthesis of graphene quantum dots for the treatment of Alzheimer’s disease. ACS
Chem Neurosci. 2020;11(22):3741-3748."'> © 2020 American Chemical Society).

Based on the study of N-GQDs, Sharma et al'** took advantage of its high sensitivity and made it a sensing platform
to evaluate the in vitro efficacy of novel anti-AD drugs. NGQDs act as fluorescent bioprobes to help reveal the
mechanisms associated with AD. The fluorescence alteration of NGQDs helps to understand the effects of anti-AD
drugs and how they block AChE activity and inhibit ACh hydrolysis in the brain. NGQDs are less toxic and more
biocompatible than nanoparticles,'** CQDs'*> or undoped GQDs'*® used earlier as sensors or probes. Therefore, their
study is the first bold and rational attempt to analyze the potency of newly synthesized derivatives.

MicroRNAs (miRNAs) are conserved tiny non-coding RNAs that affect gene expression at the post-transcriptional
level and play a critical role in regulating key genes linked to AD."?” It is worth noting that miR-9, a highly expressed
miRNA in neural tissues, is essential for neuronal function and survival. Wu et al*® designed a new type of two-photon
fluorescent probe for in situ imaging of miR-9 in living neurons and brain tissues of the transgenic APP/PS1 AD mouse
model. The miR-9 probe was composed of graphene oxide, red luminescent carbon dots, and azobenzene-bound DNA
(CDs-DNA-Azo0). This design combined long-term detection of miR-9 with high sensitivity, selectivity and deep tissue
imaging capabilities, while having low cytotoxicity and high biocompatibility. The CDs acted as a two-photon
fluorophore, so it was possible to image the probe in deep layers of brain tissue without interference by autofluorescence
of the biological matrix (Figure 7A)."*® Using both in vivo and in vitro experiments, Wu et al showed that miR-9 in the
hippocampus was up-regulated in the early stages of the APP/PS1 model, but was subsequently suppressed to even below
the levels seen in wild-type mice at advanced stages of the AD model (Figures 7B and C).

Gene therapy has the potential to treat many inherited and acquired human diseases, and the use of nucleic acids
(including pDNA, mRNA and non-coding RNA) as gene therapy methods is rapidly entering clinical practice. The key to
effective gene therapy is to successfully transport the therapeutic genes to specific targets.'>” However, because bare
nucleic acid is rapidly destroyed by serum nucleases, an important goal of research to enhance the efficacy of gene
therapy is to develop effective vectors that can compress and preserve nucleic acids while also having high gene

130131 and low toxicity.”® The ability to compress and protect DNA is one of the most important

transfection efficiency
factors of gene delivery vectors.'>' Therefore, one of the best strategies for gene delivery is to use CD-compressed
pDNA, which can considerably increase gene transfection compared with naked DNA delivery.'*?

Liu et al®’

were among the first to show that CDs can be used as traceable nanocarriers for safe and effective gene
delivery. Liu et al successfully constructed a high-efficiency bifunctional nanocarrier (CD-PEI) based on PEI-passivated
CDs through microwave-assisted pyrolysis of glycerol in the presence of branched-chain PEI25k. The PEI molecules
play two key roles, as surface passivation to endow the CDs with strong photoluminescence, and as a polyelectrolyte to
condense the DNA for gene transfection. CD-PEIs shown to have excellent water solubility, to emit stable and bright

multicolor fluorescence according to the excitation wavelength, and to have good photostability. The investigators
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Figure 7 (A) Single or two-photon fluorescence imaging of the miR9 probe in hippocampus slices visualized with z-stacking scanning. Scale bar = |00um. (B) Bar graph showing the
relative miR9 probe intensity in the hippocampus of wild-type (control) mice and APP/PS| mice at 6 and |5 months of age. (C) Two-photon fluorescence images of the hippocampus
tissue in normal (wild-type) mice and AD mice at 6 and |5 months old. Boxes define regions of interest (ROls) used for the quantification of fluorescence intensity shown in (B).
Scale bars = 500um in low-power view of the hippocampus shown at left, and 20um for remaining images. Excitation wavelength: 960 nm. Used with permission of Royal Society of
Chemistry, from Wu W, Zheng T, Tian Y. An enzyme-free amplification strategy based on two-photon fluorescent carbon dots for monitoring miR-9 in live neurons and brain tissues
of Alzheimer’s disease mice. Chem Commun. 2020;56(58):8083-8086.; permission conveyed through Copyright Clearance Center, Inc.*®

showed that their nanoparticles effectively mediated gene transfection in COS-7 and HepG2 cells. The multicolor
fluorescent CD-PEI/DNA complexes was clearly visible in the cytoplasm, demonstrating the potential of CD-PEI in
bioimaging and biomarkers. Wang et al'** subsequently extended this work to successfully deliver Survivin siRNA into
a human gastric cancer cell line.

In other work, Cao et al'3

successfully used CDs to deliver the plasmid SOX9 (pSOX9) to mouse embryonic
fibroblasts, and experimentally tested the toxicity of CDs/pSOX9 and its immunogenicity in mice by intravenous
injection. These results further demonstrated the biological safety and low toxicity of CDs. However, while evidence
continues to accumulate indicating that pathological changes such as amyloid plaques and neurofibrillary tangles seen

135

in AD brain are attributable to specific gene expression disorders, ~° to date there are no experimental studies exploring

the possibility of combining CDs with genes to treat AD.
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Discussion and Future Directions

So far, we have provided evidence that CDs could have a wide number of potential applications for the diagnosis and
treatment of AD. However, CDs are still not very mature in terms of drug/gene delivery or bioimaging, and there are still
certain limitations that hinder their clinical application. This is an important reason why research is still at the level of
in vitro experiments using cell cultures and in vivo experiments in animals. For the clinical application of CDs, the
following aspects need to be considered.

Non-toxicity has always been the goal in the treatment of diseases by drugs or nanoparticle (NP) formulations. Some of
the formulations previously studied have the potential for toxicity, particularly if they contain lipid moieties. In general, the
purity and concentration of NPs will determine their chemical toxicity. For example, in the synthesis of CDs, the main
function of N-dopants is to passivate the surface to enhance fluorescence. However, some N-dopants are inherently toxic, but
will remain non-toxic at low-medium concentrations. The charge of NPs also affects the toxicity of the particles. Generally
speaking, positively charged NPs are usually more toxic than neutral or anionic NPs. In addition, the particle size and shape
will also affect its toxicity. For example, only small PLGA NPs can promote inflammation through the release of cytokines.
At present, in vivo and clinical data studying the toxic effects of NPs on brain transport are very scarce.

Long-term monitoring has always been an important aspect of experimental research into treatments for AD.
However, long-term monitoring requires that NPs have long-term non-toxicity, and preferably features allowing for real-
time intracerebral monitoring. Although the non-toxic and autofluorescence properties of CDs meet the experimental
needs of real-time monitoring, at present there are no experiments that have been able to achieve experimental
monitoring for the many-year period during which AD progresses.

The route of administration can also affect the therapeutic efficacy of CD-carrying drugs. Intracardial and intravenous
administration are the methods that have been used to date to assess the capacity for various NP formulations to cross the
BBB and reach the brain. Intranasal delivery has attracted attention as an effective delivery method, as drugs can enter
the brain directly through the olfactory mucosa, bypassing the BBB. However, due to the reduced dose volume allowed
by the nasal cavity, it is theoretically more difficult for drugs delivered through this route to reach therapeutic levels
effectively. Finally, oral administration is the most convenient method of drug delivery for patients. Neither intranasal nor
oral administration of NPs have been tested to date. Most of the current studies on CDs are still at the in vitro level, and,
in particular, there is a paucity in vivo studies of CDs in AD models.

As was mentioned above, research on gene therapy for AD is still at the beginning stages. Gene therapy offers the
promise of effective delivery of specific therapeutic genes to unhealthy cells. Compared with only treating specific
pathological manifestations, this method could not only relieve pathology but prevent it from developing. Whether the
use of CDs can facilitate the development of effective gene delivery therapies for AD remains an open question, and an
important one for future research.

In summary, experimental work to date has demonstrated significant potential for the application of CDs in
developing new therapeutic interventions for AD. However, in order to realize the application of CDs in the clinical
treatment of AD, many issues remain to be investigated or resolved. These include optimizing the size, surface charge,
toxicity, biocompatibility of CDs, route of administration, BBB penetration, developing methods for long-term monitor-
ing of delivery and, of course, demonstrating superior efficacy and reduced side effects compared to current treatments.
Although they will require substantial additional effort, we are optimistic that these goals can be achieved.
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