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Abstract: Subretinal injection (SR injection) is a commonly used method of ocular drug delivery and has been mainly applied for the 
treatment of neovascular age-associated macular degeneration (nAMD) and sub-macular hemorrhage (SMH) caused by nAMD, as 
well as various types of hereditary retinopathies (IRD) such as Stargardt’s disease (STGD), retinitis pigmentosa (RP), and a series of 
fundus diseases such as Leber’s congenital dark haze (LCA), choroidal defects, etc. The commonly used carriers of SR injection are 
mainly divided into viral and non-viral vectors. Leber’s congenital amaurosis (LCA), choroidal agenesis, and a series of other fundus 
diseases are also commonly treated using SR injection. The commonly used vectors for SR injection are divided into two categories: 
viral vectors and non-viral vectors. Viral vectors are a traditional class of SR injection drug carriers that have been extensively studied 
in clinical treatment, but they still have many limitations that cannot be ignored, such as poor reproduction efficiency, small loading 
genes, and triggering of immune reactions. With the rapid development of nanotechnology in the treatment of ocular diseases, 
nanovectors have become a research hotspot in the field of non-viral vectors. Nanocarriers have numerous attractive properties such as 
low immunogenicity, robust loading capacity, stable structure, and easy modification. These valuable features imply greater safety, 
improved therapeutic efficacy, longer duration, and more flexible indications. In recent years, there has been a growing interest in 
nanocarriers, which has led to significant advancements in the treatment of ocular diseases. Nanocarriers have not only successfully 
addressed clinical problems that viral vectors have failed to overcome but have also introduced new therapeutic possibilities for certain 
classical disease types. Nanocarriers offer undeniable advantages over viral vectors. This review discusses the advantages of subretinal 
(SR) injection, the current status of research, and the research hotspots of gene therapy with viral vectors. It focuses on the latest 
progress of nanocarriers in SR injection and enumerates the limitations and future perspectives of nanocarriers in the treatment of 
fundus lesions. Furthermore, this review also covers the research progress of nanocarriers in the field of subretinal injection and 
highlights the value of nanocarrier-mediated SR injection in the treatment of fundus disorders. Overall, it provides a theoretical basis 
for the application of nanocarriers in SR injection. 
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Introduction
SR injection is a commonly used method for intraocular drug delivery. It is widely utilized in the treatment of nAMD1 

and SMH due to nAMD,2 as well as different types of IRDs (eg RPE65-associated LCA,3 CHM-associated choroidal 
agenesis,4 MERTK-associated RP,5 and ABCA4-associated STGD6). SR injection has become the preferred therapy for 
treating IRD, and various vectors have been developed and tailored for different types of IRD.7 In the case of SMH, the 
preferred method is subretinal injections of tissue plasminogen activator (tPA), which is considered the gold standard.8 

Moreover, for treating nAMD, which involves neovascularization, a promising approach involves combining different 
drugs that inhibit neovascularization with carriers and injecting them into the subretinal space (SRS). This method has 
shown a positive impact on disease control.9
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A series of therapeutic methods, such as laser therapy, vitrectomy surgery, and gene therapy through intravitreal drug 
delivery routes, have been developed over the years. However, these methods still have shortcomings, including poor 
therapeutic effect and short duration. These shortcomings can be perfectly remedied by SR injection. SR injection can 
deliver drugs directly to the SRS, which is the potential space between photoreceptors and retinal pigment epithelial 
(RPE) cells in the outer layer of the retina. This avoids the need for long-distance delivery through the vitreous body and 
the barrier effect of the inner limiting membrane (ILM). As a result, the drugs can directly contact the target cells.10 

Furthermore, drugs delivered by SR injection do not elicit an immune reaction with the body due to the special immune 
privilege of SRS.11 Therefore, SR injection is generally considered to have many advantages, including good transduc-
tion efficiency, delivery efficiency, and safety.

Viruses are traditionally used as vectors for subretinal injection, with adeno-associated virus (AAV) being the most 
widely used. Recombinant adeno-associated virus (rAAV)-mediated SR injection provides a more effective and safer way 
to treat fundus disorders. It has demonstrated favorable efficacy in in vivo tests in both small animals (eg, mice) and large 
animals (eg, dogs).12–14 Furthermore, in 2018, the first gene therapy drugs using rAAV vectors for the treatment of 
RPE65-deficient IRD were introduced.15 However, viral vectors also have significant drawbacks. Studies have shown 
that subretinal injection of AAV can activate the immune response, leading to intraocular inflammation and the 
production of neutralizing antibodies that bind to AAV. This weakens the efficacy of the treatment.16 In recent years, non- 
viral vectors, particularly nanocarriers, have been found to offer the advantages of good safety and high therapeutic 
efficiency. As a result, they have attracted research interest in the field of subretinal injection.

Nanocarriers tend to be around 100 nm in size.17 The most commonly used materials include liposomes, inorganic 
nanocarriers and polymer nanocarriers.18,19 So far, nanotechnology has been useful in almost all fields of medicine, 
including imaging, sensors, and drug delivery. With the recent development of nanotechnology, nanocarriers have been 
well-developed and applied in the field of SR injection for the treatment of diseases such as macular degeneration and 
hereditary retinopathy. Table 1 lists the key research conducted in the field of nanocarrier-mediated subretinal injection in 
recent years. These studies will be described in detail in the section titled ‘Recent Progress in Subretinal Injection of 
Nanocarriers’. Nanocarriers have emerged as a promising class of injection carriers for sustained-release (SR) delivery 
due to their numerous advantages. These include extended duration of action, enhanced safety, and targeted and precise 
delivery.17 By surpassing the limitations of conventional viral carriers, they offer a novel approach for the treatment of 
fundus diseases through subretinal injection.

The aim of this paper is to present the research progress of nanocarriers in SR injection. Firstly, we outline the 
application scope, advantages, and current research status of SR injection. Then, we discuss the characteristics and 
research hotspots of viral vectors and non-viral vectors commonly used in SR injection. Additionally, we focus on the 
recent research focus of non-viral vectors, specifically the latest research progress of nanocarriers in SR injection. We 
also evaluate the value of nanocarriers in SR injection for the treatment of fundopathy and provide a future outlook. This 
can serve as a reference for subsequent clinical research.

How Important the Subretinal Injection is?
SR injection is a widely used method of delivering drugs into the eye, specifically targeting the SRS, located between the 
RPE cells and the photoreceptors.28 It has been demonstrated that SR injection is the most efficient route for delivering 
genetic material to both photoreceptor and RPE cells, with the outer retinal layer exhibiting the highest level of transgene 
expression.29 In recent years, SR injection has gained considerable attention in both preclinical and clinical investigations 
of fundus diseases.

In the disease areas where SR injection is most widely used, namely SMH due to nAMD and the treatment of various 
types of IRD, many studies have demonstrated that SR injection outperforms conventional therapies. SMH is a vision- 
threatening complication that occurs secondary to nAMD. It involves the formation of clots due to coagulation and 
contraction of blood in the SRS, which pulls on the retina. Additionally, iron in the blood is toxic to the photoreceptors. 
Conventional treatments for SMH include laser therapy, vitrectomy, and intravitreal injection (IVT) of anti-VEGF drugs. 
However, these conventional therapies have been shown to cause significant damage to the photoreceptors and retina.30 

Recently, it has been suggested that SR injection of tissue plasminogen activator (tPA) can be a viable solution to this 
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Table 1 Key Studies on Nanocarriers for Subretinal Injection

Name of carrier Type Composition Application Advantage References

Silica-metal-organic framework hybrid 
nanoparticles

Silica-metal- 
organic hybrid 

nanoparticle

Zeolitic imidazole framework, 
silica

Gene therapy 
for inherited 

retinal diseases

Good endosomal escape ability, a wide variety of drugs 
transported, high safety, high loading rate, and high transfection 

efficiency

[20]

Silica nanoparticle – poly (ethylene glycol)- all 

trans retinoic acid-CRISPR-Cas9 

ribonucleoprotein

Silica 

nanocarrier

Silica, CRISPR-Cas9 RNP, all-trans 

-retinoic acid (ATRA), Poly 

(Ethylene Glycol) (PEG)

Gene therapy 

for inherited 

retinal diseases

Strong endosomal escape ability, targeted towards RPE cells, 

maintained DNA structural stability, high transfection 

efficiency, high safety, and long duration

[21]

Poly (3-hexylthiophene) nanoparticles Organic 

nanopolymer

Conjugated poly 

[3-hexylthiophene]

Degenerative 

retinal disease

Protects neurons, assists in the production of vision [22]

Diphosphate-80 chloroquine nanoparticles Cationic 

liposome

Non-ionic surfactant, liposome, 

chloroquine

Gene therapy 

for inherited 
retinal diseases

High reproduction efficiency and low production costs [23]

Poly (ethylene glycol)-(1-aminoethyl) iminobis 
[n-(oleoylcysteinyl-1-amino-ethyl) 

propionamide /DNA nanoparticles

Lipid 
nanocarrier

(1-aminoethyl) iminobis 
[N-(oleoylcysteinyl-1-amino- 

ethyl) propionamide, PEG, DNA

Gene therapy 
for inherited 

retinal diseases

High delivery efficiency, high loading capacity, and stable DNA 
structure

[24]

Super porous spongy silica nanostructures Spongy 

porous silica 

nanocarrier

Spongy porous silica Gene therapy 

for inherited 

retinal diseases

Efficient delivery of various gene editing components and high 

knockout rate

[25]

Dextran-protamine- solid lipid nanoparticles Solid lipid 

nanocarrier

Dextran, protamine, solid lipid 

nanoparticle, DNA

Gene therapy 

for inherited 
retinal diseases

Protection of DNA structure, assisted DNA delivery, and high 

transfection efficiency

[26]

Octa(3-aminopropyl)silsesquioxane polylysine 
dendrimers/ECO/DNA nanoparticles

Dendritic 
nanopolymer

Dendritic nanopolymer, ECO, 
DNA

Gene therapy 
for inherited 

retinal diseases

Low N/P ratio, high security, and high delivery efficiency [27]
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problem. tPA can be directly and evenly delivered to the SRS through SR injection, where it can interact with the clot and 
create a more favorable environment for subsequent blood replacement. This method effectively reduces the incidence of 
medically induced injury.6

Gene therapy is a viable and effective option for a variety of different types of IRDs.31 The traditional method of 
administration for gene therapy in IRDs is via IVT. However, as research has advanced, it has become evident that 
subretinal injection appears better results compared to IVT. The success of SR injection is well supported by theoretical 
evidence.32 To provide a comprehensive overview, we have compiled a list of approved clinical trials focusing on 
subretinal injection in the past five years, which is presented in Table 2.

Firstly, when treating eye-related diseases via the IVT route, drugs based on viral vectors are immediately diluted in 
the vitreous, and only a few reach the target cells. In order to achieve the desired efficacy, the concentration of the 
administered drug must be increased, and a high concentration of the virus often implies the possibility of eliciting 
a stronger immune response.33 SR injection allows the vector to penetrate the dense vitreous body without being diluted. 
Therefore, the effective dose required for SR injection treatment is much smaller than that for IVT, and a smaller 
therapeutic dose represents a higher safety profile.

Secondly, SR injection has the capability to traverse the dense ILM and directly deliver therapeutic vectors to 
RPE cells and photoreceptors. This effectively overcomes the barrier posed by the ILM to drug delivery and 
enhances transduction efficiency. In contrast, gene therapy drugs administered IVT also need to cross the ILM, 
which serves as both a physical and biological barrier between the vitreous and the retina.34 A study conducted by 

Table 2 Clinical Trials Related to Subretinal Injection

Drug Indication Phase Year Clinical Trail Number

FT-002 X-linked Retinitis Pigmentosa Phase I/II 2024 NCT06492850

ACDN-01 ABCA4-Related Retinopathies Phase I/II 2024 NCT06467344

Eyecyte-RPE™ Dry Age-Related Macular Degeneration Phase I/II 2024 NCT06394232

OCU400-301 Retinitis Pigmentosa (RP) Associated with RHO Mutations Phase III 2024 NCT06388200

JWK006 Stargardt Disease (STGD1) Phase I/II 2023 NCT06300476

AGTC-501 X-linked Retinitis Pigmentosa Phase II 2023 NCT06275620

LX102 Neovascular Age-Related Macular Degeneration Phase I 2023 NCT06198413

EXG102-031 Neovascular age-related macular degeneration Phase I/II 2023 NCT06183814

RRG001 Neovascular Age-Related Macular Degeneration Phase I/II 2023 NCT06141460

OCU410 Dry Age-related Macular Degeneration Phase I/II 2023 NCT06018558

NG101 Neovascular Age-Related Macular Degeneration Phase I/II 2023 NCT05984927

AAV5-hRKp.RPGR Retinitis Pigmentosa GTPase Regulator Phase III 2023 NCT05926583

FT-001 Biallelic RPE65 Mutation-Associated Retinal Dystrophy Phase I/II 2022 NCT05858983

ZVS101e Bietti’s Crystalline Dystrophy Phase I/II 2023 NCT05832684

SPVN06 Rod-Cone Dystrophy Phase I/II 2023 NCT05748873

KH631 Neovascular Age-Related Macular Degeneration Phase I/II 2023 NCT05672121

OPGx-LCA5-1001 LCA5-Associated Inherited Retinal Degeneration Phase I/II 2023 NCT05616793

RGX-314 Neovascular Age-Related Macular Degeneration Phase III 2021 NCT05407636

CB-PRP Dry Age-related Macular Degeneration Phase III 2020 NCT04636853
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Woodard et al demonstrated that acetyl heparin sulfate proteoglycans (HSPGs) are abundant in the ILM and play 
a crucial role in facilitating key processes for postretinal transduction of AAV.35 Only AAV serotypes 2 and 3 are 
capable of postretinal transduction, therefore, utilizing the IVT route for drug delivery not only significantly limits 
the applicability of AAV carriers in treating fundus disorders but also introduces additional obstacles in the 
delivery process, consequently reducing therapeutic efficiency.

Thirdly, SR injection delivers the vector into the SRS, which not only avoids exposing the viral vector to the bloodstream, 
where it could be neutralized by antibodies, but also does not trigger an adaptive immune response. This not only enhances 
therapeutic efficacy and safety, but also enables repeat treatment with SR injection. The closely connected RPE cells on one 
side of the subretinal space, along with the retinal vascular endothelial cells on the other side, contribute to the restricted 
anatomy of the SRS as well as its immune privilege.36 This immune privilege helps maintain the stability of the retina and 
photoreceptors by producing its own immunomodulatory factors, unlike the vitreous body, which is connected to the body’s 
circulatory system.37 Epidemiological data have shown that a certain percentage of individuals in many regions of the world 
have anti-AAV neutralizing antibodies, ranging from 30% to 60%.38 The use of IVT for drug delivery would result in the 
viral vectors binding to the neutralizing antibodies, thereby reducing the delivery efficiency.

In addition, SR injection inevitably leads to small-scale retinal detachments, which can cause damage to the delicate 
retina. This disadvantage, which causes medical harm, has significantly hindered the advancement of SR injection in clinical 
practice for treating ocular diseases. However, recent evidence suggests that patients’ retinal structure and function can be 
restored within one month after the occurrence of medical damage.39 Moreover, in the majority of patients, the improvement 
in ocular function resulting from SR injection has outweighed the damage caused by the procedure.40,41

What are the Commonly Used Carriers for Subretinal Injection?
What Role Does the Viral Vector Play in Subretinal Injection?
Viral vectors are the traditional vectors for subretinal injection. The original genome of the virus has been replaced with 
the desired therapeutic genes for different diseases and delivered to the SRS.42 The virally delivered genes integrate with 
the genome of the target cells through endocytosis to repair genetic defects.43 Many species of viruses have shown 
effectiveness in ocular gene delivery.44 Commonly used viral vectors include lentivirus (LVV), adenovirus (AdV), and 
adeno-associated virus (AAV), among others. Each type of virus has its unique advantages.

Lentivirus
Lentiviruses (LVVs) are single-stranded RNA retroviruses with a loading capacity of about 8–9 kb.45 A significant advantage 
of LVs over other viral vectors is their robust gene loading capacity. This is expected to further address IRD caused by larger 
gene mutations. It has been shown that the non-pathogenic equine infectious anemia virus (EIAV) can be used as a gene 
therapy for STGD disease, which is currently undergoing clinical trials.46 However, the gene integration ability, as well as the 
transduction ability, of lentiviruses is not satisfactory and has the disadvantage of low therapeutic efficiency.

Adenovirus
Adenovirus (AdV) is a double-stranded DNA virus with a larger gene loading capacity of 30–40 kb compared to other 
viruses. The transduction pathway of AdV is capable of activating the immune pathway and stimulating the body to 
produce adaptive immunity. Therefore, it has a significant advantage in the production of vaccine vectors.47 Additionally, 
AdV has the ability to selectively infect cancer cells and induce an immune response to kill cancer cells, providing 
a promising approach in gene therapy for cancer.48 However, it is important to note that AdV carries the risk of inducing 
a severe immune response. When neutralizing antibodies are present in the organism, the transduction efficiency is 
greatly reduced, posing challenges for long-term repeated gene therapy.

Adeno-Associated Virus
Adeno-associated virus (AAV) is a small, single-stranded DNA virus that is named because it can only replicate in the 
presence of Ad. AAV is widely considered the preferred vector for retinal gene therapy due to several advantages, 
including greater safety, lower inflammatory response, improved therapeutic efficacy, and longer duration of treatment.49 

AAV has multiple serotypes, with AAV type 2 (AAV2) currently being the most commonly used viral vector for ocular 
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drug delivery. This is because AAV2 has the ability to bind to HSPG on ILM and undergo post-retinal transduction.35 

Recently, Wiley et al50 observed that AAV type 1 (AAV1) and type 4 (AAV4) have the highest affinity for the 
photoreceptor cell layer. Therefore, they could also be used as therapeutic alternatives to IRD vectors.

Recent Advances in Viral Vectors
Despite the proven advantages of viral vectors such as long duration, rapid diffusion, and high therapeutic efficiency, 
there are still unresolved issues. One problem is the limited loading capacity of AAV, which can only accommodate 
around 4.7 kb.34 This poses restrictions on delivering large target genes and prevents the use of gene editing with 
CRISPR-Cas9 combinations.51 To address this, a novel dual AAV system has been developed. The mechanism involves 
loading the target gene into two independent AAV vectors, which then exert gene therapy effects upon recombination in 
target cells.52 An example of this approach is demonstrated by Li et al,6 who designed a dual AAV8-ABCA4 viral vector 
to deliver the ABCA4 gene for the treatment of STGD disease. Another example is the treatment of Usher syndrome by 
Riaz et al53 who used a double AAV vector to deliver the PCDH15 gene into the retina of Usher mice. This resulted in 
sustained recovery of visual function in the mice. Therefore, the dual AAV system retains the advantages of AAV vectors 
while overcoming the limitations of small gene load, thus bridging the gap in gene therapy using viral vectors.

In addition, although efforts have been made to select viruses with low immunogenicity as therapeutic vectors, it is 
still difficult to avoid binding to neutralizing antibodies in body fluids. This not only reduces the efficiency of 
transduction but also decreases safety. For this reason, studies have been devoted to isolating AAV from other animals 
as vectors to evade binding to human antiviral antibodies. Bello et al54 extracted porcine-derived AAV and found that it 
did not neutralize human immunoglobulin G (IgG). Moreover, the authors also noted that porcine-derived AAV could 
cross the biological barrier of the eye and produce transduction efficiencies comparable to those of conventional AAV 
vectors. This is a meaningful new attempt to enhance the efficacy and safety of viral vectors.

How Critical is Nanotechnology in Retinal Diseases Treating?
In order to overcome the limitations of current viral vector-mediated subretinal injections, there has been an effort to 
investigate novel nanotechnology-based vectors. Nanocarriers are a new class of carrier systems that are independent of 
viral carriers and have sizes ranging from 10–1000 nm.55 The mechanism of nanocarriers for the treatment of eye-related 
diseases is to combine a component or drug with a specific function with the structure of the nanocarrier and deliver the 
drug to the target cells or tissues as efficiently as possible through different routes of administration. In this paper, we 
focus on the subretinal injection route.56 Once the nanopreparations are injected into the subretinal space, various types 
of modified nanocarriers can perform specific functions (eg, evading cell phagocytosis, targeting drug delivery, stimulat-
ing specific cells, and gene knockdown) to achieve therapeutic goals.

There have been numerous studies confirming the superior role of nanocarriers compared to traditional viral carriers 
in the field of SR injection. Nanotechnology not only addresses the limitations of viral vectors such as immune responses, 
production of antiviral neutralizing antibodies, low loading capacity, and high therapeutic cost, but also offers new 
advantages including reduced drug side effects, prolonged drug release, and improved transfection efficiency.57 For 
instance, nanocarriers used for subretinal injections have smaller sizes than viral particles, allowing them to better 
penetrate the mucous membranes or biological barriers of the eye. This not only provides better stability but also reduces 
eye irritation.58 The hydrophobicity and hydrophilicity of certain nanocarriers, particularly lipid-based ones, also play 
a crucial role in drug distribution.59 With the flexible chemical structure of nanocarriers, their surface properties can be 
tailored to suit various therapeutic scenarios. For example, lipophilic nanocarriers can be used for higher penetration 
efficiency when targeting RPE.60 Another advantage of nanocarriers is their high loading capacity, particularly in 
subretinal injection-mediated gene therapy. While traditional vectors for gene therapy are limited by size, nanocarriers 
overcome this disadvantage.61 Moreover, nanocarriers can be easily modified to include targeted transport, which can 
increase the drug concentration in target cells or tissues, minimize unnecessary dilution and wastage, and reduce drug 
side effects.62 However, viral particles in the field of subretinal injections lack these qualities.

Subretinal injections are commonly used in the treatment of retina-related diseases as an invasive method of drug 
delivery. These injections have several advantages, including fast onset of action and small dosage requirements due to 
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their ability to cross the blood-retinal barrier.63 Moreover, nanocarriers offer a significantly higher safety profile 
compared to viral carriers. In cases where subretinal injection or other invasive drug delivery methods are necessary, 
nanocarriers have shown superior therapeutic effects with fewer injections. This is due to their enhanced stability, greater 
loading capacity, prolonged duration in the subretinal space, and higher drug concentration. Furthermore, nanocarriers are 
less irritating and lack viral immunogenicity due to their smaller size. Consequently, they provide a safer treatment option 
overall.64 In summary, nanocarriers are invaluable and surpass viral carriers in the widely used route of drug delivery, 
particularly in subretinal injections.

To date, various nanocarriers, such as liposomes, nanoparticles, nanomicelles, and nanogels, have been developed to 
varying degrees.65 In the last five years, an increasing number of nanocarriers have been utilized in subretinal injections 
for various retina-related diseases, with some proving to be effective in clinical trials. For instance, Wang et al improved 
nanocarrier-mediated gene therapy by enhancing the nanocarrier’s loading capacity, escape ability, and transfection 
efficiency.20 Giovanni et al developed a nanocarrier capable of transmitting biosignals to aid in vision generation under 
light-stimulated conditions for treating retinal degenerative diseases.22 Nanocarrier-mediated subretinal injection thera-
pies have been employed for a wide range of retina-related diseases, including STGD, RP, LCA, choroidal agenesis, and 
others. Compared to viral vectors, nanocarriers significantly expand the potential treatment options for various diseases 
and offer novel therapeutic approaches for conventional disease therapies.

In conclusion, nanocarriers enable various levels of modification of nanocarriers based on the requirements of the therapeutic 
regimen and also offer the opportunity to flexibly formulate the physical and chemical characteristics of nanocarriers with great 
versatility.65 Considered a safer alternative to viral vectors, nanocarriers have shown advantages that go beyond those of 
traditional viral vectors and have already made significant progress in the field of fundus disease therapy.66

Liposome
Liposomes are spherical nanovesicles formed by phospholipid bilayers.67 They are primarily composed of phospholipids 
and cholesterol. Liposomal vesicles are amphiphilic, which means they can carry both hydrophilic drugs in the core 
region and lipophilic drugs in the lipid bilayer.68 This carrier has no limitations on loading different types of drug 
molecules and possesses excellent biocompatibility and a high safety profile. Currently, liposomes are mainly used in the 
treatment of retinal diseases. For example, Abrishami et al69 loaded anti-VEGF drugs into liposomes to treat choroidal 
neovascularization (CNV). In conclusion, liposomes have become a common carrier for ocular drug delivery systems due 
to their excellent biocompatibility and corneal permeability.

Polymer Nanocarriers
Common types of polymer nanocarriers, such as dendritic polymer macromolecules, nanospheres, solid lipid nanopar-
ticles, nanomicelles, and nanocapsules, are widely used in various applications.70 However, there is still ample room for 
the development of polymer nanocarriers in the field of subretinal injection. This chapter primarily outlines the related 
research on nanopolymers in the field of subretinal injection.

Sánchez-López et al71 investigated novel poly(propylglycolide) glycoside (PLGA) nanoparticles for drug delivery. 
These nanoparticles exhibited a loading efficiency of 85% and the ability to release the drug in a sustained manner. In 
a separate study, Ye et al72 prepared PLGA nanoparticles loaded with bevacizumab. They observed a significant increase 
in the half-life of the drug and the mean concentration of the drug after delivery into the eye. This finding is particularly 
encouraging because PLGA nanoparticles offer the advantage of prolonged drug delivery, which helps overcome the 
limitations of ocular drug delivery, such as repetitive dosing and frequency of dosing.73

Solid lipid nanoparticles (SLNPs) are a type of nanocarrier that is gaining recognition. SLNPs consist of a solid lipid core 
and are considered to be small drug delivery systems that combine lipids with nanopolymers. One of the key advantages of 
SLNPs is their ability to target drug delivery without causing toxicity. In a study conducted by Delgado et al, SLNPs were 
utilized as carriers for DNA delivery in the treatment of hereditary retinal diseases. The findings from the experiment 
demonstrated that this carrier exhibited exceptionally high safety and delivery efficiency, both in mice and at the cellular 
level.26
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Dendritic nanopolymers are nanomacromolecules with a highly branched structure, where each branch end can serve 
a distinct function. This property makes dendrimer nanopolymers suitable for delivering various types of drugs, including 
hydrophilic and lipophilic ones. In a study by Sun et al27 a dendrimer nanocarrier was developed for the treatment of 
hereditary retinal diseases. The dendrimer’s structure not only helps maintain the stability of DNA but also collaborates 
with other lipid nanostructures to improve gene delivery efficiency and extend the duration of drug action. Moreover, the 
safety of this approach is well assured.

In general, there are many types of polymer nanocarriers, which provide strong support for the clinical treatment of 
retina-related diseases.74

Inorganic Nanoparticles
Commonly used materials for the production of inorganic nanoparticles (NPs) include gold, silica, and cerium oxide. 
Inorganic NPs encompass a wide range of nanocarriers such as gold nanoparticles (AuNPs), silver nanoparticles 
(AgNPs), cerium oxide nanoparticles (Nanoceria-CeO2-NPs), mesoporous silica nanoparticles (MSNs) and others. 
Numerous studies have demonstrated that AuNPs possess excellent antioxidant and antiangiogenic properties. 
Specifically, they inhibit angiogenesis by down-regulating the expression of VEGFR-2.75 Kim et al76 found that 
AuNPs can suppress cell proliferation and migration in a retinal neovascularization model. Apaolaza et al77 developed 
a type of AuNPs that not only exhibit good stability but also have the ability to inhibit RPE cell death, reduce the 
production of VEGF, interleukins, and other substances, thereby achieving the inhibition of vascular proliferation. 
Similar findings were observed in the case of cerium oxide nanoparticles, as experiments conducted by Guo et al78 

demonstrated that these nanoparticles inhibited cell proliferation and migration and reduced the production of transform-
ing growth factor (TGF-β).

Anbukkarasi et al found that AgNPs have the ability to scavenge oxidative substances, such as DPPH, from tissues 
and demonstrated a delaying effect on cataract formation in rats.79 Gurunathan et al also found that AgNPs can inhibit 
angiogenesis by inhibiting the PI3K/Akt signaling pathway.80 MSNs are one of the most well-studied inorganic 
nanoparticles. Among the subtypes, MSNs have the advantage of greatly prolonging the duration of drug action due 
to the presence of mesopores. Kim et al found that MSNs loaded with brimonidine had a drug action time of up to 8 
hours.81 Unfortunately, inorganic nanocarriers have not yet been widely used in the field of subretinal injections. With the 
continuous development of nanotechnology, inorganic NPs are expected to be a new approach to combat retinal 
neovascularization diseases.

Recent Progress in Subretinal Injection of Nanocarriers
Silica-Metal-Organic Framework Hybrid Nanoparticles
Among inorganic NPs, silica NPs are a class of commonly used nanocarriers, which have been widely used in the 
medical field because of their unique stability, low toxicity and ease of modification,82 for example, in the direction of 
tumour diagnosis and treatment related to cancer. Recently Miriam et al83 doped silica NPs with dyes to make the first 
investigational drug for cancer-targeted molecular imaging. Lu et al84 found a micro MSNs with good biocompatibility at 
appropriate drug concentrations and preferentially accumulated in tumour tissues, thus MSNs loaded with relevant drugs 
can be be used to inhibit tumour growth. Not only that, silica NPs have also contributed equally well in the treatment of 
ophthalmic diseases. Liao et al85 used MSNs loaded with pilocarpine for the treatment of glaucoma in rabbits, and it was 
shown that the MSNs possessed the ability to release the drug persistently and had pH-responsive properties, which 
successfully acted to lower the IOP.

In the field of silica NPs mediating SR injection, Wang et al20 combined metal-organic frameworks (MOFs) with Zn 
coordination to form ions. They then used 2-methylimidazole (2-MIM) to form a zeolite imidazolate backbone (ZIF). 
Silica was combined with ZIF to form a pH-responsive silica-metal-organic framework hybridized NP (SMOF NP). 
Among other things, ZIF enables the superior pH responsiveness of SMOF NPs and enhances the ability of the 
nanocarriers to escape endocytosis.86 This has been demonstrated in in vitro assays. For different loading cargoes, 
SMOF NPs showed superb loading efficiency as well as loading content. In different cell lines, the transfection efficiency 
of SMOF NPs ranged from 1.2- to 1.9-fold higher than that of the commercially available transfection agent 
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Lipofectamine (Lipo). The gene knockdown efficiency mediated by SMOF NPs was 1.3-fold higher than that of the Lipo 
group, with a gene correction efficiency of 1.4-fold. Additionally, even high concentrations of SMOF NPs did not show 
significant cytotoxicity.

Conventional pH-responsive silica NPs have great difficulties in designing their structures,87 and GSH-responsive 
silica NPs tend to be unstable and difficult to synthesise,88 whereas SMOF NPs, as a new type of structurally stable and 
more efficient silica NPs, can be better adapted to the needs of retinal gene therapy. Besides, SMOF NPs can efficiently 
transport various types of hydrophilic cargoes, such as hydrophilic drugs, nucleic acids, and CRISPR-Cas9 gene editors, 
which greatly expands the scope of application of SMOF NPs in ophthalmic diseases. Moreover, the authors showed in 
their conclusion that ATRA-coupled SMOF NPs successfully induced efficient genome editing in mouse RPE cells via 
SR. In summary, SMOF NPs are expected to play a greater role in the field of IRD gene therapy due to their excellent 
delivery efficiency, escape ability, and high safety.

Silica Nanoparticle – Poly (Ethylene Glycol)- All Trans Retinoic Acid -CRISPR-Cas9 
Ribonucleoprotein
Wang et al21 reported the development of glutathione (GSH)-responsive silica nanoparticles (SNPs) with imidazole- 
containing components integrated into their structure to enhance endosomal escape capabilities. When conjugated with 
all-trans retinoic acid (ATRA) and CRISPR-Cas9 ribonucleoproteins (RNPs), these polymeric nanoparticles demon-
strated targeted delivery to retinal pigment epithelial (RPE) cells, GSH-triggered responsiveness, and effective gene 
editing. In cellular assays, SNP-PEG exhibited a 1.3-fold increase in nucleic acid delivery efficiency, a 1.3-fold higher 
gene knockdown rate, and a 1.1-fold improvement in gene correction compared to the commercially available transfec-
tion agent Lipofectamine (Lipo). Notably, modifying the surface of negatively charged SNPs with positive or neutral 
charges further enhanced DNA transfection efficiency by 1.6-fold. Additionally, SNP-PEG achieved a loading efficiency 
of up to 90% with minimal cytotoxicity, while the Lipo-treated cells exhibited a reduced survival rate of 77%.

It has also been found that nanocarriers treated with PEG can mask the charge carried on the carrier surface and achieve 
improved printing efficiency by preventing the aggregation and binding of proteins.89 Koirala et al combined nanocarriers 
containing fluorescent protein genes with PEG and found that the structure of DNA was much more stable, and that a large 
number of fluorescent signals could still be detected after 30 days of subretinal injection. All of these studies proved that 
nanocarriers containing PEG can act as a protective agent for DNA, which is undoubtedly a valuable finding.90

CRISPR-Cas9 RNP is a highly efficient and specific gene editor, but it is highly susceptible to degradation and has 
low transfection efficiency.91,92 SNP-PEG vectors have solved the shortcomings of the instability of CRISPR-Cas9 
editors and broken through many obstacles to CRISPR-Cas9-mediated gene therapy; the development of SNP-PEG has 
led to a more sensitive, efficient and safe gene editing vector, providing a new idea for gene therapy for retinal diseases.

Poly (3-Hexylthiophene) Nanoparticles
The conjugated polymer poly[3-hexylthiophene] (P3HT) is an organic photovoltaic polymer that depolarizes neurons and 
generates action potentials when stimulated with visible light, thereby delivering signals to neuronal cells. P3HT NPs 
have great potential for the treatment of neurological disorders due to their ability to provide electrical signals to neuronal 
cells and because of their unique conductivity and biocompatibility. P3HT NPs are used as carriers in drug delivery 
systems to enhance nerve regeneration and repair for the treatment of spinal cord and peripheral neuropathy.93 Among 
ophthalmic diseases, retinal degenerative diseases are the most common cause of severe visual impairment in the aging 
population, the most prevalent of which are AMD and RP.94 Because AMD and RP often involve degeneration of 
photoreceptors, P3HT NPs have been proposed to treat these diseases by restoring the activity of retinal neurons.95 The 
study of Arijit et al96 has demonstrated that P3HT can be used in the treatment of spinal and peripheral neuropathy. The 
study has demonstrated that P3HT has promising results in the treatment of retinal degenerative diseases.

Giovanni et al22 made a new attempt in conjunction with the SR injection technique to fabricate a retinal nanoprosth-
esis as an interface with retinal neurons for the treatment of retinal degenerative diseases. The device consisted of a layer 
of P3HT and a layer of conductive material, which was uniformly distributed within the SRS of the diseased rats by SR 
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injection. Upon encountering a light stimulus, the P3HT NPs stimulated the primary visual cortex through a change in 
electrical charge for the purpose of assisting in the production of vision. The experimental results showed that P3HT NPs 
were able to improve light sensitivity and spatial discrimination in the lesioned rats until the ability was similar to that of 
healthy rats, and uniformly covered more than 80% of the retina without pro-inflammatory effects on the retina. At this 
stage, although methods such as gene therapy or stem cell therapy have been investigated for retinal degenerative 
diseases, they have not yet reached the stage of clinical treatment.97,98 Therefore, the research related to P3HT NPs opens 
up a new line of thought for the treatment of this type of disease.

Diphosphate-80 Chloroquine Nanoparticles
It has been shown that chloroquine (CQ) can achieve anti-inflammatory and immunosuppressive effects by inhibiting 
endosomal toll-like receptor signaling and reducing cytokine production.99–101 In the treatment of ophthalmic diseases, 
CQ is often used for the treatment of dry eye because it can alleviate the drying stress and inflammatory state of the 
cornea. Julia et al102 conducted a meta-analysis of clinical studies on the treatment of dry eye with CQ and indicated that 
CQ can effectively alleviate the symptoms of dry eye.

In addition to this, CQ is a known endosome-disrupting molecule that can be used as a cell pre-treatment drug to 
enhance gene delivery.103 Mashal et al23 made chloroquine diphosphate-containing nano-vesicles (DPP80-CQ) by 
combining a non-ionic surfactant with cationic liposomes and doped with chloroquine diphosphate. Doping chloroquine 
into the nanovesicles can assist the nanovesicles in evading phagocytosis by endosomes and increase the delivery 
efficiency of the carrier. The results showed that DPP80-CQ was able to better evade endosomal phagocytosis and 
transfected RPE cells with excellent delivery efficiency compared to DPP80, a nanovesicle without chloroquine doping.

Nanoformulated vectors for gene delivery systems, in contrast to traditional viral vectors, include the advantages of low 
production costs and easy modification of vectors on demand, in addition to higher loading.104 On the basis of which DPP80-CQ 
optimises the capacity of the vectors and overcomes the challenge of enhancing the reproduction efficiency, a problem that must 
be solved for the development of nanoformulated vectors. Therefore, the use of DPP80-CQ nanovesicle-mediated SR injection 
can reduce the number of injections for patients, thereby reducing the incidence of adverse reactions.

Poly (Ethylene Glycol)-(1-Aminoethyl) Iminobis [N-(Oleoylcysteinyl-1-Amino-Ethyl) 
Propionamide /DNA Nanoparticles
(1-Aminoethyl) iminobis [N-(oleoylcysteinyl-1-aminoethyl) propionamide] is a multifunctional lipid particle (ECO) that 
has been experimentally demonstrated to have pH sensitivity, excellent endosomal escape, and stable nucleic acid 
delivery, and is being used as a simple and smart class of gene delivery vehicles.105 PEG-ECO/DNA NPs loaded with 
relevant DNA were developed for the treatment of LCA by researchers as early as 2017 and were tested in both cellular 
and animal assays. The results showed that both PEG-ECO/DNA NPs had good transduction efficiency and could treat 
mouse models suffering from human LCA.106

STGD is an inherited retinal disease due to mutations in the ABCA4 gene,107 which does not have the ability to 
remove toxic substances such as N-methyldihydroxyretinyl-N-retinoid ethanolamine (A2E) from RPE cells, thus causing 
irreversible damage to the retina.108 Sun et al24 developed a novel nanoliposome using pH sensitive ECO with a plasmid 
capable of stably expressing the ABCA4 gene to form a stable structure and then delivered to the SRS. In fact, PEG-ECO 
/DNA NPs were able to be uniformly expressed in the retina, resulting in a significant decrease in the rate of progression 
of STDG, with a single injection being effective for up to 1 year and multiple injections being more effective. Besides, 
the retinal inflammation induced by PEG-ECO/DNA NPs was much less than that of AAV vectors, and the safety was 
also strongly proved in the experiment.

The traditional therapy for STGD is the application of AAV-mediated gene therapy, however, the insufficient loading 
capacity of AAV leads to many limitations in the delivery targeting the ABCA4 gene.109 With greater loading capacity as 
well as more stable drug release, PEG-ECO/DNA NPs not only fill the gap in the treatment of gene therapy for STDG 
diseases, but also make up for the traditional AAV vector therapies. Therefore, SR injection with PEG-ECO/DNA NPs is 
a promising approach for gene therapy of STDG.
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Super Porous Spongy Silica Nanostructures
Spongy porous silica nanostructures (SN) are highly efficient nanocarriers that are widely used in various drug delivery 
scenarios. Marzieh et al110 designed a super porous spongy SN and compared it with two other different morphologies of 
SN in order to study the delivery advantages of super porous spongy SN. It was shown that the super porous spongy SN 
has the best ability to load and adsorb drugs and is a potential nanocarrier for drug delivery. Marzieh et al also showed in 
their study that the application of SN loaded with adriamycin can bring better anticancer effect than the group without 
SN, so SN is also expected to play a greater ability in antitumour therapy.

Kim et al25 developed an SN as a carrier as a nanoplatform for delivering Cas9-RNP or base editor RNP (BE-RNP) 
for gene therapy of various IRDs. The results showed that the loading efficiency of SN for Cas9-RNP was 25%, which 
was higher than several nanomaterials reported in the market.86 And the release rate of RNP could reach 70% within 12 
h of the SN carrier being ingested into cells. In addition to this, the gene editing efficiency of SN-based delivery vector 
was about 10 times higher than that of the commercially available transfection agent Lipo, and more than 90% cell 
survival was maintained under the condition of high concentration of SN. The authors also mentioned that the SN-based 
delivery platform can deliver a variety of RNPs, including Cas9-RNP and BE-RNP, and has shown good efficacy in both 
human and mouse cells.

Successful in vivo gene editing by delivering Cas9 nuclease RNP or base editor RNP (BE-RNP) via non-viral vectors 
has been previously reported, but ensuring the stability and homogeneity of RNP and the vector is difficult. This often 
leads to unsatisfactory results of vector-mediated gene editing.111,112 In contrast, SN overcame the deficiencies of the 
original vector and promoted the development of SR injection in vivo gene editing. This was achieved through its 
biocompatibility with various RNPs, high loading rate, high knockout rate, high release rate, and good safety.

Dextran-Protamine-Solid Lipid Nanoparticles
Delgado et al26 developed a SLNs based vector for gene therapy of retinal diseases represented by X-linked juvenile 
retinoschisis (XLRS). The nanovectors consist of SLNs, dextran, Fischer protein and a plasmid containing the target 
gene. Ichthyosin has a nuclear localisation signal and protects DNA from DNA degrading enzymes in vivo. Ichthyosin 
assists DNA to integrate better with RPE cells. Rajala et al exploited this property of Ichthyosin-assisted DNA delivery 
and developed Ichthyosin-liposome nanocomplexes for delivery of DNA. They delivered the nanocarriers directly to 
RPE cells of RPE65-deficient mice by subretinal injection and found persistent and efficient gene expression in the mice 
that promoted vision recovery in mice.113 Dextran was able to promote endocytosis mediated by lattice proteins, which 
improved the cellular uptake and translocation of nanocarriers.

In in vitro experiments, it was shown that dextran as well as fisetin in this nanocarrier could enhance the transfection 
and expression of target genes. Solid lipid nanocarriers loaded with green fluorescent protein (EGFP) were delivered into 
the retinal space of rats by subretinal injection, and good expression of EGFP was detected in the rat retina. In addition, it 
has also been shown that dextran-fisetin-SLNs can reduce photoreceptor loss and repair the retina, and maintain gene 
expression for 2 months after subretinal injection, which is not only long-lasting but also has a powerful effect on 
restoring vision.114 Studies have shown that the powerful ability of subretinal injection of dextran-fisetin-SLNs to deliver 
nucleic acids offers a better option for gene therapy for retinal diseases, with a potential that cannot be ignored.

Octa(3-Aminopropyl) Silsesquioxane Polylysine Dendrimers/ECO/DNA 
Nanoparticles
Gene therapies have been widely used in the treatment of retinal diseases. However, the negative charge of nucleic acids makes it 
difficult for DNA-loaded nanocarriers to cross cell membranes that are also negatively charged. To solve this problem, some 
researchers have doped a large number of cations into the nanocarriers for improving the reproduction efficiency.115 However, the 
large amount of positive charge also has greater cytotoxicity and poses a safety issue.116 Therefore, we need a nanocarrier that is 
both safe and efficient for optimising subretinal injection-mediated gene therapy.117

Sun et al27 developed an octa(3-aminopropyl) silsesquioxane polylysine dendrimers called G4 nanoglobule. G4 not 
only has a low positive to negative charge ratio (N/P ratio), but also mimics the function of histones to achieve the 
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purpose of encapsulating and concentrating DNA.118 They also developed a pH-sensitive multifunctional lipid (ECO) 
that can form a stable structure with nucleic acids to facilitate cellular uptake and gene delivery.119 Sun et al combined 
G4 with ECO to design a novel nanocarrier system for gene delivery.

In vitro experiments conducted by Sun et al assessed the efficacy of the G4/ECO/DNA nanocarrier system in ARPE-19 
cells, focusing on cell viability, endosomal escape, and transfection efficiency. The results revealed that cell viability 
following transfection with G4/ECO/DNA in serum-free medium was approximately 60%, compared to only 40% with the 
commercial transfection agent Lipo2000. Notably, in the presence of 10% serum, cell viability increased to about 90% for 
G4/ECO/DNA transfected cells. The G4/ECO/DNA nanocarrier system also exhibited excellent endosomal escape proper-
ties when loaded with fluorescent genes. Under 10% serum conditions, the transfection rate of G4/ECO/DNA reached an 
impressive 95%, significantly surpassing that of Lipo2000. In vivo, Sun et al administered GFP-loaded G4/ECO/DNA via 
subretinal injection in mice, resulting in strong GFP signals within the retinal layer, indicating successful transfection of 
RPE cells and sustained gene expression.

G4 is responsible for safely condensing DNA in environments with a low positive-to-negative charge ratio, while ECO 
enhances the transfection efficiency of target genes. The G4/ECO/DNA nanocarrier has demonstrated robust functionality in 
both in vitro and in vivo models, suggesting its potential as a safe and effective platform for gene delivery.

The Future Prospective
This review discusses research advancements related to SR injection and the progress of nanocarriers in this field. We 
begin by highlighting SR injection as a prominent drug delivery method for ocular diseases. SR injection offers several 
advantages: (1) it bypasses the internal limiting membrane (ILM), enhancing drug delivery efficiency; (2) it traverses the 
vitreous body without dilution, allowing for direct contact with target cells, thereby significantly reducing the effective 
dose required per treatment and improving tolerability and safety; (3) it delivers the drug carrier directly to the immune- 
privileged subretinal space (SRS), avoiding neutralization by antibodies and minimizing immune reactions, which 
supports the feasibility of long-term and multiple injections and broadens the application scope. SR injection has 
demonstrated efficacy in treating various IRDs, nAMD, and SMH resulting from nAMD, addressing a critical gap in 
the treatment of retinal diseases and proving to be a clinically significant technique.

Traditional vectors for SR injection are predominantly viral, with AAV vectors being the most commonly used due to 
their long-term transduction, rapid diffusion, high therapeutic efficiency, low inflammatory response, and ease of vector 
production. AAV vectors are frequently employed in gene therapy for IRDs, integrating therapeutic genes into the 
patient’s genome to repair defective genes. However, viral vectors are limited by their small gene loading capacity and 
potential for antigen-antibody reactions.

With the development of nanotechnology, novel non-viral vectors have gradually become a hot topic in SR injection 
in recent years, and this paper highlights the latest findings of nanocarriers in SR injection. Nanocarriers are designed to 
address the unavoidable drawbacks of viral carriers and offer surprising advantages such as reduced side effects, 
prolonged drug release, and easy modification of the carriers. However, along with the advantages come challenges 
that need to be addressed.

Firstly, while recent advances in nanocarrier-mediated subretinal injection have shown promise in cellular and animal 
studies, these results may not fully translate to clinical trials, potentially leading to divergent outcomes.63 Additionally, 
ethical considerations must be carefully addressed when transitioning from in vitro to in vivo experiments.120

Secondly, nanocarriers offer significant advantages due to their versatility, allowing for modifications tailored to 
specific therapeutic needs. This flexibility presents extensive opportunities for developing optimized carrier structures. 
Moreover, nanocarriers can be engineered to respond to various stimuli—such as light, pH, ultrasound, and enzymes— 
enabling more precise drug delivery and controlled release.121

Thirdly, assessing the toxicity of nanocarriers and the impact of their degradation products on human health is crucial. 
Various metrics are used to evaluate cellular health, including inflammatory response markers and lactate dehydrogenase 
levels, which indicate cell integrity.122 However, discrepancies in safety data between animal and clinical trials 
necessitate meticulous attention when advancing to human studies.123
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In conclusion, nanocarrier-mediated subretinal injection has significantly advanced the treatment of retinal diseases 
and represents a promising class of non-viral carriers. However, a thorough evaluation of the clinical therapeutic effects 
of these nanocarriers is essential. Further detailed studies are needed to optimize their safety and therapeutic efficacy, 
which will be crucial for advancing the field of nanocarrier research and enhancing clinical outcomes.
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