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The effectiveness of nanotechnologies is often limited by the
non-specific aggregation in biological environments. We
developed a proteins coronated nanostructure by
functionalizing AuNPs with nucleic acid scaffolds and CRISPR
Cas proteins, significantly enhancing nanoparticle stability and
cellular uptake efficiency, making it a promising tool for
imaging and biomedical applications.

Nanoparticles based technologies, such as AuNPs, have
emerged as versatile tools in biomedicine owing to their facile
synthesis, range of sizes, biological inertness, and unique optical
properties 1. These properties make them promising candidates
for various biomedical applications such as drug delivery,
photothermal therapy, photodynamic therapy, and bioimaging.
However, the effectiveness of nanoparticles is often hindered
by their tendency to aggregate in complex biological
environments, compromising their stability and functionality %
3. The stability and bioavailability of nanoparticles in biological
media is crucial for retaining their properties and fully utilizing
their biomedical potential.

The large specific surface area and high surface activity of
nanoparticles can lead to aggregation, reducing their cellular
delivery efficiency and increasing cytotoxicity, thus limiting
their functionality in biological environments. Electrostatic
repulsion is commonly employed to prevent aggregation of
nanoparticles. For instance, AuNPs prepared from citrate-
reduced HAuCl, possess a diffusion double layer that generates
repulsive forces among the particles at low ionic
concentrations, with citrate acting as both a reducing agent and
a stabilizer 4. However, stabilization via electrostatic repulsion 5,
as seen in citrate/cetyltrimethylammonium bromide (CTAB)-
modified AuNPs, is susceptible to pH, salt concentration, and
metal ions
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in solution, posing challenges for biological applications ©.
Another approach
polymers like poly (ethylene glycol) (PEG) to prevent particle
agglomeration 7- 8, While this method can enhance stability, it

involves modifying nanoparticles with

may increase immunogenic activity and potentially cause acute
injuries to organs 2 10,
the
biological fluids results in the adsorption of proteins and small

Furthermore, introduction of nanoparticles into
molecules onto their surface, forming unpredictable and
nonspecific protein coronas. These coronas can mask the
original functions of nanoparticles and alter their biological fate
11,12 The dynamic and competitive nature of protein coronas in
biological fluids makes their formation unpredictable and
uncontrolled, diminishing the efficacy of nanoparticles in
biomedical applications 1314,
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Scheme 1 Schematic diagram of behavior of gold nanoparticles (AuNP),
spherical nucleic acids (SNA) and protein corona nanostructure (PCN) during
incubation with cells.

To address these challenges > 16, an artificial protein
corona nanostructure (PCN) has been developed to enhance
intracellular delivery of AUNPs (Scheme 1). This study used thiol-
modified DNA strands complementary to a DNA linker, capable
of hybridizing with single-guide RNA (sgRNA), to functionalize
the AuNPs, followed by the binding of clustered regularly
interspaced short palindromic repeats (CRISPR) associated
protein (Cas9) to sgRNA to form a controlled protein corona
nanostructure on the nanoparticle surface 7. The study
assessed the stability of these PCNs under diverse biological
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conditions, while also studying their uptake efficiency and
mechanisms. The biocompatible PCN-based delivery platform
not only mitigates non-specific aggregation but also enhances
cellular uptake efficiency, positioning it as a promising strategy
for imaging and biomedical applications.

To synthesize the self-assembled protein coronated
nanostructure (PCN), the initial step involved modifying the
surface of gold nanoparticles with a nucleic acid inner layer. This
process entailed connecting the sgRNA to a thiol-modified
anchor strand via a linker strand, resulting in the formation of a
three-strand complex. By anchoring this nucleic acid complex to
the surface of 20 nm gold nanoparticles through Au-S bonds
facilitated by the thiol group at the 5' end of the anchor strand,
a nucleic acid inner layer was established, leading to the
creation of a spherical nucleic acid structure (SNA). The
orientation of the nucleic acid scaffolds played a crucial role in
determining the spatial arrangement of the attached Cas9
protein, ensuring specific binding of the protein to the loop
region of the extended sgRNA and the formation of a monolayer
protein corona structure on the nanoparticle surface (Fig. S1).
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Fig. 1 Characterization and stability assessment of AuNPs, SNAs, and PCNs.
(A) Polyacrylamide gel electrophoresis (PAGE) analysis of annealed products
formed from Anchor, Cy5-Linker, and sgRNA at varying molar ratios. Lanes:
1, marker; 2, Anchor; 3, Linker; 4, sgRNA; 5-7, sgRNA:Linker (1:1, 1:1.2, 1:1.5);
8-11, Anchor:Linker:sgRNA (1:1.2:3, 1:1.5:3, 1:1.2:5, 1:1.5:5). (B) Zeta
potential measurements of AuNPs, SNA, PCN, free Cas9 protein, and RNP
(Cas9-sgRNA complex). Stability comparison of PCN and control RNA
reporters in 0.1% FBS (C), and under different concentrations of glutathione
(GSH) (D).

Optimizing the annealing ratios of the nucleic acid strands on
the gold nanoparticle surface was pivotal in achieving successful
synthesis of the protein coronas. To enhance the attachment of
the "anchor:linker:sgRNA" ternary complexes to the AuNPs, an
excess of linker strands was essential to ensure complete
pairing with all anchor strands, along with an excess of sgRNA
to enable full hybridization with the anchor:linker duplex. By
annealing the three strands in varying ratios, the optimal
synthesis conditions were determined. Polyacrylamide gel
electrophoresis (PAGE) analysis revealed that at an annealing
ratio of anchor to linker of 1:1.2, complete hybridization
occurred, leading to the disappearance of the anchor and linker
bands. Similarly, at an annealing ratio of anchor:linker:sgRNA of
1:1.2:3, the desired three-strand complex band emerged,

2 | Chem. Comm., 2025, 00, 1-4

indicating successful synthesis, while excess sgRNA hands. were
also observed (Fig. 1A). DOI: 10.1039/D5CC03658E

The average nucleic acid scaffold loading on AuNPs was
quantified using a fluorescence-based assay. Cy5-labeled Linker
strands were annealed with Anchor and sgRNA at optimized
ratios and anchored to AuNPs via Au-S bonds. Treatment with
2-mercaptoethanol disrupted Au-S bonds, releasing scaffolds
and restoring Cy5 fluorescence. Comparing fluorescence
intensities before and after release with a Cy5-DNA standard
curve (Fig. S2) revealed an average loading of ~54 scaffolds per
AuNP. The quantification of Cas9 protein in gel electrophoresis
indicated a 64% Cas9 loading efficiency on AuNPs at a 1:100 of
AuNP: Cas9 molar ratio. (Fig. S3).

Successful formation of the PCN was confirmed by
characterization in UV-Vis spectroscopy. It showed red-shifted
absorption peaks for PCN by 5 nm vs. AuNPs and 3 nm vs. SNAs
(Fig. S4A). DLS indicated a progressive increase in hydrodynamic
diameter from 32.7 nm (AuNP) to 105.7 nm (SNA) to 164.2 nm
(PCN) (Fig. S4B). Zeta potential measurements further
supported conjugation, increasing from citrate-stabilized AuNPs
to SNAs, and rising significantly for PCN (Fig. 1B). Furthermore,
the TEM results show that the nucleic acid scaffolds and Cas9
have been successfully conjugated to the AuNPs, and the
synthesized PCNs exhibit superior dispersion compared to

AuNPs (Fig. S5).
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Fig. 2 Time-dependent cellular uptake of SNA and PCN in HeLa-GFP cells. (A)
Visual assessment of colloidal stability in cell medium: Solution state
immediately after adding 1 nM AuNPs, SNA, or PCN, and solution state after
16 h incubation in cell culture wells. (B) Quantitative analysis of intracellular
Cy5 fluorescence intensity in HeLa-GFP cells after 6 h incubation with PCNs
assembled at different Cas9:SNA incubation ratios. (C) Intracellular Au
concentration quantified by ICP-MS following incubation of HeLa-GFP cells
with 1 nM SNA or PCN for 2, 6, and 12 h. Error bars represent +1 SD (n=3).
(D) Confocal fluorescence images of HelLa-GFP cells incubated with Cy5-
labeled SNA or PCN for 0, 2, 6, and 12 h (Cy5 signal: red). Scale bar: 25 um.

The PCN significantly improved AuNP stability in complex
biological systems. In 0.1% FBS, an RNA reporter was degraded
completely within 40 minutes, while RNA in PCN remained
stable with less than 20% degradation (Fig 1C). PCN also
demonstrated prolonged stability against glutathione (GSH),
and fluorescence restoration (indicating degradation/release)
occurred only upon adding 2-mercaptoethanol (2-ME) to cleave
Au-S bonds, not from GSH exposure alone (Fig. 1D).

This journal is © The Royal Society of Chemistry 20xx
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PCN also conferred superior colloidal stability in serum-free
culture medium. Unmodified AuNPs aggregated immediately
(solution turned gray), while both SNA and PCN initially
remained dispersed (light pink). After 16 hours, SNA-treated
wells showed gray aggregates, whereas PCN maintained
dispersion and a pink color (Fig. 2A), demonstrating essential
stability for cellular delivery applications.

We then optimized the Cas9 to SNA incubation ratio to
maximize cellular uptake efficiency. Cy5-labeled SNAs
incubated with increasing Cas9 ratios formed PCNs with varying
protein density (Fig. S6). Co-culture with HeLa-GFP cells showed
that higher Cas9 ratios progressively increased intracellular Cy5
signal (Fig. 2B), indicating enhanced transmembrane delivery.
While all PCN ratios outperformed SNA, a Cas9 to SNA molar
ratio of 100:1 was selected for subsequent studies to balance
uptake efficiency with preventing aggregation.

While nonspecifically adsorbed proteins (e.g., serum
albumin) typically reduce nanoparticle-cell membrane
interactions and hinder uptake efficiency 8, our designed Cas9
protein corona nanostructure demonstrates an opposite effect.
The Cas9 protein’s positively charged residues neutralize the
negatively charged nucleic acid-modified surface, while its
functional nature may facilitate receptor targeting, both
mechanisms promoting cellular internalization 1% 20,
Furthermore, the monolayer corona’s spatial arrangement
potentially alters endocytic pathways 21, collectively enhancing
uptake.
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Fig. 3 Evaluation of SNA and PCN uptake in Hela-GFP cells at varying
concentrations. (A) Confocal images of PCN internalization (0.5-4 nM) (Cy5, red),
cells (FITC, green), nuclei (DAPI, blue). Scale bar: 25 um. (B) Schematic of co-
localization fluorescence analysis for a single representative HeLa-GFP cell. (C) ICP-
MS measurement of intracellular Au after 16 h incubation with varying SNA and
PCN concentrations. Error bars: 1 SD (n=3).

Quantitative  ICP-MS  analysis of intracellular Au
concentration revealed time-dependent internalization
differences between SNA and PCN (Fig. 2C). After 2 hours of
incubation with Hela-GFP cells, both systems showed
comparable uptake. However, prolonged incubation (6-12 h)
resulted in only marginal SNA internalization increases, whereas
PCN uptake surged significantly. By 12 hours, intracellular Au
concentration from PCN was 2.3-fold higher than from SNA.

This journal is © The Royal Society of Chemistry 20xx
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Fluorescence imaging of Cy5-labeled constructs corroborated
with the ICP-MS results (Fig. S7). SNA showed tbdninat osigeeed
increase over 12 h, while PCN exhibited a gradual, time-
dependent rise in intracellular Cy5 signal (Fig. 2D), confirming
sustained and enhanced PCN delivery.

We further investigated the uptake efficiency of PCN with
increased concentrations. Confocal imaging of HelLa-GFP cells
incubated 16 h with increasing concentrations (0.5-4 nM) of
Cy5-labeled PCN showed progressively stronger intracellular
Cy5 fluorescence (Fig. 3A, Fig. S8). Fluorescence colocalization
analysis confirmed cytoplasmic localization: Cy5 signal (PCN)
overlapped extensively with cytoplasmic FITC signal but
remained distinct from nuclear DAPI staining (Fig. 3B). This
demonstrates successful cytoplasmic internalization without
nuclear entry.

ICP-MS quantification is aligned with imaging results. The
higher incubation concentrations increased intracellular Au for
both SNA and PCN. Crucially, at 4 nM, PCN uptake was 4-fold
greater than SNA (Fig. 3C). This significant enhancement,
combined with the corona’s excellent biocompatibility,
suggests the Cas9 protein actively promotes
nanoparticle-membrane interactions 22, surpassing the
caveolin-mediated endocytosis typical of SNAs 23,
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Fig. 4 Mechanism of PCN cellular uptake and lysosomal escape. (A)
Representative confocal images showing PCN localization relative to
lysosomes and nuclei: DAPI (blue, nuclei), Cy5 (red, PCN), LysoTracker Yellow
HCK-123 (green, lysosomes). (B) Lysosome-PCN co-localization analysis:
Pearson correlation coefficient values at 2 h and 6 h incubation. (C) Effect of
endocytosis inhibitors on PCN internalization efficiency, measured via ICP-
MS.

We tracked the intracellular fate of Cy5-labeled PCN,
specifically their interaction with lysosomes. Confocal
fluorescence imaging after 2 hours of incubation revealed
strong colocalization (Pearson’s coefficient = 0.7) between PCN
(Cy5, red) and lysosomes (LysoTracker Yellow, green), indicating
initial lysosomal capture (Fig. 4A). However, by 6 hours, the
colocalization significantly diminished (Pearson’s coefficient =
0.5), demonstrating that PCN gradually escape lysosomal
entrapment and achieve cytoplasmic redistribution (Fig. 4B).

To further elucidate the cellular uptake mechanism of PCN,
we employed specific endocytosis inhibitors targeting distinct

J. Name., 2013, 00, 1-3 | 3


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5cc03658e

Open Access Article. Published on 21 August 2025. Downloaded on 8/28/2025 1:59:58 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

ChemEomm

pathways: cytochalasin D (phagocytosis), chlorpromazine
(clathrin-mediated), wortmannin (receptor-mediated),
genistein, and methyl B-cyclodextrin (caveolae-mediated) 2.
ICP-MS quantification of intracellular Au after 8 hours of
incubation revealed significant pathway dependence.
Chlorpromazine treatment severely impaired uptake, resulting
in intracellular Au concentrations substantially lower than the
inhibitor-free control. Uptake was also significantly reduced
(~50% of control) by the caveolae inhibitors methyl B-
cyclodextrin and genistein. In contrast, cytochalasin D and
wortmannin had no significant effect on internalization
efficiency (Fig. 4C). These results indicate that PCN primarily
enter cells via clathrin-mediated endocytosis, with caveolae-
mediated endocytosis playing a substantial auxiliary role.

In summary, we successfully engineered uniformly
monolayer protein corona around AuNP through nucleic acid-
protein assembling. This strategy achieves precise spatial
arrangement of proteins on the nanoparticle surface,
significantly enhancing both cellular uptake efficiency and
biological stability while preserving the inherent optical
properties and nanoscale functionality of the gold core. These
advances substantially expand the biomedical utility of PCN for
applications including drug delivery, photothermal therapy,
contrast imaging, and biosensing?>2°. Future exploration will
focus on exploiting the Cas9-sgRNA complex for targeted gene
editing delivery and extending this versatile platform to
incorporate diverse nucleic acid aptamer-functional protein
pairs, broadening its combinatorial potential and therapeutic
scope.
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