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Abstract: The CRISPR/Cas9 system has emerged as a
promising platform for gene editing; however, the lack
of an efficient and safe delivery system to introduce it
into cells continues to hinder clinical translation. Here,
we report a rationally designed gene-editing nano-
particle (NP) formulation for brain applications: an
sgRNA:Cas9 ribonucleoprotein complex is immobilized
on the NP surface by oligonucleotides that are comple-
mentary to the sgRNA. Irradiation of the formulation
with a near-infrared (NIR) laser generates heat in the
NP, leading to the release of the ribonucleoprotein
complex. The gene-editing potential of the formulation
was demonstrated in vitro at the single-cell level. The
safety and gene editing of the formulation were also
demonstrated in the brains of reporter mice, specifically
in the subventricular zone after intracerebral adminis-
tration and in the olfactory bulb after intranasal
administration. The formulation presented here offers a
new strategy for the spatially controlled delivery of the
CRISPR system to the brain.

Genome editing using clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated protein
9 (Cas9)[1] has high potential for the treatment of neuro-
logical diseases originating from genetic mutations, including
Alzheimer disease,[2] Huntington disease,[3] and amyotrophic
lateral sclerosis,[4] among others. Many of the advances
made in CRISPR brain delivery systems have been achieved
by taking advantage of viral vectors, specifically adeno-
associated viruses (AAVs). However, AAVs have a low
packing capacity, require specific infrastructure for large-
scale production, and pose safety concerns due to their
immunogenicity[5] and ability to integrate into the DNA
breaks created by Cas9.[6] Nonviral CRISPR/Cas delivery
systems have emerged as alternatives to viral delivery
approaches. Nonviral formulations have been used in the
context of the adult brain[7] to deliver different cargos,
including plasmid DNA encoding Cas9 and sgRNA,[8] Cas9
mRNA plus sgRNA[9] and Cas9 ribonucleoprotein (Cas9
complexed with sgRNA),[7c] among which the last two are
the most desirable for clinical translation. These nonviral
vectors, administered intracerebrally, have allowed success-
ful gene editing in different types of brain cells.[7a,b,e,10] One
of the limitations of existing nonviral vectors is their limited
spatial resolution. Once injected, nanoparticles (NPs) can
diffuse from the injection site into the brain parenchyma
depending on their morphology and chemistry.[11] The
spatial control of gene editing requires light-activatable
NPs,[12] particularly near-infrared (NIR) light-activatable
NPs, since NIR has deeper tissue penetration (millimeter
range[13]). NIR-activatable CRISPR formulations have been
reported for use in gene editing outside the brain (Fig-
ure S1), in certain tumor models,[8a,14] through the use of
Cas9/sgRNA-encoding plasmids[8,15] and the Cas9/sgRNA
ribonucleoprotein complex (RNP),[14,16] but not inside the
brain. These formulations have important limitations, such
as (i) limited gene editing efficiency (<10% of the cells);[8b]

(ii) high laser power requirements for releasing the gene
editing system, which can compromise cell viability;[14b] (iii)
leaching of the formulation in the absence of NIR
activation;[15,17] and (iv) lanthanide components that may
induce toxicity.[16] In addition, the application of NIR-
activatable CRISPR formulations in the brain presents
significant challenges because (i) the laser should penetrate
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the skull to activate brain cells transfected with the NPs; (ii)
the triggering system should not activate gliosis; and (iii) the
NP activation should display spatial resolution.

Here, we report an NIR light-triggerable NP formulation
for gene editing in the brain with improved spatial control.
The Cas9 protein rather than Cas9 DNA was selected for
delivery to prevent immunogenic responses.[18] In this
formulation, complementary oligonucleotides (ssDNA) im-
mobilized on gold nanorods (AuNRs) are used to immobi-
lize the complex sgRNA:Cas9 (RNP). The AuNRs can
absorb near-infrared (NIR) light and convert it into heat,
which induces dehybridization of the complementary
sgRNA from immobilized ssDNA immobilized on the sur-
face of the AuNRs (Figure 1a). The oligo spacer and
composition of the formulation were rationally designed to
(i) minimize leaching of the ribonucleoprotein complex in
the absence of laser activation, (ii) prevent cleavage by the
Cas9 system (Figure 1b) and (iii) prevent denaturation of
the Cas9 protein. The gene editing properties of this
formulation were evaluated in vitro using brain cells and in
vivo following intracerebral or intranasal administration in a
reporter transgenic mouse.

To immobilize the RNP on the AuNR core, we selected
an ssDNA sequence of 20 bases complementary to the
sgRNA that was modified at the 3’ or 5’ terminus with
different poly(thymine) spacers (8, 16 and 32) and contained
a terminal thiol group to allow covalent attachment to the
AuNR surface (Figure 1b and S3a). The poly(thymine)
spacer was used to distance the oligonucleotide hybrid-
ization sequence from the AuNR surface. The length of the
spacers was selected on the basis of molecular modeling
studies (see below). As a control, we used a sequence of 20
bases without complementarity to the sgRNA (NC). The
average length and width of the AuNRs were 42�0.3 nm
and 13�0.2 nm, respectively (Figure S2). The average
number of ssDNA molecules per AuNR was 403�28, with a
coupling efficiency of nearly 40% (Figure S3c). Next, we
evaluated whether the ssDNA molecules immobilized on
the surface of the AuNRs were accessible for hybridization
with sgRNA. With the exception of the noncomplementary
(NC) ssDNA, the sgRNA was able to hybridize with all the
other AuNR-ssDNA formulations (Figure S3b). Thus, the
interaction between the sgRNA and the AuNRs seems to be
mediated by nucleotide complementarity and not by other
interactions. To evaluate the release properties of the
formulation, the AuNR-ssDNA was hybridized with the
sgRNA and then irradiated by an NIR laser. The activation
of AuNR-dsDNA:sgRNA by an NIR laser at a power of
1000 mW increased the temperature of the suspension from
21 °C to 41 °C (Figure S3d), leading to the release of
approximately 60 % of the immobilized sgRNA from the
formulation in 10 min (Figure S3e). Next, the AuNR-ssDNA
formulations were exposed to the RNP for 1 h at room
temperature to allow hybridization of the RNP to the
complementary ssDNA immobilized on the AuNR. The
immobilization efficiency was slightly greater (more than
60 %) for the formulations containing ssDNA with 16 or 32
thymines than for the formulation containing ssDNA with 8
thymines (Figure S4a). The immobilization of the RNPs on

the AuNR-ssDNA altered the zeta potential from � 40 mV
to � 20 mV (Figure S4b). The formulations resulting from
the hybridization of the RNPs with the immobilized
oligonucleotides, AuNR-dsDNAnT-RNP, were relatively
stable for 24 h in water, as no significant changes were
observed in the absorbance spectrum (Figure S4c). Impor-
tantly, the Cas9 enzyme was not able to cleave the double-
stranded DNA that resulted from hybridization between the
target sequence of the sgRNA and the ssDNA (Figure S4d).

We performed molecular dynamics (MD) analyses to
investigate the interaction of the sgRNA with the ssDNA.
Because the ssDNA is covalently attached to the AuNRs,
the interaction between the 20-base complementary ssDNA
and the sgRNA is dependent on the length of the poly-
(thymine) spacer. The spacer needs to be long enough for
the 20 nt complementary ssDNA to reach the sgRNA strand
in the enzyme pocket.[19] Moreover, both the ssDNA and
spacer length should be rationally designed to prevent the
cleavage of the ssDNA by spCas9, since the enzyme may
cleave ssDNA even in the absence of a protospacer adjacent
motif (PAM sequence).[20] The width of the enzyme from
one side to the other is approximately 80 Å, assuming that
the interphosphate distance of ssDNA can range between
5.9 Å and 7 Å depending on the sugar pucker,[2,21] and an 8T
spacer extends only 52 Å, which is roughly half of the
protein width; thus, with an 8T spacer, only a few bases can
reach the complementary sgRNA (Figure 1c-i). For the
longer spacers (16T and 32T), we modeled possible hybrid-
ization levels between the ssDNA and sgRNA. According to
the simulations for the complex with ssDNA-16T, if 6 bases
of the spacer remained outside the protein, only 14 out of
the 20 bases could reach the sgRNA for hybridization
(Figure 1c-ii). With the longer spacer (ssDNA-32T), 24
bases of the spacer were accessible to the solvent when 14
bases of the ssDNA were hybridized. We also modeled the
fully hybridized complex with ssDNA-32T (Figure 1c-iii), in
which 11 bases were accessible to the solvent. The MD
simulations showed that the protein equilibration was
relatively rapid (Figure S5). Overall, the 8T spacer is not
long enough for the immobilization of the RNP on the
AuNR; however, both the 16T and 32T spacers allow the
ssDNA to hybridize with the sgRNA in the enzyme pocket.

Next, the release of the RNP from the AuNR formula-
tion after NIR irradiation was evaluated. First, we evaluated
the thermostability of the Cas9 enzyme after NIR activation
(Figure S6). Cas9 protein has been shown to lose its stability
at temperatures above 45 °C.[22] The soluble Cas9 enzyme
was incubated with AuNRs (without ssDNA conjugation),
exposed to an NIR laser at different powers for 3 min
(Figure S6b, c) and then centrifuged to collect the super-
natant. The protein was quantified, and its enzyme activity
was tested. NIR laser powers above 800 mW/cm2 caused
denaturation and subsequent precipitation of the enzyme.
However, Cas9 collected from a colloidal suspension of
AuNRs activated at 700 mW/cm2 (or even at 1000 mW/cm2)
and transfected with sgRNA and RNAiMAX into d2eGFP-
HeLa cells (Figure S6d, e) exhibited activity. Thus, for the
release studies of RNP from AuNRs, we used an NIR laser
at 700 mW/cm2 for 3 min. In these conditions, approximately
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Figure 1. In vitro delivery of Cas9-RNP for efficient genome editing. (a) Schematic representation of the synthesis of the gene editing formulations.
(b) Oligonucleotide sequences used for immobilization on the AuNRs. (c) Representative structures of the Cas9 system with different spacer
lengths. The representations in the top panel correspond to cluster structures from the simulated systems. In blue, the sgRNA (nonhybridized); in
green, the sgRNA bases that are hybridized to the ssDNA (red); and, in orange, the poly(thymine) spacer. (d) Schematic representation of the NIR
light-controlled release of RNP for gene editing. The HeLa-d2eGFP cells were incubated with the AuNR-dsDNA-RNP formulations for 4 h and then
washed. Fresh medium was added, and the cells were irradiated for 3 min with an NIR laser. After 72 h, eGFP knockout was monitored via a high-
content fluorescence microscope. (e) Percentage of GFP-knockout cells. RNAiMAX lipofectamine was used as a positive control. The eGFP
fluorescence was normalized to the nontreated cells. The data are expressed as the mean�SEM (n=2–6). One-way ANOVA with Tukey’s post hoc
multiple comparisons test was performed: (****), p <0.0001. (f) Allele frequency in HeLa cells edited with the AuNR-dsDNA(16T)-RNP
formulation.

Angewandte
ChemieCommunications

Angew. Chem. Int. Ed. 2024, 63, e202401004 (3 of 8) © 2024 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 2024, 21, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202401004 by C

ochrane Portugal, W
iley O

nline L
ibrary on [21/08/2024]. See the T

erm
s and C

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

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



31.5 % of the RNP was released from the formulation
(Figure S4e).

To evaluate the cellular uptake of AuNR-dsDNA-RNP,
HeLa cells were transfected with each formulation contain-
ing different spacers (8T, 16T and 32T) (50 μg/mL) for 4 h,
after which the concentration of gold within the cells was
measured via inductive coupled plasma mass spectrometry
(ICP-MS) (Figure S7a). Our results showed different levels
of cellular uptake of the different formulations, and the
AuNR-dsDNA(16T)-RNP formulation had the highest in-
ternalization, likely facilitated by its aggregation and sub-
sequent sedimentation in cell culture medium (Figure S7b).
To evaluate the intracellular trafficking of the formulations,
Cas9 was labeled with DyLight 650 (DL) before the
formation of the complex with the sgRNA. The AuNR-
dsDNA(16T)-RNP-DL was incubated with HeLa cells and
activated with an NIR laser (780 nm, power: 700 mW/cm2,
3 min). The intracellular trafficking of AuNR-dsDNA-RNP
was characterized by confocal microscopy after staining the
endolysosomal compartment with LysoTracker Red (Fig-
ure S7c). Our results indicate that the exposure of the cells
to NIR contributed to endolysosomal escape of the nano-
carrier (Figure S7d). TEM analyses revealed that the
exposure of cells to NIR increased the number of disrupted
endolysosomes (Figure S7e and f). To further determine
whether AuNR-dsDNA-RNP disrupted the endolysosomal
compartment, we used immunofluorescence to monitor
galectin-9, a membrane damage sensor that has been used to
observe the endosomal escape of therapeutic molecules.[23]

Hydroxychloroquine, which has been shown to induce
endolysosomal membrane damage,[23] was used as a positive
control. Indeed, the cells exposed to AuNR-dsDNA(32T)-
RNP and activated by an NIR laser presented more
galectin-9 foci than those without laser activation, suggesting
disruption of the endolysosomal compartment (Figure S8).
Overall, our results indicated that the degree of cellular
internalization of AuNRs-dsDNA-RNP depends on the
length of the ssDNA and that escape from the endolysoso-
mal compartment is increased by activation of the formula-
tion by NIR light.

To evaluate the gene editing potential of the formula-
tions, the different AuNR-dsDNA-RNP formulations were
used to knockout the eGFP fluorescence in d2eGFP-HeLa
cells. For this purpose, cells were transfected with each
formulation (50 μg/mL) for 4 h in cell culture medium, either
irradiated or not irradiated at 780 nm (700 mW/cm2) for
3 min and finally cultured for 3 days (Figure 1d). The cell
viability and eGFP knockout were evaluated via high-
content microscopy. Cells transfected with AuNR-
dsDNA16T-RNP decreased in number after light activation,
indicating the cytotoxicity of the formulation (Figure S9).
The remaining formulations had negligible effects on cell
viability. Cells treated with the formulations but without
light activation showed low eGFP knockout activity, below
30 % in the AuNR-dsDNA32T-RNP formulation (Fig-
ure 1e). Importantly, cells transfected with AuNR-
dsDNA16T-RNP or AuNR-dsDNA32T-RNP and activated
by light showed eGFP knockout comparable to that
observed in cells transfected with Lipofectamine RNAi-

MAX complexed with RNP, which was used as a positive
control (Figure 1e). Gene editing was further confirmed by
Illumina NGS analyses, and indels (~64%) were observed
around the intended cleavage site (Figure 1f and S10),
further confirming the occurrence of cellular gene editing.
As expected, the edited cells showed low eGFP expression
for several passages, demonstrating a biological effect over
time (Figure S11a). Gene editing can be initiated by NIR
laser activation immediately after cell transfection (4 h after
exposure to the formulation) or 20 h after cell transfection;
thus, the timing of the biological process can be controlled
(Figure S11b). Furthermore, the AuNR formulation enabled
gene editing with single-cell resolution when confocal micro-
scopy was used for NIR activation (Figure S11c). Impor-
tantly, AuNRs bound to an ssDNA sequence complemen-
tary to the sgRNA were critical for the immobilization of
the RNP on the AuNR-ssDNA system. Formulations
containing ssDNA that was not complementary to the
terminal sequence of the sgRNA or that was inverted (the
thymines were included at the 5’ rather than the 3’ end)
were not active (Figure S12). Overall, our results demon-
strated the capacity of our system to perform gene editing
within cells with spatiotemporal control at single-cell reso-
lution. Considering the cell viability and gene editing results,
we selected the formulation AuNR-dsDNA32T-RNP for
further analyses.

To demonstrate the gene editing of brain cells in vitro,
subventricular zone (SVZ) cells, astrocytes- and neurons-
enriched cells were isolated from Rosa26-tdTomato trans-
genic Ai9 mice. This mouse has a cassette inserted into the
Gt(ROSA)26Sor locus with a LoxP-Stop-LoxP-tdTomato
sequence. Two sgRNA sequences (sgRNAloxP1 and
sgRNAloxP2) were designed to enable the deletion of the
LoxP-Stop cassette and expression of the tdTomato fluo-
rescent protein (Figure 2a). AuNRs with RNPloxP1 and
AuNRs with RNPloxP2 were prepared separately to allow
maximal control of the composition of each formulation.
The SVZ cells, astrocytes and neurons were incubated with
AuNR-dsDNA(32T)-RNP (equal amounts of AuNR-
RNPloxP1 and AuNR-RNPloxP2) for 4 h, irradiated or not
irradiated with an NIR laser, and then cultured for 1 day
(cytotoxicity assay) or 3 days (gene editing assay; Figure 2a).
The transfection of brain cells with AuNR-dsDNA(32T)-
RNP showed no significant cytotoxicity 24 h after irradiation
(Figure S13). In the case of SVZ cells, irradiation was
performed after 24 h of incubation with AuNRs because
after only 4 h of incubation, most of the formulation was
adsorbed in the cell membrane and not internalized (data
not shown). The gene editing efficiency was determined by
the quantification of tdTomato-positive cells on day 3 post-
transfection via flow cytometry. The percentages of tdToma-
to-expressing SVZ cells, astrocytes and neurons were 8 %,
30 % and 10%, respectively (Figure 2b–2g). The gene
editing efficiency was higher in astrocytes than in SVZ cells,
likely because astrocytes internalized a greater concentra-
tion of AuNR-dsDNA(32T)-RNP than SVZ cells (Fig-
ure S14). Among the SVZ cells, most of the edited cells
were immature (Nestin+) (Figure S15a.1 and a.2). However,
the highest percentage of gene editing occurred in astrocytes
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Figure 2. Gene editing in mouse brain cells by light-activatable AuNR-dsDNA-RNP. (a) Schematic representation of gene editing in brain cells. The
excision of a stop codon by two designed sgRNA sequences leads to the production of the tdTomato fluorescence reporter protein. The cells were
transfected with AuNR-dsDNA(32T)-RNP for 4 h, washed, provided with fresh medium and then irradiated for 3 min by an NIR laser at a power of
700 mW/cm2. After 72 h, tdTomato fluorescence was measured via flow cytometry. (b–f) Representative flow cytometry scatter plots of the SVZ (b),
astrocyte- (d) and neurons-enriched populations (f) treated with AuNR-dsDNA32T-RNP with and without NIR light. (c–g) Percentage of tdTomato-
positive cells in the SVZ (c), astrocyte- (e) and neuron-enriched populations (g) as assessed by flow cytometry. Positive cells were gated on the
basis of the basal expression of tdTomato fluorescence in nontreated cells. In (c), (e) and (g), the results are presented as the mean�SEM (n=3
independent experiments; 2 replicates per independent experiment). *** and **** denote statistical significance (p<0.001; p<0.0001) assessed
by one-way ANOVA followed by Tukey’s post hoc test.
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Figure 3. In vivo expression of tdTomato in adult Ai9 mice triggered by light-activatable AuNR-dsDNA(32T)-RNP. (a) Schematic representation of
stereotaxic injection of AuNR-dsDNA(32T)-RNP into adult Ai9 mice. (b) AuNR accumulation in the brains of mice after intracerebral
administration. Quantification was performed by ICP-MS at 0 and 15 days after the injection. The results are presented as the mean�SEM (n=3
animals). An unpaired two-sample t test was performed: (*), p<0.05. (c) Representative fluorescence images of tdTomato-positive cells in the
irradiated and nonirradiated brain ventricles that received AuNR or saline injection and NIR irradiation. The scale bar represents 300 μm. (d) Fold
change in tdTomato fluorescence after NIR light activation. The results are presented as the mean�SEM (n=3–6 animals, one section per
animal). An unpaired two-sample t test was performed: (***), p<0.001. (e) Distribution of tdTomato-positive cells. The results are presented as
the mean�SEM (n=4–5 animals, 3–6 images per marker). *, ** denote statistical significance (p<0.05; p<0.01) assessed by one-way ANOVA
followed by Tukey’s post hoc test. (f) Experimental setup for intranasal administration. Adult Ai9 mice were intranasally administered (i) AuNR-
dsDNA(32T)-RNP or (ii) PBS for 3 days. Each day, 1 h after intranasal administration, part of the skull was irradiated, while the other part was
protected with aluminum foil to prevent laser activation. (g) Quantification of AuNR-dsDNA(32T)-RNP in the brain after a single intranasal
administration. The animals were sacrificed 4 h post administration. The amount of gold in the nasal cavity, olfactory bulb (OB), cortex and
hippocampus was determined via ICP-MS. The results are expressed as the mean�SEM (n=4 animals for the AuNR group and 2 animals for the
saline group) of the % ID (initial dose of Au) per gram of tissue. (h) Representative image of tdTomato expression in irradiated and nonirradiated
OBs two weeks after multiple nasal injections. Scale bars=50 μm. GL: glomerular layer, EPL: external plexiform layer. (i) Quantification of
tdTomato fluorescence. The NIR-exposed (+NIR) side was normalized to the nonexposed side of the OB (� NIR). The results are expressed as the
mean�SEM (n=4 animals treated with AuNR-dsDNA(32T)-RNP and n=3 with PBS; 20 to 24 images were obtained from each animal). Statistical
analysis was performed by a two-tailed unpaired t test, and * denotes statistical significance (P=0.0176).
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(GFAP+ cells) and neurons (NeuN+ cells) (Figure S15b.1–
S15c.2). The gene editing in the SVZ cells was further
confirmed by Illumina NGS analyses, and indels (~6.4%)
were observed around the intended cleavage site (Fig-
ure S16), confirming the occurrence of cellular gene editing.
Taken together, our results showed that this approach to the
gene editing of brain cells had similar efficacy to that of the
commercial transfection agent RNAiMAX (Figure S17), but
our system had higher spatial resolution.

To demonstrate the gene editing properties of the
formulation in vivo, we first evaluated NIR laser penetra-
tion. We determined that a 780 nm laser at 1000 mW/cm2

power delivered through the brain calvaria bone (thickness:
3 mm) exhibited attenuation of 60 % of the initial power
(Figure S18) and remained sufficient to knockout up to 50%
of eGFP expression in d2GFP HeLa cells and 25 % of eGFP
expression in astrocytes. To demonstrate the gene editing of
brain cells in vivo, AuNR-dsDNA(32T)-RNP was stereo-
taxically injected into the subventricular zone of both brain
hemispheres of adult Ai9 mice, and only one of the brain
hemispheres was exposed to NIR light (Figure 3a and S19).
The expression of tdTomato was evaluated two weeks later
by confocal microcopy. During this period, the concentra-
tion of AuNRs in the brain decreased from 12 μg of AuNRs
per g of brain tissue (i.e., 0.3 mg of AuNRs per kg of animal,
which is much lower than the brain toxicity of these
nanomaterials[24]) to 5 μg of AuNRs per g of brain tissue, as
confirmed by ICP-MS analyses (Figure 3b). In other organs,
such as the spleen and liver, the concentration of AuNRs
increased on day 5, as confirmed by ICP-MS analyses
(Figure S19b). Our results showed higher (~4-fold) tdToma-
to fluorescence in the irradiated hemisphere than in the
nonirradiated hemisphere (Figure 3c, d). tdTomato-positive
cells were found in immature/progenitor cells (Sox2+; 38 %),
astrocytes (GFAP+ ; ~40%), microglia (IBA1+; 10 %) and
neuronal progenitor cells (NeuN+; 15 %) (Figures 3e and
S20). Importantly, we did not observe measurable microglial
activation in the region exposed to the NIR laser that
underwent gene editing in vivo (Figure S21). In a separate
experiment, we investigated the possibility of administering
AuNR-RNP by a noninvasive route, specifically, by intra-
nasal administration (Figure 3f–3i). Our results showed that
most of the AuNRs accumulated in the nasal cavity,
followed by the olfactory bulb (Figure 3g). Importantly,
gene editing was observed in the irradiated brain hemi-
sphere, particularly in the olfactory bulb. Here, the tdToma-
to fluorescence was greater (~4-fold) in the irradiated
hemisphere than in the nonirradiated hemisphere (Figure 3h
and 3i). In conclusion, we developed a gene-editing
formulation for on-demand release into deep tissues with
high-resolution spatial control upon exposure to transcranial
NIR light. This technology offers new possibilities for safely
performing brain gene editing.
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