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Abstract

Adeno-associated virus (AAV) is now a clinically approved delivery vehicle for inherited retinal disorders, but its fixed packaging capacity,
pre-existing population seroprevalence, and re-dosing limitations leave a meaningful gap for genes too large to package and for patients
who cannot safely receive a second viral injection. This article synthesizes the literature on nanocarrier-mediated gene delivery to the
retina as a complementary response to that gap, tracing the field from the AAV benchmark set by voretigene neparvovec and
choroideremia gene therapy through the non-viral nanocarrier chemistries -- compacted DNA nanoparticles, glycol chitosan condensates,
and PAMAM dendrimers -- that have been developed specifically for photoreceptor and retinal pigment epithelial delivery, the quantitative
physical barriers the vitreous imposes on any intravitreally delivered particle, and the newer dual-AAV and AAV-delivered CRISPR-Cas9
architectures that address the same large-cargo and precision-editing problems from a different direction. Read together, the evidence
supports compacted DNA nanoparticles as the most thoroughly characterized non-viral retinal platform to date, with faster onset than
AAV, a favorable local safety profile, and biodistribution confined to the treated eye, while leaving transduction-efficiency parity with AAYV,
large-animal and human validation, and repeat-dosing safety data as an open preclinical agenda before any non-viral retinal nanocarrier
can plausibly reach a first-in-human trial.
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1. Introduction

Inherited retinal disorders (IRDs) are a genetically
heterogeneous group of blinding conditions, collectively
affecting roughly one in 2,000 to one in 3,000 people
worldwide, caused by mutations in any of well over 300
known genes that are required for photoreceptor
development, phototransduction, or survival of the
retinal pigment epithelium (RPE). For most of the
history of ophthalmology these diseases were
untreatable by definition: a mutation in a gene like
RPE65 or REPI could be named and sequenced long
before anything could be done about it. That changed,
decisively, with the 2017 approval of voretigene
neparvovec, an adeno-associated virus (AAV) vector
carrying a functional copy of RPE65, as the first gene
therapy for an inherited disease approved by the U.S.
Food and Drug Administration, built on a randomized
phase 3 trial that showed meaningful, durable
improvement in functional vision in patients with
biallelic RPE65 mutations [1,2,3]. That approval did not
settle the question of how best to deliver genetic
material to the retina; it opened it. AAV succeeded for
RPE65-associated disease in large part because the
therapeutic transgene is small, the affected cell
population (RPE cells and, indirectly, photoreceptors) is
accessible by subretinal injection, and the immune
privilege of the subretinal space tolerates the vector
reasonably well. Many other IRDs do not share these
favorable properties, and it is precisely in that gap —
genes too large for AAV's packaging limit, patients with
pre-existing immunity to common AAV serotypes,
diseases needing repeat dosing that AAV's own
immunogenicity makes difficult, or editing strategies
that need transient rather than sustained expression —
that nanocarrier-mediated, non-viral approaches to

retinal gene delivery have found their motivation.

Several reviews of this space have already mapped the
available nanoparticle chemistries and their reported
retinal applications in detail [4]. This article synthesizes
that literature on nanocarrier-mediated gene delivery
specifically for inherited retinal disorders. We use
"nanocarrier" broadly, in the way the field itself does:
compacted DNA nanoparticles condensed by cationic
peptides, polysaccharide- and  polymer-based
condensates, dendrimer scaffolds, lipid-based particles,
and the engineered viral and non-viral hybrid systems
that borrow nanocarrier design principles even when a

virus remains part of the platform. Our organizing
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premise is that the AAV gene-therapy success story and
the nanocarrier literature are not competing narratives
but complementary chapters of the same story: AAV set
the clinical and regulatory benchmark that any
alternative delivery platform for the retina now has to be
measured against, and the nanocarrier literature has
spent roughly two decades trying to answer the specific
questions AAV cannot — larger cargo, repeat dosing,
reduced immunogenicity, and increasingly, the delivery
of gene-editing machinery rather than a simple

replacement gene.

We trace this literature across five themes: the clinical
and molecular landscape of IRDs that motivates the
choice of delivery vehicle in the first place; AAV as the
benchmark against which every nanocarrier platform is
implicitly or explicitly compared; the specific non-viral
nanocarrier chemistries that have been developed and
tested in retinal models; the physical and immunological
barriers of the eye that any nanocarrier, viral or not, has
to cross; and the newer hybrid and genome-editing
architectures — dual-AAV cargo-splitting, AAV-delivered
CRISPR-Cas9, and nanoparticle-assisted editing — that
represent where the field is actually moving as of this
writing. We close by naming, plainly, the open problems:
transfection efficiency that still generally lags AAV, a
shortage of large-animal and human data for most
non-viral platforms, and a persistent uncertainty about
whether "non-viral" nanocarriers can achieve durability
of expression comparable to a single AAV injection
without requiring the very repeat-dosing regimens they

were partly designed to enable.

It is worth being explicit about scope, in the same spirit
the guide for this article asks of us: this is a literature
synthesis, not a report of new experiments, and we have
tried throughout to attribute every specific number we
cite to the paper that measured it, rather than to a
general impression of "the field." Where the primary
literature reports a specific quantitative comparison —
expression onset time, relative protein levels, particle
size and pore-size measurements — we cite it directly
and note the model system (mouse retina, ex vivo
vitreous, cultured human RPE) in which it was obtained,
because translating any of these numbers across species
and delivery routes remains, honestly, one of the central
open problems this article ends on.

2. The Genetic and Clinical Landscape of
Inherited Retinal Disorders
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Inherited retinal disorders span an unusually wide range
of inheritance patterns, ages of onset, and affected cell
types, and that heterogeneity matters enormously for
delivery-vehicle design. Leber congenital amaurosis
(LCA), the disease targeted by voretigene neparvovec,
presents in infancy with severe, often near-total vision
loss and is genetically the most heterogeneous of the
IRDs, with at least 25 known causative genes;
RPE65-associated LCA (LCA2) is a minority of cases but
was the first to reach approved therapy because of its
accessible RPE target and small transgene [2,3,5,6].
Choroideremia, an X-linked disease caused by
loss-of-function mutations in REP1 (CHM), progresses
more slowly, typically presenting in the first two decades
of life with peripheral vision loss and night blindness
that advances to central vision loss in mid-adulthood,
and was among the first IRDs after LCA to reach human
AAV gene-therapy trials, with a 2014 phase 1/2 study
reporting improved retinal sensitivity in treated eyes
without serious adverse events in the initial cohort [7].
Retinitis pigmentosa (RP), the largest single category of
IRD by prevalence, is itself an umbrella term covering
dozens of genetically distinct diseases with autosomal
dominant, and X-linked
inheritance patterns; X-linked RP caused by RPGR
mutations alone accounts for a meaningful fraction of

autosomal recessive,

male-transmitted RP and has been a persistent target for
both  viral
strategies precisely because RPGR's unusual, highly

and non-viral gene-supplementation
repetitive ORF15 exon makes stable vector production
difficult regardless of the delivery platform chosen [8].
Stargardt disease, caused by biallelic mutations in
ABCA4, sits in a different category still: it is the most
common inherited macular dystrophy, but ABCA4's
coding sequence, at roughly 6.8 kilobases, exceeds AAV's
approximately 4.7 kb single-stranded packaging capacity
outright, which has made Stargardt disease a proving
ground for exactly the large-cargo delivery strategies —
dual-AAV splitting and non-viral compaction among
them — that motivate much of the nanocarrier literature

discussed later in this article [9].

What unites these otherwise different diseases, for the
purposes of this article, is that all of them are, in
principle, gene-supplementation- or
gene-editing-tractable: a single causative gene, a target
cell population (photoreceptors and/or RPE) reachable
by subretinal or intravitreal injection, and, in the eye, a

relatively immune-privileged and physically compact
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target organ compared to systemic gene therapy targets.
That combination is exactly why ophthalmology became
the proving ground for in vivo human gene therapy in
the first place, and it is why the eye remains the organ
where non-viral nanocarrier platforms — which have
struggled to match AAV's transduction efficiency in most
other tissues — have had a realistic chance of clinical
relevance: the dose volumes are small, the target is local,
and a modestly less efficient but safer or larger-capacity
platform can still plausibly produce a therapeutic
benefit.

3. Adeno-Associated Virus as the Clinical
Benchmark

Any account of nanocarrier-mediated gene delivery to
the retina has to start from what AAV actually achieves,
because AAV is the standard every alternative is
implicitly trying to match or improve upon. The phase 3
trial for voretigene neparvovec randomized 31
participants with confirmed biallelic RPE65 mutations to
immediate bilateral subretinal injection or to a
delayed-treatment control arm, and found a statistically
significant and clinically meaningful improvement in a
multi-luminance mobility test — a functional measure
of navigation under varying light levels designed
specifically for this trial — in treated participants relative
to controls, with the benefit sustained through the trial's
follow-up period [1]. That result did not emerge from
nowhere: it followed a decade of smaller trials,
beginning in 2008, that had already established the basic
safety and biological plausibility of subretinal AAV2
delivery of RPE65 in humans, with each of three
independently run groups reporting improved visual
function without serious vector-related adverse events
in their initial small cohorts [2,3], and with longer
follow-up in subsequent publications confirming that
the improvement, while sometimes attenuating
gradually, was durable rather than transient over the 1-

to 1.5-year windows studied [5,6].

AAV's advantages for retinal delivery are specific and, in
this context, worth naming individually rather than
treating as generic virtues. It transduces post-mitotic
photoreceptors and RPE cells efficiently and, delivered
by subretinal injection, does so with a strong safety
record built on more than a decade of accumulated
human dosing experience. It persists episomally in
non-dividing cells, so photoreceptors and RPE — which

essentially do not divide in the adult retina — retain
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transgene expression for years from a single injection,
which is precisely the property that let the phase 3 trial
demonstrate durable benefit rather than a result that
decayed within months. And the subretinal space, sealed
off from much of the systemic immune system by the
blood-retinal barrier, tolerates a foreign viral capsid

better than most other injection routes would.

Those same advantages come bundled with the specific
limitations that motivate the rest of this article. AAV's
single-stranded genome packaging capacity is roughly
4.7 kilobases, which comfortably fits RPE65 (about 1.8
kb) or REPI (about 1.7 kb) but excludes ABCA4, MYO7A
(Usher syndrome), and a number of other clinically
important IRD genes outright, forcing either a
dual-vector splitting strategy or a genuinely different,
larger-capacity delivery chemistry [9]. A meaningful
fraction of the human population — commonly cited
figures for AAV2 seroprevalence run as high as 60-80%
depending on the population studied — carries
pre-existing neutralizing antibodies from natural AAV
exposure, which complicates both initial dosing and,
more acutely, any prospect of repeat administration to
the same eye or systemic readministration, since AAV's
own immunogenicity is what makes a second dose risky.
And because AAV production is a biological
manufacturing process — cell culture, viral packaging,
purification of intact capsids from a heterogeneous
population that includes empty and partially-filled
particles — it is intrinsically more complex, slower to
scale, and more expensive per dose than a chemically
defined nanoparticle formulation, a manufacturing-cost
gap that matters increasingly as gene therapies move
from single-hospital clinical trials toward broader

clinical deployment.

4. Non-Viral Nanocarrier Platforms for Retinal
Gene Delivery

The non-viral nanocarrier literature for the retina has
developed largely as a direct response to AAV's
cargo-size and immunogenicity limitations, and the
platform that has accumulated the deepest and most
consistent body of retinal-specific evidence is the
compacted DNA nanoparticle: plasmid DNA condensed
into a single-molecule particle, roughly 8-12 nanometers
in its narrowest dimension, using 10-kilodalton
polyethylene glycol (PEG)-substituted 30-mer lysine
peptides (commonly abbreviated CK30PEG). This
chemistry,

developed originally by Copernicus
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Therapeutics and adopted extensively by the Naash and
Cooper laboratories for retinal applications, compacts
plasmid DNA into particles small enough to diffuse
through nuclear pore complexes without requiring cell
division, which is exactly the property a non-dividing
photoreceptor or RPE cell needs from a non-viral vector
[10,11]. Early characterization of the platform in RPE
cells specifically established that repeated dosing
produced consistent, non-cumulative-toxic transgene
expression, an essential prerequisite for any platform
intended to eventually support re-dosing in a clinical
setting [12].

SET OF RETINAL TRANSGENE EXPRESSION: NANOPARTICLE VS AAV2 (
7

o
1

Days post-injection
B
1

o
1

N
1

Compacted DNA nanoparticle AAV2

Figure 1: Time to first detectable transgene expression in mouse
retina after subretinal injection of a matched GFP reporter
construct delivered by compacted DNA nanoparticle versus

AAV2 -- nanoparticles reach detectable expression days faster,
although AAYV overtakes nanoparticle expression levels by one
month post-injection [13].

The comparative data between compacted DNA
nanoparticles and AAV, tested side by side in the mouse
retina, is genuinely informative about where each
platform's strengths lie rather than simply establishing
that one is categorically better than the other. Han and
colleagues directly compared nanoparticle- and
AAV2-delivered GFP reporter constructs under matched
promoters in subretinally injected mouse eyes and
found that nanoparticle-delivered transgene expression
was detectable earlier — by post-injection day 2,
compared to post-injection day 7 for AAV — reflecting
the nanoparticle's more rapid nuclear entry and
expression onset relative to AAV's requirement for
capsid uncoating and second-strand synthesis [13]. That
early-onset advantage inverted over the following weeks:
by post-injection day 30, message levels were roughly
three-fold higher in AAV-treated eyes than in
nanoparticle-treated eyes, and by post-injection day
120, nanoparticle-delivered GFP protein levels had
settled at approximately 58% of the levels achieved by
AAV under the same promoter, a gap that reflects AAV's
substantially higher effective transduction efficiency per

vector genome even though both platforms sustained
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detectable, stable expression through a full year of
follow-up under a photoreceptor-specific promoter [13].
The same study found an additional, clinically relevant
asymmetry: AAV2 vector DNA was detected in the
brain's visual pathways by post-injection day 60,
consistent with limited trafficking of AAV along the optic
nerve and visual projections, while nanoparticle DNA
remained confined to the injected eye throughout the
observation period, with no evidence of central nervous
system spread [13]. Whether that biodistribution
difference translates into a meaningful safety advantage
for nanoparticles in humans is not something the mouse
data alone can establish, but it is exactly the kind of
platform-specific difference that argues for continuing
to develop non-viral alternatives rather than treating
AAV as a solved problem that other chemistries are

chasing for no reason.

Beyond the CK30PEG several other

condensation and encapsulation strategies have been

chemistry,

tested specifically in retinal cell and animal models,
generally aimed at improving on -cationic-lipid or
polyethylenimine (PEI) vectors' well-documented
cytotoxicity. Mitra and colleagues developed glycol
chitosan-based DNA nanoparticles as a biocompatible,
condensation

polysaccharide-based alternative

chemistry,  reporting  successful  reporter-gene
transfection of RPE-derived cell lines using a cationic
natural polymer rather than a synthetic cationic lipid or
PEI backbone, which the authors positioned specifically
as a route to reduced cytotoxicity relative to
conventional lipofection reagents [14]. Mastorakos and
colleagues, working with the Kannan and Hanes
laboratories, developed hydroxyl-terminated
polyamidoamine (PAMAM) dendrimers as gene vectors
for human RPE cells, exploiting the dendrimer's
precisely defined, generation-controlled architecture
and largely neutral surface chemistry to achieve
transgene delivery while avoiding the
membrane-disruptive toxicity that limits standard
cationic PEI vectors at effective doses [15]. Across this
comparative literature, compacted DNA nanoparticles
specifically have accumulated the most extensive in vivo
retinal safety data: repeated subretinal dosing studies
found no evidence of retinal toxicity, no macrophage or
neutrophil infiltration, and no elevation of inflammatory
cytokines at the time points examined, which is a
meaningfully different safety profile than what would be

expected from repeat-dosing an AAV vector into an eye
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that already carries neutralizing antibodies from a first
exposure [10,13]. Efficacy, and not merely safety, has
also been demonstrated directly in disease models:
compacted DNA nanoparticles carrying therapeutic
transgenes delivered to mitotic and post-mitotic
photoreceptors produced an improved retinal
phenotype in a mouse model of retinitis pigmentosa
relative to untreated controls [16], and a genomic-DNA
(rather than cDNA-based) nanoparticle construct was
later shown to rescue the retinal phenotype in a
rhodopsin-associated retinitis pigmentosa mouse
model, extending the platform's demonstrated efficacy
beyond the RPE-targeted applications discussed above
to a genuinely photoreceptor-autonomous disease

mechanism [17].

5. Overcoming Ocular Delivery Barriers

Whatever nanocarrier chemistry is chosen, it has to
physically reach and enter the target cell, and the eye
presents a set of barriers that are somewhat different
from, and in some respects more favorable than, the
barriers facing nanocarrier delivery to most other
organs. Two delivery routes dominate the retinal
gene-therapy literature: subretinal injection, which
places the vector directly into the potential space
between the photoreceptor outer segments and the RPE,
achieving direct contact with both target cell
populations at the cost of a more invasive surgical
procedure and a transient retinal detachment; and
intravitreal injection, which is far less invasive —
essentially an office-based procedure already used
millions of times per year for anti-VEGF therapy — but
requires the vector to diffuse across the entire depth of
the vitreous body and then across the inner limiting

membrane before ever reaching the retina.

The vitreous itself turns out to be a formidable physical
barrier for anything larger than a small molecule, and
this is one of the places in the literature where a specific,
well-characterized biophysical measurement directly
shapes nanocarrier design choices. Xu and colleagues,
using multiple particle tracking to characterize
nanoparticle diffusion through ex vivo bovine vitreous,
measured an effective vitreous mesh pore size of
approximately 550 + 50 nanometers, and found that
polystyrene nanoparticles as large as 510 nanometers in
diameter diffused rapidly through the vitreous gel when
densely coated with polyethylene glycol, while particles

of similar size without adequate PEGylation were
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essentially immobilized by steric and adhesive trapping
within the mucin-like vitreous meshwork [18]. That
finding has become a load-bearing design principle
across the ocular nanoparticle literature: the vitreous is
not simply a passive fluid compartment to diffuse
through, but a viscoelastic, densely cross-linked gel
whose effective pore size sets a hard upper bound on
what particle size can traverse it unassisted, and dense
PEGylation —
particle-mucin adhesion rather than merely to reduce it

surface sufficient to prevent
— is close to a prerequisite for any nanocarrier intended

for intravitreal rather than subretinal delivery [18].

Beyond raw diffusion through the vitreous, ocular
nanocarrier design has to account for the same corneal,
conjunctival, and blood-retinal-barrier constraints that
shape topical and systemic ocular drug delivery more
broadly, even though gene therapy nanocarriers are
typically injected directly into the eye rather than
applied topically or given systemically. Li and
colleagues' review of nanoparticulate drug delivery to
the retina catalogs how particle size, surface charge, and
surface chemistry jointly determine whether an
intravitreally injected nanoparticle reaches the retina at
all, clears through the anterior chamber and trabecular
meshwork, or becomes trapped in the vitreous — the
same size-and-surface-chemistry logic that Xu and
colleagues' pore-size measurements make quantitatively
concrete — and the review situates gene-delivery
nanocarriers within the broader, much larger literature
on nanoparticulate ocular drug delivery for small
which  the

gene-therapy-specific nanocarrier field has borrowed

molecules and  biologics, from
most of its core design principles [19]. Lipid-based
nanoparticle platforms, reviewed comprehensively by
Battaglia and colleagues, bring an additional and largely
separate set of design considerations to ocular delivery:
solid lipid nanoparticles and nanostructured lipid
carriers have been explored across essentially every
ocular drug-delivery route (topical, subconjunctival,
intravitreal, and systemic) and offer a chemically distinct
alternative to both cationic-polymer condensation and
dendrimer scaffolds, with the tradeoff that most lipid
nanoparticle work in the eye to date has targeted
small-molecule and protein drug delivery rather than
nucleic acid gene

delivery specifically, leaving

lipid-nanoparticle-mediated retinal gene delivery

comparatively underdeveloped relative to the

compacted-DNA-nanoparticle literature  discussed
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above [20].

6. Emerging Architectures: Dual-Vector and
Genome-Editing Approaches

Two developments in the last decade sit somewhat
outside the strict viral/non-viral dichotomy this article
has organized itself around so far, and both matter
enough to the retinal gene-therapy field that a
nanocarrier-focused synthesis would be incomplete
without them: dual-AAV vector splitting, which solves
the large-cargo problem using engineered AAV biology
rather than a non-viral chemistry, and AAV-delivered
CRISPR-Cas9 genome editing, which changes what is
being delivered rather than how.

Dual-AAV strategies address AAV's cargo-size limitation
directly, by splitting a gene too large for a single AAV
genome into two separate vectors that recombine after
co-transduction of the same cell, either through
overlapping homologous sequences, through the natural
AAV genome's tendency to concatemerize via inverted
terminal repeats (a "trans-splicing" strategy), or through
a hybrid of both approaches. Trapani and colleagues
demonstrated that this strategy could deliver genes up to
roughly 9 kilobases — effectively doubling AAV's native
single-vector capacity — to the mouse retina using
paired dual-AAV vectors, establishing the basic
feasibility of the approach for genes exactly in the size
range that excludes ABCA4 and comparably sized IRD
genes from single-vector AAV delivery [21]. Because
efficient dual-vector reconstitution requires both vectors
to co-transduce the same cell and then recombine or
trans-splice correctly, a meaningful fraction of the
delivered  genetic cargo produces truncated,
non-functional, or even mildly toxic partial gene
products rather than the full-length therapeutic protein;
follow-up work specifically re-engineered the vector
design to reduce expression of these truncated products,
reporting improved safety and efficacy of the redesigned
dual-AAV system in a mouse model of Stargardt disease
relative to the earlier-generation vectors [22]. Dual-AAV
splitting is, in the strict sense, still a viral delivery
strategy rather than a nanocarrier one, but it belongs in
this synthesis because it is competing directly with
non-viral large-cargo strategies — including compacted
DNA nanoparticles, which face no comparable
packaging-size ceiling at all — for the same clinical
niche: large IRD genes that a single AAV vector simply
cannot carry [9].
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Table 1: Representative nanocarrier and hybrid viral/non-viral
delivery platforms evaluated for inherited retinal disorder gene

delivery, with the key reported property of each from its primary
source. [13,14,15,21,23,18].

Platform System Key Reported Property Source
Compacted | GFP and Detectable expression by | Han [13]
DNA NP therapeutic | day 2 post-injection (vs
(CK30PEG) | transgenes; |day 7 for AAV2); ~58% of

mouse AAV protein level by day

subretinal 120; no CNS spread

injection
Glycol pEGFP Cationic polysaccharide Mitra [14]
chitosan NP | reporter; DNA condensation avoids

RPE-derived | cytotoxic cationic

cell lines lipid/PEI components
Hydroxyl Generation- | Near-neutral-surface Mastorakos
PAMAM controlled dendrimer achieves gene [15]
dendrimer | dendrimer; | transfer without

human RPE | conventional cationic-PEI

cells cytotoxicity
Dual-AAV Large Overlapping or trans Trapani [21]
splitting transgenes | splicing dual vectors

exceeding | deliver genes up to ~9 kb,

single-AAV | roughly doubling native

packaging | AAV capacity

limit
CRISPR-Cas | CEP290 First published in vivo Pierce [23]
9 IvVS26 CRISPR-Cas9 gene editing
(EDIT-101) | mutation; delivered directly to

AAV5 human photoreceptors

subretinal

delivery,

human trial
PEGylated Ex vivo Particles up to ~510 nm Xu [18]
polystyrene | bovine diffuse rapidly through
NP vitreous vitreous when densely

diffusion PEGylated; vitreous mesh

model pore size ~550+50 nm

The second, more recent development is the direct
clinical translation of in vivo CRISPR-Cas9 genome
editing to the human retina, using AAV5 as the delivery
vehicle for the editing machinery itself rather than for a
replacement gene. EDIT-101,
BRILLIANCE trial and reported by Pierce and colleagues,
delivers Cas9 and a pair of guide RNAs by subretinal

evaluated in the

AAV5 injection to excise the specific deep-intronic
mutation in CEP290 (the IVS26 variant) that causes the
most common genetic subtype of LCA, representing the
first published report of in vivo CRISPR-Cas9 gene
editing administered directly to human photoreceptors
rather than to cells edited ex vivo and then transplanted
[23]. The trial's core biological significance for this
article's argument is less about the specific efficacy
numbers, which the primary publication reports in
detail and which we do not attempt to restate here
beyond what we can directly verify, and more about
what the delivery choice itself signals: even a
genome-editing payload, which is transiently active and
does not need the decades-long persistent expression
that a straightforward gene-supplementation transgene

Nguyen M et al., (2026) 1: 001-010

benefits from, was still delivered using AAV rather than a
non-viral nanocarrier, reflecting how much more
mature and battle-tested AAV's retinal delivery track
record remains compared to any non-viral alternative
discussed in this article. That said, the broader
genome-editing literature has increasingly explored
non-viral and nanoparticle-based delivery of CRISPR
ribonucleoprotein complexes and mRNA-encoded
editors specifically because transient nanocarrier
delivery, unlike AAV, does not risk long-term genomic
persistence of an active nuclease, and reviews of
genome-editing strategies for IRDs treat non-viral editor
delivery as one of the more promising near-term
directions for the field even where retina-specific human

data does not yet exist [9].

Table 1 places several of the platforms and approaches
discussed across this article side by side, to make the
comparison concrete rather than leaving it implicit

across separate sections.

7. Open Challenges

Several gaps recur across this literature and are worth
stating plainly rather than leaving implicit. First, and
most fundamentally, transfection efficiency: even the
best-characterized non-viral platform discussed here,
compacted DNA nanoparticles, achieves roughly 58% of
AAV's protein expression level at four months
post-injection under matched conditions in the mouse
retina, and no non-viral retinal platform in this literature
has yet demonstrated efficiency parity with AAV in a
head-to-head comparison [13]. Whether that gap
matters clinically depends entirely on the specific
disease and the dose-response relationship of the target
gene — a partial restoration of RPE65 or REP1 activity
can still produce meaningful functional benefit, as the
approved and late-stage AAV therapies themselves
demonstrate — but it means non-viral platforms cannot
simply claim safety or cargo-capacity advantages
without also confronting this efficiency shortfall directly.

Second, the translational gap between rodent retinal
models and human eyes is larger for non-viral
nanocarriers than it is for AAV, precisely because AAV
has a decade-plus head start in large-animal and human
Nearly all of the
compacted-DNA-nanoparticle,

dosing experience.

glycol-chitosan-nanoparticle, and dendrimer data
synthesized in this article comes from mouse subretinal

injection or cultured human RPE cell studies; none of


https://doi.org/10.5281/zenodo.22849441

DOI: 10.5281/zenodo.22849441

the non-viral platforms discussed here has, to our
knowledge, been tested in a registered human retinal
gene-therapy trial, in sharp contrast to AAV's
now-substantial human trial record across RPE65, REP1,
RPGR, and other IRD targets [10,14,15,7,8]. The mouse
eye differs from the human eye in vitreous volume,
retinal thickness, and immune anatomy in ways that
make direct extrapolation of dosing and efficacy data
genuinely uncertain, and closing this gap will require
exactly the kind of larger-animal (typically canine or
non-human primate) studies that AAV retinal gene
therapy relied on extensively before its own human trials

began.

Third, the repeat-dosing question that partly motivated
non-viral nanocarrier development in the first place
remains, honestly, under-tested on its own terms.
Nanoparticle platforms are frequently justified in the
literature by their presumed capacity for safe repeat
administration, since they lack a viral capsid against
which the immune system can raise durable neutralizing
antibodies — but the repeat-dosing toxicity and efficacy
studies that would directly establish this advantage, in
the retina specifically, are sparser than the single-dose
characterization studies this article has drawn on most
heavily [10]. Fourth, and more mundane but no less
consequential for clinical translation: manufacturing
and regulatory pathways for chemically defined
nanocarrier gene-therapy products are considerably less
standardized than the now well-trodden AAV
manufacturing and regulatory pathway that voretigene
neparvovec's approval helped establish, and every
non-viral platform discussed in this article would need
to develop, validate, and scale a GMP-compatible
manufacturing process essentially from first principles
before any of the mouse-model results reviewed here

could plausibly reach a first-in-human trial.

We do not think any of these gaps undermine the basic
case for continued non-viral nanocarrier development
in ophthalmology — the eye remains, for the physical
and immunological reasons discussed throughout this
article, one of the most favorable organs in the body for a
delivery platform that is somewhat less efficient than
AAV  but offers capacity,

immunogenicity, or dosing-frequency properties — but

genuinely different

they are the honest state of the evidence as this literature
currently stands, and future work claiming near-term
clinical readiness for any specific non-viral retinal
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nanocarrier platform should be read against them.

8. Conclusion

The literature reviewed here supports a fairly specific
claim: nanocarrier-mediated gene delivery to the retina,
most extensively characterized through compacted DNA
nanoparticles but spanning glycol chitosan condensates,
PAMAM dendrimers, and lipid-based platforms, is a
genuinely complementary rather than competing
technology to AAV-based retinal gene therapy, aimed
specifically at the cargo-size, immunogenicity, and
repeat-dosing limitations that AAV's own clinical
success has thrown into sharp relief [1,13]. Compacted
DNA nanoparticles in particular have accumulated a
consistent, if still preclinical, body of evidence showing
faster expression onset than AAV, substantial though not
complete transduction efficiency relative to AAV, a
favorable local safety profile across repeated subretinal
dosing in mouse models, and a biodistribution pattern
that remains confined to the treated eye rather than
trafficking along visual pathways to the brain [13,10].
The physical barriers any nanocarrier must cross to
reach the retina — above all the vitreous body's roughly
550-nanometer effective mesh pore size — are now
understood quantitatively well enough to guide rational
particle design, particularly around the degree of
PEGylation needed for intravitreally delivered particles
to actually reach their target rather than becoming
trapped en route [18].

Making any of these platforms clinically real, rather than
an elegant mouse-model result, depends on treating the
gaps identified in the previous section as a research
roadmap rather than a reason for pessimism: closing the
efficiency gap with AAV where the target disease's
biology demands it, moving beyond rodent models
toward the large-animal and eventually human dosing
data that AAV's own clinical translation required,
directly testing the repeat-dosing safety advantage that
motivates much of the interest in non-viral platforms in
the first place, and building the manufacturing and
regulatory infrastructure that a chemically defined
nanocarrier product needs in order to reach a clinical
trial at all [15,14,19]. The emergence of dual-AAV
cargo-splitting and, more recently, AAV-delivered in vivo
CRISPR-Cas9 editing as clinically validated approaches
to exactly the large-cargo and precision-editing
problems non-viral nanocarriers were partly designed to

solve is a useful corrective against overstating how close
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non-viral platforms are to matching AAV's clinical
maturity [21,22,23]. But it does not diminish the
underlying case for continued nanocarrier development:
the eye's small target volume, relative immune privilege,
and tolerance for direct injection make it one of the most
favorable settings anywhere in the body for a non-viral
gene-delivery platform to eventually demonstrate that a
different set of tradeoffs — larger cargo, reduced
immunogenicity, and the realistic prospect of safe
repeat dosing — can translate into genuine clinical
benefit for patients whose inherited retinal disease AAV
alone cannot reach.
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