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Exploring the Potential and Challenges of CRISPR Delivery
and Therapeutics for Genetic Disease Treatment

Xinpu Yang, Thuy Anh Bui, Haoqi Mei, Yagiz Alp Aksoy, Fei Deng, Gyorgy Hutvagner,
and Wei Deng*

Human genetic disorders, arising from a range of genetic irregularities, can
significantly affect human physiology, often with limited available treatment
options. The development of the CRISPR system, facilitating precise editing of
the genome, has opened new avenues for addressing a range of mutations
found in various genetic disorders. However, there is currently a lack of
comprehensive reviews that specifically address the application of CRISPR in
genetic diseases. To bridge this gap, this review focuses on exploring the
advancements in CRISPR technology and their utility in therapeutic
approaches for various genetic disorders. This review introduces human
genetic disorders, explains the fundamental mechanisms of CRISPR editing,
and highlights the latest advancements in CRISPR technology. Additionally, it
examines three CRISPR delivery techniques, including physical delivery, viral
vectors, and nanocarriers. It further reviews CRISPR’s applications in
therapeutic approaches for genetic disorders. Finally, it identifies the primary
hurdles associated with industrial development and ethics considerations that
should be addressed before the application of CRISPR in a medical context.

1. Introduction

Genetic diseases arise from DNA abnormalities mainly in the nu-
clear or mitochondrial genome, which disrupt cellular functions
and cause a range of health concerns.[1] These conditions can be
inherited from parents or spontaneously arise due to individual
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DNA changes, affecting different body re-
gions and organs.[1,2] Current methods of
intervention for addressing genetic disor-
ders include medications, physiotherapy,
and supportive measures. In the field of
medications, approaches such as genetic
screening and in-utero enzyme replace-
ment mainly focus on addressing genetic
deficiencies and mutations, while the use
of stem cells and small molecules provides
highly specific therapeutic interventions.[3]

However, obstacles persist in achieving ef-
fective therapies for genetic diseases, stem-
ming from the absence of accurate dis-
ease models and strategies for directly rec-
tifying mutations within patients’ cells, es-
pecially in single-gene mutation cases.[1]

Addressing these challenges involves the
emergence of gene editing as a crucial
tool in advancing the comprehension of ge-
netic diseases. This process enables pre-
cise DNA alterations via nucleotide ad-
ditions, deletions, and alterations at the

desired targeting sites, which enables disease modeling and
novel gene therapies.[4,5] Prominent technologies like zinc finger
nucleases (ZFNs), transcription activator-like effector nucleases
(TALENs), and the clustered regularly interspaced short palin-
dromic repeat (CRISPR) enable precise DNA manipulation.[6]

This capability empowers researchers to introduce or rectify
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specific genetic mutations, thereby paving the way for person-
alized medicine. This approach allows for the modification and
correction of mutations within a patient’s cells to yield therapeu-
tic benefits. Furthermore, gene editing facilitates the introduc-
tion of therapeutic genes or the modification of existing genes to
achieve desired outcomes.[1]

Among these genome editing techniques, ZFNs, combining a
cleavage domain and DNA-binding zinc fingers, have revolution-
ized gene editing.[7] They have enabled efficient editing in higher
eukaryotes and therapeutic applications such as engineering
hematopoietic stem cells (HSCs) and T lymphocytes.[8,9] How-
ever, challenges including complex protein domain engineering
and potential off-target effects have hampered their use.[10] TAL-
ENs offer a simpler approach, utilizing a DNA-binding domain
and nuclease domain, though they still require extensive pro-
tein design.[10,11] CRISPR has emerged as a promising replace-
ment for ZFNs and TALENs due to its simple preparation pro-
cess, exceptional efficiency in gene editing, and its ability to edit
multiple loci simultaneously.[10,12,13] The CRISPR’s practical sim-
plicity has propelled its application in disease modeling, partic-
ularly for hematological, neurological, infectious, and other ge-
netic disorders.[14,15] Continued progress in CRISPR-associated
protein (Cas) development and sgRNA design with low off-target
effects has enabled CRISPR for in vivo gene editing, which
paves the way for CRISPR-based therapies for human genetic
diseases.[5]

This review offers an in-depth analysis of the present status
of CRISPR technology in the advancement of genetic disease
treatments. It begins with presenting the fundamental concepts
of CRISPR gene, followed by an exploration of diverse delivery
methods that aim to enhance the biological and clinical applica-
tions of CRISPR. It further discusses CRISPR’s involvement in
the development of therapeutic strategies for human genetic dis-
ease. Additionally, it highlights the primary hurdles that need to
be overcome to fully harness CRISPR potential for clinical appli-
cations.

2. Human Genetic Diseases

Human genetic diseases arise from DNA abnormalities, ei-
ther inherited or occurring spontaneously.[1] They fall into two
main categories: germline diseases, stemming from mutations
in germ cells and transmitted to offspring, and mitochondrial
genetic diseases, resulting from alterations in mitochondrial
DNA.[1] Germline genetic diseases emerge from mutations in
reproductive cell DNA, passed to offspring. They include mu-
tations in autosomal and sex chromosomes.[16] Autosomal ge-
netic diseases come from mutations in genes on autosomal
chromosomes, where dominant disorders result from a sin-
gle gene mutation, while recessive conditions require muta-
tions in both gene copies for symptoms.[16] Mitochondrial ge-
netic diseases result from mutations in mitochondrial or nu-
clear DNA, impacting mitochondrial function.[1] Most mitochon-
drial mutations lead to nonviable oocytes and are eliminated
before ovulation.[1] Accumulated somatic mitochondrial muta-
tions in protein-coding genes are linked to various age-related
conditions like Leber’s Hereditary Optic Neuropathy, Mitochon-
drial Myopathy, Leigh Syndrome, Encephalopathy, Lactic Acido-
sis, and Stroke-like Episodes.[17]

In addition to the location of genetic anomalies, there are other
criteria employed in the classification of human genetic diseases.
Based on the affected organ or system, genetic disorders can also
be categorized into neurological, cardiovascular, hematological,
and connective tissue disorders.[18] Immunological disorders and
cancer predisposition syndromes also contribute to the diversity
of genetic diseases.[19] These categories together illustrate the
complex array of human genetic diseases, and ongoing research
is consistently improving our comprehension of these disorders.

3. CRISPR-Based Gene Editing Technology

3.1. CRISPR History and Development for Genome Editing

The CRISPR system’s evolution history (Figure 1) started in 1987
with the discovery of repetitive palindromic DNA sequences in
Escherichia coli bacteria, leading to its recognition for potential
immune functions against viral infections.[20] By 2000, these se-
quences were found in various bacterial and archaeal species for
genotyping.[21] In 2002, the term “CRISPR” was coined alongside
the identification of CRISPR-associated genes.[22] Notably, Cas
proteins, particularly Cas9, were acknowledged as precise genetic
scissors.[22] Synthetic guide RNA (sgRNA) streamlined prac-
tical CRISPR-Cas9 system implementation for accurate DNA
manipulation.[23] The discernment of associated Cas proteins and
their role in the bacterial immune system laid the foundation for
genome editing applications.[13,24]

The development of CRISPR-Cas9 technology reached a sig-
nificant milestone in 2012 when Jennifer Doudna and Em-
manuelle Charpentier demonstrated its potential for precise
genome editing in a test tube.[25] Following this breakthrough,
the CRISPR-Cas9 system quickly transitioned into practical ap-
plication, demonstrating its effectiveness in editing DNA within
mammalian cells.[26,27] A critical moment occurred in 2013 when
this method was successfully applied for gene editing in hu-
man cells, particularly in independent research led by Feng
Zhang and Jennifer Doudna,[15,27] representing a transforma-
tive achievement in biotechnology. In the same year, Jaenisch’s
lab successfully generated the first gene knock-out mouse using
CRISPR/Cas9.[28] They injected Tet1 and Tet2 sgRNA along with
Cas9 mRNA into zygotes, producing mice with up to 80% mu-
tations in both genes. This was achieved through human-based
homologous recombination, which facilitated the repair of DNA
double breaks.[25] This technology revolutionized the capability
to target and disable specific genes across a wide range of cells
and organisms.[26,27] In 2016, China initiated the inaugural hu-
man clinical trial for CRISPR therapeutics, with the objective of
treating non-small cell lung cancer patients.[29] This trial aimed
to employ CRISPR technology in using PD-1 knockout T cells
for the treatment.[29] At the same year, the first application in
the CRISPR gene editing trial for cancer in the United States
was initiated.[30] The autologous T cells were gene-edited using
CRISPR technology to knock-out the gene loci of the TCR and
PD-1, providing the potential treatment for melanoma, synovial
sarcoma, and multiple myeloma.[30]

In recent years, a new advancement known as base editing
technology has emerged within the realm of CRISPR gene edit-
ing systems. This innovative approach allows for precise mod-
ifications at the individual bases of RNA and DNA molecules,

Adv. Funct. Mater. 2024, 2402630 2402630 (2 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202402630 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 1. CRISPR Development Timeline. Highlights pivotal moments: 1987 – Ishino’s discovery of palindromic DNA in E. coli, linked to viral defense.
2002 – Jansen coins “CRISPR” & identifies associated genes like Cas9. 2012 – Doudna & Charpentier demonstrate precise genome editing. 2013 –
Human cell gene editing and first CRISPR mouse. 2016 – Inception of first human CRISPR therapeutics trials. 2020 – Nobel Prize in Chemistry awarded
to Emmanuelle Charpentier and Jennifer Doudna for the development of CRISPR-genome editing. 2023 – Casgevy, the first CRISPR-based therapy was
approved for the treatment of sickle cell disease. Created with BioRender.com.

facilitating precisely targeted alterations in both DNA and RNA
sequences.[31] In 2016, David Liu and his team introduced
base editing technology, marking the initial report of achiev-
ing precise modification of a single DNA base.[32] This ad-
vancement was accomplished without requiring double-stranded
DNA backbone cleavage or a donor template.[32] In light of
the compelling preclinical data, the first human trial of this
editing approach was initiated in 2022.[33] Beam Therapeutics
commenced a phase 1/2 trial in the United States, aiming to
use a base editing therapy to treat severe sickle cell disease
(SCD) by activating fetal hemoglobin through precise single-
letter DNA modification.[33] In December 2023, Casgevy, an in-
novative CRISPR-based gene editing therapy developed by Ver-
tex Pharmaceuticals and CRISPR Therapeutics, received FDA ap-
proval for the treatment of SCD.

In 2023 Feng Zhang’s group discovered the latest Fanzor (Fz)
protein, which is a eukaryotic programmable RNA-guided en-
donuclease and potential to replace the current Cas system.[34]

These Fz proteins have a similar function to Cas9 but are smaller
in size, with a relatively compact size of 638 amino acids com-
pared to the standard Cas proteins of 1307 amino acids.[34] Due to
their smaller size compared to the Cas9 protein, Fz systems hold
the potential for easier delivery to cells and tissues as therapeu-
tics, reducing unintended cleavage. Additionally, with its adapt-
ability to target specific genome sites, the Fz systems could be-
come a valuable new technology for human genome editing.
However, based on the current gene editing efficiency of three
wild-type Fz proteins lower than 11.8%, this strategy requires fur-
ther improvement to enhance its editing efficiency.[34]

3.2. The CRISPR/Cas Components

CRISPR/Cas system generally consists of Cas effectors and guide
RNA (gRNA) molecules. Based on the diversity of the Cas protein,
the CRISPR system is categorized into two classes and each class
also has three types.[35] Class 1 systems, encompassing types I,
III, and IV, are distinguished by their utilization of multi-Cas
effectors.[36] The key protein in Type I CRISPR is Cas3, which
regulates precise DNA cleavage through its proficient nuclease
and helicase domains.[37] Within Type III systems, the versatile
Cas10, a multidomain protein, emerges as a distinctive player
in DNA targeting and cleavage.[38] Conversely, Type IV systems,
identifiable by Csf1, typically lack association with a CRISPR
array.[39] In contrast, Class 2 systems, including Types II, V, and
VI, have a singular effector such as Cas9 or Cpf1.[35,39,40] In Type II
systems, the DNA endonuclease Cas9 is harnessed for CRISPR
interference, marking a significant role in the process.[41] Type
V systems stand out with Cas9-like nucleases, including Cpf1
(Cas12a), C2c1 (Cas12b), or C2c3, promising substantial poten-
tial for gene editing applications.[39,40] The distinctive characteris-
tic of Type VI CRISPR lies in the presence of the C2c2 protein.[40]

CRISPR technology employs RNA molecules to guide the Cas
protein to specific target sequences for gene editing. gRNA is a
synthetic RNA molecule that combines two important compo-
nents: CRISPR RNA (crRNA) and trans-activating CRISPR RNA
(tracrRNA).[42] Within the gRNA, there is a programable region
perfectly designed to match the target DNA, facilitating accurate
binding and subsequent editing.[41c] Complementing the gRNA,
crRNA carries the genetic information concerning the specific
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DNA sequence in need of editing, with each crRNA tailored to a
distinct DNA target.[43] Furthermore, tracrRNA contributes to the
structural stability of the gRNA and aids in facilitating interaction
between the gRNA and the Cas protein.[43] These RNA molecules
collectively form an indispensable part of the CRISPR system,
empowering the Cas protein to precisely identify and modify spe-
cific DNA sequences.

Within the CRISPR/Cas domain, Cas9, Cas12, and newly de-
veloped Cas14 hold significance owing to their unique interac-
tions with crRNA, tracrRNA, and their specific nuclease func-
tionalities crucial for achieving desired gene editing outcomes.
Cas9 has a crucial structure for DNA manipulation with distinct
domains, including a recognition domain for binding to target
DNA guided by RNA, a flexible hinged region for conformational
changes, and two nuclease domains for DNA cleavage.[42,44] The
bridge helix optimally positions nuclease domains, and the proto-
spacer adjacent motif (PAM) interaction domain enhances target
specificity.[41c,44] The RNA-binding sites of Cas9 can stabilize in-
teractions, forming a robust Cas9-gRNA complex for precise and
programmable DNA editing with vast genetic and biomedical
applications.[42] Similar to DNA-targeting Cas9, Cas12 solely re-
lies on crRNAs for precise cleavage at both ssDNA and dsDNA.[45]

The expanded adaptability of Cas12 empowers its efficiency
across a spectrum of dynamic applications, ranging from the
base editing, detection of transcriptional variations, and manip-
ulation of epigenetic markers.[46] Cas14 can target ssDNA with-
out the need for a PAM due to its much smaller size than other
Cas proteins. Similar to Cas9, it uses tracrRNA and crRNA to
locate the target DNA site.[47] Cas14 exhibits superior cleavage
accuracy compared to Cas9 and Cas12, meeting the criteria for
high-fidelity genome editing.[48]

3.3. Mechanism of CRISPR-Mediated Gene Editing

The CRISPR/Cas system operates by accurately targeting and al-
tering the specific genes associated with a broad range of genetic
disorders. In this section, we explain the fundamental principles
that form the core of CRISPR editing for therapeutic purposes.
These mechanisms include direct gene editing, base and primer
editing, transcriptional regulation, and epigenetic modifications,
each offering a unique avenue for potential therapeutic interven-
tions.

3.3.1. Direct Gene Editing

CRISPR/Cas9 gene editing exploits the cell’s DNA repair sys-
tems, achieving gene modifications through knock-out and
knock-in methods (Figure 2A). In gene knock-out, sgRNA guides
Cas9 protein to a specific gene site carrying PAM, thus prompt-
ing double-strand breaks (DSBs) in the DNA. In response to
DNA damages, the transfected cells activate their intrinsic DNA
repair processes like nonhomologous end joining (NHEJ) or
homology-directed repair (HDR), often causing errors that dis-
rupt the gene.[49] In gene knock-in, CRISPR/Cas utilizes a re-
pair DNA template to induce DSBs in the target gene’s DNA.[50]

This template contains desired genetic changes to be precisely in-
serted into the gene. The cell’s repair mechanism, guided by this

template, incorporates the changes, resulting in a precise modifi-
cation or “knock-in” of the gene.[51] This method allows for the in-
troduction of specific genetic sequences or the correction of gene
mutations.

3.3.2. Base Editing and Prime Editing

Traditional CRISPR gene editing has a notable downside: the po-
tential for unintended indel (insertion or deletion) formation at
the targeted site.[52] This unpredicted change in DNA can create
harmful mutations, posing a challenge for precise gene edits.[53]

To overcome this limitation, new techniques like base editing
and prime editing have emerged (Figure 2B). Base editing in-
volves fusing Cas effectors with enzymes capable of chemically
altering DNA bases, allowing precise point mutations.[54] Cyto-
sine base editors (CBEs) and adenine base editors (ABEs) in-
duce specific transitions, offering highly accurate editing and
reduced off-target effects.[55] Prime editing, on the other hand,
enables editing in both dividing and nondividing cells, unlike
HDR-based CRISPR gene editing, primarily suited for dividing
cells (Figure 2C).[56] This system uses nCas9 fused with a prime
editing gRNA (pegRNA) and a reverse transcriptase (RT) to edit
DNA sequences. Prime editing shows promise for precise edit-
ing across various cell types and has demonstrated no detectable
off-target effects in organoids and mouse models.[54,57] However,
further research is needed to enhance its efficiency for broader
applications.

3.3.3. Transcriptional Regulation

In addition to gene and base editing, CRISPR is employed
for modifying and regulating target gene transcription and
translation.[58] CRISPR activation (CRISPRa) and CRISPR-Cas13
systems control transcriptional and translational levels.[58,59]

CRISPRa tools enhance gene transcription using dCas9 fused
with activators like VP64 and p300 (Figure 2D,E). Advanced ver-
sions like SAM and SunTag provide improved precision and ro-
bustness in gene activation.[60,61] Meanwhile, CRISPR-Cas13 acts
as a programmable translation activator by targeting RNA in-
stead of DNA, regulating post-transcriptional translation for gene
expression.[59] CRISPR achieves transcriptional and translational
inhibition through CRISPRi and CRISPR-dCas13 systems.[58,59]

CRISPRi blocks RNA polymerases and remodels chromatin
structure, obstructing gene expression.[62] It attaches to DNA
coding regions, hindering RNA polymerase binding, or employs
dCas9 fused with repressors like SID4x to alter chromatin for tar-
geted gene suppression.[60] Conversely, CRISPR-Cas13 inhibits
gene expression post-translationally by targeting messenger RNA
(mRNA) without cleavage, impeding mRNA translation initia-
tion for gene suppression.[63]

3.3.4. Epigenetic Editing

CRISPR extends its utility beyond gene expression control to epi-
genetic editing, which manages DNA methylation and histone
modifications, impacting chromatin structure and gene acces-
sibility (Figure 2F).[64] By specifically altering epigenetic mark-
ers at precise locations, CRISPR can influence gene expression
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Figure 2. CRISPR Editing Mechanisms for Treating Human Genetic Diseases. A) Direct gene editing. B) Base editing. C) Prime editing. D&E). Transcrip-
tional regulation. F) Epigenetic editing. Created with BioRender.com.

without changing the DNA sequence.[64] For instance, it mod-
ulates DNA methylation by fusing dCas9 with DNA methyl-
transferases or demethylation domains, repressing or activating
genes, respectively.[65] CRISPR techniques precisely target his-
tones, introducing modifications like acetylation or methylation
using dCas9 fused with gene-regulatory proteins.[66] This tool al-
lows meticulous editing of chromatin marks, impacting various
histone residues and contributing significantly to understanding
how histone modifications influence biological processes and ge-
netic diseases.[67]

4. Delivery Systems for CRISPR Genome Editing

Due to its precise gene editing capabilities, CRISPR offers sig-
nificant promise for understanding and treating human genetic
diseases. However, for CRISPR to be effective, it must reach the
specific cells or tissues affected by the disease.[68] Delivery sys-
tems are therefore essential to transport CRISPR components
such as Cas proteins and gRNA to their intended sites within
the cell nucleus with minimal off-target effects.[69] Moreover, effi-
cient delivery methods can help reduce immunogenetic risks of
CRISPR components, which in turn improve the tolerability of
CRISPR-based therapies.[68]

CRISPR-Cas can be delivered in various forms, such as DNA
plasmids encoding both Cas9 protein and gRNA; Cas9 mRNA
paired with separate gRNA, or Cas9 protein combined with gRNA
within a ribonucleoprotein complex.[70] Each of these cargo types
possesses distinct structural, electrochemical, and stability prop-
erties. To fully exploit the therapeutic potential of CRISPR, effec-
tive delivery systems are necessary to transport CRISPR compo-
nents of all forms safely and efficiently to the target tissues and
cells. This section examines physical methods, viral vectors, and
nanocarriers, discussing their advantages, limitations, and appli-
cations in both in vitro and in vivo settings.

4.1. Physical Method

The physical methods use the physical techniques such as mi-
croinjection and electroporation to introduce CRISPR compo-
nents into target cells (Figure 3A). Microinjection refers to a
physical technique wherein Cas9 and sgRNAs are directly in-
jected into cells using a microscope and a fine needle.[71] This
method enables the precise delivery of plasmid DNA, mRNA,
or RNPs directly into the nucleus, achieving a remarkable 100%
success rate.[69] Microinjection circumvents challenges linked to
extracellular matrices, cellular membranes, and internal cellular
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Figure 3. CRISPR delivery carriers. A) Physical carriers: microinjection, hydrodynamic injection, electroporation. B) Viral carriers: Adeno-associated virus
(AAV), Lentivirus, Adenovirus. C) Non-viral carriers: lipid nanoparticles, polymer nanoparticles, exosomes.

components. It enables controlled cargo release and mitigates the
risk of off-target effects.[72] However, microinjection’s main chal-
lenges lie in its labor-intensive nature, where individual cells are
injected manually, and scalability issues, restricting its use to in
vitro or ex vivo cultured cells and precluding its application in
vivo human contexts.[69]

Electroporation involves using high-voltage electrical pulses
for delivery through transient pores in cell membranes.[73] Ini-
tially applied for Cas9 mRNA delivery and later optimized for
CRISPR/Cas9 RNP complex delivery, this technique has demon-
strated effectiveness in both rat and mouse embryos.[74] Unlike
conventional transfection methods, electroporation is versatile
and can be used for challenging-to-transfect cell types. Deliver-

ing the RNPs leads to more immediate activity, increasing muta-
genesis efficiencies and reducing mosaicism within engineered
zygotes.[75] Electroporation has played a role in advancing stem
cell therapies for conditions like hemoglobinopathies through ex
vivo gene editing.[76] However, its use in human in vivo experi-
ments remains impractical due to the high voltages required to
cross cell membranes.

4.2. Viral Carriers

The predominant viral vectors, such as adeno-associated viruses
(AAVs), lentiviruses, and adenoviruses, are extensively utilized
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for delivering CRISPR in both in vitro and in vivo settings, as
shown in Figure 3B. AAVs, members of the Parvoviridae fam-
ily, are small, non-enveloped, non-pathogenic viruses with single-
stranded DNA. These characteristics render them relatively safe
for infecting cells, exhibiting low initial immunogenicity in
humans.[77] However, a critical limitation is their small packag-
ing size of around 4.5–5 kb, posing a challenge for accommodat-
ing the large CRISPR/Cas9 gene-editing system.[78] Lentiviruses,
with a maximum cargo size of around 10 kb, possess the capa-
bility to efficiently deliver an entire CRISPR RNP complex in a
single transfection.[79] However, lentiviral vectors could poten-
tially induce off-target mutations due to insertional mutagenesis
and the prolonged expression of site-specific nucleases.[80] Aden-
ovirus vectors have the capacity to transport approximately 8 kb of
foreign DNA.[166] Unlike other viral vectors, it lacks endogenous
integrase, thus having a lower risk of off-target effects and in-
sertional mutagenesis.[81] They can efficiently transport CRISPR
components into both dividing and non-dividing cells, making
them suitable for specific gene-editing applications.[82] Neverthe-
less, significant concerns associated with adenovirus vectors in-
clude their potential to induce immune responses, tissue inflam-
mation, and subsequent vector elimination.[82] To address these
challenges, various strategies such as the addition of polymer
or the use of non-human adenovirus vectors, have been shown
to have a lower impact on cross-reactive immunity by CRISPR
system.[83]

4.3. Nanocarriers

While physical and viral vectors have advanced, they possess lim-
itations hindering their in vivo CRISPR delivery applications.
Nanoparticles have emerged as potential carriers, ensuring pre-
cise and safe transport of CRISPR components to target cells
for therapeutic outcomes.[84] Various nanocarriers such as lipid
nanoparticles (LNPs), polymers, and emerging exosomes have
been explored for CRISPR delivery (Figure 3C; Table S1, Support-
ing Information).

LNPs form stable structures with Cas9 plasmid DNA, mRNA,
and gRNA, aiding cell membrane penetration and endosomal re-
lease of CRISPR content in target cells.[84] However, their perma-
nent cationic lipid components pose issues like toxicity, instabil-
ity, and low transfection efficiency.[68] To enhance the intracellular
transport and transfection efficiency of CRISPR payloads, exten-
sive efforts have been made, such as refining LNPs with ioniz-
able cationic lipids and biodegradable lipid components. Ioniz-
able cationic lipids enhance cargo delivery to target cells by con-
verting LNPs to a positively charged state in the acidic late en-
dosomal environment.[85] This modification enables LNPs to in-
teract with the negatively charged lipids in the endosomal mem-
brane, promoting membrane fusion and disruption. Ultimately,
this process facilitates the release of CRISPR components into
the cytoplasm of target cells.[84] The use of biodegradable lipid-
like complexes loaded with Cas9 and sgRNA allows for highly
efficient protein delivery, resulting in effective gene knockout in
≈70–90% of cultured human cells.[86,87]

Polymer nanoparticles, such as polyethylenimine (PEI),
poly(L-lysine) (PLL), poly[2-(dimethylamino)ethyl methacry-
late] (PDMAEMA), polyamidoamine (PAMAM), chitosan and

poly(amino-co-ester)s (PAEs), offer promise for in vivo CRISPR
delivery due to low immunogenicity, strong biocompatibility
and ease of modification.[88] These polymers have been utilized
for both in vitro and in vivo delivery of CRISPR components.[89]

However, their high toxicity requires further engineering, in-
cluding lipid co-complexation, to mitigate toxicity and enhance
functionality.[90] Materials like PLGA, PEI, and chitosan can
be modified within polymer-based nanoparticles for controlled
release and targeted CRISPR delivery.[5,12]

Exosomes, small extracellular vesicles (EVs) with diameter
ranging from 30 to 150 nm, are produced by nearly all cell types
and are present in various body fluids.[91] Exosomes can deliver a
wide range of molecules including proteins, small nucleic acids,
and lipids.[92] Exosomes offer several advantages when utilized
as a delivery vehicle. For example, exosomes can avoid the rapid
uptake of the immune system, cross barriers such as blood-brain
and placental barriers, and target specific cells or tissues due to
the specific surface protein.[93] However, the small size of exo-
somes poses a challenge for effectively encapsulating the large
components associated with the CRISPR system. To overcome
this challenge, several strategies have been studied, such as exo-
some engineering,[94] hybrid delivery systems,[95] and direct load-
ing techniques.[96]

5. CRISPR Application for Genetic Disease
Treatment

CRISPR technology has revolutionized the field of genetic dis-
orders by offering a wide range of applications, including the
model development (Table S2, Supporting Information) and ad-
vanced therapies (Table S3, Supporting Information). This sec-
tion will particularly discuss its therapeutic applications for ge-
netic muscular diseases, cardiovascular diseases, inherited blood
disorders, inherited eye diseases, neurodegenerative conditions,
and genetic metabolic diseases.

5.1. Genetic Muscular Diseases

Muscular dystrophies are genetic disorders causing progres-
sive muscle weakness due to defects in muscle structure and
function, evident in biopsies.[97] Common types include Fa-
cioscapulohumeral, Duchenne, and Becker muscular dystro-
phies (D/BMD).[98] Among these muscular diseases, DMD, con-
ditioned associated mutations of the X-linked DMD gene, ex-
hibits more severe phenotypes such as muscle weakness, respira-
tory/cardiac problems, and reduced life expectancy.[99,100] Hence,
various therapeutic approaches have been undertaken to re-
store dystrophin expression and functionality, aiming to alleviate
symptoms associated with DMD.[99]

Currently, clinical development for DMD using pharmacolog-
ical compounds faces key challenges such as inefficient delivery,
lack of specificity, and inefficacy in clinical studies.[101] To address
this challenge, researchers are exploring regenerative strategies
using stem cell transplantation.[102] This approach utilizes vari-
ous types of stem cells, including skeletal muscle-derived stem
cells, mesenchymal stem cells, and induced pluripotent stem
cells (iPSCs), to regenerate the damaged muscle tissue.[102] Nev-
ertheless, despite its potential, stem cell therapy faced significant
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obstacles that prevented its widespread clinical use, such as graft
rejection risk and limited scalability due to the low expansion
rate of undifferentiated muscle stem cells.[103] Novel therapies
have emerged, including muscle-targeted approaches employing
anti-inflammatory medications, myostatin inhibitors, and com-
pounds targeting fibrotic pathways.[103] While these strategies
aim at reducing inflammation and muscle fibrosis, they can only
slow down DMD progression but not restore the structure and
function of the degrading muscle tissue.[104]

CRISPR’s potential in treating DMD is well-documented.
Studies in mouse, canine, and porcine models have shown el-
evated dystrophin expression and improved muscle function fol-
lowing AAV9-CRISPR injections.[105] For instance, in a recent
study utilizing a recognized porcine DMD model with a prema-
ture stop codon in exon 52 (ΔE52), scientists applied a CRISPR
system (AAV9-Cas9-gE51) to excise exon 51 of the DMD gene.[106]

This intervention removed the premature stop codon in theΔE52
pigs and introduced the expression of a truncated but functional
DMD gene, which lacked both exon 51 and 52 (ΔE51-52).[106] This
somatic gene editing technique thus led to functional dystrophin
expression in various muscles, rescuing dystrophin levels and no-
tably increasing survival rates. It also improved skeletal function,
evident in increased standing time and reduced creatine kinase
levels as well as decreased muscle fibrosis. Similar improvements
were observed in cardiac muscle function, specifically improved
ejection function. In summary, these results imply CRISPR’s po-
tential as a promising therapeutic avenue for DMD. However, fur-
ther research is required to address remaining challenges such as
enhancing gene editing efficiency, exploring alternative delivery
methods, and reducing reliance on viral vectors to optimize its
clinical applications.

5.2. Genetic Cardiovascular Diseases

CRISPR-based therapies have developed to target various ge-
netic cardiovascular conditions like catecholaminergic polymor-
phic ventricular tachycardia (CPVT), hypertrophic cardiomy-
opathy (HCM), and Hutchinson–Gilford progeria syndrome
(HGPS).[107] CPVT is a rare genetic heart condition inherited
in an autosomal dominant manner, caused by mutations in the
RYR2 gene.[108] This genetic alteration leads to ventricular tachy-
cardia, which can precipitate fainting, seizures, or sudden car-
diac arrest. Currently, CPVT lacks a cure, with management pri-
marily focused on symptom alleviation through beta-blockers
and implantable cardioverter-defibrillator devices (ICDs) to regu-
late heart rate and rhythm.[109] However, beta-blockers pose risks
of arrhythmias in non-compliant cases; ICDs have limitations
like infection and inappropriate shocks and may not be suitable
for all patients.[110] In addressing CPVT, a study utilized AAV9-
CRISPR-SaCas9 to target the RyR2 R176Q mutation, success-
fully reducing RyR2 mRNA and protein levels by 30% and 25%,
respectively.[111] This approach enhanced resistance to arrhyth-
mia induction in mice and notably reduced the occurrence of in-
ducible ventricular tachycardia, indicating CRISPR’s potential in
restoring cardiac signaling pathways and electromechanical cou-
pling in CPVT.[111]

HCM is a genetic condition characterized by mutations in one
of structural cardiac genes such as MYH7, MYBPC3, TNNT2,

TNNI3, TPM1 or ACTC1.[112] These mutations can disrupt the
normal structure and functions of sarcomere, leading to my-
ocardium thickening, which impairs cardiac contractile function
and leads to serious complications such as shortness of breath,
chest pain, palpitations, and sudden death.[112] Clinical manage-
ment options for HCM are limited, consisting mainly of surgi-
cal interventions or the use of medications like beta-blockers and
calcium channel blockers to alleviate symptoms.[113] However,
not all patients respond favorably to these treatments, and some
may not be suitable for surgery, leaving them with few therapeu-
tic options.[113] In tackling HCM, researchers have developed a
small molecule known as MYK-461 designed to bind and inhibit
cardiac myosin.[114] This compound has demonstrated the poten-
tial to suppress hypertrophic remodeling and myocardial fibrosis
in a mouse model of HCM.[114] Furthermore, through chronic
oral administration, MYK-461 has shown promise in preventing
left ventricular hypertrophy.[114] Phase 3 clinical studies have re-
vealed that MYK-461 is well-tolerated, with no significant long-
term treatment-related adverse events, and has led to greater im-
provements in health status.[115] Along with the small molecule
approach, AAV9-CRISPR base editing technology has been em-
ployed to correct the MYH6 C1211T mutation in embryos and in
utero, paving the way for novel germline gene therapy to elimi-
nate mutations in embryos.[116]

Caused by a mutation in the LMNA gene, HGPS leads to
progerin accumulation which significantly impairs cardiac func-
tions and reduces life expectancy.[117] Supportive care remains the
mainstay of management, focusing on symptom relief and en-
hancing the quality of life of patients with HGPS. The newly de-
veloped farnesyltransferase inhibitor, Lonafarnib (ZokinvyTM),
has demonstrated potential in preclinical studies for inhibit-
ing progerin production.[118] In subsequent clinical trials, Lon-
afarnib extended its lifespan by approximately three months to
2.5 years during the first three years of follow-up, with effects
observed up to 11 years.[119] While Lonafarnib has received FDA
approval for HGPS treatment, its side effects, including changes
in blood sodium and potassium levels, decreased white blood
cell counts, eye toxicity, and liver function deterioration, require
the long-term regular examinations.[119] Efforts to address HGPS
are ongoing, with AAV9 delivery of CRISPR ABEmax-VRQR
base editor showing promising results in reducing progerin ex-
pression by 87–91% in fibroblasts from HGPS patients and
mice.[120] This approach corrected nuclear malformations and
significantly improved aortic structure and lifespan in mouse
models.[120]

In short, CRISPR holds promise for targeting genetic mu-
tations in conditions like CPVT, HCM, and HGPS. However,
concerns persist regarding the immunogenicity triggered by
CRISPR/Cas9-mediated gene editing, mainly due to the persis-
tence of Cas9 expression post-treatment.[121] Although AAV9 has
shown efficient CRISPR delivery to heart tissue, it could trigger
adverse immune responses, thus requiring modifications to the
capsid proteins to evade immune detection.[122,123] On the other
hand, LNPs have demonstrated low immunogenicity, allowing
for repeated administration of CRISPR components at a much
lower cost than viral vectors.[124] However, nanoparticle delivery
to the heart has been challenging due to limited uptake by car-
diomyocytes, which lack unique surface markers for nanoparticle
uptake.[55] Therefore, there is a need to develop optimal strategies
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for efficiently delivering CRISPR components to cardiac tissue
with minimal immunogenicity.

5.3. Inherited Blood Disorders

Genetic blood disorders include various inherited conditions
arising from genetic mutations affecting blood components like
erythrocytes, platelets, and leukocytes.[125] Among these diseases,
the main types of inherited blood disorders targeted by CRISPR
technology are 𝛽-thalassemia, SCD, hemophilia B, and severe
combined immunodeficiency (SCID).[126]

𝛽-thalassemia and SCD are both genetic disorders caused
by mutations in the HBB gene encoding hemoglobin, which
affects oxygen transport by red blood cells. Gene therapy us-
ing lentiviral vectors to introduce functional copies of the
𝛽-globin gene into hematopoietic stem cells offers potential
treatments.[127] Allogeneic bone marrow transplantation or drugs
like hydroxyurea can also benefit patients with transfusion-
dependent 𝛽-thalassemia.[128] However, access to these advanced
treatments may be limited by cost and donor availability. Gene
editing approach using Zinc finger nuclease targeting the
BCL11A gene aims to generate patients’ own hematopoietic stem
and progenitor cells (HSPCs) for restoration of normal fetal
hemoglobin production.[9] Clinical trials using CRISPR-edited
CD34+ HSPCs showed increased fetal hemoglobin levels, re-
lieving symptoms without requiring blood transfusions for pa-
tients with 𝛽-thalassemia and sickle cell anemia.[129] CasgevyTM,
another approach using CRISPR/Cas9 to edit fetal hemoglobin
genes in stem cells, has become the first-ever FDA-approved
CRISPR-based therapy in the world.[130]

Hemophilia B (HB) is a rare X-linked genetic bleeding disorder
characterized by deficient or defective coagulation factor IX (FIX),
which is crucial for blood clotting.[131] This condition can lead to
complications such as joint damage, chronic pain, and in severe
cases, life-threatening bleeding episodes.[131] Treatment typically
involves replacement therapy with factor IX concentrates to re-
store clotting. This treatment requests long-term repeated infu-
sions to sustain sufficient clotting factor levels in the blood, due
to the short half-life of factor IX drugs.[132] Emerging gene ther-
apy using adeno-associated virus 5 (AAV5) vectors to express the
Padua factor IX variant (etranacogene dezaparvovec) has been in-
vestigated for long-term or permanent correction of the clotting
deficiency.[133] To avoid the risk associated with viral vectors, the
new strategy employed nucleofection method to introduce Sp-
Cas9 and sgRNA to patient-derived cells, showing promise for
human FIX gene correction.[126,134] In another study, electropo-
ration of SpCas9 plasmid and sgRNA in porcine fetal fibrob-
lasts was used to generate reconstructed pig embryos carrying
knocked-out FIX gene as HB pig model.[135] The same method
was employed to introduce the human FIX gene in these HB
pigs, resulting in a significant reduction in bleeding incidents
and ankle joint damage.[135] Further development is needed to en-
able in situ CRISPR gene editing as a new therapeutic approach
for treating HB.

SCID is a rare group of disorders characterized by severe
defects in both the adaptive and innate immune systems due
to mutations in genes like IL2RG, RAG1, RAG2, DCLRE1C,
and IL7RA.[136] The most effective treatment for SCID cur-

rently is hematopoietic stem cell transplantation, which can re-
store immune function and provide long-term immunity against
infections.[137] However, this method poses high mortality rates
due to the risks of graft-versus-host disease.[138] Gene therapy
methods using retroviral or lentiviral gene transfer (for ADA-
SCID[139] and ART-SCID),[140] introduce functional copies of the
defective gene into hematopoietic stem cells, correcting disease-
causing mutations and improving T-cell differentiation. How-
ever, these methods demand blood transfusion, which comes
with labor-intensive processes, high production costs, and risks
of viral infection and rejection.[137] To tackle these hurdles,
CRISPR/Cas9 systems via prime editing have been explored and
shown promise in correcting SCID mutations.[136,141] In proof-
of-concept study, CRISPR ABEs successfully restores CD3𝛿 in
autologous hematopoietic stem and progenitor cells, achieving
a correction of the pathogenic mutation by 71.2% ± 7.85%.[142]

These findings suggest that suitable delivery vehicles such as
LNPs, could facilitate the administration of CRISPR base editing
constructs for direct in vivo gene editing.

In conclusion, CRISPR technology holds tremendous promise
in revolutionizing the treatment landscape for blood disorders.
The recent FDA approval of the first CRISPR-based therapy, Cas-
gevy, highlighted the significant progress made in this field. Mov-
ing forward, continued research efforts will focus on improving
delivery methods especially using nanocarriers, enhancing safety
profiles, and expanding the applicability of CRISPR technology to
further advance the treatment of blood disorders with the hope
for improved outcomes and quality of life for patients worldwide.

5.4. Inherited Eye Diseases

CRISPR technology has been explored to treat inherited eye con-
ditions like Leber congenital amaurosis (LCA) and autosomal
dominant cone-rod dystrophy 6 (CORD6).[143] LCA, a severe reti-
nal dystrophy, involves heterogeneous mutations in genes linked
to the retinal pigment epithelium and photoreceptors such as
RPE, CEP290, GUCY2D, AIPL1, CRB1, and CRX.[144] To develop
effective LCA treatment, viral vectors have been employed to de-
liver functional copies of defective genes directly into the dam-
aged retina.[145] This strategy led to the discovery of Luxturna,
an FDA-approved gene therapy that has demonstrated efficacy
in delivering a functional RPE65 gene copy into retinal cells,
thereby improving patients’ vision.[146] However, there are on-
going challenges associated with viral vectors in treating LCA.
These challenges include the risk of viral integration, high pro-
duction costs, limited accessibility, and the inability to target var-
ious mutation types effectively, hindering the advancement of
personalized medicine in this context.[145] Stem cell therapy has
emerged as a promising method for LCA treatment by replac-
ing damaged retinal cells with healthy ones, but it faces a signifi-
cant issue of low cell integration rate upon injection.[147] To over-
come obstacles associated with the approaches mentioned above,
CRISPR technology has been investigated its potential in precise
and safe gene editing for LCA treatment. For instance, early stud-
ies employed CRISPR/SpCas delivery via dual rAAV5 vectors to
temporarily correct the IVS26 splice mutation within the CEP290
gene through subretinal injection over a 28-day period.[148] Sim-
ilarly, another investigation utilized a dual AAV vector to deliver
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CRISPR ABEs to address the pathogenic RPE65 gene mutation
in an LCA mouse model, achieving significant improvements in
light-triggered responses in retinal degeneration.[149]

CORD6 is a condition associated with dysfunction of pho-
toreceptor cells caused by a gain-of-function mutation in the
GUCY2D gene, resulting in vision loss.[150] The dominant nature
of the GUCY2D mutation poses challenges for traditional gene
therapy approaches, making it difficult to suppress dominant
gene expression.[151] Currently, there are no available treatments
for this disease. A study employed subretinal injection of AAV5-
CRISPR/Cas9, achieving a substantial knockout of GUCY2D in
mouse and macaque models and reducing retGC1 expression
significantly without causing ocular inflammation or inducing
an immunological T-cell response.[152] This research indicated
the potential of AAV-CRISPR/Cas9 in primate gene editing for
the treatment of CORD6.

To sum up, CRISPR technology holds promise for treating in-
herited eye conditions. However, concerns arise with the use of
viral vectors, which can induce immune responses and toxicity in
the retinal pigment epithelium.[123,153] Nonviral delivery systems
including nanoparticles offer an alternative method to enable
transient gene editing effects, paving the way for safer and more
effective CRISPR-based therapies for inherited eye disorders.[154]

5.5. Genetic Neurological Disorders

CRISPR holds promise for treating various genetic neurologi-
cal disorders by targeting and correcting specific genetic muta-
tions associated with these conditions.[155] For example, Hunt-
ington’s disease (HD) is a genetic neurological disease triggered
by CAG expansion in the HTT gene, which causes the build-
up of mutant huntingtin protein and RNA, leading to a range
of motor symptoms.[86,156] Several therapeutic strategies are be-
ing explored to slow down the progression of Huntington’s dis-
ease. These include gene silencing techniques such as antisense
oligonucleotides (ASOs) and RNA interference (RNAi), which
aim to reduce the production of mutant huntingtin protein.[157]

However, these therapies mainly focus on managing symptoms
rather than addressing the underlying cause of the disease (HTT
gene mutation.[158] In attempts to address HD, a research group
developed a CRISPR/Cas13d system, Cas13d-CAGEX, which re-
duced mutant HTT RNA by over 56.2% in patient-derived neu-
rons and improved motor function in an HD mouse model when
administered via AAV vehicle.[159] In another study, AVV9 deliv-
ery of RfxCas13d (another Cas13d variant) has been found to re-
duce HTT protein by ≈50% in the mouse brain, indicating its po-
tential for gene suppression in the nervous system.[160] Findings
of these studies suggest that CRISPR/Cas13d systems exhibit po-
tential in reducing mutant HTT protein levels and enhancing
mouse motor coordination, while exhibiting minimal off-target
effects. These characteristics are desirable for the advancement
of effective therapies for clinical development in HD treatment.

Tay-Sachs disease is a rare and deadly genetic neuronal disor-
der caused by HEXA gene mutations affecting the essential en-
zyme hexosaminidase A (Hex-A).[155] Similar to HD, there is no
cure for Tay-Sachs disease as current treatments focus on man-
aging symptoms and providing supportive care to patients.[155]

Current gene therapy strategies employ AAV vectors to introduce

gene-encoding functional HexA enzymes in mouse and sheep
models of Tay-Sachs disease via intracranial injection.[161] How-
ever, a significant limitation of AAV vectors is their restricted ca-
pacity and low transduction efficiency for co-transfecting both
subunits 𝛼 and 𝛽 of HexA enzymes.[162] To overcome the limi-
tations of AAV vectors, researchers have turned to the CRISPR
prime editing method. This approach has been employed to
edit a prevalent HEXA gene mutation, HEXA1278+TATC, in
HEK293T cells.[56] This method achieved a 31% insertion ef-
ficiency with a low rate of unintended indels at 0.8%.[56] Fur-
thermore, prime editing successfully corrected the mutation in
HEXA with an efficiency rate of 33% and a low indel rate of
0.32%.[56] In conclusion, CRISPR prime editing shows promise
by efficiently editing the prevalent HEXA gene mutation in
HEK293T cells with high accuracy, highlighting its potential for
precise genetic intervention and offering new hope for treating
Tay-Sachs disorders with Hex-A deficiency.

5.6. Genetic Metabolic Diseases

CRISPR technology offers substantial potential in tackling ge-
netic metabolic disorders like Hereditary Tyrosinemia Type 1
(HT1), Alpha-1 Antitrypsin Deficiency (AATD), and Homozy-
gous Familial Hypercholesterolemia (HoFH).[163] HT1 stems
from a fumarylacetoacetate hydrolase (FAH) enzyme deficiency,
impacting tyrosine metabolism and leading to severe liver
damage.[164] Current treatment methods for HT1 include nitisi-
none, dietary management, and liver transplantation.[165] While
nitisinone can inhibit the production of toxic metabolites, pa-
tients with HT1 are life-long dependent on nitisinone as discon-
tinuation leads to disease recurrent and liver complications.[166]

Besides, nitisinone itself has side effects such as elevated blood
tyrosine levels, corneal opacities, and potential effects on bone
health.[166] Meanwhile, CRISPR approaches have emerged and
explored for HT1 treatment. For example, studies utilized AAV8-
CRISPR to correct FAH gene mutations in newborn FAH-
deficient rabbits and FAH knockout mice, restoring liver func-
tion and mitigating liver and kidney damage.[167] In another
study, pig embryos underwent testing through microinjection of
Cas9 mRNA and sgRNA to generate FAH knock-out pigs, serv-
ing as a disease model of HT.[168] Using the same method, dou-
ble knockout pigs lacking both FAH and hydroxyphenylpyruvate
dioxygenase (HPD) gene, which encode the HPD enzyme down-
stream of the FAH metabolic pathway, were generated. In com-
parison with FAH knock-out pigs, these double-knockout pigs
exhibited lower inflammatory responses, oxidative damage, de-
creased liver injury, and extended survival. Importantly, these
benefits were heritable to subsequent generations. This study
suggests that targeting HPD using CRISPR could represent a
promising therapeutic strategy for treating HT1.

AATD impacts both the liver and lungs. It occurs due to mu-
tations in the SERPINA1 gene, which leads to lower levels or im-
paired function of alpha-1 antitrypsin.[169] Current AATD treat-
ment involves infusing purified AAT protein to boost blood AAT
levels and slow lung disease progression.[170] However, it’s costly
and may cause adverse reactions.[170] Emerging gene therapy
aims to correct the genetic defect, offering potential long-term
benefits. For instance, delivering the human AAT gene with an
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AAV vector has shown promising results in non-human primates
and humans, but challenges like low expression and immune
responses need to be addressed before widespread adoption.[171]

Recently, CRISPR technology has been employed to correct SER-
PINA1 gene mutations in humanized mouse models and patient-
derived induced pluripotent stem cells (iPSCs).[172] This correc-
tion reduced liver fibrosis, improved liver histology, and low-
ered inflammatory markers, suggesting potential therapeutic
benefits.[172]

HoFH is a rare and severe genetic disorder marked by abnor-
mally high LDL cholesterol levels from birth, stemming from
mutations in both copies of the LDL receptor gene (LDLR) or
other genes regulating LDL metabolism.[173] While liver trans-
plantation can restore LDL receptor function in HoFH patients,
this surgical procedure cannot cure HoFH and is associated with
risks such as organ rejection, infection, and complications from
immunosuppressive therapy.[174] The introduction of novel ther-
apies like PCSK9 inhibitors (e.g., evolocumab, alirocumab) has
expanded the treatment options for HoFHv.[175] These medica-
tions work by inhibiting PCSK9, a protein responsible for de-
grading LDL receptors, thus lowering LDL cholesterol levels.[175]

However, these treatments may not reach the desired levels in all
HoFH patients.[176] LDL apheresis removes LDL cholesterol from
the bloodstream using a filtration device. However, this treatment
might be expensive and thus might be unavailable for all HoFH
patients.[177]

Researchers have used Cas12a to disrupt the PCSK9 gene in
mouse models of HoFH and also in human primary CD34+
hematopoietic stem and progenitor cells (HSPCs).[178] In another
study, GalNAc-lipid nanoparticles (GalNAc-LNP) carrying the
CRISPR ABE system were used in a study to edit the ANGPTL3
gene in a non-human primate model of HoFH.[179] These
nanoparticles, comprising ABE SpCas9 mRNA and ANGPTL3
gRNA, achieved up to 61% gene editing of ANGPTL3 in the liver
within 40 days, resulting in an 89% reduction in ANGPTL3 pro-
tein levels (Figure 4A,B). Importantly, this editing was specific to
the liver, without any observed off-target effects in other tissues
(Figure 4C). This treatment enhanced LDL-cholesterol clearance
from circulation for up to three months and maintained reduced
ANGPTL3 levels for 200 days (Figure 4D,E), suggesting CRISPR
therapeutics as a potential treatment for different levels of LDLR
activity including in HoFH.

In conclusion, CRISPR’s interventions have shown success in
correcting gene mutations and improving outcomes in animal
models of these genetic metabolic disorders, indicating poten-
tial therapeutic benefits for patients. These advancements high-
light CRISPR’s potential in revolutionizing the treatment of ge-
netic metabolic disorders, offering hope for more effective and
targeted therapies in the future.

6. Challenges of Industry Development and Ethical
Consideration

6.1. Industrial Development of CRISPR Technology

The rapid development of CRISPR technology has brought in-
dustry challenges that are associated with the manufacturing
CRISPR products and therapies. A primary concern is extremely
high costs and maintaining rigorous quality control over CRISPR

editing tools and delivery systems, a task that becomes increas-
ingly complex with expansion and scaling up.[31] For example,
manufacturing AAVs from adherent cell culture for CRISPR
gene therapy delivery vector presents a challenge when it comes
to managing batch-to-batch variations in plasmid yield and
purity.[180] The utilization of suspension-based cell culture is con-
sidered more scalable. However, developing cell lines that effi-
ciently produce AAVs in suspension is difficult because the cell
density in suspension cultures tends to be lower than that in ad-
herent cultures.[181] Additionally, the development and manufac-
turing of CRISPR-based treatments also involve the high cost of
meeting regulatory requirements, ensuring product characteris-
tics, safety, and quality control. As more CRISPR-based therapies
advance into more sophisticated stages of clinical testing, indus-
tries will be required to invest to ensure that their manufacturing
processes adhere to the strict standards and guidelines in current
good manufacturing practices (cGMP).[31]

6.2. Clinical Development of CRISPR Technology

Off-target effects are a significant concern associated with
CRISPR-based therapy since they can potentially result in unin-
tended DNA sequence mutation carrying unpredictable and po-
tentially hazardous consequences.[182] These off-target effects are
classified into two categories: one arises from the similarity of
gene sequences, and the other is due to the unpredictable bind-
ing of Cas9 to unexpected gene sites.[183] At the genomic level, off-
target effects can result in significant issues, such as genomic re-
arrangements and substantial deletion, which potentially disrupt
gene function and in extreme cases, lead to the development of
cancer cells.[184] Therefore, minimizing off-target effects is essen-
tial to guarantee the safety and accuracy of CRISPR gene therapy.

To mitigate off-target effects in CRISPR gene editing, a com-
bination of strategies can be implemented. First, the use of
high-fidelity Cas9 variants, such as eSpCas9, SpCas9-HF1 or
SpCas9-nCas9, is recommended, as these exhibit reduced off-
target activity.[31] Additionally, the delivery of CRISPR compo-
nents as ribonucleoprotein complexes (RNPs), as opposed to
plasmid DNA, is an effective approach.[185] RNP delivery en-
sures transient expression and minimizes the risk of off-target
effects.[186] Furthermore, optimization of gRNA design repre-
sents another approach to minimize off-target effects. This can
be achieved by applying proper computational tools or online
databases to predict potential off-target sites,[187] such as Cas-
Finder, CRISPR-P, CRISPR-GE, and NCBI BLAST, etc. These
tools use algorithms to predict the likelihood of binding between
a gRNA and a non-target sequence based on the similarity of
the sequences. Therefore, it is possible to reduce off-target ef-
fects by avoiding predicted off-target sites. Moreover, for pre-
cise modifications on the mutations, the consideration of base
and prime editors is advisable due to their highly precise gene
editing potential with fewer off-target effects.[31,183] In combina-
tion, these strategies contribute to the enhanced accuracy and
safety of CRISPR editing while minimizing unintended genetic
alterations.

Immunogenicity is another significant issue in CRISPR-based
gene therapy for human genetic disorders.[188] This arises from
the bacterial origin of Cas proteins, which can trigger the host’s
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Figure 4. CRISPR adenine base editing with GalNAc-LNP targeting ANGPTL3 in the liver of a somatic LDLR deficient NHP model. A) Evaluation of
ANGPTL3 gene editing efficiency in LDLR-deficient non-human primates (NHPs) in vivo with standard LNP and GalNAc-LNP using RT-PCR. B) As-
sessment of ANGPTL3 protein expression in LDLR KO NHPs treated with standard and GalNAc LNP through ELISA assays. C) Specific targeting of
ANGPTL3 in the liver compared to non-hepatic tissues using GalNAc-LNP-CRISPR. D) Reduction of LDL-C levels by 35% due to ANGPTL3 inhibition
with GalNAc-LNP. E) Average ANGPTL3 levels in three NHPs up to 200 post-LNP injection. Adapted with permission.[179] Copyright 2023, Springer
Nature.

immune system, potentially leading to immune responses dur-
ing in vivo genome editing.[188] Additionally, many individuals
already have anti-Cas antibodies and cellular immune responses
specific to Cas, possibly due to previous exposure to Cas protein
through interactions with the microbiome.[189] This existing im-
munity could potentially impact both the editing efficiency and
safety of CRISPR applications. Therefore, managing the duration
of Cas9 expression is essential to minimize the risk of unwanted
immune reactions in CRISPR gene editing applications.[190] To
address this concern, various strategies have been employed,
such as transient transfection using CRISPR mRNA or RNP,[191]

utilizing less immunogenic Cas9 variants,[192] or administering
immunosuppressants.[68] Overall, addressing the immunogenic-

ity associated with the bacterial origin of CRISPR nucleases is
critical for advancing in vivo CRISPR applications and ensuring
their safety and effectiveness.

6.3. Ethical Considerations

CRISPR applications for treating human genetic diseases raise
complex and multifaceted ethical concerns. Central among these
is the concern surrounding germline modification, particularly
beyond the initial 14-day embryo stage, prompting profound eth-
ical challenges about long-term consequences.[193] The lack of
understanding about genome editing further complicates these

Adv. Funct. Mater. 2024, 2402630 2402630 (12 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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ethical challenges, highlighting the importance of informed con-
sent and privacy protection. Informed consent and privacy pro-
tection represent crucial facets of these ethical concerns.[194]

Moreover, the current lack of comprehensive national and in-
ternational regulations raises concerns about oversight of these
applications and the potential for data breaches. Fear of data
breaches is another ethical dimension to be addressed.[195] Ensur-
ing that individuals contributing their genetic data for CRISPR
therapies provide informed and voluntary consent is paramount.
Preserving the privacy of genetic information and preventing dis-
crimination based on genetic insights are vital ethical consider-
ations in the genomic era.[196] To mitigate potential risks associ-
ated with gene editing, stringent regulations, and rigorous over-
sight are deemed essential. A global regulatory body under the
United Nations could facilitate conditional worldwide use of gene
editing, ensuring safety and ethical compliance while addressing
potential repercussions.

In addition, ethical review boards play a pivotal role within the
ethical framework. These boards are indispensable for evaluat-
ing the ethical implications of specific CRISPR applications and
trials, guaranteeing the upholding of ethical standards through-
out the entire research and clinical process. As CRISPR technol-
ogy advances into more intricate and multifaceted clinical trials,
human research ethics committees (HRECs) face the challenge
of comprehensively evaluating these studies. The complexity of
CRISPR trials often transcends traditional ethical review bound-
aries, necessitating specialized knowledge and expertise. To ad-
dress this, HRECs might need to consider expanding their capa-
bilities, either by outsourcing to members with specific expertise
in genetic editing and related fields, or by inviting guest com-
mittee members for particular trials. This approach ensures that
the ethical review process keeps pace with scientific advance-
ments, maintaining rigorous ethical standards while fostering
innovative medical breakthroughs. Such adaptability in ethical
oversight is crucial for responsibly navigating the rapidly evolv-
ing landscape of CRISPR research and its implications for hu-
man health. Lastly, there’s a strong emphasis on the necessity
of international collaborations. Collaborative efforts can promote
responsible development through shared research endeavors, the
exchange of best practices, and the advocacy of international
ethical standards. The acceptance of CRISPR technology varies
across different societies and cultures, introducing further ethi-
cal complexities.[197] Recognizing the diverse perspectives on ge-
netic editing and demonstrating respect for cultural norms and
values are vital in navigating these differences while maintaining
ethical integrity.[197]

7. Conclusion

Advanced CRISPR technology holds immense potential for a
wide range of gene editing-based therapies for human genetic
diseases. While CRISPR/Cas9 is the most used system, emerg-
ing CRISPR systems like Cas12a and Cas13d also offer promise.
However, the key challenge in clinical CRISPR applications lies
in achieving safe and efficient delivery to the target cells. There-
fore, the selection of the Cas delivery method is crucial to achieve
the right balance between the effectiveness of gene editing and
the safety of therapeutic CRISPR components. This review sum-
marises various CRISPR formats and delivery methods. CRISPR

can be delivered as plasmids, RNA or RNPs, each with its own
advantages and drawbacks. Viral vectors are commonly used for
CRISPR delivery but carry the risk of unwanted genome inte-
gration and immunogenicity. Non-viral vectors such as nanopar-
ticles offer better loading efficiency and safety profiles. How-
ever, they might have low transfection efficiency (such as hard-
to-transfect cells) and induce unintended side effects due to their
limited targeting capability. Ongoing research aims to address
these challenges to achieve better therapeutic outcomes. Another
critical concern is the potential for off-target effects with CRISPR-
based therapies in treating human genetic disorders. Progress
has been made in developing modified Cas proteins with im-
proved specificity and engineering guide RNA to reduce off-target
effects.

In summary, the application of CRISPR therapeutics for treat-
ing human genetic diseases shows great promise, as its precise
editing capabilities hold the potential to cure conditions that are
currently untreatable. Significant progress has been achieved in
enhancing CRISPR editing precision, broadening the range of
treatable conditions, developing effective delivery methods, and
refining CRISPR gene editing tools. However, regulatory and eth-
ical considerations should be addressed. Despite challenges, on-
going research and investment are critical for realizing the full
potential of CRISPR in revolutionising genetic medicine and en-
hancing patient outcomes.
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ture. 2016, 532, 517.
[46] G. J. Knott, J. A. Doudna, Science. 2018, 361, 866.
[47] D. Burstein, L. B. Harrington, S. C. Strutt, A. J. Probst, K.

Anantharaman, B. C. Thomas, J. A. Doudna, J. F. Banfield, Nature.
2017, 542, 237.

[48] L. B. Harrington, D. Burstein, J. S. Chen, D. Paez-Espino, E. Ma, I.
P. Witte, J. C. Cofsky, N. C. Kyrpides, J. F. Banfield, J. A. Doudna,
Science. 2018, 362, 839.

[49] L. Cong, F. A. Ran, D. Cox, S. Lin, R. Barretto, N. Habib, P. D. Hsu,
X. Wu, W. Jiang, L. A. Marraffini, Science. 2013, 339, 819.

[50] R. J. Platt, S. Chen, Y. Zhou, M. J. Yim, L. Swiech, H. R. Kempton,
J. E. Dahlman, O. Parnas, T. M. Eisenhaure, M. Jovanovic, D. B.
Graham, S. Jhunjhunwala, M. Heidenreich, R. J. Xavier, R. Langer, D.
G. Anderson, N. Hacohen, A. Regev, G. Feng, P. A. Sharp, F. Zhang,
Cell. 2014, 159, 440.

[51] B. Koch, B. Nijmeijer, M. Kueblbeck, Y. Cai, N. Walther, J. Ellenberg,
Nat. Protoc. 2018, 13, 1465.

[52] A. M. Chakrabarti, T. Henser-Brownhill, J. Monserrat, A. R. Poetsch,
N. M. Luscombe, P. Scaffidi, Mol. Cell. 2019, 73, 699.

[53] M. van Overbeek, D. Capurso, M. M. Carter, M. S. Thompson, E.
Frias, C. Russ, J. S. Reece-Hoyes, C. Nye, S. Gradia, B. Vidal, J.
Zheng, G. R. Hoffman, C. K. Fuller, A. P. May, Mol. Cell. 2016, 63,
633.

[54] A. V. Anzalone, L. W. Koblan, D. R. Liu, Nat. Biotechnol. 2020, 38,
824.

[55] M. Nishiga, C. Liu, L. S. Qi, J. C. Wu, Nat. Rev. Cardiol. 2022, 19, 505.
[56] A. V. Anzalone, P. B. Randolph, J. R. Davis, A. A. Sousa, L. W. Koblan,

J. M. Levy, P. J. Chen, C. Wilson, G. A. Newby, A. Raguram, Nature.
2019, 576, 149.

[57] a) J. Scholefield, P. T. Harrison, Gene Ther. 2021, 28, 396; b) M. M.
Hassan, G. Yuan, J. G. Chen, G. A. Tuskan, X. Yang, Biodes Res. 2020,
2020, 9350905.

[58] L. A. Gilbert, M. H. Larson, L. Morsut, Z. Liu, G. A. Brar, S. E. Torres,
N. Stern-Ginossar, O. Brandman, E. H. Whitehead, J. A. Doudna, W.
A. Lim, J. S. Weissman, L. S. Qi, Cell. 2013, 154, 442.

[59] P. B. Otoupal, B. F. Cress, J. A. Doudna, J. S. Schoeniger, Nucleic
Acids Res. 2022, 50, 8986.

[60] S. Konermann, M. D. Brigham, A. E. Trevino, J. Joung, O. O.
Abudayyeh, C. Barcena, P. D. Hsu, N. Habib, J. S. Gootenberg, H.
Nishimasu, Nature. 2015, 517, 583.

[61] M. E. Tanenbaum, L. A. Gilbert, L. S. Qi, J. S. Weissman, R. D. Vale,
Cell. 2014, 159, 635.

[62] L. Bendixen, T. I. Jensen, R. O. Bak, Mol. Ther. 2023, 31, 1920.
[63] a) R. Montagud-Martinez, R. Marquez-Costa, G. Rodrigo, Chem.

Commun. 2023, 59, 2616; b) X. Deng, E. Osikpa, J. Yang, S. J. Oladeji,
J. Smith, X. Gao, Y. Gao, Nat. Commun. 2023, 14, 5845.

[64] A. Bird, Genes Dev. 2002, 16, 6.
[65] a) A. Amabile, A. Migliara, P. Capasso, M. Biffi, D. Cittaro, L. Naldini,

A. Lombardo, Cell. 2016, 167, 219; b) X. S. Liu, H. Wu, X. Ji, Y. Stelzer,
X. Wu, S. Czauderna, J. Shu, D. Dadon, R. A. Young, R. Jaenisch, Cell.
2016, 167, 233.

[66] M. Nakamura, Y. Gao, A. A. Dominguez, L. S. Qi, Nat. Cell Biol. 2021,
23, 11.

[67] A. Pickar-Oliver, C. A. Gersbach, Nat. Rev. Mol. Cell Biol. 2019, 20,
490.

[68] D. Wilbie, J. Walther, E. Mastrobattista, Acc. Chem. Res. 2019, 52,
1555.

[69] C. A. Lino, J. C. Harper, J. P. Carney, J. A. Timlin, Drug Delivery. 2018,
25, 1234.

[70] A. H. Berggreen, J. L. Petersen, L. Lin, K. Benabdellah, Y. Luo, J. Ex-
tracell. Biol. 2023, 2, e111.

[71] T. Horii, Y. Arai, M. Yamazaki, S. Morita, M. Kimura, M. Itoh, Y. Abe,
I. Hatada, Sci. Rep. 2014, 4, 4513.

[72] H. Yang, H. Wang, C. S. Shivalila, A. W. Cheng, L. Shi, R. Jaenisch,
Cell 2013, 154, 1370.

[73] M. Hashimoto, T. Takemoto, Sci. Rep. 2015, 5, 11315.
[74] a) T. Kaneko, T. Sakuma, T. Yamamoto, T. Mashimo, Sci. Rep. 2014,

4, 6382; b) W. Qin, S. L. Dion, P. M. Kutny, Y. Zhang, A. W. Cheng, N.
L. Jillette, A. Malhotra, A. M. Geurts, Y. G. Chen, H. Wang, Genetics.
2015, 200, 423.

[75] S. E. Troder, L. K. Ebert, L. Butt, S. Assenmacher, B. Schermer, B.
Zevnik, PLoS One. 2018, 13, e0196891.

[76] D. P. Dever, R. O. Bak, A. Reinisch, J. Camarena, G. Washington,
C. E. Nicolas, M. Pavel-Dinu, N. Saxena, A. B. Wilkens, S. Mantri,
Nature. 2016, 539, 384.

[77] a) D. Wang, F. Zhang, G. Gao, Cell. 2020, 181, 136; b) S. Daya, K. I.
Berns, Clin. Microbiol. Rev. 2008, 21, 583.

[78] Z. Wu, H. Yang, P. Colosi, Mol. Ther. 2010, 18, 80.
[79] B. H. Yip, Biomolecules. 2020, 10, 839.
[80] F. D. Bushman, Mol. Ther. 2020, 28, 352.
[81] a) C. S. Lee, E. S. Bishop, R. Zhang, X. Yu, E. M. Farina, S. Yan, C.

Zhao, Z. Zheng, Y. Shu, X. Wu, J. Lei, Y. Li, W. Zhang, C. Yang, K.
Wu, Y. Wu, S. Ho, A. Athiviraham, M. J. Lee, J. M. Wolf, R. R. Reid,
T. C. He, Genes Dis. 2017, 4, 43; b) E. Ehrke-Schulz, M. Schiwon, T.
Leitner, S. David, T. Bergmann, J. Liu, A. Ehrhardt, Sci. Rep. 2017, 7,
17113.

[82] S. Chen, Y. Yao, Y. Zhang, G. Fan, Cell Signal. 2020, 70, 109577.
[83] a) E. Lopez-Gordo, I. I. Podgorski II, N. Downes, R. Alemany, Hum.

Gene Ther. 2014, 25, 285; b) A. Meliani, F. Boisgerault, R. Hardet, S.
Marmier, F. Collaud, G. Ronzitti, C. Leborgne, H. Costa Verdera, M.
Simon Sola, S. Charles, A. Vignaud, L. van Wittenberghe, G. Manni,
O. Christophe, F. Fallarino, C. Roy, A. Michaud, P. Ilyinskii, T. K.
Kishimoto, F. Mingozzi, Nat. Commun. 2018, 9, 4098.

[84] A. Aziz, U. Rehman, A. Sheikh, M. A. Abourehab, P. Kesharwani, J.
Biomater. Sci., Polym. Ed. 2023, 34, 398.

[85] S. Patel, N. Ashwanikumar, E. Robinson, A. DuRoss, C. Sun, K. E.
Murphy-Benenato, C. Mihai, O. Almarsson, G. Sahay, Nano Lett.
2017, 17, 5711.

[86] M. Bañez-Coronel, S. Porta, B. Kagerbauer, E. Mateu-Huertas, L.
Pantano, I. Ferrer, M. Guzmán, X. Estivill, E. Martí, PLoS Genet.
2012, 8, e1002481.

[87] M. Wang, J. A. Zuris, F. Meng, H. Rees, S. Sun, P. Deng, Y. Han, X.
Gao, D. Pouli, Q. Wu, I. Georgakoudi, D. R. Liu, Q. Xu, Proc Natl
Acad Sci U S A. 2016, 113, 2868.

[88] M. J. Mitchell, M. M. Billingsley, R. M. Haley, M. E. Wechsler, N. A.
Peppas, R. Langer, Nat. Rev. Drug Discovery. 2021, 20, 101.

[89] A. Lohia, D. K. Sahel, M. Salman, V. Singh, I. Mariappan, A. Mittal,
D. Chitkara, Asian J Pharm. Sci. 2022, 17, 153.

[90] a) J. C. Kaczmarek, A. K. Patel, K. J. Kauffman, O. S. Fenton, M. J.
Webber, M. W. Heartlein, F. DeRosa, D. G. Anderson, Angew. Chem.
2016, 128, 14012; b) J. B. Miller, S. Zhang, P. Kos, H. Xiong, K. Zhou,
S. S. Perelman, H. Zhu, D. J. Siegwart, Angew. Chem. 2017, 129,
1079; c) W. Sun, W. Ji, J. M. Hall, Q. Hu, C. Wang, C. L. Beisel, Z.
Gu, Angew. Chem. 2015, 127, 12197; d) Z. Zhang, T. Wan, Y. Chen, Y.
Chen, H. Sun, T. Cao, Z. Songyang, G. Tang, C. Wu, Y. Ping, Macro-
mol. Rapid Commun. 2019, 40, 1800068.

[91] A. Ibrahim, E. Marbán, Annu. Rev. Physiol. 2016, 78, 67.
[92] J. Ratajczak, K. Miekus, M. Kucia, J. Zhang, R. Reca, P. Dvorak, M.

Ratajczak, Leukemia. 2006, 20, 847.
[93] a) J. G. Van den Boorn, M. Schlee, C. Coch, G. Hartmann, Nat.

Biotechnol. 2011, 29, 325; b) B. Holder, T. Jones, V. S Shimizu, T.
F. Rice, B. Donaldson, M. Bouqueau, K. Forbes, B. Kampmann, Traf-
fic. 2016, 17, 168; c) R. Shi, L. Zhao, W. Cai, M. Wei, X. Zhou, G.

Adv. Funct. Mater. 2024, 2402630 2402630 (15 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202402630 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Yang, L. Yuan, Biochem. Biophys. Res. Commun. 2017, 483, 602; d)
A. Hoshino, B. Costa-Silva, T.-L. Shen, G. Rodrigues, A. Hashimoto,
M. Tesic Mark, H. Molina, S. Kohsaka, A. Di Giannatale, S. Ceder,
Nature. 2015, 527, 329.

[94] a) X. Yao, P. Lyu, K. Yoo, M. K. Yadav, R. Singh, A. Atala, B. Lu, J.
Extracell. Vesicles. 2021, 10, e12076; b) Z. Li, X. Zhou, M. Wei, X.
Gao, L. Zhao, R. Shi, W. Sun, Y. Duan, G. Yang, L. Yuan, Nano Lett.
2018, 19, 19.

[95] Y. Lin, J. Wu, W. Gu, Y. Huang, Z. Tong, L. Huang, J. Tan, Adv. Sci.
2018, 5, 1700611.

[96] T. Wan, J. Zhong, Q. Pan, T. Zhou, Y. Ping, X. Liu, Sci. Adv. 2022, 8,
eabp9435.

[97] J. J. Dowling, C. C. Weihl, M. J. Spencer, Nat. Rev. Mol. Cell Biol. 2021,
22, 713.

[98] K. R. Wagner, Neurol Clin. 2002, 20, 645.
[99] E. P. Hoffman, R. H. Brown Jr, L. M. Kunkel, Cell. 1987, 51, 919.

[100] M. Koenig, E. Hoffman, C. Bertelson, A. Monaco, C. Feener, L.
Kunkel, Cell. 1987, 50, 509.

[101] T. Markati, L. De Waele, U. Schara-Schmidt, L. Servais, Front Phar-
macol. 2021, 12, 735912.

[102] S. Biressi, A. Filareto, T. A. Rando, J. Clin. Invest. 2020, 130, 5652.
[103] J. Deng, J. Zhang, K. Shi, Z. Liu, Front Pharmacol. 2022, 13, 950651.
[104] J. R. Chamberlain, J. S. Chamberlain, Mol. Ther. 2017, 25, 1125.
[105] L. Amoasii, C. Long, H. Li, A. A. Mireault, J. M. Shelton, E. Sanchez-

Ortiz, J. R. McAnally, S. Bhattacharyya, F. Schmidt, D. Grimm, Sci.
Transl. Med. 2017, 9, eaan8081.

[106] A. Moretti, L. Fonteyne, F. Giesert, P. Hoppmann, A. B. Meier,
T. Bozoglu, A. Baehr, C. M. Schneider, D. Sinnecker, K. Klett, T.
Frohlich, F. A. Rahman, T. Haufe, S. Sun, V. Jurisch, B. Kessler, R.
Hinkel, R. Dirschinger, E. Martens, C. Jilek, A. Graf, S. Krebs, G.
Santamaria, M. Kurome, V. Zakhartchenko, B. Campbell, K. Voelse,
A. Wolf, T. Ziegler, S. Reichert, et al., Nat. Med. 2020, 26, 207.

[107] N. Liu, E. N. Olson, Circ. Res. 2022, 130, 1827.
[108] S. G. Priori, C. Napolitano, N. Tiso, M. Memmi, G. Vignati, R. Bloise,

V. Sorrentino, G. A. Danieli, Circulation. 2001, 103, 196.
[109] S. G. Priori, C. Blomstrom-Lundqvist, A. Mazzanti, N. Blom, M.

Borggrefe, J. Camm, P. M. Elliott, D. Fitzsimons, R. Hatala, G.
Hindricks, P. Kirchhof, K. Kjeldsen, K. H. Kuck, A. Hernandez-
Madrid, N. Nikolaou, T. M. Norekval, C. Spaulding, D. J. Van
Veldhuisen, Eur. Heart J. 2015, 36, 2793.

[110] A. Mazzanti, D. Kukavica, A. Trancuccio, M. Memmi, R. Bloise, P.
Gambelli, M. Marino, M. Ortiz-Genga, M. Morini, N. Monteforte,
U. Giordano, R. Keegan, L. Tomasi, A. Anastasakis, A. M. Davis, W.
Shimizu, N. A. Blom, D. J. Santiago, C. Napolitano, L. Monserrat, S.
G. Priori, JAMA Cardiol. 2022, 7, 504.

[111] A. P. Landstrom, D. Dobrev, X. H. T. Wehrens, Circ. Res. 2017, 120,
1969.

[112] A. J. Marian, Circ. Res. 2021, 128, 1533.
[113] B. J. Maron, M. Y. Desai, R. A. Nishimura, P. Spirito, H. Rakowski, J.

A. Towbin, J. A. Dearani, E. J. Rowin, M. S. Maron, M. V. Sherrid, J
Am Coll Cardiol. 2022, 79, 390.

[114] E. M. Green, H. Wakimoto, R. L. Anderson, M. J. Evanchik, J. M.
Gorham, B. C. Harrison, M. Henze, R. Kawas, J. D. Oslob, H. M.
Rodriguez, Y. Song, W. Wan, L. A. Leinwand, J. A. Spudich, R. S.
McDowell, J. G. Seidman, C. E. Seidman, Science. 2016, 351, 617.

[115] S. Cresci, R. G. Bach, S. Saberi, A. T. Owens, J. A. Spertus, S. M.
Hegde, N. K. Lakdawala, E. K. Nilles, D. M. Wojdyla, A. J. Sehnert,
A. Wang, Circulation. 2024, 149, 498.

[116] S. Ma, W. Jiang, X. Liu, W.-J. Lu, T. Qi, J. Wei, F. Wu, Y. Chang, S.
Zhang, Y. Song, R. Bai, J. Wang, A. S. Lee, H. Zhang, Y. Wang, F. Lan,
Circ. Res. 2021, 129, 895.

[117] S. M. Guilbert, D. Cardoso, N. Levy, A. Muchir, X. Nissan, Methods.
2021, 190, 3.

[118] T. Misteli, Cell. 2021, 184, 293.

[119] S. Dhillon, Drugs. 2021, 81, 283.
[120] L. W. Koblan, M. R. Erdos, C. Wilson, W. A. Cabral, J. M. Levy, Z.-M.

Xiong, U. L. Tavarez, L. M. Davison, Y. G. Gete, X. Mao, G. A. Newby,
S. P. Doherty, N. Narisu, Q. Sheng, C. Krilow, C. Y. Lin, L. B. Gordon,
K. Cao, F. S. Collins, J. D. Brown, D. R. Liu, Nature. 2021, 589, 608.

[121] C. H. Hakim, S. R. P. Kumar, D. O. Perez-Lopez, N. B. Wasala,
D. Zhang, Y. Yue, J. Teixeira, X. Pan, K. Zhang, E. D. Million, C. E.
Nelson, S. Metzger, J. Han, J. A. Louderman, F. Schmidt, F. Feng, D.
Grimm, B. F. Smith, G. Yao, N. N. Yang, C. A. Gersbach, S. J. Chen,
R. W. Herzog, D. Duan, Nat. Commun. 2021, 12, 6769.

[122] C. Li, R. J. Samulski, Nat. Rev. Genet. 2020, 21, 255.
[123] K. Rapti, D. Grimm, Front Immunol. 2021, 12, 753467.
[124] J. D. Finn, A. R. Smith, M. C. Patel, L. Shaw, M. R. Youniss, J. van

Heteren, T. Dirstine, C. Ciullo, R. Lescarbeau, J. Seitzer, R. R. Shah,
A. Shah, D. Ling, J. Growe, M. Pink, E. Rohde, K. M. Wood, W. E.
Salomon, W. F. Harrington, C. Dombrowski, W. R. Strapps, Y. Chang,
D. V. Morrissey, Cell Rep. 2018, 22, 2227.

[125] R. Palla, F. Peyvandi, A. D. Shapiro, Blood. 2015, 125, 2052.
[126] Y. Chen, R. Wen, Z. Yang, Z. Chen, Gene Ther. 2022, 29, 207.
[127] N. Uchida, M. M. Hsieh, L. Raines, J. J. Haro-Mora, S. Demirci, A. C.

Bonifacino, A. E. Krouse, M. E. Metzger, R. E. Donahue, J. F. Tisdale,
Nat. Commun. 2019, 10, 4479.

[128] N. Yasara, N. Wickramarathne, C. Mettananda, I. Silva, N. Hameed,
K. Attanayaka, R. Rodrigo, N. Wickramasinghe, L. Perera, A.
Manamperi, A. Premawardhena, S. Mettananda, Sci. Rep. 2022, 12,
2752.

[129] H. Frangoul, D. Altshuler, M. D. Cappellini, Y. S. Chen, J. Domm,
B. K. Eustace, J. Foell, J. de la Fuente, S. Grupp, R. Handgretinger,
T. W. Ho, A. Kattamis, A. Kernytsky, J. Lekstrom-Himes, A. M. Li,
F. Locatelli, M. Y. Mapara, M. de Montalembert, D. Rondelli, A.
Sharma, S. Sheth, S. Soni, M. H. Steinberg, D. Wall, A. Yen, S.
Corbacioglu, N. Engl. J. Med. 2021, 384, 252.

[130] FDA Approves First Gene Therapies to Treat Patients with
Sickle Cell Disease, https://www.fda.gov/news-events/press-
announcements/fda-approves-first-gene-therapies-treat-patients-
sickle-cell-disease (accessed: December 2023).

[131] A. Srivastava, E. Santagostino, A. Dougall, S. Kitchen, M.
Sutherland, S. W. Pipe, M. Carcao, J. Mahlangu, M. V. Ragni, J.
Windyga, A. Llinas, N. J. Goddard, R. Mohan, P. M. Poonnoose,
B. M. Feldman, S. Z. Lewis, H. M. van den Berg, G. F. Pierce,
Haemophilia. 2020, 26, 1.

[132] M. Franchini, M. Zaffanello, D. Focosi, Expert Opin Pharmacother.
2023, 24, 729.

[133] S. W. Pipe, F. W. G. Leebeek, M. Recht, N. S. Key, G. Castaman, W.
Miesbach, S. Lattimore, K. Peerlinck, P. Van der Valk, M. Coppens, P.
Kampmann, K. Meijer, N. O’Connell, K. J. Pasi, D. P. Hart, R. Kazmi,
J. Astermark, C. Hermans, R. Klamroth, R. Lemons, N. Visweshwar,
A. von Drygalski, G. Young, S. E. Crary, M. Escobar, E. Gomez, R.
Kruse-Jarres, D. V. Quon, E. Symington, M. Wang, et al., N. Engl. J.
Med. 2023, 388, 706.

[134] S. Morishige, S. Mizuno, H. Ozawa, T. Nakamura, A. Mazahery, K.
Nomura, R. Seki, F. Mouri, K. Osaki, K. Yamamura, T. Okamura, K.
Nagafuji, Int J Hematol. 2020, 111, 225.

[135] J. Chen, B. An, B. Yu, X. Peng, H. Yuan, Q. Yang, X. Chen, T. Yu, L.
Wang, X. Zhang, H. Wang, X. Zou, D. Pang, H. Ouyang, X. Tang,
Haematologica. 2021, 106, 829.

[136] O. Iancu, D. Allen, O. Knop, Y. Zehavi, D. Breier, A. Arbiv, A. Lev, Y.
N. Lee, K. Beider, A. Nagler, R. Somech, A. Hendel, Mol Ther Nucleic
Acids. 2023, 31, 105.

[137] A. Fischer, S. Hacein-Bey-Abina, J. Exp. Med. 2020, 217, e20190607.
[138] C. Antoine, S. Muller, A. Cant, M. Cavazzana-Calvo, P. Veys, J.

Vossen, A. Fasth, C. Heilmann, N. Wulffraat, R. Seger, S. Blanche, W.
Friedrich, M. Abinun, G. Davies, R. Bredius, A. Schulz, P. Landais,
A. Fischer, Lancet. 2003, 361, 553.

Adv. Funct. Mater. 2024, 2402630 2402630 (16 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202402630 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapies-treat-patients-sickle-cell-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapies-treat-patients-sickle-cell-disease
https://www.fda.gov/news-events/press-announcements/fda-approves-first-gene-therapies-treat-patients-sickle-cell-disease


www.advancedsciencenews.com www.afm-journal.de

[139] G. D. E. Cuvelier, B. R. Logan, S. E. Prockop, R. H. Buckley, C. Y.
Kuo, L. M. Griffith, X. Liu, A. Yip, M. S. Hershfield, P. G. Ayoub, T. B.
Moore, M. J. Dorsey, R. J. O’Reilly, N. Kapoor, S. Y. Pai, M. Kapadia,
C. L. Ebens, L. R. Forbes Satter, L. M. Burroughs, A. Petrovic, D.
Chellapandian, J. Heimall, D. C. Shyr, A. Rayes, J. J. Bednarski, S.
Chandra, S. Chandrakasan, A. P. Gillio, L. Madden, T. C. Quigg, et al.,
Blood. 2022, 140, 685.

[140] M. J. Cowan, J. Yu, J. Facchino, C. Fraser-Browne, U. Sanford,
M. Kawahara, J. Dara, J. Long-Boyle, J. Oh, W. Chan, S. Chag, L.
Broderick, D. Chellapandian, H. Decaluwe, C. Golski, D. Hu, C. Y.
Kuo, H. K. Miller, A. Petrovic, R. Currier, J. F. Hilton, D. Punwani, C.
C. Dvorak, H. L. Malech, R. S. McIvor, J. M. Puck, N. Engl. J. Med.
2022, 387, 2344.

[141] a) C. Li, A. Georgakopoulou, G. A. Newby, P. J. Chen, K. A. Everette,
K. Paschoudi, E. Vlachaki, S. Gil, A. K. Anderson, T. Koob, Blood,
J. Am. Soc. Hem. 2023, 141, 2085; b) T. C. Ha, M. Morgan, A.
Schambach, Signal Transduct Target Ther. 2023, 8, 354.

[142] G. E. McAuley, G. Yiu, P. C. Chang, G. A. Newby, B. Campo-
Fernandez, S. T. Fitz-Gibbon, X. Wu, S. L. Kang, A. Garibay, J. Butler,
V. Christian, R. L. Wong, K. A. Everette, A. Azzun, H. Gelfer, C. S.
Seet, A. Narendran, L. Murguia-Favela, Z. Romero, N. Wright, D. R.
Liu, G. M. Crooks, D. B. Kohn, Cell. 2023, 186, 1398.

[143] A. V. Cideciyan, Prog. Retinal Eye Res. 2010, 29, 398.
[144] A. I.den Hollander, R. Roepman, R. K. Koenekoop, F. P. Cremers,

Prog Retin Eye Res. 2008, 27, 391.
[145] W. Chiu, T. Y. Lin, Y. C. Chang, H. Isahwan-Ahmad Mulyadi Lai, S. C.

Lin, C. Ma, A. A. Yarmishyn, S. C. Lin, K. J. Chang, Y. B. Chou, C. C.
Hsu, T. C. Lin, S. J. Chen, Y. Chien, Y. P. Yang, D. K. Hwang, Int. J.
Mol. Sci. 2021, 22, 4534.

[146] J. Gao, R. M. Hussain, C. Y. Weng, Clin Ophthalmol. 2020, 14,
3855.

[147] A. C. Barber, C. Hippert, Y. Duran, E. L. West, J. W. Bainbridge, K.
Warre-Cornish, U. F. Luhmann, J. Lakowski, J. C. Sowden, R. R. Ali,
R. A. Pearson, Proc Natl Acad Sci U S A. 2013, 110, 354.

[148] G. X. Ruan, E. Barry, D. Yu, M. Lukason, S. H. Cheng, A. Scaria, Mol.
Ther. 2017, 25, 331.

[149] D. H. Jo, H.-K. Jang, C. S. Cho, J. H. Han, G. Ryu, Y. Jung, S. Bae, J.
H. Kim, Mol. Ther.-Nucl. Acids. 2023, 31, 16.

[150] S. Sato, I. V. Peshenko, E. V. Olshevskaya, V. J. Kefalov, A. M.
Dizhoor, J. Neurosci. 2018, 38, 2990.

[151] R. W. Mellen, K. R. Calabro, K. T. McCullough, S. M. Crosson, A.
Cova, D. Fajardo, E. Xu, S. L. Boye, S. E. Boye, Mol. Ther. Methods
Clin. Dev. 2023, 30, 48.

[152] K. T. McCullough, S. L. Boye, D. Fajardo, K. Calabro, J. J. Peterson,
C. E. Strang, D. Chakraborty, S. Gloskowski, S. Haskett, S.
Samuelsson, Hum. Gene Ther. 2019, 30, 571.

[153] F. F. Reichel, D. L. Dauletbekov, R. Klein, T. Peters, G. A. Ochakovski,
I. P. Seitz, B. Wilhelm, M. Ueffing, M. Biel, B. Wissinger, S.
Michalakis, K. U. Bartz-Schmidt, M. D. Fischer, R.-C. Consortium,
Mol. Ther. 2017, 25, 2648.

[154] E. H. Choi, S. Suh, A. E. Sears, R. Holubowicz, S. R. Kedhar, A. W.
Browne, K. Palczewski, Exp. Mol. Med. 2023, 55, 1678.

[155] L. Guan, Y. Han, C. Yang, S. Lu, J. Du, H. Li, J. Lin, Mol. Neurobiol.
2022, 59, 968.

[156] H. Paulson, Handb. Clin. Neurol. 2018, 147, 105.
[157] a) S. Lempriere, Nat. Rev. Neurol. 2019, 15, 435; b) F. Conroy, R.

Miller, J. F. Alterman, M. R. Hassler, D. Echeverria, B. Godinho, E.
G. Knox, E. Sapp, J. Sousa, K. Yamada, F. Mahmood, A. Boudi, K.
Kegel-Gleason, M. DiFiglia, N. Aronin, A. Khvorova, E. L. Pfister,
Nat. Commun. 2022, 13, 5802.

[158] A. C. Bachoud-Levi, J. Ferreira, R. Massart, K. Youssov, A. Rosser, M.
Busse, D. Craufurd, R. Reilmann, G. De Michele, D. Rae, F. Squitieri,
K. Seppi, C. Perrine, C. Scherer-Gagou, O. Audrey, C. Verny, J. M.
Burgunder, Front Neurol. 2019, 10, 710.

[159] K. H. Morelli, Q. Wu, M. L. Gosztyla, H. Liu, M. Yao, C. Zhang, J.
Chen, R. J. Marina, K. Lee, K. L. Jones, Nat. Neurosci. 2023, 26, 27.

[160] J. E. Powell, C. K. W. Lim, R. Krishnan, T. X. McCallister, C. Saporito-
Magrina, M. A. Zeballos, G. D. McPheron, T. Gaj, Sci. Adv. 2022, 8,
eabk2485.

[161] H. L. Gray-Edwards, A. N. Randle, S. A. Maitland, H. R. Benatti, S.
M. Hubbard, P. F. Canning, M. B. Vogel, B. L. Brunson, M. Hwang, L.
E. Ellis, A. M. Bradbury, A. S. Gentry, A. R. Taylor, A. A. Wooldridge,
D. R. Wilhite, R. L. Winter, B. K. Whitlock, J. A. Johnson, M. Holland,
N. Salibi, R. J. Beyers, J. L. Sartin, T. S. Denney, N. R. Cox, M. Sena-
Esteves, D. R. Martin, Hum. Gene Ther. 2018, 29, 312.

[162] V. V. Solovyeva, A. A. Shaimardanova, D. S. Chulpanova, K. V.
Kitaeva, L. Chakrabarti, A. A. Rizvanov, Front Physiol. 2018, 9, 1663.

[163] M. Alves-Bezerra, N. Furey, C. G. Johnson, K. D. Bissig, JHEP Rep.
2019, 1, 392.

[164] F. P. Pankowicz, M. Barzi, X. Legras, L. Hubert, T. Mi, J. A. Tomolonis,
M. Ravishankar, Q. Sun, D. Yang, M. Borowiak, P. Sumazin, S. H.
Elsea, B. Bissig-Choisat, K. D. Bissig, Nat. Commun. 2016, 7, 12642.

[165] J. M. Chinsky, R. Singh, C. Ficicioglu, C. D. M. van Karnebeek, M.
Grompe, G. Mitchell, S. E. Waisbren, M. Gucsavas-Calikoglu, M. P.
Wasserstein, K. Coakley, C. R. Scott, Genet Med. 2017, 19, 1380.

[166] H. El-Karaksy, M. Rashed, R. El-Sayed, M. El-Raziky, N. El-Koofy, M.
El-Hawary, O. Al-Dirbashi, Eur J Pediatr. 2010, 169, 689.

[167] M. Qiu, Z. Glass, J. Chen, M. Haas, X. Jin, X. Zhao, X. Rui, Z. Ye, Y.
Li, F. Zhang, Proc. Natl. Acad. Sci. USA. 2021, 118, e2020401118.

[168] P. Gu, Q. Yang, B. Chen, Y. N. Bie, W. Liu, Y. Tian, H. Luo, T. Xu, C.
Liang, X. Ye, Y. Liu, X. Tang, W. Gu, Mol Ther Methods Clin Dev. 2021,
21, 530.

[169] M. Bjursell, M. J. Porritt, E. Ericson, A. Taheri-Ghahfarokhi, M.
Clausen, L. Magnusson, T. Admyre, R. Nitsch, L. Mayr, L. Aasehaug,
EBioMedicine. 2018, 29, 104.

[170] R. Lorincz, D. T. Curiel, Am. J. Respir. Cell Mol. Biol. 2020, 63, 560.
[171] G. Gernoux, A. M. Gruntman, M. Blackwood, M. Zieger, T. R. Flotte,

C. Mueller, Mol. Ther. 2020, 28, 747.
[172] J. E. Kaserman, K. Hurley, M. Dodge, C. Villacorta-Martin, M. Vedaie,

J.-C. Jean, D. C. Liberti, M. F. James, M. I. Higgins, N. J. Lee, Stem
Cell Rep. 2020, 15, 242.

[173] F. J. Raal, R. D. Santos, Atherosclerosis. 2012, 223, 262.
[174] M. Al Dubayee, M. Kayikcioglu, J. R. van Lennep, N. Hergli, P. Mata,

Adv. Ther. 2022, 39, 3042.
[175] D. J. Blom, M. Harada-Shiba, P. Rubba, D. Gaudet, J. J. P. Kastelein,

M. J. Charng, R. Pordy, S. Donahue, S. Ali, Y. Dong, N. Khilla, P.
Banerjee, M. Baccara-Dinet, R. S. Rosenson, J Am Coll Cardiol. 2020,
76, 131.

[176] M. Arca, S. Celant, P. P. Olimpieri, A. Colatrella, L. Tomassini, L.
D’Erasmo, M. Averna, A. Zambon, A. L. Catapano, P. Russo, J Am
Heart Assoc. 2023, 12, e026550.

[177] D. K. Arnett, R. S. Blumenthal, M. A. Albert, A. B. Buroker, Z. D.
Goldberger, E. J. Hahn, C. D. Himmelfarb, A. Khera, D. Lloyd-Jones,
J. W. McEvoy, E. D. Michos, M. D. Miedema, D. Munoz, S. C. Smith
jr., S. S. Virani, K. A. Williams sr., J. Yeboah, B. Ziaeian, Circulation.
2019, 140, e563.

[178] a) W. Sun, J. Wang, Q. Hu, X. Zhou, A. Khademhosseini, Z. Gu, Sci.
Adv. 2020, 6, eaba2983; b) S. Xu, K. Luk, Q. Yao, A. H. Shen, J. Zeng,
Y. Wu, H.-Y. Luo, C. Brendel, L. Pinello, D. H. Chui, Blood, J. Amer.
Soc. Hem. 2019, 133, 2255.

[179] L. N. Kasiewicz, S. Biswas, A. Beach, H. Ren, C. Dutta, A. M.
Mazzola, E. Rohde, A. Chadwick, C. Cheng, S. P. Garcia, Nat. Com-
mun. 2023, 14, 2776.

[180] A. Srivastava, K. M. G. Mallela, N. Deorkar, G. Brophy, J. Pharm. Sci.
2021, 110, 2609.

[181] J. C. M. van der Loo, J. F. Wright, Hum. Mol. Genet. 2015, 25, R42.
[182] F. Alkan, A. Wenzel, C. Anthon, J. H. Havgaard, J. Gorodkin, Genome

Biol. 2018, 19, 1.

Adv. Funct. Mater. 2024, 2402630 2402630 (17 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202402630 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

[183] M. Naeem, S. Majeed, M. Z. Hoque, I. Ahmad, Cells. 2020, 9, 1608.
[184] J. P. Guilinger, V. Pattanayak, D. Reyon, S. Q. Tsai, J. D. Sander, J. K.

Joung, D. R. Liu, Nat. Methods. 2014, 11, 429.
[185] S. Q. Tsai, J. K. Joung, Nat. Rev. Genet. 2016, 17, 300.
[186] X. Liang, J. Potter, S. Kumar, Y. Zou, R. Quintanilla, M. Sridharan, J.

Carte, W. Chen, N. Roark, S. Ranganathan, J. Biotechnol. 2015, 208,
44.

[187] G. H. Chuai, Q. L. Wang, Q. Liu, Trends Biotechnol. 2017, 35, 12.
[188] A. Mehta, O. M. Merkel, J. Pharm. Sci. 2020, 109, 62.
[189] a) D. L. Wagner, L. Amini, D. J. Wendering, L.-M. Burkhardt, L.

Akyüz, P. Reinke, H.-D. Volk, M. Schmueck-Henneresse, Nat. Med.
2019, 25, 242; b) C. T. Charlesworth, P. S. Deshpande, D. P. Dever,
J. Camarena, V. T. Lemgart, M. K. Cromer, C. A. Vakulskas, M. A.
Collingwood, L. Zhang, N. M. Bode, Nat. Med. 2019, 25, 249.

[190] M. Chehelgerdi, M. Chehelgerdi, M. Khorramian-Ghahfarokhi, M.
Shafieizadeh, E. Mahmoudi, F. Eskandari, M. Rashidi, A. Arshi, A.
Mokhtari-Farsani, Mol Cancer. 2024, 23, 9.

[191] S. Z. M. Mohanna, D. Djaksigulova, A. M. Hill, P. K. Wagner, E. M.
Simpson, B. R. Leavitt, J. Controlled Release. 2022, 350, 401.

[192] S. Vaidyanathan, K. T. Azizian, A. A. Haque, J. M. Henderson,
A. Hendel, S. Shore, J. S. Antony, R. I. Hogrefe, M. S.
Kormann, M. H. Porteus, Molecular Therapy-Nucleic Acids. 2018, 12,
530.

[193] I. Hyun, A. Wilkerson, J. Johnston, Nature. 2016, 533, 169.
[194] S. Mezinska, L. Gallagher, M. Verbrugge, E. M. Bunnik, Hum Ge-

nomics. 2021, 15, 16.
[195] A. L. Caplan, B. Parent, M. Shen, C. Plunkett, EMBO Rep. 2015, 16,

1421.
[196] J. E. Alpert, M. M. Biggs, L. Davis, K. Shores-Wilson, W. R. Harlan, G.

W. Schneider, A. L. Ford, A. Farabaugh, D. Stegman, A. L. Ritz, M. M.
Husain, L. Macleod, S. R. Wisniewski, A. J. Rush, S. D. Investigators,
Psychiatry Res. 2006, 141, 193.

[197] A. R. Bentley, S. Callier, C. N. Rotimi, J Community Genet. 2017, 8,
255.

Xinpu Yang is a Ph.D.candidate in A/Prof Wei Deng’s group at the School of Biomedical Engineering,
University of Technology Sydney. Her current research is investigating on the development of lipid
nanoparticles for CRISPR gene editing in genetic diseases treatment.

Thuy Anh Bui received her Ph.D. in cardiac physiology from the University of Manchester, UK, in 2018.
As a post-doctoral researcher, she investigated novel gene therapies for cardiac and oncology diseases
at the University of Manchester, UK, and the University of Technology Sydney. Currently, she is transi-
tioning to clinical applications, monitoring trials for geriatric orthopedic interventions’ care models at
the Ingham Institute for Applied Medical Research. Her diverse research journey highlights her dedi-
cation to advancing medical knowledge and translating research findings into practical solutions for
patient care.

Haoqi Mei is Ph.D candidate at the University of Technology Sydney (UTS). His research focuses on
immunotherapy and developing CRISPR/Cas9 based in vivo CAR-T therapy for Triple Negative Breast
Cancer.

Adv. Funct. Mater. 2024, 2402630 2402630 (18 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202402630 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Yagiz Aksoy MD PhD is a clinician-researcher with a deep commitment to advancing medicine
through technology. With a background in synthetic biology, his PhD work focused on the develop-
ment and use of genomic editing technologies such as CRISPR-Cas9 to generate animal models of
human diseases. During his medical training, Yagiz applied machine learning to develop various clini-
cal decision tools. Many of the algorithms he designed have been successfully implemented in clinical
settings, enhancing patient care.

Fei Deng is a Research Associate in the Graduate School of Biomedical Engineering, University of
New South Wales (UNSW). His research interests focus on precision diagnosis, including CRISPR
biosensing, point-of-care biosensing, immunosensing and deployable in vivo devices for detection of
small molecules, small proteins, nucleic acids, microorganisms, and exosomes.

Gyorgy Hutvagner is an expert in RNA biology, his research mainly focuses on small RNAs (miRNAs,
siRNAs) and noncoding RNAs. Besides studying the molecular mechanism of small RNA biogene-
sis and function his laboratory is interested in developing small RNA-based cancer biomarkers and
develop small RNA-based cancer therapeutics.

Wei Deng is Head of the Cancer Nanomedicine Group at the School of Biomedical Engineering at the
University of Technology Sydney. Her pioneering transdisciplinary research spans nanotechnology,
gene engineering, and biomedical research to create new technologies for the treatment of cancers
and genetic disorders. Deng’s current research was mainly focused on developing advanced therapeu-
tic methods using nanocarriers, particularly in the areas of gene and cell therapy.

Adv. Funct. Mater. 2024, 2402630 2402630 (19 of 19) © 2024 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202402630 by N
ational H

ealth A
nd M

edical R
esearch C

ouncil, W
iley O

nline L
ibrary on [27/05/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.afm-journal.de

