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Abstract: The cell nucleus, as the central hub of cellular physiological activities, represents an effective target for cancer therapy.
Targeting strategies aimed at the cell nucleus can enhance the delivery of more drugs into the tumor cell nucleus, thereby improving
therapeutic efficacy. Such approaches can overcome the limitations of previous tissue- and cell-level treatments, such as insufficient
specificity and excessive toxic side effects. Currently, researchers have integrated carbon nanoparticles (CNPs), therapeutic molecules,
and nucleus-targeting components to construct various nucleus-targeted carbon nanoparticle delivery systems for tumor imaging and
treatment. These systems not only increase drug concentration within the cell nucleus but also enable certain CNPs to utilize their
intrinsic fluorescence for imaging monitoring. This review summarizes the latest classification progress of nucleus-targeted CNPs,
their mechanisms of action in cancer-targeted diagnosis and treatment, and their applications in cancer therapy. Additionally, the article
discusses the current challenges and future directions in this field, aiming to provide valuable reference information for precision
cancer treatment.
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Introduction
Statistics indicate that the number of new global cancer cases will reach 30 million by 2040, with cancer being regarded
as the second-largest health threat worldwide.' Traditional cancer therapies, such as chemotherapy, lack specificity to
tumor cells and often result in drug resistance that caused by drug-metabolizing enzymes, exosomes, ribosomes,
neutrophils, and tumor autophagy after repeated use. Consequently, higher drug dosages are required to maintain
therapeutic efficacy, potentially leading to severe side effects ranging from gastrointestinal toxicity to bone marrow
suppression.”® Therefore, enhancing drug concentration at the tumor site is critical for improving chemotherapeutic
outcomes and reducing adverse reactions.”'? Furthermore, the overall survival rate of cancer patients largely depends on
the early identification of cancer cells and timely monitoring of treatment efficacy post-therapy.'''? Achieving visualiza-
tion of tumor tissues or even individual cancer cells can significantly aid in diagnosis, treatment, and prognosis.'>*'*
With the emergence of nanomedicine, new opportunities have arisen for the precise diagnosis and treatment of
cancer.'> Nanoparticles can be used to create targeting drug delivery systems or probes that specifically target tumor
cells, thereby reducing the toxic side effects associated with randomly dispersed drugs.'® Additionally, these systems

enable targeting imaging of tumor cells, which enhances the accuracy of imaging.'’
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Although drug delivery systems or probes targeting tumor cells can overcome issues such as poor drug specificity and
low bioavailability in conventional drug delivery, the shift in disease understanding from the cellular level to the
subcellular organelle level has gradually made organelle-targeted imaging and therapy a research focus.'®'® This strategy
can significantly increase drug concentration within sensitive organelles, disrupt their microstructures, induce organelle
dysfunction, and ultimately lead to the lysis and death of cancer cells. Compared to delivering drugs to tumor cells,
organelle-targeted strategies can provide superior therapeutic effects.”*?! However, among current delivery systems, only
a few can achieve targeting of the cell nucleus.”> 2° In fact, the cell nucleus is the ultimate target for most anticancer
drugs, which exert their effects by interacting with DNA or inhibiting topoisomerase activity to disrupt DNA structure,
thereby affecting replication and transcription processes.’’ >° Additionally, changes in the organization of nucleus
structures are closely related to disease phenotypes, and precise imaging of the nucleus can provide critical information
for disease diagnosis and treatment. Therefore, targeted imaging and therapy of the cell nucleus represent important
means to further enhance therapeutic efficacy.*”

In recent years, the integration of nanomedicinal carriers, chemotherapeutic agents, and nucleus targeting modifiers to
develop nucleus-targeting nanomedicine delivery systems has demonstrated remarkable efficacy in anti-tumor research.’’
The preparation of nanocarriers and precise nucleus targeting are two critical steps for nucleus-targeting nanomedicine
delivery systems. Currently, the main nanocarriers used for targeting include gold nanoparticles, silica nanoparticles,
carbon nanoparticles (CNPs), polymeric nanoparticles, micelles, and liposomes.>* Among them, carbon nanoparticles
include fullerenes, carbon nanotubes (CNTs), mesoporous carbon nanospheres (MCNs), graphene, and carbon dots (CDs)
(as shown in Figure 1), possessing several advantages such as simple preparation processes, excellent stability, superior
mechanical, thermal, and optical properties, good biocompatibility, and effective drug-loading capacity. Their favorable
water solubility also enables them to deliver drugs with poor water solubility to the target site.>* >’ Additionally, the
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abundant bonding sites on their surfaces facilitate modifications with amino and carboxyl groups, enabling the conjuga-
tion of drugs and targeting molecules, thereby enhancing drug targeting. Simultaneously, CNPs can utilize their intrinsic
in-situ fluorescence to monitor physiological activities and achieve visual tracking, thus synchronizing tumor therapy and
monitoring.*®

Currently, the research and development of CNPs are progressing rapidly, showing great potential for the future.
However, there is a lack of detailed and systematic descriptions specifically focused on nucleus-targeting CNPs.
Comprehensive summaries are beneficial for researchers to quickly understand the latest advancements in this field,
which can guide the innovative development of nucleus-targeting CNPs drug delivery systems. This article begins with
the nucleus targeting mechanisms of nanomaterials, focusing on CNPs carriers, and introduces the synthesis, structure,
and properties of nucleus-targeting CNPs drug delivery system. Furthermore, it summarizes the factors influencing both
active and passive targeting. Subsequently, it elucidates the applications of nucleus-targeting CNPs in tumor imaging and
therapy. Finally, it addresses existing challenges and prospects for future developments.

Mechanism of Targeting the Cell Nucleus

In order to achieve targeting therapy and imaging of the cell nucleus, nanoparticles (NPs) that carry therapeutic
components such as chemotherapeutic agents, genes, or reagents must sequentially target tumor tissue, cells, and
ultimately the cell nucleus. This process involves four critical stages (as illustrated in Figure 2): I) passive targeting
and accumulation in tumor tissue; II) targeting of tumor cells; III) internalization of the cell membrane; IV) targeting of
the cell nucleus.

Passive Targeting and Accumulation of NPs in Tumor

The enhanced permeability and retention (EPR) effect is the primary passive targeting mechanism for the transportation
of NPs to tumor tissues.*® Once intravenously injected into the body, NPs loaded with therapeutic components passively
migrate toward blood vessels in conjunction with the blood flow, ultimately reaching and accumulating in tumor tissues
(as depicted in Figure 21).> Solid tumor tissues display significant anatomical and pathological disparities in comparison
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with normal tissues. As the tumor diameter expands to 1.0-2.0 mm, the tumor vasculature undergoes rapid and
disordered proliferation to acquire nutrients and oxygen, leading to the formation of numerous large endothelial gaps
and structurally incomplete vessels within the solid tumor tissue. Furthermore, the absence of lymphatic vessels in tumor
tissues results in impaired lymphatic drainage. These two factors collectively facilitate the accumulation of NPs by the
EPR effect in tumor tissues without rapid clearance from the circulation.***' Conversely, in normal tissues, NPs are
unable to easily penetrate the vessel walls owing to the tight junctions between vascular endothelial cells and the intact
structure of the vessel walls, thus negating the manifestation of the EPR effect.

Upon reaching the tumor stroma, the surface receptors of NPs specifically bind to particular ligands on the surface of
tumor cells, facilitating the aggregation of NPs from the tumor stroma to the parenchymal cells, thereby ensuring the
subsequent cellular uptake of NPs.

Targeting Tumor Cells

The high affinity of ligand-receptor mediated targeting to cancer cells serves as the secondary active targeting mechanism
for NPs. Prior to cellular internalization, to achieve a more precise level of targeting cancer cells, the surface of NPs can
be modified with specific biomolecular ligands that bind to corresponding receptors on the surface of cancer cells,
thereby promoting the cellular uptake of NPs.*? For instance, folic acid (FA) or hyaluronic acid (HA) can recognize and
bind to overexpressed folate receptors (FR) or hyaluronic acid receptors (HR) on the surface of cancer cells (as shown in
Figure 2IT).**¢ Following ligand-receptor binding, NPs can actively and precisely target the surface of tumor cells and
subsequently enter the cells via endocytosis, which is crucial for subsequent nucleus targeting imaging and therapy.

Intracellularization

Upon the specific binding of targeting ligands to receptors on the cell membrane, NPs proceed to the next stage, which is
cellular internalization. This process is primarily mediated by the cell membrane, as shown in Figure 2111.*7 The cell
membrane acts as a barrier between cells and also serves as a regulatory gateway for the movement of substances between
the intracellular and extracellular environments.** Generally, the cellular uptake mechanisms of NPs can be categorized into
two main types: endocytosis (as illustrated in Figure 2a—¢) and direct entry (as depicted in Figure 2f-i).*’

Endocytosis refers to the process through which NPs enter the interior of a cell by causing deformation of the plasma
membrane. This process is classified based on the size of the vesicles formed into pinocytosis (as depicted in Figure 2a—d)
and phagocytosis (as depicted in Figure 2e). Pinocytosis typically involves the uptake of NPs through small vesicles
(diameter < 0.15 pm), whereas phagocytosis occurs via large vesicles known as phagosomes (diameter usually > 0.25 um)
to ingest NPs.”® During pinocytosis, the cell membrane locally invaginates, forming small vesicles known as endosomes
that can encapsulate NPs. These NPs are then transported from the extracellular matrix into the cytoplasm.>'->* This active
endocytic process can be further classified into clathrin-mediated endocytosis (CME) (Figure 2a), caveolin-mediated
endocytosis (CVME) (Figure 2b), clathrin/caveolin-independent endocytosis (Figure 2c), and macropinocytosis
(Figure 2d), with CME and CVME being the most common.>

CME relies on receptor-specific uptake and non-specific adsorption to transport NPs from the cell surface to the
interior.>* This process can be broadly divided into four steps: 1) The ligand binds to the membrane receptor, leading to the
accumulation of clathrin beneath the membrane; 2) The cell membrane bends and invaginates, resulting in the formation of
clathrin-coated vesicles; 3) The vesicles are cleaved and separated from the cell membrane, forming intracellular vesicles; 4)
The clathrin coat is removed from the intracellular vesicles, and clathrin is recycled.”® The average diameter of the
endocytic vesicles formed is approximately 100 nm, which represents the upper size limit for NPs that can be internalized
via this pathway.”® After entering the cell through CME, NPs are typically sequestered by lysosomes.*®

CVME is an internalization pathway that is specific to receptors and separate from CME. In this pathway, NPs are
enclosed within vesicles coated with caveolin (with an average diameter of 5080 nm) and taken up by the cell.>’ NPs
that enter the cell through CVME are also captured by lysosomes, although a small number can avoid lysosomes and
move directly to the next stage (organelle targeting). CVME plays a vital role in the uptake by cells, intracellular
transport, and penetration into tissues by NPs.”®
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NPs can also gain entry into the cytoplasm by directly crossing the cell membrane through various methods, including
biochemical or physical mechanisms. These methods include direct translocation into the cytoplasm (Figure 2f), lipid
fusion into the cytoplasm (Figure 2g), electroporation strategies (Figure 2h), and microinjection strategies (Figure 2i).%%-%°

After entering the cell, the majority of NPs need to escape from endosomes or lysosomes in order to avoid
degradation (Figure 2j).°" Currently, there are four main pathways for lysosomal escape that have been documented in
the literature: pore formation in the endosomal or lysosomal membrane, the proton sponge effect, membrane fusion, and
photochemical disruption of the endosomal or lysosomal membrane.®*®* Researchers have demonstrated that NPs that
enter cells through the CVME pathway can sometimes evade lysosomal degradation, which is beneficial for the delivery

of degradable materials such as genes and pro‘[eins.(""66

Nucleus Inputting Mechanism

The nucleus is separated from the cytoplasm by the nucleus envelope, which is a double membrane that contains
numerous nucleus pore complexes (NPC).%” The NPC serves as the only pathway for bidirectional exchange between the
nucleoplasm and cytoplasm, and it can be divided into three layers: the luminal ring, the central scaffold, and the
phenylalanine-glycine nucleoporins (FG Nups). FG Nups are arranged along the inner surface of the NPC, creating
a selective barrier for nucleocytoplasmic transport.®® There are three main pathways for NPs to pass through the NPC
(Figure 2IV): 1) passive diffusion (Figure 2k); 2) active targeting (Figure 21); 3) disruption of nucleus membrane
permeability (Figure 2m).®

Passive Diffusion

NPs have been widely recognized for their ability to accumulate effectively in solid tumors by freely diffusing in the
bloodstream and reaching the interstitial space through the EPR effect.”” Likewise, NPs can enter the cell nucleus by
freely diffusing through nucleus pores. However, owing to the restricted diameter of nucleus pores, NPs with a diameter
exceeding 10 nm cannot passively diffuse into the nucleus, and this diffusion process lacks a specific direction. NPs
larger than 10 nm enter the nucleus through alternative mechanisms.”'

Active Targeting

Larger NPs face a substantial resistance barrier from the NPC and experience noticeable hindrance. However, active
nucleus transport of these NPs can be accomplished by modifying their surface through ligand modification or surface
charge control.

Ligand Modification

Surface ligand modification is the main strategy for constructing targeting NPs that are larger than the size of the NPC for
entry into the nucleus.”” Nucleus targeting peptides are short sequences of basic amino acids that act as signaling
segments attached to nucleus import carriers. They facilitate the translocation of NPs from the cytoplasm to the nucleus
through the importin pathway.”> Nucleus targeting peptides can be classified into two types, depending on the proteins
involved in the nucleus entry process: nucleus localization signal (NLS) and trans-activating transcriptional activator
(TAT) peptide.

The NLS peptide, which consists of seven amino acids, was discovered by researchers during their study of the
simian virus 40 T antigen.”* The process of NLS being transported into the nucleus can be divided into four steps, as
depicted in Figure 3: 1) The NLS on the NLS receptor (importin o/} dimer) forms a receptor complex; 2) The receptor
complex binds to the fibrils on the NPC, creating a hydrophilic channel for the NLS to pass through; 3) Upon entering the
nucleus, importin § binds to Ran-GTP (a small GTPase that can bind either GTP or GDP), causing the dissociation of the
NLS and the receptor complex; 4) The receptor complex is exported from the nucleus by Ran-GTP, while Ran-GTP is
converted to Ran-GDP and returns to the cytoplasm.”

Another peptide that targets the nucleus is TAT peptide, which aids in the translocation of NPs by binding to importin
B. TAT peptide is composed of an 86-amino acid peptide, containing a highly basic region that plays a role in nucleus
localization. This region consists of 9 residues, including 2 lysines and 6 arginines, and is easily recognized by the NPC,

actively facilitating the delivery of NPs to the nucleus.’®””
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Cytoplasm \ Nucleus

Figure 3 Schematic representation of NPs translocating into the nucleus through NLS.

Furthermore, numerous NPs can also be transported to the nucleus when they are bound to specific molecules. For
example, retinol-binding protein II (RBP II), which is a cytoplasmic protein, can bind to retinoic acid to form a complex.
This complex subsequently associates with importin «, facilitating its entry into the nucleus through the NPC.”®
Dexamethasone, when it binds to the glucocorticoid receptor to form a complex, can induce the expansion of the
nucleus pore to 60 nm.”® This expansion allows molecules smaller than 60 nm to enter the nucleus. Boronic acid-
conjugated NPs can also achieve nucleus targeting through a different mechanism. The exposed boronic acid can bind to
glucosamine residues present on nucleoporin 62 (NUP62), which is the only glycoprotein located in the inner ring of the
NPC. This binding enables NPs to target the nucleus via the NPC.*® Nucleolin, which is a shuttling protein capable of
transporting from the cytoplasm to the nucleus, possesses the ability to carry NPs into the nucleus. Several ligands,
including AS1411 aptamer, F3 peptide, and multivalent pseudopeptide N6L, can recognize nucleolin and have been

utilized in the development of nucleus-targeting drug delivery systems.®!:%

Surface Charge

Furthermore, the nucleus import of NPs can be facilitated by their interaction with the surface charges of the nucleus.®
Positively charged NPs are particularly beneficial for binding to cells and the nucleus owing to the inherent negative
charge of the cell membrane, which is composed of phospholipid bilayers, and the nucleic acids within the nucleus.®* It is
worth noting that NLS often consist of numerous lysine and arginine residues, which are positively charged, and this may

contribute to the increased uptake capacity of NPs by the nucleus.

Disruption of Nucleus Membrane Permeability

Whether through passive diffusion or active targeting, NPs are designed to adapt to the structure and properties of the
nucleus envelope in order to achieve nucleus targeting transport. Another method to facilitate the nucleus entry of NPs is
to alter the rules of nucleus transport, specifically by interfering with the permeability of the nucleus membrane.®
Disrupting the nucleus envelope allows for a wider range of drug types and sizes, as well as NPs, to enter the cell
nucleus, providing a universal platform for efficient drug delivery to the nucleus. It is well known that the nucleus
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envelope disassembles during mitosis, and external stimuli can also cause transient disruptions in the nucleus membrane
over certain time intervals. For example, NPs loaded with photosensitizers can generate reactive oxygen species (ROS)
under near-infrared (NIR) light, inducing damage to the nucleus membrane,® thereby allowing more NPs to enter the cell
nucleus and enhancing the efficiency of photodynamic conversion.

CNPs Drug Carriers

CNPs can be chemically linked to drugs using covalent bonds, such as amide, ester, and hydrazine, or through non-
covalent interactions, such as electrostatic attraction, n-n stacking, hydrogen bonding, and hydrophilic interactions. These
conjugations enhance the stability of the drugs in the bloodstream and improve their bioavailability in target cells.®”-**
Currently, the main CNPs utilized in drug delivery systems include fullerenes, CNTs, MCNs, Graphene, and CDs

(Figure la—e).

Fullerene
Fullerenes demonstrate a spherical or ellipsoidal morphology, showcasing a hollow cage-like structure (as depicted in
Figure 1a). They possess a significant specific surface area and distinct nonpolar characteristics.*’ By forming covalent
bonds, they can encapsulate different drugs within the cage and interact with the lipids present in cell membranes. This
interaction aids in the transmembrane transport of drugs and enables controlled drug delivery.”

The most prevalent fullerene is Cgp, which is composed of 60 carbon atoms connected by 30 carbon double bonds. It
exhibits extensive m-m conjugation, resulting in a cage-like structure. The distinctive geometric configuration and
molecular topology give it notable characteristics, including a high specific surface area, small particle size, and high

reactivity.”' Raoof et al”

developed a highly water-soluble, non-ionic, and non-cytotoxic carrier called C60-ser, which is
based on fullerene. C60-ser is prepared based on Bingel additive process of Cgo. This method increases the solubility of
fullerene and its derivatives in water. They covalently conjugated C60-ser with the PF-633 fluorophore to create C60-
serPF, as shown in Figure 4A. C60-serPF has the ability to transport anticancer drugs across various biological barriers,

such as cell membranes and nucleus membranes.

CNTs

CNTs are composed of carbon atoms arranged in hexagonal patterns, forming one-dimensional hollow nanotubes with
layers ranging from a few to several tens (as shown in Figure 1b).”® They can be classified as single-walled CNTs
(SWCNTs) and multi-walled CNTs (MWCNTs). Their unique honeycomb structure provides a high surface area relative
to their volume, allowing for the incorporation of more drugs onto the surface or within the core of CNTs through both
covalent and non-covalent interactions.’” The needle-like morphology of CNTs facilitates the transmembrane penetration
of drugs and their accumulation within the nucleus through the “nanoneedle” mechanism.'®

Tsai et al”> were the first to synthesize oxidized multi-walled carbon nanotubes (OX-MWCNTSs), which were then
conjugated with heparin to form Hep-MWCNTSs. Subsequently, polyglycolic acid (PGA) was reacted with Hep-
MWCNTs to synthesize an amphiphilic block copolymer known as PGA-Hep-MWCNTs (as depicted in Figure 4B).
In this polymer system, the hydrophobic interactions between PGA and MWCNTSs result in the formation of an
amphiphilic copolymer. This copolymer enables the encapsulation of Doxorubicin (DOX) not only through n-m stacking
interactions but also through the hydrophobic interactions between PGA and MWCNTs. Consequently, this polymer can
effectively deliver DOX to the desired target site, thereby overcoming intracellular drug resistance.

MCNs

MCNs, as depicted in Figure 1c, are porous CNPs with pore sizes ranging from 2 to 50 nm. They possess a highly porous
structure and a large specific surface area, which offers numerous binding or adsorption sites for drug molecules. This
allows for efficient loading within a limited storage volume. Moreover, MCNs have the ability to undergo photothermal
conversion and generate ROS when exposed to NIR light irradiation.'®" Due to their conjugated structure, they also
exhibit fluorescence quenching capabilities.'®> As a result, MCNs have significant potential for multimodal therapy,

addressing multidrug resistance, and achieving theranostic integration.'*®
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Creative Commons Attribution 4.0 International License.”® (F) Synthesis route of GQD/DOX; Reproduced from Wang C, Wu C, Zhou X et al. Enhancing cell nucleus accumulation and
DNA cleavage activity of anti-cancer drug via graphene quantum dots. Sci Rep. 2013;3. Copyright © 2013, The Author(s). Creative Commons CC-BY-NC-ND license.””
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Vinothini et al®* developed a nanocarrier system based on MCNs for the targeting delivery of breast cancer drugs to
the nucleus. Initially, oxidized MCNs (Ox-MPCNP) were synthesized using a hydrothermal method. Subsequently, Ox-
MPCNP was conjugated with cystamine, polyaspartic acid, and folic acid (Ox-MPCNP-Cys-PAsp-FA) through EDC/
NHS-mediated chemical reactions (as depicted in Figure 4C). The anticancer drug DOX was then loaded into the interior
of Ox-MPCNP through n-n stacking and hydrogen bonding interactions (DOX/Ox-MPCNP-Cys-PAsp-FA). DOX/Ox-
MPCNP-Cys-PAsp-FA significantly enhanced the cellular uptake of DOX via FR-mediated endocytosis, promoting
greater accumulation of DOX in tumor cells and ultimately increasing the amount of DOX in the nucleus. The results
confirmed the highly efficient nucleus-targeted drug delivery potential of MCNs.

Graphene

Graphene is a two-dimensional carbon nanomaterial. It is composed of carbon atoms that are arranged in a hexagonal
honeycomb lattice through sp? hybridized orbitals. This unique arrangement gives graphene exceptional optical and
mechanical properties. As a result, it has garnered considerable attention for its potential applications in biomedicine and
drug delivery.'® Graphene exhibits a significant specific surface area, as depicted in Figure 1d. This characteristic allows
it to establish complexes with aromatic drugs through n-n stacking and/or hydrophobic interactions, resulting in enhanced
drug storage capabilities.'*>'°® Furthermore, drugs loaded onto graphene demonstrate a high level of stability, thereby
preventing premature release outside the target cells. However, it is worth noting that materials based on graphene have
a tendency to aggregate in buffers or cell media, which ultimately leads to a significant reduction in the surface area
available for drug-loading and subsequently decreases cellular uptake. Researchers have functionalized graphene with
polyethylene glycol, polyethyleneimine, gelatin, or chitosan using covalent or non-covalent strategies to achieve good
dispersion and stability in physiological solutions.'®” "' Additionally, the conjugation of targeting ligands such as folic
acid or TAT enhances their specific targeting capabilities, thereby improving therapeutic efficacy.”>'"

Shan et al’> prepared TAT-functionalized hydrophilic graphene nanosheets (TG) using an edge-functionalization ball-
milling method (as depicted in Figure 4D). Following the conjugation of TAT, the hydrophobic graphene nanosheets
underwent a transformation into hydrophilic polymers, thereby enhancing their ability to be transported in the blood-
stream. The TG, when loaded with the chemotherapeutic drug mitomycin C, effectively penetrated both the tumor cell
membrane and the nucleus membrane, showing remarkable tumor nucleus targeting capability and potent antitumor
efficacy.

CDs

CDs are CNPs with a quasi-spherical morphology and dimensions smaller than 10 nm (as shown in Figure le)."'? Owing
to their excellent optical properties, low toxicity, high water dispersibility, and affordability, CDs have gained increasing
attention in the field of biomaterials.''> The surfaces of CDs are rich in functional groups such as hydroxyl, epoxy,
amino, and carboxyl groups, which enable them to load various drugs through mechanisms like electrostatic adsorption
or covalent bonding. By employing nucleus targeting strategies, these drug-loaded CDs can be delivered into the nucleus
of tumor cells for release, thereby achieving precise tumor cell killing while utilizing their photoluminescence properties
for fluorescence imaging. This allows for the construction of an integrated platform for therapy and monitoring.''* CDs
are primarily categorized into four types: carbon quantum dots (CQDs), graphene quantum dots (GQDs), carbon
nanodots, and carbonized polymer dots. Among these, CQDs and GQDs are more widely applied in drug delivery.'"”
Jung et al”® prepared polymer CQDs using citric acid and B-alanine as raw materials through microwave-assisted
pyrolysis. They subsequently loaded DOX onto the CQDs (DOX/CQD) (Figure 4E). The DOX/CQD complex was then
used for cellular imaging and the delivery of DOX to the cell nucleus. GQDs are NPs of graphene that have dimensions
smaller than 100 nm. They maintain the layered structural motif of graphene but have smaller lateral dimensions and
a high concentration of carboxyl groups at the periphery. As a result, they demonstrate improved biocompatibility with
biological systems.''® GQDs also exhibit unique edge effects, which allow for the creation of composite materials by
combining them with other substances. This characteristic makes GQDs excellent carriers for both the treatment and
tracking of cancer cells. Wang et al’’ utilized graphene oxide (GO) and photo-Fenton reactions under ultraviolet
irradiation to synthesize GQDs. These GQDs were subsequently conjugated with DOX through m-m interactions to
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form the GQD/DOX complex for drug delivery (Figure 4F). The GQD/DOX complex demonstrated efficient delivery of
DOX to the nucleus, resulting in enhanced nucleus uptake and cytotoxicity against drug-resistant cancer cells.

The Impact of Physicochemical Properties of CNPs on Nucleus-Targeting

Delivery

Before entering the cell nucleus, CNPs must undergo several stages, which include circulating in the bloodstream,
targeting the cell membrane, cellular uptake, and nucleus targeting. Throughout this process, the physicochemical
properties of CNPs, such as their shape, size, and surface charge, have an impact on their interactions with the
surrounding environment, including blood cells, the cell membrane, and the nucleus membrane. These interactions, in

turn, affect the CNPs’ overall performance in nucleus targeting.''”!'®

Shape

The geometric shape of CNPs has an impact on their transportation in the bloodstream and their ability to penetrate tumor
tissues, which in turn affects the concentration of drugs that enter the cell nucleus. In comparison to spherical CNPs like
CDs and MCNs, non-spherical CNPs such as rod-shaped CNTs and disc-shaped graphene have been found to decrease
macrophage uptake, prolong circulation time in the bloodstream, and ultimately increase the number of CNPs that can
penetrate from the blood into tumors.''” Furthermore, the adhesion sequence of CNPs on the cell surface is as follows:
rod-shaped > disc-shaped > spherical.''® This makes non-spherical CNPs, particularly rod-shaped ones, advantageous for
targeting cellular and nucleus structures.'”"'?! However, the efficiency of cellular uptake follows a different sequence:
disc-shaped > spherical > ellipsoidal.'** Studies have indicated that spherical CNPs are primarily internalized by cells
through the CVME mechanism, whereas rod-shaped CNPs tend to be internalized passively, resulting in higher cellular
uptake rates for spherical CNPs.'**

Size
The size of CNPs can impact their efficiency in endocytosis, which subsequently affects the concentration of drugs that
ultimately enter the cell nucleus. The optimal size for endocytosis falls within the range of 10-100 nm. CNPs that are
smaller than 10 nm experience inhibited endocytosis because of the high energy cost associated with membrane bending
during the interaction between the cell and CNPs, as well as the subsequent encapsulation of CNPs by the membrane.
Similarly, larger CNPs are also limited in their uptake through endocytosis because the size range of endocytic vesicles
typically falls between 50—100 nm.'** Further researches have demonstrated that among NPs within the size range of 7.5
nm to 100 nm, those with diameters of 50-60 nm are more effective in penetrating cells, thereby achieving efficient
cellular uptake.'®

CNPs with dimensions smaller than 20 nm can enter the cell nucleus via NPCs, thus necessitating appropriate
adjustment of CNPs size for nucleus targeting.'*® Studies have demonstrated that anionic/cationic CNPs with dimensions

less than 5 nm can more easily penetrate the cell nucleus through endocytosis or direct membrane penetration.'>”'*° For

127

example, cationic CDs have been utilized for labeling/imaging the nucleolus’ " or DNA structures within the

nucleolus,'?®

while anionic CDs conjugated with photosensitizers have been employed for nucleolar labeling in photo-
dynamic therapy.'? Su et al'*° developed a size-tunable GQDs nanovehicle (SCNA), which is composed of ultrasmall
quantum dots (less than 5 nm) functionalized with pH-sensitive polymers. These polymers remain stable and incon-
spicuous at physiological pH but undergo aggregation transformation under the slightly acidic conditions of the tumor
microenvironment. The size transition of SCNA at the tumor site is further induced by NIR radiation, which decomposes
the 150 nm SCNA into 5 nm DOX (DOX)/GQD complexes, resembling a jet carrying a bomb. This facilitates

penetration into deeper tumor tissues and increases drug concentration in the nucleus of tumor cells.

Surface Charge
Surface charge plays a significant role in the cellular uptake of CNPs. This is because cell membranes and nucleic acids
are composed of negatively charged phospholipid bilayers. As a result, positively charged CNPs are able to more
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effectively achieve cellular internalization.'*! Furthermore, the charge of CNPs also influences the uptake pathway.
Negatively charged CNPs are more readily absorbed via caveolin-mediated endocytosis, while positively charged CNPs
are more likely to be internalized through clathrin-mediated endocytosis.'**> The nucleolar, located within the cell
nucleus, contains a high concentration of RNA. RNA has a phosphoribose backbone and bases, with the phosphate
groups exposed on the molecular surface, making the entire RNA molecule negatively charged. As a result, cationic
CNPs can bind to RNA. Yun et al synthesized a type of nucleus-targeting zwitterionic CDs. These CDs have positively
charged surface groups, allowing them to effectively interact with the negatively charged cell membrane. This interaction
enables the CDs to enter the cytoplasm through clathrin-mediated endocytosis, caveolin-mediated endocytosis, and
passive diffusion. Subsequently, the CDs interact with the negatively charged cell nucleus, facilitating their nucleus

translocation.'**

The Application of CNPs in Nucleus Targeting

CNPs possess several advantages as carriers in drug delivery. These advantages include excellent biocompatibility, high
drug loading capacity, good chemical stability, flexible functionalization, precise targeting, and controlled drug release.
These advantages enable CNPs to deliver therapeutic molecules precisely to the cell nucleus. Simultaneously, the direct
delivery of therapeutic molecules to the cell nucleus can disrupt genetic material, potentially causing DNA damage or
inhibiting topoisomerases. This disruption can lead to overwinding or underwinding of DNA, which subsequently
activates the caspase cascade and ultimately results in cell death.'** Furthermore, while CNPs selectively target the
cell nucleus for therapy, their inherent fluorescence allows for imaging. This fluorescence serves as a guidance and
monitoring tool, thereby synergistically enhancing the efficiency of tumor treatment. The following sections provide
details on various applications of CNP-based nucleus-targeting delivery systems in the treatment and imaging of tumor
cells. These applications include nucleus imaging, chemotherapy, photothermal therapy, photodynamic therapy, gene
therapy, combination therapy, and theranostics.

Nucleus Imaging

In eukaryotic cells, the nucleus contains the majority of genetic material and plays a crucial role in DNA replication,
ribosome and mRNA synthesis, as well as gene expression.'*> Additionally, changes in the organization and structure of
the nucleus are closely associated with disease phenotypes and serve as targets for multiple chemotherapeutic agents.
Precise imaging of the nucleus can provide critical information for nucleus tracing, disease diagnosis, and treatment.'*
As mentioned previously, strategies for targeting the nucleus can be achieved by introducing molecules such as NLS and
TAT into CNPs. Expanding on this foundation, further targeting of specific subnuclear structures, such as the nucleolar
and chromatin, and even nucleic acid molecules, can enable more refined targeting imaging.

Song et al'’” utilized TAT-modified CDs (TAT-CDs) as nucleus imaging probes and validated their capability to
penetrate the nucleus by employing mouse melanoma cells B16-F10 for bioimaging. After incubation with TAT-CDs,
distinct fluorescence signals were observed within the nucleus of B16-F10 cells (Figure 5A), suggesting that TAT-CDs
have the ability to penetrate cells and interact with the nucleus. Similarly, Yang et al'*® designed a novel type of nucleus-
targeting imaging CDs by the modification of NLS (NLS-CDs). The localization of NLS-CDs in MCF7 and A549 cells
was monitored using confocal laser scanning microscopy (CLSM). As depicted in Figure 5B, NLS-CDs successfully
penetrated into the cell nucleus and emitted a distinct blue fluorescence after co-incubation for 4 h, thus demonstrating
their potential as fluorescent probes for nucleus imaging.

The nucleolar, being a crucial constituent of the cell nucleus, is intricately linked to mitosis, cell proliferation,
regulation of the cell cycle, aging, and responses to stress. Alterations in its dimensions and morphology are frequently
employed as indicators for specific diseases, thereby establishing the nucleolar as a significant biomarker for the
diagnosis of malignant conditions.'** Yin et al'* synthesized CDs with RNA-responsive functionality. The CDs contain
cationic benzothiazole groups, enabling them to exhibit “turn-on” fluorescence signaling in the presence of RNA.
Figure 5C demonstrates that the fluorescence intensity peaked after cells were incubated with CDs for 120 s. These
findings suggest that CDs successfully enabled rapid and wash-free nucleolar imaging, which is essential for studying
RNA dynamics, visually screening RNA-targeted anticancer drugs, and evaluating their effectiveness. In contrast, Hua
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Figure 5 Images for nucleus imaging using nucleus-targeting CNPs: (A) CLSM images of BI6-FI10 cells and TAT-CDs; Reproduced from Song Y, Li X, Cong S, Zhao H, Tan M.
Nuclear-targeted of TAT peptide-conjugated carbon dots for both one-and two-photon fluorescence imaging. © 2019 Elsevier B.V. All rights reserved.'*” (B) CLSM image of
NLS-CDs incubated with MCF7 cells for 4 h; Repproduced from Yang L, Jiang W, Qiu L, et al. One pot synthesis of highly luminescent polyethylene glycol anchored carbon
dots functionalized with a nuclear localization signal peptide for cell nucleus imaging. Nanoscale. 2015;7:6104-6113. Copyright 2019, Royal Society of Chemis':ry.I3s (©)
CLSM images of Hela cells incubated with CDs; Reproduced from Yin X, Sun Y, Yang R, Qu L, Li Z. RNA-responsive fluorescent carbon dots for fast and wash-free
nucleolus imaging, Spectrochim. Acta A Mol Biomol Spectrosc. 2020;237:118381. © 2020 Elsevier B.V. All rights reserved.'*” (D) The localization of Ni-pPCDs and
SYTORNASelect in cells; Reproduced from Hua X-W, Bao Y-W, Zeng |, Wu F-G. Nucleolus-targeted red emissive carbon dots with polarity-sensitive and excitation-
independent fluorescence emission: high-resolution cell imaging and in vivo tracking. ACS Appl Mater Interfaces. 2019;11:32647-32658. Copyright © 2019 American
Chemical Society."'0 (E) Asynchronous cell imaging and (F) polychromatic laser CLSM for Hela cells; Reproduced from Zhang Y, Zhang X, Shi Y, Sun C, Zhou N, Wen H.
The synthesis and functional study of multicolor nitrogen-doped carbon dots for live cell nuclear imaging. Molecules. 2020;25:306. © 2020 by the authors. Licensee MDPI,
Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license.'*' (G) CLSM
images of Hela cells and HBIE-CDs; Reproduced from Liu H, Yang ], Li Z, et al. Hydrogen-bond-induced emission of carbon dots for wash-free nucleus imaging. Analy Chem.
2019;91:9259-9265. Copyright © 2019 American Chemical Society."'2

1'% synthesized Ni-pPCDs by subjecting pPDA and metal ions to hydrothermal treatment. This synthesis method

eta
allowed for stimulated emission depletion imaging of live-cell nucleoli. As shown in Figure 5D, Ni-pPCDs stained the
nucleosomes with bright red fluorescence, in contrast to the commercial nucleosome dye SYTO RNA, which failed to
stain the nucleosomes in live cells. Thus, Ni-pPCDs possess the ability to enable real-time imaging of live-cell nucleoli.

Zhang et al'*! synthesized nitrogen-doped CQDs (N-CQDs) with the ability to target the cell nucleus. They further
found that N-CQDs can be used to track individual cells or observe processes such as mitosis by labeling the cell nucleus.
Fluorescence microscopy observations of HeLa cells stained with N-CQDs revealed that N-CQDs were present within
the cell nucleus, displaying multicolor luminescence effects (Figure 5E). Additionally, CLSM imaging illustrated
distinctive structural alterations in cells throughout the cell cycle, as depicted by the fluorescence images of individual
cells (Figure 5F). When imaging asynchronous cells, it was observed that the majority of labeled cells were in interphase.
However, cells undergoing mitosis were also clearly observed, suggesting that internalized N-CQDs were concentrated in
the nucleus and bound to chromatin. The intensity of light varied depending on the concentration of chromatin. This

study presents a novel approach for monitoring chromatin stages.

9706 https: International Journal of Nanomedicine 2025:20



Mu et al

Liu et al'** synthesized a new type of CDs (HBIE-CDs) using a hydrothermal method with meta-phenylenediamine
and folic acid. These CDs demonstrated a consistent green emission in hydrogen-bonded solutions. Given the abundant
presence of DNA/RNA in the cell nucleus, the nucleic acid bases can act as hydrogen bond donors. As a result, the
binding of HBIE-CDs to DNA or RNA leads to a significant enhancement in the green fluorescence. When HeLa cells
were incubated with HBIE-CDs, a strong fluorescence was observed in the nucleus under 405 nm excitation. This can be
attributed to the high concentration of nucleic acids present in the nucleus (Figure 5G). The nucleus was further labeled
with the commercial organic dye NucRedLive647, where the overlap of green fluorescence (HBIE-CDs) and red
fluorescence (NucRedLive647) precisely indicates the location of DNA within the cell nucleus. This suggests that the
intense green fluorescence response of HBIE-CDs towards nucleic acids makes them appropriate as a bioimaging agent
for the cell nucleus without the need for washing.

Treatment

Nucleus-targeting therapy based on CNP composites has emerged as a promising approach to overcome the limitations of
traditional treatment methods. This is because CNPs not only demonstrate high drug-loading efficiency but also enable
controlled and sustained drug release, thereby prolonging the duration of drug action in the body, reducing dosing
frequency, and minimizing side effects. Additionally, CNPs can be combined with other biomolecules or nanotechnol-
ogies to create multifunctional drug delivery systems. The cell nucleus is highly responsive to chemotherapeutic agents
and hyperthermia, making it an ideal target for enhancing tumor-targeting inhibition efficiency and effectively suppres-
sing tumor metastasis.'**'*> Therefore, CNPs can be utilized in conjunction with nucleus-targeting strategies to deliver
various therapeutic components for precise chemotherapy, photothermal therapy, photodynamic therapy, gene therapy,
combination therapy, and theranostics, thereby improving treatment efficiency by directly delivering these therapeutic
components to the cell nucleus.

Chemotherapy

Chemotherapy is a primary method used to treat various types of cancer. DOX, an anthracycline chemotherapeutic agent,
is commonly used in the treatment of multiple cancers. Its mechanism of action is believed to be associated with DNA
damage and inhibition of nucleic acid synthesis. This implies that DOX needs to cross the cell membrane and reach the
nucleus in order to induce cell death. Unfortunately, DOX is not able to differentiate between cancer cells and normal
cells, often resulting in severe side effects. Furthermore, the nucleus membrane acts as a barrier, making it challenging
for drugs that have entered the cytoplasm to penetrate the nucleus and exert their therapeutic effects.'*® Thanks to the
excellent biocompatibility, high specific surface area, and diverse functionalization capabilities of CNPs, nucleus-
targeting CNPs can achieve site-specific and quantified release of tumor-sensitive chemotherapeutic drugs within the
nucleus. This is of significant importance in improving the therapeutic efficacy of solid tumors.

Biswas et al'*’

synthesized a hydroxyl-functionalized fullerene cage derivative (h-FCD) by further functionalizing the
hydroxyl groups on the fullerene cage. They subsequently loaded DOX to obtain Dox@h-FCD. The fluorescence
imaging results of HeLa cells show that DOX accumulates within the nucleus, indicating that Dox@h-FCD can deliver
DOX to the nucleus (Figure 6A). The results of the cell inhibition rate assay, as depicted in Figure 6B, indicated that
Dox@h-FCD exhibited the highest efficacy in reducing cell viability, surpassing even the positive control, which is
attributed to the nucleus-targeting capability of Dox@h-FCD.

Das et al'*® conjugated 17p-Estradiol (E,) steroid macromolecules linked to polyethylene glycol (PEG) onto cell-
penetrating MWCNTs and loaded them with DOX to form DOX@E,-PEG-MWCNTs for nucleus delivery in vitro and
in vivo breast cancer therapy. As illustrated in Figure 6C, the colocalization image shows intense red fluorescence of
DOX@E2-PEG-MWCNTs in the cell nucleus, indicating that DOX@E2-PEG-MWCNTs achieve nucleus targeting via
the estrogen receptor (ER)-mediated pathway. In in vivo antitumor experiments, the antitumor efficacy of DOX@E,-
PEG-MWCNTs was 18, 17, 5, and 2 times higher than that of the saline group, drug-free E2-PEG-MWCNTs group, free
DOX group, and DOX@m-PEG-MWCNTSs group, respectively (as shown in Figure 6D). After resection of the tumor, it
was observed that black carbon-based particles were uniformly distributed in the tumor treated with E,-PEG-MWCNT-
DOX, demonstrating the excellent tumor selectivity of MWCNTs conjugated with E, (Figure 6E). This represents the
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Figure 6 Images for chemotherapy using nucleus-targeting CNPs: (A) CLSM image of Dox@h-FCD with Hela cells; (B) Viability of Hela cells in different groups; (C) CLSM
of MCF7 cells incubated with experimental group; (D) The condition of tumors post-treatment with materials from different groups; (E) Photographs of mouse tumors
taken at different time points after treatment in the experimental group, as well as ex vivo tumor images from different groups following treatment; Das M, Singh RP, Datir
SR, Jain S. Intranuclear drug delivery and effective in vivo cancer therapy via estradiol-peg-appended multiwalled carbon nanotubes. Mol Pharm. 2013;10:3404-3416.
Copyright © 2013 American Chemical Society.'*® (F) Images of MCF7/HER2 cells incubated with experimental group; (G) Viability of MCF7/HER2 cells in different groups;
Reproduced from Zheng XT, Ma XQ, Li CM. Highly efficient nuclear delivery of anti-cancer drugs using a bio-functionalized reduced graphene oxide. ] Colloid Interf Sci.
2016;467:35-42. Copyright © 2016 Elsevier Inc. All rights reserved.'"*” (H) Tumor conditions following the administration of different group treatments; (I) CLSM of
CSCNP-R-CQDs incubated with Hela cells and Breast CSCs; Reproduced from Su W, Guo R, Yuan F, et al. Red-emissive carbon quantum dots for nuclear drug delivery in
cancer stem cells. | Phys Chem Lett. 2020;11:1357—1363. Copyright © 2020 American Chemical Society.'*° (J) CLSM images of HepG2 cells incubated with CDs; (K) Tumor
suppression curves for CDs and CDs/GA groups; Reproduced from Liu S, Wang J, Li H, et al. Nucleus-targeting carbon quantum dots assembled with gambogic acid via 11
stacking for cancer therapy. Adv Ther. 2022;6. © 2022 Wiley-VCH GmbH."®' *#p < 0.001, *p < 0,0001.
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first instance of using estrogen additive E, as a molecular transporter with MWCNTs to achieve selective nucleus
delivery to cancer cells and effective in vivo breast cancer treatment.

Zheng et al'* prepared nanocarriers by conjugating anti-HER2 antibodies with poly-L-lysine-functionalized reduced
graphene oxide (anti-HER2-rGO-PLL) to efficiently deliver DOX to the nucleus of cancer cells that overexpress HER2.
The anti-HER2-rGO-PLL facilitated the rapid accumulation of DOX within the nucleus, as depicted in Figure 6F. The
fluorescence intensity of DOX in the nucleus was significantly higher compared with that in the cytoplasm, demonstrat-
ing the effective nucleus accumulation of DOX after the internalization of anti-HER2-rGO-PLL/DOX into MCF7/HER2
cells. In vitro cytotoxicity assays clearly revealed that the anti-HER2-rGO-PLL/DOX exhibited a sevenfold enhancement
in anticancer efficacy compared with rGO-PLL/DOX (Figure 6G). These results indicate that anti-HER2-rGO-PLL is
a promising carrier for the effective nucleus delivery of chemotherapeutic agents to HER2-overexpressing tumors.

Su et al'*® reported the development of red emissive CDs (CSCNP-R-CQDs) that have the ability to enter the nucleus
of both cancer cells and cancer stem cells (Breast CSCs) simultaneously (Figure 6I). In vivo antitumor experiments
confirmed that treatment with CSCNP-R-CQDs/DOX significantly inhibited tumor growth, while tumors treated with
DOX and saline showed significant increases in volume (Figure 6H). To assess the impact of CSCNP-R-CQDs/DOX on
CSCs in vivo, the percentage of CSCs (CD44+/CD24 levels) was measured in MDA-MB-231 xenograft-bearing nude
mice after treatment with CSCNP-R-CQDs/DOX. After 16 days of treatment, the CD44+/CD24 levels decreased from
61.5 £ 5.6% to 10.4 £ 1.9%, which indicated that CSCNP-R-CQDs/DOX effectively targeted and eliminated CSCs, thus
demonstrating its potential for inhibiting metastasis.

Liu et al'>!

combined CDs, which inherently possess nucleus-targeting functionality, with gambogic acid (GA) via -
© stacking interactions (CDs/GA) to achieve nucleus-targeted drug delivery. As depicted in Figure 6J, when HepG2 cells
were incubated with CDs for 24 hours, distinct green fluorescence was observed in the cell nucleus, indicating efficient
nucleus entry of CDs from the cytoplasm within a short time. In vivo experiments, as illustrated in Figure 6K, it was
demonstrated that the tumor volume in the CDs/GA group increased at a slower rate over 21 days compared with the
control and GA groups, suggesting that the combination of chemotherapy with CDs can enhance nucleus-targeting and

induce apoptosis in tumor cells.

PTT/PDT

Photothermal therapy (PTT) is a novel treatment modality that involves irradiating photothermal materials at the tumor
site with extracorporeal NIR lights. This leads to localized temperature elevation and subsequent thermal ablation of
tumor cells.'*? However, many materials currently used for PTT, such as gold NPs and metallic materials, still have
various limitations, including large size, non-degradability, potential release of heavy metal ions, suboptimal cellular
behavior (eg, low cellular uptake and endosomal/lysosomal sequestration), and/or low tumor-targeting efficiency. These
limitations significantly impede their clinical translation.'> In photodynamic therapy (PDT), the hypoxic tumor micro-
environment and inherent drawbacks of photosensitizers (PSs), such as poor water solubility, low biostability, suboptimal
cellular uptake, and subcellular localization, also severely affect the efficacy of PDT. Nucleus-targeting CNPs, owing to
their ultrasmall size and excellent biocompatibility, can be easily eliminated via the renal clearance system. This reduces
adverse clearance by the reticuloendothelial system and allows for deep penetration into tumors. When utilized for PTT
or loaded with PSs for PDT, nucleus-targeting CNPs can penetrate deep into tumor tissues and act on the cell nucleus,
achieving optimal PTT/PDT treatment.

Hua et al'>*

mixed bovine serum albumin, CDs, and metal ions, and then loaded the mixture with PSs to synthesize
a novel multifunctional nanodot called BCCGH. It was found that BCCGH has a high photothermal conversion
efficiency of 68.4%, indicating its potential in PTT and PDT (Figure 7A). Upon irradiation with an 808 nm laser at
0.3 W/cm? for 10 minutes, the nucleus of cells in the BCCGH group were illuminated (Figure 7B). To investigate the
cellular DNA damage induced by PDT, immunofluorescence staining was performed. The fluorescence intensity of the
cell nucleus in the BCCGH + PTT + PDT group was significantly higher than that of the other groups, suggesting that
PTT/PDT can enhance the cellular uptake of BCCGH and facilitate its delivery to the nucleus. Further investigation into
the cellular DNA damage induced by PDT was conducted using immunofluorescence staining for phosphorylated histone

H2AX on serine 139 (y-H2AX). As shown in Figure 7B, extremely low levels of the cellular DNA damage induced by

International Journal of Nanomedicine 2025:20 hetps: 9709



Mu et al

Chol-
BCCGH Hoechst PEG-FITC Merged

BSA BSA-Cu®-Gd*

Complex

After PTT Before PTT 39

In vivo

. . BCCGH
PA imaging H BCCGH BCCGH
Control BCCGH + +PTT + PDT

Lysosome

PT P g, o, -
imagin o W 2
gng Owe oY 3
FL i :
imaging Laser-triggered ==
808 nm nuclear entry o
671nm |aser N s =4
laser ,F‘TT x 2
: o 3
» PDTw—" Nucleus >'~§
’ ROS =}
C Day 1 Day 3 Day 7 Day 14
i 5 AZO [—=— Control -
£ 3 —eFreeHPPH+PDT 7.
c & %*
5§ <16} BCCGH =k
g ) 37 o -~ Ao Ll . ¥
i & 9 o qp[—+—BcceH+PDT S
alsE E “[——scceH x %
Ifo> +PTT+PDT X = % *
o) O O 8F K X
ot >
L‘E —
) T g 4
]
o 2
] 0
m

0 2 4 6 8 10 12 14
Time (day)

+PTT BCCGH BCCGH
+PDT  +PTT
O

+PDT

Figure 7 Images for PTT/PDT using nucleus-targeting CNPs: (A) The synthesis of BCCGH and its applications in PTT and PDT; (B) CLSM of A549 cells before and after
PTT treatment, as well as CLSM of A549 cells following the various treatments indicated; (C) Photographs of tumor-bearing mice after the indicated treatment and
a summary of tumor growth in each group. Reproduced from Hua XW, Bao YW, Zeng |, Wu FG. Ultrasmall all-in-one nanodots formed via carbon dot-mediated and
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Chemical Society.'>* #P < 0,01, *¥P < 0,001; (D) H&E stained sections of tumor tissue.

PDT was conducted using immunofluorescence staining for phosphorylated histone H2AX on serine 139 (y-H2AX).
Combination of BCCGH with both PTT and PDT generated the highest level of DNA damage, which was attributed to
the targeted nucleus PDT triggered by PTT. In vivo experiments (Figure 7C) demonstrated that tumors treated with
BCCGH + PTT + PDT did not exhibit significant regrowth, indicating successful tumor elimination. This was further
confirmed by hematoxylin and eosin (H&E) staining of tumor sections, which showed severe damage to the tumor tissue
in the BCCGH + PTT + PDT group (Figure 7D). These findings highlight the highly efficient therapeutic potential of the
synergistic PTT/PDT treatment using BCCGH, which can effectively inhibit tumor recurrence.
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Gene Therapy
Gene therapy refers to the introduction of exogenous target genes into corresponding target cells by vectors, with the aim
of correcting overactivated or compensating for defective genes, thereby achieving therapeutic effects for diseases.
Specifically, in the context of tumor gene therapy, this involves delivering target genes into relevant target cells (such as
immune cells or tumor cells) using appropriate vectors, ultimately achieving the purpose of tumor treatment. The cell
nucleus, which contains most genes, is one of the effective targets for gene therapy. CQDs, a type of CDs, have gained
significant attention in gene delivery applications owing to their ease of synthesis, high water solubility, biocompatibility,
low toxicity, nanoscale size for cellular uptake, and luminescent properties. In particular, the dual functionality of CQDs
in both bioimaging and gene delivery can greatly facilitate gene transfection. Because of their positive charge, CQDs can
bind and condense negatively charged plasmids, thereby enhancing gene transfection efficiency by up to 10* times
compared with naked plasmid delivery.'>

The CRISPR/Cas9 system is a powerful tool for precise and programmable genome editing at specific sites in single
cells and entire organisms.'>® However, the direct and efficient delivery of CRISPR/Cas9 plasmids to the cell nucleus
remains a challenge.'”’ Zhai et al'>® developed a nucleus-targeting gene delivery complex based on CQDs (CQD-PP),
which can bypass lysosomes and enter the nucleus through passive diffusion, thereby enhancing transfection efficiency
(Figure 8A). The CQD-PP was loaded with a specific sgRNA that targets the EFHD1 gene and was constructed into the
CRISPR/Cas9 sgRNA plasmid pX459 (pX459-EFHD1-sgRNA). After 45 minutes of transfection in HeLa cells, the
concentrated green fluorescence in the nucleus indicated successful nucleus targeting of the CQD-PP/pX459-EFHD1-
sgRNA complex (Figure 8B-D). Sequencing profiles of cells transfected with CQD-PP/pX459-EFHD1-sgRNA showed
overlapping peaks in the sequence trace around the Cas9 target site (Figure 8C). The indel spectrum after puromycin
resistance selection indicated an editing efficiency of 34.2% in cells transfected with CQD-PP/pX459-EFHD1-sgRNA
(Figure 8D). These results indicate that CQDs-PP achieved nucleus-targeting delivery of the pX459-EFHD1-sgRNA
plasmid and efficient EFHDI1 gene editing. In summary, CQDs-PP-mediated nucleus-targeting CRISPR/Cas9 delivery
may serve as an effective tool for genome editing and fluorescence tracking.

Combination Therapy

Owing to the inherent limitations of individual therapeutic modalities, the combination of multiple treatment approaches
can synergistically enhance the efficacy of tumor therapy. This approach overcomes the drawbacks of monotherapy and
achieves a higher therapeutic effect. Xie et al'> functionalized hollow carbon nitride nanospheres (HCNS) with
hydroxyapatite and a mitochondria-targeting peptide (KLA), creating a delivery system that acts as PSs. After loading
with DOX, it forms a complex known as HKHD. Under light irradiation, HKHD directly generates ROS, maximizing its
PDT efficiency. This leads to the activation of Caspase-3 and Caspase-9, the release of Cytochrome ¢, and the initiation
of the apoptotic cascade. The dual targeting capability of HKHD to both mitochondria and nucleus allows DOX to
disrupt these organelles, thereby enhancing its antitumor activity (Figure 9A). As shown in Figure 9B, at 6 h, the red
fluorescence of HKHD was observed in both mitochondria and nucleus, and the intensity of the red fluorescence
increased in these organelles with the extension of time, indicating the redistribution of internalized free DOX to
mitochondria and nucleus. The potential of HKHD plus light irradiation (HKHD+L) to improve antitumor efficacy
was evaluated in A549 tumor-bearing mice. As depicted in Figure 9C, from 33 d to 39 d, tumor growth was significantly
delayed in the HKHD and HKHD+L groups compared with the DOX, HD, and HHD groups. Moreover, the tumor tissue
in the HKHD+L group exhibited a more loosely structured with increased intercellular spaces compared with the other
five groups (Figure 9D). Owing to the modification with HKH, HKHD showed high tumor accumulation, primarily
attributed to the EPR effect. Additionally, PDT facilitates the faster release of DOX in mitochondria and nuclei, thereby
enhancing its pharmacological effects. Overall, the chemophotodynamic synergy of the dual-targeting HKHD enhanced
the therapeutic outcomes, surpassing those of monotherapies.
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cells for 45 minutes; (C) Genomic DNA sequencing profile; (D) Indel spectrum following puromycin resistance selection. Reproduced from Zhai LM, Zhao Y, Xiao RL, et al.
Nuclear-targeted carbon quantum dot mediated CRISPR/Cas9 delivery for fluorescence visualization and efficient editing. Nanoscale. 2022;14:14645—14660. Copyright 2022
Royal Society of Chemistry.Ise

Diagnosis and Treatment Integration

Materials that integrate diagnosis and therapy can accurately identify the location of tumors, and determine the most
effective drug dosage and treatment duration by obtaining real-time information on the distribution of drugs within the
body. CNPs not only offer distinct advantages in either therapy or imaging but also achieve the combination of diagnosis
and therapy with nucleus targeting because of their exceptional fluorescence properties and modifiability, which are
gaining more and more recognition.

Chen et al'® developed a system for nucleus-targeting drug delivery using TAT-conjugated GQDs (DOX-GQDs-
PEG/TAT) based on fluorescence resonance energy transfer (FRET). This system also allows for real-time monitoring of
the drug release process through FRET signals (Figure 10A). The effective transport of DOX-GQDs-PEG/TAT into the
cell nucleus is facilitated by both TAT and the small size of GQDs. In comparison to cells cultured with free DOX, the
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amount of intranuclear accumulated drug in cells cultured with DOX-GQDs-PEG/TAT increased by 55.77%
(Figure 10B). When DOX separates from the GQDs, its emission intensity decreases, while the emission intensity of
the GQDs increases. Therefore, the dynamic process of DOX release can be tracked using FRET signals (Figure 10D).
MTT results indicate that DOX-GQDs-PEG/TAT exhibits higher cytotoxicity towards HeLa cells (Figure 10C). TAT-
conjugated GQDs show promise in targeting drug delivery, and the assembly of a FRET model between the carrier and
the loading components is a precise method for tracking the drug release.

Hua et al'®

synthesized a new class of multifunctional CDs through a one-pot hydrothermal reaction
of m-phenylenediamine and L-cysteine. These CDs can achieve high-quality nucleolar imaging in living cells. When
CDs were conjugated with the photosensitizer protoporphyrin IX (PpIX), the resulting CDs-PpIX showed significantly
enhanced cellular uptake and targeting properties, as well as improved PDT efficiency. When the amino groups of CDs
are coupled with the carboxyl groups of the photosensitizer protoporphyrin IX (PpIX), the resulting CDs-PpIX exhibit
significantly enhanced cellular uptake and nucleus targeting characteristics, as well as improved PDT efficiency.
Figure 10E demonstrates that after incubating cells with CDs-PpIX for 12 and 18 hours, strong red fluorescence appeared
in the cytosol, along with some red fluorescent spots in the nucleus. At 24 hours, a significantly greater number of red
fluorescent spots were observed in the nucleus, indicating a substantial increase in PpIX cellular uptake and nucleus

delivery in the CDs-PpIX group. In vivo PDT effects showed that tumors in mice treated with “CDs-PpIX + laser” were
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completely eradicated (Figure 10F), with no regrowth observed over 20 days. In contrast, the tumor volumes in other
groups of mice showed rapid and sustained growth. Therefore, CDs-PpIX hold promising prospects for nucleolar
imaging, nucleus-targeting drug delivery, and cancer treatment.

Conclusion and Prospect

Nucleus-targeting CNPs drug delivery systems enable targeted and controlled release transport of drugs, offering high
efficacy with minimal toxicity in cancer therapy. Furthermore, delivering drugs directly into the nucleus avoids the efflux
of drugs by P-glycoprotein (P-gp) on the tumor cell membrane, thereby reducing drug resistance. Additionally, the
nanoscale dimensions and surface functionalization of CNPs facilitate drug penetration through biological barriers.
However, these systems also face numerous challenges:

(1) Synthesis Process Optimization. The construction and synthesis of multifunctional integrated CNPs involve complex
steps, requiring stepwise validation of the effective loading and functionality of each component. Moreover, specific labeling
of the nucleus using pristine CNPs is challenging and typically necessitates surface modification with targeting peptides or
other functional groups, which poses significant obstacles to subsequent translation and application. For instance, the nano-
carrier system based on MCNs developed by Vinothini et al** requires multiple reaction steps to obtain the final product, and
separation/purification after each step significantly reduces the final yield. Therefore, selecting simple functional materials
and simplifying the composition structure of CNPs, along with employing straightforward synthetic methods such as one-pot
synthesis or room-temperature stirring, could be crucial for constructing carbon materials with simple compositions but
comprehensive functions, which holds great significance for enhancing the effectiveness of cancer treatment.

(2) Size Regulation. Appropriate size is a primary condition for CNPs to function as drug delivery carriers. Although
most CNPs can passively target tumor tissues via the EPR effect, the optimal size range for EPR effect lies between
150-200 nm, while smaller sizes are required for entry. Currently, the size of widely used CDs is mostly around 10 nm.
Larger-sized CNPs could be considered, followed by stimulation using TEM to adjust their size autonomously,
improving targeting and penetration capabilities, promoting uniform distribution within tumor tissues, and enhancing
overall therapeutic effects.

(3) Structural Adjustment. An appropriate surface composition is a key factor for CNPs to effectively load drugs, as
a higher density of surface active sites can increase drug-loading capacity. Moreover, abundant pore structures and large
specific surface areas potentially enhance the performance of CNPs in drug delivery. For example, C60 and MCNs, with their
spherical structures providing large specific surface areas, exhibit enhanced drug-loading capacities. Thus, adjusting the
structure of CNPs to increase their specific surface area and drug-loading capacity could improve therapeutic outcomes.

(4) Preparation of Fluorescent CNPs with Enhanced Emission Wavelengths and Fluorescence Quantum Yields (FLQY). To
facilitate biological tissue imaging and treatment, achieving adequate tissue penetration depth is critical. Currently, most
luminescent CNPs prepared domestically and internationally predominantly emit in the short-wavelength blue light region.
Achieving near-infrared (NIR) emission from CNPs remains an urgent issue, as NIR-emitting fluorescent CNPs not only
eliminate the autofluorescence of biological tissues and minimize photodamage to organisms but also enable effective deep-
tissue penetration. Furthermore, enhancing the FLQY of these materials would further strengthen their advantages in targeted
imaging and labeling.

(5) Therapeutic Modality Selection. Considering the limited efficacy of single therapies in cancer treatment,
combining multiple therapeutic modalities to target tumors from different angles simultaneously is crucial. For example,

Xie et al'>®

utilized a combination of chemotherapy and photodynamic therapy, achieving synergistic effects greater than
the sum of individual treatments. This integrative approach aims at comprehensive multi-level tumor eradication, thereby

enhancing the overall effectiveness of cancer treatment.
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