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The dual-modified dendrimer containing dexamethasone (DET) and phenylalanine (Phe) was prepared to deliver plasmid DNA
encoding dCas9 and single-guide RNA (sgRNA) for specific upregulation of β-defensin. DET and Phe moieties synergistically
enhanced the transfection efficiency and reduced cytotoxicity of dendrimers. Combination of three sgRNAs targeting β-
defensin gene demonstrated higher activation efficacy of β-defensin than any single sgRNA and combinations of any two
sgRNAs, showing an efficient inhibition of virus infection and replication. The titer of vesicular stomatitis virus (VSV) in the
cells treated with dCas9-sgRNA targeting β-defensin was reduced by about 100-fold compared to that of cells treated with
dCas9-scramble sgRNA (dCas9-scr sgRNA). In vivo experiments demonstrated that the DET- and Phe-modified dendrimer
effectively delivered plasmid DNA encoding dCas9 protein into the airway epithelium, inducing β-defensin expression. Delivery
of the CRISPR activation system by a dendrimer modified with DET and Phe was a promising approach against viral disease.

1. Introduction

Identification of small molecules and vaccines for antiviral
therapy is time consuming and laborious. In particular, little
knowledge about emerging viruses makes it difficult to
develop specific drugs or vaccines in a short time. Therefore,
an alternative approach is needed against viral diseases.
Except for targeting viral genome and protein, targeting host
factors (i.e., innate system, adaptive immune apparatus, and
other host genes) is an effective strategy to prohibit virus
infection or replication. For example, maraviroc prevents cell
entry of HIV and HBV virus by blocking human cellular pro-
tein CCR [1, 2]. However, only a few small molecules target-
ing host cellular proteins have been screened to treat viral
diseases. Recently, emerging genetic manipulation technolo-
gies, including zinc-finger nucleases (ZNF), transcription
activator-like effector nucleases (TALEN), and clustered
regularly interspaced short palindromic repeats/Cas9

(CRISPR/Cas9) system, have provided powerful tools for
inhibiting or activating host gene expression [3–5].

Among these technologies, the CRISPR/Cas9 system, a
complex of Cas9 protein with single-guide RNA (sgRNA, a
combination of the transactivating CRISPR RNA and spacer
transcript CRISPR RNA), has attracted considerable atten-
tion because of its multiple gene regulation manners. sgRNA
directs Cas9 protein to cleave its complementary double-
stranded DNA. Upon cleavage by Cas9 protein, the target site
is repaired via nonhomologous end joining (NHEJ) or
homology-directed repair (HDR) mechanisms. Moreover,
CRISPR activation (CRISPRa) and interference (CRISPRi)
systems based on inactive Cas9 (dCas9), which specifically
bind to DNA sequence without cleavage activity, were
exploited to repress and induce interested gene expression
[6, 7]. As for CRISPRa, transcription activator VP16 or
activation domain p65 was combined with dCas9 to
transactivate multiple gene transcriptions. For instance, the
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CRISPRa/dCas9 approach was used to activate endogenous
APOBEC3G and APOBEC3B to prevent HIV infection [8].

Defensin is one kind of key factors of the innate
immunity system, being first in line against microorganism
pathogens [9, 10]. The predominant expression of β-defen-
sins was detected in the barrier epithelial cells and was con-
sidered an ideal antiviral agent. However, high cost and
easy degradation of human β-defensin limit its clinical use.
Fortunately, the CRISPRa system provides an alternative
approach against virus by upregulating β-defensin and
thereby activating innate immunity.

Plasmid DNA encoding dCas9 protein and sgRNA is
unable to enter into cells by themselves. Therefore, utilization
of DNA delivery vectors is of great necessity. Viral vectors
(e.g., adenovirus, adeno-associated virus (AAV), and lenti-
viral viruses) showed high delivery efficiency, but their lim-
ited DNA packaging capacity and potential chromosome
integration remain to be major hurdles [11, 12]. In contrast,
nonviral vectors are readily available, cost effective, and can
efficiently incorporate siRNAs or Cas9-sgRNA plasmids into
one nanosystem [13, 14]. Moreover, some vectors such as
dendrimers were easily modified with moieties including
hydrophobic groups and nuclear localization signal mole-
cules, which significantly enhanced transfection efficiency
[15, 16]. Hydrophobic phenylalanine conjugated on the
surface of dendrimer enhanced cell uptake [17]. Dexa-
methasone can bind to the nucleic membrane and thereby
facilitate DNA transport into the nucleus [18]. Cationic
polymers modified with DET remarkably increased gene
expression levels [19]. However, dual-modification with
Phe and DET is rarely used to enhance transfection effi-
ciency. Moreover, there are few issues about the antivirus
strategy by enhancing the β-defensin expression using non-
viral delivery of the CRISPRa system.

Herein, we developed a DET and Phe dual-modified cat-
ionic dendrimer G4 (Phe)-DET for the delivery of CRISPRa
plasmids targeting β-defensin. In vitro and in vivo experi-
ments were performed to confirm antiviral effects of G4
(Phe)-DET dendrimer-based nonviral CRISPRa.

2. Materials and Method

2.1. Materials. PAMAM dendrimer G4, phenylalanine, and
trifluoroacetic acid (TFA) were obtained from Sigma Aldrich
(St. Louis, USA). 1-Hydroxybenzotriazole (HOBT), O-benzo-
triazole-N,N,N′ ,N′-tetramethyl-uronium-hexafluoropho-
sphate (HBTU), dexamethasone, methanesulfonyl
chloride, and 2-iminothiolane·HCl (Traut’s reagent) were
purchased from J&K Scientific (Beijing, China). The cells
including human lung adenocarcinoma A549, human kidney
293T, human bronchial epithelial cell 16HBE cell, and mouse
neuroblastoma N2a cell were purchased fromATCC. Vesicu-
lar stomatitis virus (VSV) was from ATCC (stain; Indiana,
USA). Dulbecco’s modified eagle medium (DMEM), penicil-
lin-streptomycin, fetal bovine serum (FBS), and Dulbecco’s
phosphate-buffered saline (PBS) were purchased from Gibco
BRL (Carlsbad, USA). Biological reagents were purchased
from Life Technologies. Plasmid pSP-dCas9-VPR was a gift
from Prof. George Church (Addgene plasmid # 63798) and

the activator was VPR, a tripartite activator composed of acti-
vation domains of VP64, p65, andRta. Plasmid pphU6-gRNA
was obtained from Prof. Charles Gersbach (Addgene plasmid
# 53188). sgRNAs were prepared using T7 High Yield RNA
Synthesis Kit (New England Biolabs, NEB). Primers and
sgRNA sequences are shown in Table S1.

2.2. Synthesis of Dendrimer. The phenylalanine-modified
generation 4.0 (G4) PAMAM dendrimer was synthesized
mainly by amidation between the carboxyl group of phenyl-
alanine and the surface amino groups of G4 PAMAMdendri-
mer. Briefly, G4 PAMAM dendrimer (0.5 g, 0.035mmol) was
dissolved in anhydrous DMF (5mL) under nitrogen gas pro-
tection. Boc-phenylalanines were added at different molar
ratios (carboxyl group of phenylalanine: surface amino
groups of G4 PAMAM dendrimer) of 25% and 50%,
followed by the addition of 1-hydroxybenzotriazole (HOBT)
and O-benzotriazole-N,N,N′,N′-tetramethyl-uronium-hexa-
fluorophosphate (HBTU) at 1.25 molar equivalents of car-
boxyl in Boc-phenylalanine, serving as the condensation
reagent and catalyst to the reaction. After stirring at room
temperature for 2 d, the reaction solution was precipitated
three times in the diethyl-ether to obtain yellow solid pre-
cipitate noted as G4 (Phe-Boc). To deprotect the tert-
butoxycarbonyl (Boc) groups, the G4 (Phe-Boc) dendrimer
dissolved in dichloromethane was added to 5mL trifluor-
oacetic acid (TFA) for 6 h with continuous magnetic stir-
ring. After removal of TFA by rotary evaporation, the
resulting crude products were again dissolved in DMF
and purified by three rounds of precipitation in acetone.
Finally, the yellow product G4 (Phe) was obtained by
vacuum drying.

DET, a glucocorticoid, was used to modify the PAMAM
dendrimer. First, the mesylate-activated DET was prepared
by substituting the terminal hydroxyl group of DET for mes-
ylate. Under nitrogen protection, DET (0.11 g, 0.269mmol)
dissolved in anhydrous pyridine (5mL) was added to metha-
nesulfonyl chloride at 2 molar equivalent and then incubated
in an ice bath for 12 h with stirring, followed by the addition
of ice deionized water to precipitate crude products. The
mesylate-activated DET was purified by recrystallization
from ethanol-acetic ether. Next, Traut’s reagent and
dexamethasone mesylate in 2.5mL anhydrous DMSO at
0.015mmol (8 equiv. to G4 (Phe-Boc)) were slowly added
to G4 (Phe-Boc) in 2.0mL anhydrous DMSO under nitrogen
protection. The mixture was stirred for 12 h at room temper-
ature. Excessive amounts of cold ethyl acetate were used to
precipitate the reaction products. The mentioned product
was dissolved in 5mL TFA and stirred for 6 h, followed
by precipitation in ethyl ether. This precipitating proce-
dure was repeated three times to obtain pale yellow G4
(Phe)-DET. The yield of G4 (Phe)-DET was 105mg.

2.3. Preparation of Polyplexes. To prepare polyplexes for plas-
mid delivery, the plasmid solution (1μg/μL) was added to the
G4 (Phe) or G4 (Phe)-DET solution at various N/P ratios.
The mixture solution was pipetted approximately 50 times
and then allowed to stand for 35min.
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2.4. Characterization. 1H-NMR spectra were recorded on a
Varian 400MHz spectrometer using D2O and DMSO d6 as
the solvent at room temperature. To determine macromo-
lecular weight distributions of the polymers, gel perme-
ation chromatography (GPC) was performed, using an
acetic acid buffer system (pH5.0) as the mobile phase at
a flow rate of 1.0mL/min. The GPC system was equipped
with a Waters 515 pump, an ultrahydrogel™ 500 column,
an ultrahydrogel™ 250 column, and a Waters 2410 differ-
ential refractive index detector. Samples flowed through
ultrahydrogel™ 500 column and ultrahydrogel™ 250 column
in sequence. Size of polyplexes was determined with the utili-
zation of dynamic light scattering (DLS). The polyplex solu-
tions were filtered through a 450nm filter. Measurements
were performed at 25°C on 90 Plus/BI-MAS equipment
(Malvern Panalytical, Malvern, United Kingdom). Data were
collected on an autocorrelator with a 90° detection angle of
scattered light. The measurement results were recorded
as the mean ± standard deviation (SD) of three indepen-
dent measurements. Transmission electron microscopy
(TEM) observations of the polyplexes were conducted
using a Philips CM120 transmission electron microscope
(Philips, Eindhoven, the Netherlands) at an accelerating volt-
age of 80 kV. Samples were prepared by drying a drop (10μL)
of the sample solution on a copper grid coated with amor-
phous carbon. For the sample staining, a small drop of uranyl
acetate solution (1.5wt% in water) was dropped on the
copper grid and after 1min blotted off with filter paper.
Finally, the grid was dried overnight in a desiccator prior to
TEM observation.

2.5. Gel Retardation Assay. To assess the plasmid DNA-
binding ability of G4 (Phe)25%, G4 (Phe)50%, and G4
(Phe)50%-DET, gel electrophoresis was performed (Bio-Rad
Laboratories, Inc., USA). Dendrimers were first dissolved in
PBS (pH7.4). Then, plasmids were added to the dendrimer
solution to prepare polyplexes on preset N/P ratios, followed
by standing for 35min at room temperature. The polyplexes
were loaded into 1% agarose gels with GoldenView (Beijing
BLKW Biotechnology Co., Ltd., China). The retardation of
plasmid DNA mobility was detected with UV light and
imaged on DNR Bio-Imaging Systems (DNR Bio-Imaging
System Ltd., Israel).

2.6. Cell Viability Assay. A549, 293T, and N2a cells were cul-
tured in DMEM containing 10% fetal bovine serum (FBS) in
a humidified atmosphere of 5% CO2 at 37

°C. The cells were
seeded into 96-well plates at a density of 1 × 103 cells/well.
After incubating overnight at 37°C, cells were further incu-
bated with Lipofectamine 2000, G4 (Phe)25%, G4 (Phe)50%,
and G4 (Phe)50%-DET, which were combined with
plasmid-GFP at various concentrations for 48 h, and cell via-
bility was measured using MTT assay. Briefly, cell culture
medium was replaced with 100μL fresh DMEM containing
10μL MTT solution (5mg/mL in PBS) and then incubated
for an additional 3 h at 37°C. After discarding the medium,
100μL DMSO was added to dissolve the generated substrate
for 15min. The absorbance at 570 nm was measured using a

Tecan Infinite F200 (Crailsheim, Germany). All experiments
were conducted in triplicate.

2.7. Confocal Laser Scanning Microscopy (CLSM). A549,
293T, and N2a cells were seeded in 35mm glass-bottom
dishes in 2mL of DMEM containing 10% FBS at a density
of 1 × 103 per plate. After incubation for 24 h, the medium
was replaced with fresh opti-MEM containing polyplexes.
The nuclei were stained with Hoechst 33342 (Beyotime
Biotech, China) for 15min. The cells were incubated at
37°C and imaged at designated times using a Zeiss LSM 710
confocal laser scanning microscope (Carl Zeiss, Oberkochen,
Germany). GFP and Hoechst 33342 were excited at 488 and
352 nm and detected at 515 and 460 nm, respectively.

2.8. Quantity of Gene Expression. The expression of
β-defensin in the transfected A549, 293T, and N2a cells was
evaluated at the mRNA level. Total RNA was extracted from
cells using the RNeasy Micro Kit (Qiagen Inc., USA). The
first-strand cDNA was synthesized using RNase H reverse
transcriptase and random primers according to the manu-
facturer’s protocol (Invitrogen, USA). cDNA (1μg) was
synthesized from the total RNA using PrimeScript™ RT
reagent Kit (Takara, Japan). The mRNA expression of
β-defensin was quantified with real-time PCR System using
a FastStart Universal SYBR Green Master (ROX) Kit (Roche,
Switzerland). The mRNA level of β-actin was also measured
as an internal normalization standard. The primer and probe
sequences are listed in Table S1. The real-time PCR program
was run on a StepOnePlus Real-time PCR System (ABI,
USA) at the thermal cycling conditions of 95°C for 10min,
followed by 40 cycles of 95°C for 30s, 58°C for 15 s, and
68°C for 15 s.

2.9. In Vitro Prevention of VSV Infection. A549 cells were
seeded in 12-well plates at a density of 3 × 105 cells per well
and incubated in DMEM at 37°C under a humidified atmo-
sphere of 5% CO2. After incubation overnight, the medium
was replaced with fresh medium containing polyplexes. The
amount of G4 (Phe)50%-DET was complexed with plasmids
encoding dCas9 and sgRNA (1μg) at N/P of 8. After incuba-
tion with polyplexes for 24 h, VSV was added to the medium
at a titer of 100. The status of virus infection was detected by
flow cytometry and inverted fluorescence microscopy. The
culture supernatant was serially diluted 10-fold with DMEM
and inoculated into the cells in 6-well plates for virus plaque
assay. After 3 d of cultivation, titration of VSV was deter-
mined. All measurements were conducted three times for
statistical analysis.

After being washed thrice with PBS, cells were harvested
by trypsinization, centrifuged at 1,500 rpm for 5min, and
resuspended in 500μL PBS. A Gallios flow cytometer
(Beckman Coulter, California, USA) was used to evaluate
the quantitative transfection efficiency by using a 488nm
laser for excitation and emission fluorescence of Alexa Fluor®
515 collected through a TRITC filter. For the evaluation of
the GFP gene expression after the incubation with poly-
plexes, the cells were harvested according to the abovemen-
tioned method and subjected to flow cytometry. Typically,
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cultured cells without transfection were used as controls
for background calibration. Kaluza software (Version 1.2,
Beckman Coulter, Inc. USA) was used to analyze the data.

2.10. In Vivo Studies. Female BALB/C mice (6–8 weeks old)
were purchased from Guangdong Medical Laboratory
Animal Center and kept in SPF animal center of School of
Life Sciences, Sun Yat-sen University. All surgical interven-
tions and postoperative animal care were conducted in accor-
dance with the guidelines of the Council for the Purpose of
Control and Supervision of Experiments on Animals, the
Ministry of Health, and the government of China. After
anesthetization via the tail vein by pentobarbital sodium at
a dose of 50mg/kg, the mice were administered polyplexes
through the bronchus. The lungs were excised and subjected
to detect the expression of the defensin gene. For the molec-
ular biology assays, lung tissues were homogenized after
being frozen in liquid nitrogen. Total RNA was extracted
and analyzed as described in Section 2.8.

2.11. Histology and Immunohistochemistry. Mice were sacri-
ficed, and their lungs were fixed in 4% paraformaldehyde
for at least 24 h to obtain paraffin sections (2μm) or frozen
sections (5μm). The paraffin sections were stained with
H&E, and the images of the lung were assessed for the toxic

effect in different treatment groups. The immunofluores-
cence staining for frozen sections was described briefly as fol-
low: after blocking with 5% BSA for 0.5 h at 37°C, the frozen
tissue sections were incubated with rabbit polyclonal primary
antibodies for β-defensin (1 : 100 dilution in PBS/Tween; Cell
Signaling Technology, Danvers, USA) and mouse monoclo-
nal antibodies for Cas9 (Abcam, UK) overnight at 4°C. Then,
AF647-labeled secondary antibody and AF488-labeled
secondary antibody (Abcam, UK) were used to mark the
β-defensin and dCas9 protein, respectively. After labeling
the nuclei with DAPI, the tissue sections were scanned
under CLSM.

2.12. Statistics. All experiments were carried out at least in
triplicates. All data was indicated as mean ± standard
deviation (SD). The statistical significance was determined
by two-sided Student’s t-test using Prism 5.0 (∗p < 0:05,
∗∗p < 0:01, and ∗∗∗p < 0:001).

3. Results

3.1. Preparation and Characterization of Dendrimer and
Polyplex. DET- and Phe-modified dendrimers were prepared
(Figure 1). First, Boc-protected Phe moieties were conjugated
to dendrimer G4 via amidation between carboxyl groups of
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Figure 1: Synthetic route of G4 (Phe) and G4 (Phe)-DET.
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Boc-phenylalanine and facial amino groups of dendrimer at
the molar ratios of 0.25 and 0.5, followed by deprotection
of the Boc groups. The products were denoted as G4
(Phe)25% and G4 (Phe)50%. Dexamethasone mesylate
(DET-Mes) was introduced onto the surface of G4 (Phe-Boc)
in the presence of Traut’s reagent (2-iminothiolane hydro-
chloride). Finally, dendrimer G4 (Phe)-DET was obtained
after removing the Boc groups, which was confirmed by
the disappearance of the characteristic peak attributing to
Boc at 1.2-1.4 ppm in the 1H-NMR spectrum (Figure 2).
DET-Mes was synthesized by conjugating a sulfonyl group
with DET. The mentioned products were characterized
by 1H-NMR and GPC. The characteristic resonance
peaks of the G4 dendrimer scaffold (CH2 at 2.65-

3.10 ppm) and phenylalanine (CH at 4.05-4.20 ppm, CH2 at
3.5-3.75 ppm, and CH on the benzene ring of phenylalanine
at 7.20-7.90 ppm) were observed, indicating successful syn-
thesis of dendrimer G4 (Phe). Appearance of characteristic
resonance peaks (0.9-1.3 ppm, CH3, and 7.0-7.3ppm, CH
in dexamethasone) demonstrated that DET was conjugated
with G4 (Phe). Composition of products was calculated
according to the integration value of characteristic peaks
attributing to G4 and Phe at 7.20-7.90ppm, respectively.
Conversion of the amino group in G4 (Phe)25% and G4
(Phe)50% was 22% and 47%, respectively. In the GPC chro-
matogram, G4 (Phe)50% modified with DET (named as G4
(Phe)50%-DET) showed a unimodal molecular weight distribu-
tion (Figure 2(f)).

NH2 O

N
H HN

Boc

G4 PAMAM dendrimer

1 3
2
3

154

7 08 29 310 4
ppm

156

1,2,3 4 5
G4
Boc

(a)

NH2 O

N
H HN

Boc
1 3

2
3

154

8 29 345
ppm

06 17

51,2,3

G4

G4 PAMAM dendrimer
Boc

4

(b)

NH2

4 8

791051
3

31 2

6

NH

HN
N

O O OH

F OHOS

H

G4 PAMAM dendrimer

6 07 18 29 310
ppm

45

1,2,3
7,8,9

G4

4,5,6
10

(c)

8 239 456
ppm

07 1

4 5

G4 PAMAM dendrimer
G4

1, 2, 3

NH2

NH2

O
4 5 1

3
2

31
N
H

(d)

3456 07 18
ppm

29

G4G4 PAMAM dendrimer

1, 2, 3
4 5

NH2

NH2

O
4 5 1

3
2

31
N
H

(e)

4238 40 5250484644
Elution time (min)

(f)
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Complexation of plasmids with various dendrimers was
evaluated by gel retardation assay. Disappearance of the
DNA band in agarose indicates full neutralization of the neg-
ative charge of plasmid [20, 21]. As shown in Figure 3, G4
(Phe)25% completely retarded DNA migration above N/P
ratio of 6, but the dendrimer G4 (Phe)50% achieved complete
retardation above N/P ratio of 8, indicating that Phe modifi-
cation reduced the DNA complexation ability of the dendri-

mer due to the charge shielding effect of the Phe hydrophobic
benzene ring and the low surface charge density [17, 22].
The modification of DET has no significant impact on
the DNA complexation ability of dendrimer G4 (Phe)50%-
DET. Furthermore, sizes and zeta potentials of polyplexes
under various N/P ratios were investigated by dynamic light
scattering (DLS). As shown in Figure 3(b), zeta potentials of
all dendrimers/EGFP complexes were converted to positive
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Figure 3: (a) Electrophoretic mobility of EGFP plasmid in agarose gel after complexing with G4 (Phe)25%, G4 (Phe)50%, and G4 (Phe)50%-
DET at various N/P ratios. (b) Sizes and zeta potentials of G4 (Phe)25%/EGFP, G4 (Phe)50%/EGFP, and G4 (Phe)50%-DET/EGFP
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(Phe)50%/EGFP at N/P of 8, and G4 (Phe)50%-DET/EGFP at N/P of 8. Results are presented as the mean ± SD (n = 3).
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from negative when N/P ratio was above 6, and sizes were
kept constant. At N/P ratio of 8, the zeta potentials of G4
(Phe)25%/EGFP complexes, G4 (Phe)50%/EGFP complexes,
and G4 (Phe)50%-DET/EGFP complexes were around +23,
+16, and +10mV, respectively. At N/P ratio of 8, G4
(Phe)50%-DET/EGFP complexes had a smaller size than
other complexes. With the excessive input of polymer
(at higher N/P ratios), complexes held more positive charge
and swelled maybe due to the electrostatic repelling effect
between the positively charged chains. Consequently, size of
G4 (Phe)50%-DET/EGFP complexes increased to 93.9 nm at
N/P of 12. The sizes and zeta potentials of G4 (Phe)50%/EGFP
and G4 (Phe)25%/EGFP complexes showed similar trends.
TEM images showed that three complexes were sphere with
a uniform size around 70-80 nm (Figure 3(c)), which was in
line with that determined by dynamic light scattering (DLS)
(Figure 3(d)).

3.2. Cytotoxicity and Cell Uptake. Although high positive sur-
face charge is favorable for cell uptake of polyplexes, it also
leads to apparent cytotoxicity to cells. Hence, it is necessary
to balance these two factors. Introducing a hydrophobic
moiety such as phenylalanine on the surface of dendrimer
can effectively reduce its cytotoxicity and increase its affinity
to cells [17]. As expected, Phe modification significantly
decreased the cytotoxicity of G4 dendrimers to 293T, N2a,
and A549 cells (Figure 4). The dendrimer modified with
Phe and DET slightly increased cell viability when compared
with Phe-modified dendrimers. Notably, the single and dual
modification with Phe and DET both enhanced transfection
efficiency at various levels. In this study, the transfection effi-
ciency of various dendrimers was evaluated in 293T, N2a, and
A549 cells using EGFP- (enhanced green fluorescence
protein-) encoding plasmid as a reporter (Figure 5). The
enhancement of transfection efficiency was attributed to
two reasons: (1) the interaction between hydrophobic phe-

nylalanine and the hydrophobic region of the cell membrane
resulted in the destabilization of the cell membrane, thereby
promoting translocation of the plasmid across the cell mem-
brane and (2) DET guided plasmid into the nucleus [18]. The
highest transfection efficiency was recorded in the cells
receiving dendrimer modified with both Phe and DET, indi-
cating that the dual modification synergistically enhanced
transfection efficiency.

3.3. Antivirus Effect of CRIPSR/dCas9 by Upregulating
β-Defensin. Several plasmids carrying sequences encoding
sgRNA targeting the β-defensin promoter region were
designed and delivered to human cells (A549, 293T,
and 16HBE) and mouse cells (N2a). The mRNA level of
β-defensin was evaluated through real-time quantitative
PCR, and the results are shown in Figure 6 and S1. For
A549 human cells, treatment with sg5, sg7, and sg9 sgRNA
complexed with G4 (Phe)50%-DET upregulated β-defensin
by 10, 15, and 40 times in comparison with scramble
sgRNA plasmid (scr sgRNA plasmid) treatment, respec-
tively. Importantly, combination of three sgRNA plasmids
(sg5+sg7+sg9) had higher mRNA copies of β-defensin than
other treatments. The sgRNA (sg5+sg7+sg9) treatment
enhanced gene expression by 10, 3, and 1.5 times compared
with two sgRNA treatments (sg5+sg7, sg5+sg9, and sg7+sg9).
Moreover, in 293T cells, the identified sgRNA treatments
presented a much greater enhancing effect by around 45000
times compared to the scr sgRNA treatment (Figure 6(b)).
Similar results were also confirmed in mouse N2a cells. As
shown in Figure 6(c) and S1, combination of sg2 and sg3
sgRNA (sgMBD4) increased β-defensin gene expression by
about 25 times.

The antiviral effect of nonviral CRISPR/dCas9 targeting
β-defensin was evaluated by plaque formation and flow
cytometry assays. To monitor virus infection, A549 cells were
coincubated with vesicular stomatitis virus incorporating the
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Figure 4: Cell viability of dendrimers to (a) human kidney 293T cells, (b) mouse neuroblastoma N2a cells, (c) and human lung
adenocarcinoma A549 cells. Incubation time: 48 h. Dose: 55.6 μM. Complexes were prepared at N/P of 6 for G4 (Phe)25%/EGFP, N/P of 8
for G4 (Phe)50%/EGFP, and N/P of 8 for G4 (Phe)50%-DET/EGFP, respectively. The concentrations of EGFP plasmid were 1, 2, and
3μg/mL, respectively.
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Figure 5: Confocal laser scanning microscopy (CLSM) images of human kidney 293T cells (a), mouse neuroblastoma N2a cells (b), and
human lung adenocarcinoma A549 cells (c) incubated with Lipo2000/plasmid, G4 (Phe)25%/plasmid, G4 (Phe)50%/plasmid, and G4
(Phe)50%-DET/plasmid. Incubation time: 48 h. Nuclei: stained blue with DAPI; green fluorescence: EGFP protein. Scale bars represent
100μm.
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GFP gene as a reporter (VSV-GFP). As shown in Figure 7,
treatments with dCas9 alone and dCas9-scr sgRNA showed
GFP-positive cells of 86.1% and 78.6%, respectively, indicat-
ing that dCas9 without sgRNA targeting β-defensin cannot
block virus invasion. However, dCas9-sgHBD1 treatment
significantly reduced the percentage of GFP-positive cells
from 86.1% to 42.9%. Results of virus titer were consistent
with those of flow cytometry. The titer value of cells receiving
dCas9-sgHBD1 treatment decreased by about 100 times
compared to that of cells receiving empty vector and
dCas9-scr sgRNA treatments (Figures 7(a) and 7(b)). These
results demonstrated that the delivery of dCas9-sgHBD1
with Phe- and DET-modified dendrimers remarkably pre-
vented virus infection and replication.

3.4. In Vivo Studies. First, in vivo upregulation of β-defensin
was evaluated after delivery of the CRISPRa system using Phe
and DET dual-modified dendrimers. The nanoparticles con-
taining 5μg/μL dCas9 plasmids and 5μg/μL sgRNA plas-
mids were prepared at N/P of 8 and intratracheally
administrated into the mouse respiratory tract according to
the approach [23]. Two days after inhalation administration,
the lung and respiratory tract were excised and subjected to
molecular biological and histological analyses [24]. Treat-
ment with dCas9-sgMBD4 induced β-defensin gene expres-
sion by about 40-fold compared with dCas9-scr sgRNA
treatment (Figure 6). As shown in Figure 8, evident dCas9
and β-defensin proteins were observed in the lung tissue
sliced from mice receiving treatment with dCas9-sgMBD4.
No β-defensin proteins were observed in the lung tissue from
mice receiving no sgRNA or scr sgRNA treatment. In addi-

tion, the nanoparticles showed no significantly detrimental
effects on the lung tissue.

4. Discussion

PAMAM dendrimers with globular structures and positively
charged surfaces have been widely used as gene transfection
reagents because of their ability to condense DNA and inter-
act with cell membranes [25]. However, membrane barriers
including outer cell membrane and inner nuclear membrane
limited gene delivery efficiency of dendrimer carriers. Thus,
several approaches have been developed to overcome these
barriers by conjugating dendrimers with hydrophobic moie-
ties and substances related to nuclear localization [15–18].
First, the hydrophobic phenylalanine was modified on the
shell of the dendrimers to improve transfection activity.
Interaction between phenylalanine residues and hydrophobic
regions in the cell membrane destabilized the membrane and
enhanced translocation of polyplexes across the cell mem-
brane. Besides, density of phenylalanine on the surface of
the dendrimer also had an impact on transfection efficiency.
The dendrimer modified with high density of hydrophobic
phenylalanine (50%) showed higher transfection efficiency
(Figure 5), which was in line with the result that the dendri-
mer with 50% substitution of phenylalanine exhibited better
transfection activity than other substitutions of 10% and
20% [17]. Second, several nuclear localization signal peptides
and small molecules (e.g., DET) were used to translocate
polyplexes into the nucleus. For example, dexamethasone-
modified dendrimers or DNA enhanced their accumulation
in the nucleus due to the translocation and the dilation of
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Figure 6: In vitro and in vivo relative β-defensin mRNA expression quantified by real-time PCR analysis in the human lung adenocarcinoma
A549 cells (a), human kidney 293T (b), mouse neuroblastoma (in vitro), and BLAB/C mice (in vivo) (c). Dose: 1 μg/μL dCas9 plasmid and
1μg/μL sgRNA plasmid were complexed with G4 (Phe)50%-DET/plasmid at N/P of 8 and Lipo2000 at N/P of 2. Inhalation dose: 5 μg/μL
dCas9 plasmid and 5 μg/μL scr sgRNA or 5 μg/μL sgMBD4 in 100μL PBS. Mouse neuroblastoma N2a cells were used in in vitro
experiments. BLAB/C mouse administrated with complexes was tested. MBD4 and HBD1 are abbreviations of mouse beta-defensin-4 and
human beta-defensin-1, respectively. The scr sgRNA represented nonsense sgRNA and sgMBD4 represented mouse β-defensin-4 sgRNA
(sg2+sg3) with the highest expression at mRNA level. Data are mean ± SD (n = 3). ∗∗p < 0:01, ∗∗∗p < 0:001.
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nuclear pores by the receptor of DET [18, 19]. Therefore,
dual modification with Phe and DET may synergistically
enhance transfection efficiency by overcoming plasma and
nuclear membranes.

The limited resources of human β-defensin have hin-
dered its clinical application. The CRISPRa technology pro-
vides a powerful and feasible approach to prohibit virus
invasion by upregulating human β-defensin. The CRISPRa
system was adopted to identify the host factor, beta-1,4-N-

acetyl-galactosaminyltransferase 2 (B4GALNT2), which can
abolish infection by inhibiting influenza virus binding to
sialic acid receptors [26]. However, this strategy has rarely
been explored to block virus infection in vivo. It is well
known that a high level of β-defensin in the airway epithe-
lium can effectively inhibit virus infection and replication
[9, 10]. In this study, we utilized Phe and DET dual-
modified dendrimer to deliver the CRISPRa system targeting
the β-defensin gene, significantly reducing the VSV titer by
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Figure 7: (a) Virus plaque images and (b) virus titer. Empty vector: G4 (Phe)50%-DET without plasmids; dCas9-scr sgRNA: G4
(Phe)50%-DET complexed with dCas9 and scr sgRNA plasmids; dCas9-sgHBD1: G4 (Phe)50%-DET complexed with dCas9 and HBD1
sgRNA plasmids; NC indicates mice receiving PBS treatment. Viral titers in cell culture medium were detected by plaque assay.
Data were presented as mean ± SD of three independent experiments. ∗∗p < 0:01. The “1,” “2,” and “3” of the X axis represent
samples receiving empty vector, dCas9-scr sgRNA, and dCas9-sgHBD1 treatments, respectively. (c) Inverted fluorescence microscopy
images of A549 cells receiving different treatments followed by VSV-GFP virus infection. Green fluorescence: VSV-GFP. Scale bars
represent 250μm. (d) Flow cytometry analysis of the green fluorescence- (GFP-) positive cells in samples receiving different
treatments. Complexes were prepared for G4 (Phe)50%-DET/dCas9-sgRNA at N/P of 8. scr sgRNA represented nonsense sgRNA and
sgHBD1 represented mixture of human β-defensin-1 sgRNA (sg5+sg7+sg9).
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100-fold. CRISPR-Cas9/dCas9 causes off-target gene editing,
but rationally engineered Cas9 or dCas9 can remarkably
enhance specificity of gene editing [27]. Moreover, no gene
disruption of dCas9-mediated CRISPRa also improved its
biosafety. Except nuclear-localizing effect, dexamethasone
can also improve therapeutic effects of the antivirus drug
via reducing inflammation as a glucocorticoid.

5. Conclusion

The phenylalanine and dexamethasone dual-modified dendri-
mer was synthesized to transport the CRISPR/dCas9-sgRNA
targeting β-defensin against virus infection. Phenylalanine
and dexamethasone synergistically enhanced transfection effi-
ciency, resulting in significantly antiviral activity.
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Figure 8: Ex vivo fluorescence immunohistochemical analyses (a) and histological characteristics (H&E stainning) (b) of lung sections
from mice receiving different formulations (48 h after the inhalation). In the immunohistochemical assay, the nucleus, dCas9 protein,
and β-defensin protein were stained blue, green, and red fluorescence, respectively. Inhalation dose: 5 μg/μL dCas9 plasmid and
5μg/μL sgRNA (sgMBD4) in 100μL PBS. Complexes were prepared at N/P value of 8. Scale bars, 100 μm in (a) and 50 μm in (b).
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