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Abstract

The discovery of bacterial-derived Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/CRISPR-associated
protein 9 (Cas9) system has revolutionized genome engineering and gene therapy due to its wide range of applications. One
of the major challenging issues in CRISPR/Cas system is the lack of an efficient, safe, and clinically suitable delivery of the
system’s components into target cells. Here, we describe the development of polyethylenimine coated-bovine serum albumin
nanoparticles (BSA-PEI NPs) for efficient delivery of CRISPR/Cas9 system in both DNA (px458 plasmid) and ribonucleo-
protein (RNP) forms into MDA-MB-231 human breast cancer cell line. Our data showed that synthesized BSA-PEI (BP)
NPs delivered plasmid px458 at concentrations of 0.15, 0.25, and 0.35 pg/ul with efficiencies of approximately 29.7, 54.8,
and 84.1% into MDA-MB-231 cells, respectively. Our study demonstrated that Cas9/sgRNA RNP complex efficiently (~
92.6%) delivered by BSA-PEI NPs into the same cells. Analysis of toxicity and biocompatibility of synthesized NPs on
human red blood cells, MDA-MB-231 cells, and mice showed that the selected concentration (28 ug/pl) of BSA-PEI NPs for
transfection had no remarkable toxicity effects. Thus, obtained results suggest BSA-PEI NPs as one of the most promising
carrier for delivering CRISPR/Cas9 to target cells.
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Introduction

The discovery of bacterial-derived Clustered Regu-
larly Interspaced Short Palindromic Repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) system has revolu-
tionized genome engineering and gene therapy due to its
wide range of applications [1-5]. CRISPR (with its diverse
Cas proteins) compared to previous genome engineering
techniques such as Transcription Activator-Like Effector
Nucleases (TALEN), Zinc-Finger Nucleases (ZFNs), and
Meganucleases has superiorities including cheapness, high
accuracy, specificity, easy design, potency, and versatility
so that it has become a promising therapeutic and diagnos-
tic option for many diseases. The CRISPR/Cas9 genome
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editing system consists of two key components, includ-
ing Cas9 endonuclease and guide RNA (gRNA), which
recognizes the target region through gRNA and makes
cleavage in the target site using the Cas9 enzyme [6-9].
This system provides a simple to multiplex platform for
the precise and specific modification and exploitation of
organisms' genome in diverse fields, ranging from bio-
technology research to therapeutics. Since this technology
allows direct modification of disease-causing genes as well
as the production of personalized anti-tumor immune cells,
it is an ideal way to implement personalized treatment for
different diseases particularly cancer [10, 11]. CRISPR/
Cas systems are extensively employed to develop novel
solutions for treating and diagnosing a wide range of dis-
eases, notably infectious diseases (recently for COVID-19
diseases [12]). Its applications have been revolutionary
in a variety of biological and therapeutic fields, and was
awarded the Nobel Prize in Chemistry [5, 13]. The most
challenging issues in therapeutic applications of genome
editing tools especially the CRISPR/Cas9 system are the
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efficient, safe, and clinically appropriate gene delivery into
target cells in vitro or in vivo [14-16]. In this regard, com-
mon delivery approaches generally include physical, viral,
and non-viral delivery methods. Physical delivery meth-
ods, including electroporation and microinjection, allow
direct delivery of CRISPR system components. However,
these methods generally require specialized equipment
that are not suitable for in vivo gene delivery as an ulti-
mate delivery goal in the gene therapy [17, 18]. Viral vec-
tors, despite their wide range of benefits and applications,
face limitations including low loading capacity, induction
of the immune response, and the risk of integration into
the host genome [19-21]. Among non-viral delivery meth-
ods, the design and use of nanoparticles (NPs) as safe and
efficient carriers for the delivery of CRISPR system’s com-
ponents has recently received special attention [22-25].
So far, various types of NPs including gold NPs, polymer
NPs, lipid NPs, peptide NPs, and DNA nanostructures
have been employed to deliver the CRISPR/Cas9 system.
In general, in CRISPR designs, NPs have outstanding
advantages such as easy synthesis, high loading capac-
ity, in vitro and in vivo applicability, low cost, and high
efficiency [26-33]. In this study, Bovine Serum Albumin
(BSA) coated with polyethylenimine (PEI) was used to
deliver CRISPR/Cas9 system in plasmid and ribonucleo-
protein (RNP) forms into the MDA-MB-231 cells; as in
this structure PEI binds to the surface of BSA through
electrostatic interactions. PEI coating was used with the
aim of increasing cellular uptake by positively charging
NPs surface as well as facilitating endosomal escape for
successful delivery [34-37]. When PEI-coated NPs enter
the cell through endocytosis mechanism, the protonation
of amines leads to influx of positively charged ions, and
thus the osmotic potential is reduced. Osmotic swelling
may lead to endosome instability and the BSA-Cas9/
sgRNA-PEI NPs are released into the cytoplasm [38, 39].
As albumin protein is one of the most essential proteins
in human and animals it may be employed as an appeal-
ing delivery option because it originates from a natural
source and does not have toxicity and immunogenicity.
In the present study, we aimed to evaluate the efficacy of
BSA-based NPs in successful, safe, and effective delivery
of CRISPR/Cas9 system components on cancer cell line.
For this purpose, we generated plasmid (px458) and RNP
forms of the system and delivered in MDA-MB-231 cells
separately. To our knowledge, this is the first study that
reports on BSA-based NPs mediated delivery of CRISPR/
Cas9 components in MDA-MB-231 cell.

Methods
Synthesis of BSA-PEI Nanoparticles

For the synthesis of BSA NPs, 45 mg of BSA powder
(Sigma-Aldrich) was dissolved in PBS buffer and then an
ethanolic solution of PEI (MW ~ 1800) (Sigma-Aldrich) was
added to BSA solution. PEI coating packages the BSA NPs
and is considered to escape from endosomes (Fig. 1). PEI
ethanolic solution forms only a very small ratio of the total
reaction volume (0.4%). The two fundamental constituents
of the formulation, BSA and PEI, were used in a ratio of
approximately 45:1 (45 mg of BSA and 1.071 mg of PEI).

Determination of Zeta Potential and Diameter
of NPs

Dynamic light scattering (DLS; Malvern Instruments, Worces-
tershire, UK, model Nano ZS) was used to determine the size
of the synthesized BSA-PEI (BP) NPs. Also, nano/zeta sizer
(Malvern Instruments Ltd.) was used to determine the surface
charge of the BSA-PEI NPs.

TEM

Transmission electron microscopy (TEM, Cambridge
360-1990 Stereo Scan Instrument-EDS, CA) was used to
determine the size and morphology of the synthesized NPs.

Hemolysis Assay

Hemolysis assay using human blood was used to evaluate the
blood compatibility of the designed NPs. To separate the red
blood cells, the blood sample was centrifuged at 3000 rpm
for 10 min, and the resulting precipitated red blood cells were
washed several times with PBS until the supernatant liquid
becomes transparent and 100 pl of washed red blood cells were
used for hemolysis.

Various concentrations of NPs (140, 224, and 280 pg/ul)
were added to red blood cells with 1 ml PBS. Deionized water
was used as a positive control, and PBS was used as a nega-
tive control. The samples were shaken at 37 °C in a shaker
incubator. The samples were centrifuged at 13,000 rpm for
15 min and the absorbance of supernatant was read at 540 nm.
The percentage of hemolysis was calculated by the following
formula:

A sample — A negative

Hemolysis (%) =
emolysis (%) A positive — A negative
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Fig.1 A schematic illustration of synthesis and biological compatibility assays of BSA-PEI NPs. Preparation of BSA-PEI NPs (A) The biologi-
cal compatibility of synthesized BSA-PEI NPs was evaluated by hemolysis, MTT, and LDy, assays (B)

Construction of BSA-px458 Plasmid-PEl Complex

To load px458 plasmid (pSpCas9 (BB)-2A-GFP; Addgene
#48,138) on nanoparticles, BSA powder was dissolved in
PBS buffer, and px458 plasmid at various concentrations
(0.15, 0.25, and 0.35 pg/ul) was added to BSA solution,
and mixed for 5 min. Finally, PEI was added to reaction
and vortexed for 5 min (Fig. 2).

SgRNA In Vitro Transcription

Since we aimed to construct the sgRNA/Cas9 RNP
complex for delivery by BSA-PEI NPs, synthesis of the
sgRNA transcript (mRNA) from sgRNA (contains tar-
geting sequence for the coding region of the CD81 gene
[40]) ligated px458 plasmid is required. To this end,
GeneArt™ Precision gRNA Synthesis Kit (Thermo Fisher
Scientific) was used to synthesize sgRNA transcript from
the cloned px458 plasmid. Forward and reverse primers
were designed to amplify the cloned gRNA sequence in
the px458 plasmid as well as the complete gRNA scaffold
from the px458 plasmid. Since the T7 promoter is required
to perform in vitro transcription, the T7 promoter sequence
was added to the beginning of the forward primer when
designing the primer. The designed primers are as follows:

Forward: 5'"TTAATACGACTCACTATAGGATGACGC
CAACAACGCCA-3'".

Reverse: 5“~AAAAGCACCGACTCGGTGCC-3'".
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Preparation of Cas9/sgRNA RNP Complex

To benefit from the RNP form of the CRISPR/Cas9 system
in gene and cell therapy, the Cas9-GFP-NLS protein (abm,
Canada) needs to be combined with the sgRNA to form the
final Cas9/sgRNA RNP complex. To this end, the Cas9 pro-
tein was combined with the sgRNA in 1:1 ratio. Since the
established Cas9/sgRNA RNP complex was to be examined
in two modes (on extracted genomic DNA and inside of
the cell), the Cas9/sgRNA RNP complex reaction was per-
formed in two modes. First, for complexing the Cas9 and
sgRNA to analyze the cleavage activity of the created Cas9/
sgRNA complex on the extracted genomic DNA, 0.35 pg/
pL Cas9 protein and 0.35 pg/pL sgRNA were combined in
3 uL Cas9 assembly buffer, and finally the created solution
was added to 20 pL deionized water and incubated at 37 °C
for 15 min. Second, for complexing the Cas9 protein and
sgRNA to delivery into MDA-MB-231 cells, PBS was used
as the reaction medium.

Construction of BSA-RNP-PEI Complex

To load the Cas9/sgRNA RNP complex on BSA-PEI nano-
particles, BSA powder was dissolved in PBS and after
mixing, the RNP complex was added to the BSA solution,
and vortexed for 5 min. Finally, PEI was added to the reac-
tion and vortexed for 5 min (Fig. 3).

Cytotoxicity Assay

In this study, effects of BSA, 5 (28.0, 44.8 and 56 ug/
ul), BSA-PEI (BP,_;: 28.0, 44.8 and 56 pg/ul), BSA-px458



Molecular Biotechnology (2022) 64:1376-1387

1379

Fig.2 The schematic illustra- A
tion of construction of BSA-

px458 plasmid-PEI complex.

BSA was dissolved in PBS and

then plasmid was added to BSA

solution and after vortexing

the obtained solution, PEI was

added to the BSA-plasmid

solution resulting in BSA-px458
plasmid-PEI complex (A).

Cellular internalization of the B
prepared BSA-px458 plasmid-

PEI complex (B)

Fig.3 A schematic diagram on A

construction of BSA-RNP-PEI
complex. BSA was dissolved
in PBS, RNP complex was
added to BSA solution, and
after mixing, PEI was added to
the BSA-RNP solution resulted
in BSA-RNP-PEI complex
(A). Cellular internalization

of prepared BSA-RNP-PEI
complex (B)

%

BSA

plasmid-PEI (BP-P,_;: 28.0, 44.8 and 56 pg/ul that each
concentration mixed with 0.35 pg/ul of px458 plasmid),
BSA-RNP-PEI (BP-RNP,_;: 28.0, 44.8 and 56 pg/ul that
each concentration mixed with 0.35 pg/ul of RNP), RNP
(0.35 pg/ul), px458 plasmid (0.35 pg/ul) and DNA fectamine
(DNAfec: 4 pl) on the survival of MDA-MB-231 cells were
examined. MDA-MB-231 cells were seeded in a 96-well

+ Cas9-sgRNA RNP

( \\

plate at a standard density (1.5 x 10* cells per well) and
incubated in 10% FBS-supplemented DMEM medium for
24 h. Afterward, the culture media were replaced with the
optiMEM containing selected groups of synthesized NPs
and NPs-CRISPR complexes and incubated for 24 h. Then,
the treatment media were replaced with 20 uL. of MTT rea-
gent and incubated for 4 h. Finally, after removing MTT
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Fig.4 The diameter distribu-
tion of BSA-PEI NPs. The DLS
results of synthesized particles
revealed that the diameter dis-

tribution of BSA and BSA-PEI
NPs were, respectively, 32 nm
and 102.50 nm. The polydis-
persity index (PDI) of BSA and
BSA-PEI NPs were 0.2 and 0.4,
respectively
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solution, formed formazan was dissolved in 150 pL of
DMSO and then the absorbance of the wells was recorded
by ELISA reader at 570 nm wavelength.

Delivery Efficiency Assay

To evaluate the delivery efficiency of BSA-RNP-PEI and
BSA-px458 plasmid-PEI (carry GFP marker) into the MDA-
MB-231 cells, 5 x 10* cells were cultured in each well of a
24-well plate, and incubated for 24 h (5% CO, and 37 °C).
After 24 h of incubation, the culture media was aspirated
and the cells were transfected with px458 plasmid at con-
centrations 0.15, 0.25, and 0.35 pg/ul and RNP (0.35 pg/
ul) complexed with BSA-PEI NPs (28 pg/ul). The uptake of
BSA-px458 plasmid-PEI and BSA-RNP-PEI complexes into
cells were investigated by fluorescence microscopy and flow
cytometry 72 h after transfection.

Determination of NPs Toxicity In Vivo

LDs, assay was used to evaluate the safety of the synthe-
sized NPs in vivo. Different concentrations of BSA-PEI
NPs including 39.50, 59.26, 88.88, 133.33, and 200 mg/kg
were injected intravenously into BALB/c mice. Each con-
centration was injected into 4 mice to determine LDs,. Three
parameters including mortality, body weight, and behavior
of mice were monitored for 30 days.

Statistical Analysis

Graphpad Prism 9.0 (Graphpad software, San Diego, CA)
and Microsoft excel (version 16.37) were used for statistical
analysis. All values were presented as mean + standard devi-
ation (mean + SD). Also, for multiple comparisons one-way
analysis of variance (ANOVA) was used. P < 0.01(**) and
P < 0.0001(****). All experiments were carried out in
triplicates.
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Results
Synthesis of BSA-PEI NPs

BSA-PEI NPs were synthesized using BSA and PEI
(MW ~1800) to deliver CRISPR/Cas9 components in both
plasmid and ribonucleoprotein forms into MDA-MB-231
cells. BSA was chosen in this study due to its unique prop-
erties including non-toxicity, non-immunogenicity, biodeg-
radability, cheapness, availability, and easy synthesis [14].
PEI is a cationic polymer that compresses the Cas9/sgRNA-
loaded BSA particles into a nanoscale complex that is effi-
ciently absorbed by cells with the anionic surface by the
endocytosis mechanism, which allows successful delivery.
A previous study showed the use of a branched form of PEI
(BPEI-25 kDa) as a carrier and evaluated for Cas9/sgRNA
plasmid delivery. It was demonstrated that Cas9/sgRNA tar-
geting of Slc26a4 locus efficiently delivered into Neuro2a
cells by PEI [36].

Size Distribution and Zeta Potential

The size distribution and zeta potential of BSA-PEI NPs
were determined by dynamic light scattering (DLS). As
shown in Fig. 4, the average size of BSA and BSA-PEI NPs
were approximately 32 nm (polydispersity index (PDI)=0.2)
and 102.50 nm (PDI=0.4), respectively. Also, the surface
charge of BSA and BSA-PEI NPs were about -14 mV and
3.1 mV, respectively.

The Morphology of BSA-PEI NPs

The BSA-PEI NPs morphology was analyzed by transmis-
sion electron microscopes (TEM). As illustrated in Fig. 5,
the TEM image showed the spherical shape of the BSA-PEI
nanoparticles, which confirms the correctness of the syn-
thesis process.
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Hemolysis Assay

Hemolysis assay is a method used to evaluate hemocom-
patibility of BSA-PEI NPs. In this assay, distilled water
(dH,O) and PBS were used as positive and negative controls,

Fig.5 TEM image of synthesized BSA-PEI NPs. The spherical shape
of BSA-PEI NPs was observed by TEM, verifying the synthesis reac-
tion
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Fig.6 Hemolysis activity of BSA-PEI NPs at various concentra-
tions. The hemocompatibility concentrations of 140, 224, and 280 pg/
ul of BSA-PEI NPs were examined, and the selected concentrations
of BSA-PEI NPs showed appropriate hemolytic rate. (BP; BSA-PE,
dH,O0; distilled water, PBS; phosphate-buffered saline)
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Fig. 7 The effect of different concentrations of BSA, BSA-PEI, BSA-
px458 plasmid-PEI, BSA-RNP-PEI, px458 plasmid, RNP and DNA
fectamine on viability of MDA-MB-231 cells. P < 0.01 (**) and P

respectively. This test was performed on BSA-PEI NPs with
concentrations including 140, 224, and 280 pg/ul (fivefold
concentrations used in the MTT assay). As shown in Fig. 6,
selected concentrations of BSA-PEI (BP,_;: 28.0, 44.8 and
56 pg/ul) showed suitable hemolytic rate including 1.2, 2.7,
and 3.2%, respectively. Generally, a percentage of hemolysis
less than 2% indicates that the sample is non-hemolytic. In
addition, hemolysis rates of 2-5% and more than 5% indi-
cate that the test sample is slightly hemolytic and hemolytic,
respectively [41].

Cell Viability Evaluation

MTT assay was used to evaluate the effect of synthesized
NPs on MDA-MB-231 cell's viability. Different concentra-
tions of BSA, BSA-PEI, BSA-px458 plasmid-PEI, px458
plasmid, RNP, BSA-RNP-PEI, and DNA fectamine were
investigated. Three concentrations of BSA,_; (28, 44.8,
and 56 pg/ul) were evaluated to ensure that BSA was not
toxic. As shown in Fig. 7, BSA had no toxic effect on MDA-
MB-231 cells. The treated cells with all concentrations
of the BSA-PEI (BP) NPs except 28 pg/ul indicated signifi-
cant cell viability reduction compared to the control group.
In addition, the cells treated with the BSA-px458 plasmid-
PEI (BP-P,_;) and BSA-RNP-PEI (BP-RNP,_;) had sig-
nificant cytotoxicity in comparison with the control group.
When 28 pg/ul of the BSA-PEI NPs (BP,) in complex with
different concentrations of plasmid or RNP was used, cell
viability was significantly reduced compared to BP; group.
Therefore, concentration of 28 ug/ul was selected as the safe
and optimal concentration of BSA-PEI for the delivery of
CRISPR/Cas9 components.

Evaluation of Transfection Efficiency
To evaluate the CRISPR/Cas9 system's components deliv-

ery efficiency by BSA-PEI NPs, the cells were transfected
with 0.15, 0.25, and 0.35 pg/ul px458 plasmid in complex

=== Control Em BP-P-2 (44.8+0.35 ug/ul)
=3 BSA-1(28ug/uL) = BP-P-3 (56+0.35 ug/ul)
BSA-2 (44.8 pg/uL) = BP-RNP-1 (28+0.35 pg/uL)
== BSA-3 (56 pg/ul) == BP-RNP-2 (44.8+0.35 pg/uL)
1 BP-1(28ug/ulL) = BP-RNP-3 (56+0.35 pug/ul)
= BP-2(44.8pug/uL) = Plasmid (0.35 ug/ulL)

== BP-3 (56 ug/uL) == RNP (0.35pug/ul)

=3 BP-P-1(28+0.35 ug/ul) == DNA-fectamine (4 uL)

< 0.0001(¢****). BP; BSA-PEI, BP-P; BSA-PEI-Plasmid, BP-RNP;
BSA-PEI-RNP
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Phase Contrast Nano (28 pg/pl)-Plasmid (0.15 pg/pl)

Phase Contrast Nano (28 pg/pl)-Plasmid (0.35 pg/ul)

Phase Contrast Nano (28 pg/pl)-Plasmid (0.25 pg/pl)

Phase Contrast

Nano (28 pg/pl)- RNP (0.35 pg/pl)

Fig.8 The image illustration of delivery of px458 plasmid with concentrations of 0.15, 0.25, and 0.35 pg/ul (A), and RNP with concentration of
0.35 pug/ul (B) in complex with Nano (BP: 28 pg/ul) into MDA-MB-231 cells 72 h after transfection

with BSA-PEI NPs and also 0.35 pg/ul of RNP in complex
with BSA-PEI NPs. Since the px458 plasmid and Cas9 pro-
tein harbor GFP marker, the fluorescence microscopy was
used to evaluate whether the BSA-PEI nanoparticles could
deliver the system's components into MDA-MB-231 cells.
As shown in Fig. 8, the BSA-PEI NPs effectively delivered
the px458 plasmid into high number of cells. Since the 3
selected concentrations of px458 plasmid are at low con-
centrations, successful delivery indicates high efficiency
and high encapsulation efficiency of the designed nanoparti-
cles. Also, as shown in Fig. 8, the BSA-RNP-PEI efficiently
introduced into MDA-MB-231 cells. The highest delivery
efficiency for BSA-px458 plasmid-PEI and BSA-RNP-PEI
complexes was observed after 72 h of incubation. Also, the
delivered BSA-px458 plasmid-PEI and BSA-RNP-PEI com-
plexes stayed in the cells for a long period without affecting
cell growth.

Flow Cytometry Analysis

The delivery efficiency of BSA-px458 plasmid-PEI and
BSA-RNP-PEI complexes was analyzed by flow cytom-
etry. As shown in Fig. 9A, B, flow cytometry analysis
revealed that the BSA-PEI NPs delivered the concentra-
tions of 0.15, 0.25, and 0.35 pg/ul plasmid px458 with an
efficiency of 29.7 + 2.8, 54.8 + 1.5, and 84.1 + 1.3% into
MDA-MB-231 cells, respectively. Since we used low con-
centrations of px458 plasmid in delivery by BSA-PEI NPs
as compared to similar studies, the efficiency up to 84.1%
in the delivery of low concentrations of plasmid doubled

@ Springer

the value of BSA-PEI NPs. In addition, px458 plasmid in
complex with NPs showed very low transfection efficiency
indicating an important effect of BSA-PEI NPs in delivery.
Moreover, flow cytometry analysis revealed that BSA-PEI
NPs have an efficiency of 92.6 + 1.6% in delivering RNP
complex into MDA-MB-231 cells while the commercial
agent, DNAfectamine showed 83.3% efficiency in RNP
delivery (Fig. 9). The similarities of delivery efficiency of
BSA-PEI NPs as compared to commercial agent (DNA-
fectamine) indicate a higher efficiency of BSA-PEI NPs
in this study.

LD, Assay

The in vivo biosafety of synthesized NPs was investigated in
healthy mice, since biocompatibility of nanoparticles is criti-
cal for in vivo applications. The in vivo biosafety evaluation
of BSA-PEI NPs was performed in BALB/c mice following
intravenous (IV) injection of selected concentrations (39.50,
59.26, 88.88, 133.33, and 200 mg/kg) of BSA-PEI NPs. The
treated group of mice were monitored for 30 days and the
mortality and body weight of mice were documented. As
shown in Fig. 10, the LD, showed that the BSA-PEI NPs
was safe up to 200 mg/kg. Also, the treated mice as com-
pared to control group showed no death nor abnormal body
weight changes (Fig. 10). Therefore, our results suggested
that the BSA-PEI NPs have no adverse effects on in vivo
condition in the range of selected concentrations.
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Fig.9 Flow Cytometry analysis. A graphic illustration of flow cytometry analysis for all treated groups (A). Flow cytometry analysis showed
delivery efficiency up to 84.1% for px458 plasmid and 92.6% for RNP complex by BSA-PEI NPs (B)
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Fig.10 In vivo biocompatibility assay. Selected concentrations
(39.50, 59.26, 88.88, 133.33, and 200 mg/kg) of BSA-PEI NPs were
injected to BALB/c mice via intravenous (IV) injection over a time
period of 30 days. Percent survival of the animals over the time is
shown on Y axis

Discussion

Safe and effective delivery of the CRISPR/Cas9 system is
one of the necessities for CRISPR-based efficient genomic
manipulation. However, employing CRISPR/Cas9 technol-
ogy for genomic manipulations has been challenged by low
delivery efficiency and potential toxicity of conventional
delivery systems. In this study, we developed and evaluated
PEI polymer-covered albumin nanoparticles for carrying
CRISPR/Cas9 system components into MDA-MB-231 cells
in plasmid and ribonucleoprotein forms. BSA was employed
for the CRISPR/Cas9 delivery because of its unique biocom-
patibility properties and ease of synthesis. In this work, PEI
was used to coat BSA NPs. PEI binds to the surface of BSA
through electrostatic interactions. PEI coating was used with
the aim of increasing cellular uptake by positively charging
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the NPs surface as well as facilitating endosomal escape for
successful delivery [36, 42, 43]. Several studies have shown
that the use of PEI to coat NPs may ensure efficient delivery
of CRISPR/Cas9 system components into desired cells. For
example, Moradi et al. reported a novel nano-platform for
the delivery of CRISPR/Cas9 plasmid form by integrating
an arginine-disulfide linker with PEI. The resulted PEI-Arg
nanoparticles improve plasmid releasing into cytoplasm
while also enhancing membrane permeability and nuclear
localization, resulting in an increased transfection efficiency.
Another remarkable capability of these nanoparticles was
the effective delivery of the CRISPR/Cas9 plasmid into local
brain tissue [44]. Ryu et al. used branched PEI to deliver the
CRISPR/Cas9 plasmid system into Neuro2a cells to target
the Slc26a4 locus [36]. Interestingly, PEI forms compact
complexes with gene materials and turns them into nano-
structures, thus protecting the gene material against degrada-
tion. When the degree of branching and molecular weight
of PEI increases, the capability of PEI to form complexes
improves, therefore enhancing the efficiency of delivering
materials; nevertheless, cytotoxic activity also increases
dramatically with these factors. Moreover, it has been sug-
gested that PEI at high ratios leads to a significant reduc-
tion in the viability of the cells and consequently reduces
the delivery efficiency. However, at safe ratios, transfection
efficiency improves and the CRISPR/Cas9 system is effi-
ciently delivered into the cells [36]. In our work, combining
BSA with PEI improved the safety and biocompatibility of
formed BSA-PEI complex, demonstrating high transfection
efficiency (up to 84.1 = 1.3% for delivery of plasmid and
92.6 + 1.6% for Cas9/sgRNA RNP). Cell viability is one of
the major factors intrinsically associated with transfection
efficiency. As the results of the MTT assay showed, MDA-
MB-231 cells treated with a concentration of 28 pg/ul of
BSA-PEI nanoparticles had no significant effect on cell via-
bility. The concentration of 28 ug/ul of BSA-PEI NPs is the
main concentration selected for the delivery of BSA-px458-
PEI and BSA-RNP-PEI complexes into cells. Furthermore,
the results of the in vivo biosafety assay revealed that BSA-
PEI NPs are safe up to 200 mg/kg, therefore could be a suit-
able option for in vivo delivery. The “proton sponge” effect
of the PEI polymer as well as the specific uptake of albumin
protein by cancer cells are also likely to be the reasons for
the high delivery efficiency of BSA-PEI NPs. Since can-
cer cells require more nutrients, they express high levels of
Gp60 and SPARC (albumin receptors) on their surface, and
can increase the cellular uptake of albumin NPs [45]. DLS
and TEM were used to characterize the synthesized BSA-
PEI NPs in this study. TEM image of BSA-PEI NPs showed
spherical-shaped particles that are similar to the morphology
of BSA NPs in different studies [46—49], confirming the cor-
rect synthesis of BSA-PEI NPs in our study. Additionally,
the BSA-PEI NPs size obtained by TEM image analysis is
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smaller than the size obtained by DLS, as expected. Since
TEM allows the observation of NPs in a dry state, in which
particles are in the most compact form.

Various studies have reported the high delivery efficiency
of the CRISPR/Cas9 system employing nanomaterial-based
delivery systems. For example, Chen et al. developed the
liposome-templated hydrogel nanoparticles (LHNPs) for the
delivery of Cas9/sgRNA RNP into U87 cells, flow cytom-
etry analysis showed that LHNPs have an efficiency of 100%
in the delivery of Cas9/sgRNA [50]. In another attempt,
arginine-functionalized gold nanoparticles developed by
Mout et al. delivered the Cas9/sgRNA RNP complex with an
efficiency of 90% into target cells [51]. Polyethylene glycol
phospholipid-modified cationic lipid nanoparticle (PLNP)
developed by Zhang et al. to encapsulate and the delivery of
Cas9/sgRNA into A375 cells showed 47% transfection effi-
ciency [52]. In a study, human serum albumin nanoparticles
(HSA) in complexing with stearyl polyethylenimine (stPEI)
was employed to delivery of CRISPR/Cas9 plasmid into CT
26 cells. In this study, stPEI was complexed with plasmid
as the core to form HSA (plasmid/stPEI/HSA) nanoparti-
cles [45]. Besides high encapsulation ability and biocompat-
ibility, the delivery system must be capable of overcoming
physical and biological barriers, enabling for efficient and
specific delivery of the CRISPR/Cas9 system into desired
cells. In this regard, novel NIR-responsive biomimetic nano-
particles (UCNPs) were developed for CRISPR/Cas9 RNP
delivery to achieve effective genome editing for HBV ther-
apy. The UCNPs-CRISPR/Cas9 complexes were coated with
cell-membrane-derived vesicles (CMs). The precise delivery
of UCNPs-Cas9 into hepatocytes was obtained by using the
principle of immune escape and the homotypic targeting
potential of CMs [53]. Generally, bio-inspired nanomate-
rials, such as albumin-based nanoparticles, do not show
an adverse interaction with serum and enable the safe and
efficient release of cargo into the cell cytoplasm [54]. Our
findings showed that, BSA-PEI NPs can also be a promising
carrier to deliver CRISPR/Cas9 into other types of cells for
gene editing in the future.

Conclusion

The CRISPR/Cas9 system has shown exceptional and effi-
cient genome editing in several settings. However, scientists
have been challenged to design and develop nanotechnology-
based delivery systems in view of the importance of deliver-
ing the CRISPR/Cas9 system into cells efficiently and safely
in order to implement effective genomic manipulations. The
aim of the present study was to evaluate the efficiency of
protein nanoparticles in the delivery of CRISPR/Cas9 sys-
tem components in both plasmid and RNP forms. Due to
its unique properties, BSA protein was carefully selected as
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the protein-based carrier to deliver CRISPR/Cas9 system
and was further modified by PEI polymer to improve cell
penetration. Afterward, the synthesized BSA-PEI NPs were
characterized in terms of biological and chemical structure
properties. Based on our results, the synthesized NPs dem-
onstrated high delivery of efficiency in delivering Cas9/
sgRNA RNP and plasmid forms into the MDA-MB-231
cells. The attractive properties of BSA-PEI NPs in this study
entail low cost, easy and convenient synthesis, high effi-
ciency, good biocompatibility, and high loading capacity.
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