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Abstract: Cationic polyamidoamine (PAMAM) dendrimers are highly branched nanoparticles with unique molecular properties,
which make them promising nanocarriers for gene delivery into cells. This research evaluated the ability of hyperbranched PAMAM
(hPAMAM)-G2 with a diethylenetriamine core to interact with DNA, its protection from ultrasonic damage, and delivery to alfalfa cells.
Additionally, the effects of ultrasound on the efficacy of hPAMAM-G2 for the delivery and expression of the gusA gene in the alfalfa
cells were investigated. The electrophoresis retardation of plasmid DNA occurred at an N/P ratio (where N is the number of APAMAM
nitrogen atoms and P is the number of DNA phosphorus atoms) of 3 and above, and hPAMAM-G2 dendrimers completely immobilized
the DNA at an N/P ratio of 4. The analysis of the DNA dissociated from the dendriplexes revealed a partial protection of the DNA from
ultrasound damage at N/P ratios lower than 2, and with increasing N/P ratios, the DNA was better protected. Sonication of the alfalfa
cells in the presence of ssDNA-FITC-hPAMAM increased the ssDNA delivery efficiency to 36%, which was significantly higher than
that of ssDNA-FITC-hPAMAM without sonication. Additionally, the efficiency of transfection and the expression of the gusA gene were
dependent on the N/P ratio and the highest efficiency (1.4%) was achieved at an N/P ratio of 10. The combination of 120 s of ultrasound

and hPAMAM-DNA increased the gusA gene transfection and expression to 3.86%.
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1. Introduction

Alfalfa is a perennial forage crop that is widely grown
throughout the world (Smith et al.,, 2000). Moreover, it
has been shown that alfalfa has healthcare effects, such
as the reduction of glucose, cholesterol, and lipoprotein
concentrations in plasma (Farsani et al., 2016). Genetic
transformation of plants allows the introduction of a
gene or genes into one species from an unrelated plant
or nonplant species and thus plays an important role in
the qualitative and quantitative improvement of crop
products. Furthermore, genetic transformation of plants
has great potential in the production of protein-based
drugs and basic plant biology.

Reporter genes enable visual screening and identification
of transgenic cells in a large background of nontransgenic
cells and so provide a powerful tool for transient and stable
genetic transformation studies. The gusA gene encoding the
B-glucuronidase (GUS) enzyme is one the most effective,
simple, reliable, and cost-effective reporter systems used
for identification of genetically transformed plant cells in
transgenic studies (Xiong et al., 2011). Several methods have
been developed for the genetic transformation of plants:
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Agrobacterium-mediated transformation (Nanasato et al.,
2013; Tohidifar et al., 2013), biolistic (Daniell et al., 1990;
Altpeter et al., 2005), ultrasound (Joersbo and Brunstedt,
1990; Liu et al., 2006), protoplast transformation that
includes electroporation and polyethylene glycol-mediated
transformation (Park et al., 2015; Burris et al., 2016), and
silicon carbide (Frame et al., 1994). The susceptibility of
all plant species and tissues to Agrobacterium is not the
same and the transformation efficiency of this method for
monocotyledonous plants is still low and unsatisfactory
(Nagvi et al., 2012). The main disadvantages of biolistics
(particle bombardment) include the high cost of biolistics
devices and accessories, and the integration of multiple
copies of the transgene in the plant genome (Finer et al.,
1992). Protoplasts are plant cells that have their cell wall
removed mechanically or enzymatically. In most plant
species, plant regeneration from protoplasts is challenging
and, furthermore, the treatment of the protoplasts with
chemical and physical substances influences their viability
and capability (Fu et al.,, 2012). Thus, the development of
efficient and cost-effective methods for gene delivery to
plant cells is very important.
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Advances in materials science have led to the design
and production of nanoscale materials that could
eliminate many barriers and limitations in this respect and
may facilitate gene delivery to plant cells. Polyamidoamine
(PAMAM) dendrimers are cationic nanostructures that
are synthesized stepwise by the addition of spherical layers
of methyl acrylate, followed by amidation, around the
core molecule (ethylenediamine or ammonia). PAMAM
dendrimers have unique molecular properties such as
defined architecture, highly branched spherical structures,
and low polydispersity that make them attractive materials
for gene delivery (Dufés et al., 2005). The number of layers
or generations determines the size of the dendrimers. Each
additional generation of PAMAM dendrimers leads to the
doubling of the amine groups and 10 A of enlargement
in the molecule size (Bielinska et al., 1997). The PAMAM
dendrimers interact with nucleic acids through the
electrostatic bonds between the negatively charged groups
(phosphate) of DNA or RNA and the positively charged
groups (amine) on the dendrimers surface, resulting in the
formation of dendriplexes. The formation of dendriplexes
(dendrimer-DNA complex) leads to a DNA condensation
similar to the condensation of the DNA by histones in
the chromosomes (Yu and Larson, 2014). In addition, the
dendrimers protect the DNA from degradation by cellular
nucleases activity (Navarro and de ILarduya, 2009; Wang
etal., 2011).

The ability of PAMAM dendrimers to mediate nucleic
acid transfer into a wide range of animal cell lines has been
reported (Kesharwani et al., 2015; Urbiola et al., 2015;
Xiao et al., 2015). However, there are only a few studies
on the potential capability of the dendrimers for gene
delivery to plant cells (Pasupathy et al., 2008), and the
effect of ultrasound on the stability of the PAMAM-DNA
complex and the transformation efficiency of plant cells
remain unclear. Here, we report the effects of different N/P
ratios on hPAMAM (G2)-DNA complex formation and
the protection of DNA against degradation by ultrasonic
waves and restriction enzymes. In addition, for the first
time, this study documents the synergistic effects of
ultrasound on the efficiency of PAMAM-mediated gene
delivery and expression in intact alfalfa cells.

2. Materials and methods

2.1. Polyamidoamine dendrimers

Hyperbranched PAMAM, generation 2 (hHPAMAM-G2),
with a diethylenetriamine core and 45 amino groups on
the surface was used in this research (Figure 1) (Hemmati
etal., 2016).

2.2. Cell culture

Seeds were sterilized with 70% (v/v) ethanol for 30 sand 2%
sodium hypochlorite for 15 min and then cultured on MS
medium (Murashige and Skoog, 1962). The leaf and petiole
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explants were prepared from alfalfa (Medicago sativa L.)
grown in vitro and were cultured on solidified MS medium
supplemented with 5 mg/L 2,4-dichlorophenoxyacetic
acid (2,4-D) (Duchefa Biochemie, B.V., the Netherlands)
and 1 mg/L kinetin (Duchefa Biochemie, B.V.). Friable
calli (1-1.5 g) were then transferred to 50 mL of the same
medium without agar and maintained at 24 + 2 °C on a
rotary shaker at 120 rpm under 16-h photoperiods and
were subcultured every 14 days.

2.3. Construction of the recombinant pUC18 plasmid
containing the gusA gene (pUC-Gus)

A recombinant pUC18 vector containing the gusA gene
under control of the cauliflower mosaic virus (CaMV) 35S
RNA promoter and nopaline synthase (NOS) terminator
was constructed. In brief, pUCI18 and pBI121 plasmids
were digested with HindIII and EcoRI restriction enzymes
(Thermo Fisher Scientific Inc., Waltham, MA, USA).
DNA fragments containing the gusA gene cassette (35S
promoter-gusA gene-NOS terminator) and also a pucl8
plasmid backbone were recovered from the agarose
gel using the GF-1 Gel DNA Recovery Kit (Vivantis,
Malaysia). The gusA gene cassette from pBI121 was then
ligated into the pUC18 plasmid using T4 DNA ligase
(Invitrogen, USA). The ligation products were introduced
into the DH5a strain of E. coli through the freeze-and-thaw
method (Sambrook and Russell, 2001). The constructed
recombinant pUC-gusA vector was confirmed by the
digestion with the restriction enzymes.

2.4. Preparation of hPAMAM-DNA complex

One milligram of hPAMAM dendrimers (G2) was
dissolved in 1 mL of phosphate-buffered saline (pH 7.4)
and sonicated for 5 min. The hPAMAM-DNA complex
was prepared by the combination of 5 pg of pUC-gusA
DNA and PAMAM dendrimers at N/P ratios of 0.25, 0.5,
1,2, 3,4,5, 10, and 20, followed by vigorous vortexing for
30 s and 20 min of incubation at room temperature. The
N/P ratios were calculated as the ratio of the amine groups
of hPAMAM to the negatively charged phosphate groups
in the DNA.

2.5. Ultrasound protection assay

In order to investigate whether hAPAMAM dendrimers can
protect the plasmid DNA from ultrasound degradation,
about 30 pL of the hPAMAM-pDNA complex at different
N/P ratios (0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2) was sonicated
in an ultrasonic bath with 35 kHz frequency and 160-640
W (Sonorex Digitec, Bandelin, Germany) for 20 s at 25
°C. Then the dendriplex was disassembled according to
the methods of Navarro and de ILarduya (2009) and the
samples were analyzed by 0.8% agarose gel electrophoresis.
Electrophoresis was performed in a 0.8% agarose gel at a
constant voltage of 80 V for 60 min in 1X TAE bulffer.
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Figure 1. Schematic structure of hAPAMAM dendrimers G1 with diethylenetriamine core.

2.6. Restriction enzyme protection assay

In order to assess the effect of hPAMAM-DNA complex
formation on pDNA digestion by the restriction enzymes,
200 pL of hPAMAM-DNA complex at N/P ratios of 10,
20, 30, 40, and 50 at a final pDNA concentration of 50 pg/
mL was double-digested with EcoRI and Hindlll enzymes
at 37 °C for 2 h. Then the enzymes were inactivated and the
dendriplex was disassembled according to Navarro and
ILarduya (2009). After ethanol precipitation of the DNA
and drying at room temperature, the DNA was dissolved
in 20 pL of distilled water and then analyzed by 0.8%
agarose gel electrophoresis.

2.7. Particle size, zeta-potential,
measurements

To determine the morphology of hPAMAM-DNA
complexes, the complexes were prepared at the N/P ratio
0f 10 in 150 mM NaCl and sonicated for 10 min on ice. The
samples were coated with gold/palladium and scanned by
LEO 1430VP scanning electron microscope (SEM) using
an accelerating voltage of 15 kV. Moreover, dynamic light
scattering and zeta-potential analysis were performed
to determine the particle sizes and zeta-potential of
hPAMAM-DNA complexes using a Malvern Zetasizer
(Malvern Instruments, Westborough, MA, USA).

and morphology
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2.8. Cell treatment with ultrasound

In order to obtain the optimum exposure duration for
gene delivery to the alfalfa cells treated with ultrasonic
waves, the effects of different durations of ultrasound
exposure on viability and cell wall damage were examined.
The cell suspension cultures of alfalfa were sonicated for 2,
10, and 20 min at 25 °C using an ultrasonic bath (160-640
W, 35 kHz, Sonorex Digitec, Bandelin, Germany). Then
the cells were stained using 0.4% Trypan blue (Louis and
Siegel, 2011) and the percentage of viable (unstained)
cells was determined under light microscopy using a
hemocytometer slide.

2.9. Cytotoxicity assay

The cytotoxicity of hPAMAM dendrimers for the alfalfa
cells was measured by Trypan blue staining assay. Different
concentrations (1, 10, and 50 ug/mL) of hPAMAM were
added to 1 mL of the cell suspension with a density of 5
x 10* cells/mL and incubated for 6, 24, and 72 h. Then
the cells were stained with 0.4% Trypan blue solution and
the percentage of viable cells was determined under light
microscopy using a hemocytometer slide.

2.10. Ultrasound-assisted PAMAM dendrimers’ gene
delivery to alfalfa cells

The ability of hPAMAM dendrimers (G2) to transform the
alfalfa cells was examined in two separate experiments.
In the first experiment, 1 mL of cell suspension culture (5
x 10° cells/mL) was incubated for 30 min in MS medium
containing 21% sucrose, 5 mg/L 2,4-D, and 1 mg/L
kinetin. Then the supernatant was discarded and 0.5 mL
of ssDNA-FITC-hPAMAM complex (N/P = 5) or ssDNA-
FITC (Bioneer, Daejeon, Korea) was added to the alfalfa
cells and then sonicated in an ultrasonic bath (Sonorex
Digitec, Bandelin, Germany) with 35 kHz frequency and
160-640 W for 0 and 2 min. Thereafter, cells incubated
in the MS medium containing 5 mg/L 2,4-D and 1 mg/L
kinetin were maintained at 25 °C on a shaker at 120 rpm
for 7 h. The cells were removed from the solution, washed
three times with the MS medium, and then observed with
a fluorescence microscope (Hund, Germany).

In the second experiment, the ability of the PAMAM
dendrimers to deliver plasmid DNA containing the gusA
reporter gene into the alfalfa cells and the factors affecting
the transfection efficiency were examined. For this, 0.5 mL
of hPAMAM-DNA (double-strand pUC-gusA plasmid
DNA) complex at N/P ratios of 0, 1, 3, 5, 10, and 20 (with
a fixed concentration of 5 ug DNA) was mixed with 1 mL
of alfalfa cell suspension culture and sonicated for 0, 30,
60, 120, and 180 s. The cells were maintained in the above-
mentioned conditions for 72 h. Then the transfection
and expression of the gusA gene were assessed by the
histological GUS assay method (Jefferson, 1987).

66

2.11. Statistical analysis

All data were analyzed by one-way ANOVA followed by
Duncan’s multiple range test or least significant difference
mean comparisons. All analyses were performed with
SPSS 16 (SPSS Inc., Chicago, IL, USA) and SAS Ver. 9
(SAS Institute, Cary, NC, USA) and the graphs were
produced using Microsoft Office Excel 2010. All values
were presented as mean + SE.

3. Results

3.1. Construction of recombinant pUC plasmid
containing gusA gene (pUC-gusA)

According to the plasmid map (Figures 2a), it was expected
that the restriction of the recombinant plasmid by the
EcoRI enzyme would result in a fragment 5669 bp long.
The band patterns on the agarose gel were consistent with
the expected ones (Figure 2b).

3.2. Formation of hPAMAM-DNA complexes

The binding of hPAMAM dendrimers to the plasmid DNA
andthe complexformation wereevaluated by theretardation
of DNA migration during agarose gel electrophoresis.
As shown in Figure 3a, the electrophoresis of the naked
pDNA (lane 1) led to three bands corresponding to open
circular, linear, and supercoiled forms of the plasmid.
Significant electrophoresis retardation of the plasmid
DNA occurred at N/P ratios of 3 and above. The pDNA
was completely immobilized by hPAMAM dendrimers at
N/P = 4. With increasing N/P ratios, the negative charge
of pDNA reduced gradually and continued until complete
neutralization at N/P ratios of 4 and above (Figure 3a).

3.3. Stability of the complex against restriction enzyme
digestion

To investigate the susceptibility of hPAMAM-DNA
complexes to the restriction endonucleases, naked and
complexed pDNA (dendriplexes) were incubated with
EcoRI and Hindlll enzymes. As shown in Figure 3b,
the electrophoretic analysis of DNA dissociated from
hPAMAM-DNA complexes indicated that the naked
plasmid DNA was completely digested into two expected
fragments. In contrast, the plasmid DNA complexed
with hPAMAM dendrimers at different N/P ratios was
protected from digestion and revealed three bands
corresponding to the open circular, linear, and supercoiled
forms of the plasmid, similar to untreated (uncut) plasmid
DNA (Figure 3b).

3.4. DNA protection from ultrasound damage by
hPAMAM dendrimers

The electrophoretic analysis of the dissociated DNA
showed that the naked plasmid DNA was severely damaged
by ultrasound and appeared as a smear on the agarose
gel. However, the DNA that dissociated from hPAMAM-
DNA complexes at N/P of 2 remained completely
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Figure 2. The structure of pUC-gusA vector: (a) pUC-gusA recombinant vector digested with EcoRI, lane 1: 1-kb ladder, lane 2: uncut
pUC-gusA recombinant vector, lane 3: pUC-gusA plasmid digested with EcoRI. (b) The schematic representation of pUC-gusA vector
carrying gusA gene under control of the CaMV 35S promoter and NOS terminator.

unchanged and showed three bands on the gel, similar
to the untreated plasmid DNA (Figure 3c). As shown in
Figure 3c, partial protection of the DNA from damage is
observed at N/P ratios lower than 2, and with increasing
N/P ratios, there is increased protection of the DNA. These
results demonstrate that all forms of plasmid DNA in the
hPAMAM-DNA complex structure are protected from
ultrasound damage, but the degree of protection depends
on the N/P ratio.

3.5. Characterization of hAPAMAM-DNA complexes
Figure 3d shows the SEM image of the dendriplexes
prepared with G2 hPAMAM at an N/P ratio of 10. As
shown in Figure 3d, the dendriplexes were individual,
spherical, or elliptical, and homogeneously distributed
without collapsed complexes. As shown in the Table,
particle size and zeta-potential of hPAMAM-DNA
complexes were influenced by N/P ratios. The zeta-
potential of hPAMAM-DNA complexes at N/P ratio of 1
was —-11.00 mV and this became increasingly positive with
increases in the N/P ratio from 1 to 10, thereafter staying
relatively constant. For example, increasing the N/P ratio
from 1 to 10 increased the zeta-potential of hPAMAM-
DNA complexes from -11.00 mV to +20 mV, whereas the
zeta-potential of complexes at N/P ratio of 20 was +19.3
mV (Table).

Although the particle size of the hPAMAM-DNA
complexes at N/P ratios of I and 3 did not significantly
change, the particle size of hPAMAM-DNA complexes

was also dependent on the N/P ratios; the particle size
decreased with increasing N/P ratio from 1 to 10 and
increased thereafter. For instance, the size of the complex
decreased from 233 + 14.6 to 176 = 27.5 and 123
21.3 nm for N/P ratios of 1, 5, and 10, respectively. In
contrast, the size of the complex increased to 162.0 with
increasing N/P ratio from 10 to 20 (Table). Moreover
the largest hPAMAM-DNA complex (238 * 10.3) was
observed at the N/P ratio of 3, which could be due to the
lower condensation capacity of this ratio of hPAMAM-
DNA compared with higher ratio of hPAMAM-DNA
complexes.

3.6. Effect of hPAMAM dendrimers on the viability of
alfalfa cells

The effects of different concentrations and exposure times
of hPAMAM dendrimers on alfalfa cells were examined
by Trypan blue staining. The variance analysis of the
cells’ viability indicated that the viability of an alfalfa cell
was significantly affected by hPAMAM concentration,
exposure time, and their interaction. As shown in Figure
4a, hPAMAM dendrimers displayed a concentration-
and exposure duration-dependent cytotoxicity, such that
with increasing hPAMAM concentration and exposure
time, the cell viability was decreased significantly. At 50
pg/mL concentration, the cell viability was 78.30% at 6 h
after the treatment, and it decreased to 13.13% and 2.65%
at 24 h and 72 h after treatment, respectively. At 10 ug/
mL concentration of hPAMAM, alfalfa cell viability

67



AMANI et al. / Turk J Biol

s

Figure 3. Characteristics of hPAMAM-DNA complexes: (a) DNA mobility retardation assay of hPAMAM-DNA complexes at different
N/P ratios, lane 1: N/P ratio of 0 (pDNA only), lanes 2-10: N/P ratios of 0.25, 0.5, 1, 2, 3, 4, 5, 10, and 20, respectively. (b) pDNA
protection from endonuclease activity, pDNA dissociated from undigested (lane 1) and digested hPAMAM-DNA complex at N/P
ratios of 0, 10, 20, 30, 40, and 50 (lanes 2-7, respectively). (c) pDNA protection from ultrasound damage: pDNA dissociated from
nonsonicated (lane 1) and sonicated hPAMAM-DNA complex at N/P ratios of 0, 0.1, 0.2, 0.4, 0.6, 0.8, 1, and 2 (lanes 2-9, respectively).
(d) SEM micrograph of G2 hPAMAM-DNA complex at N/P ratio of 10.

was 81.21%, 64.36%, and 11.69% after 6, 24, and 72 h of
treatment, respectively.

3.7. Effect of ultrasound on the viability and morphology
of alfalfa cells

Analysis of variance indicated that cell viability was
significantly (P < 0.05) affected by the duration of
ultrasound exposure and the percentage of viable cells
was decreased with increase in the duration of ultrasound
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exposure (Figure 4b). As shown in Figure 4b, 76.45% of the
cells were viable after 2 min of ultrasound exposure, which
reduced to 62.31% after 10 min of exposure. However,
a sharp decline in cell viability occurred after 20 min of
ultrasound exposure and the percentage of viability was
decreased to less than 20.83%.

Light microscopy and SEM analysis of the alfalfa cells
indicated that the changes caused by the ultrasound waves



Table. Particle size and surface charge of hPAMAM-DNA complexes prepared at various N/P ratios.
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Charge Size
tios (N/P) Zeta-potential (mV)
ratios Z-average (nm) PDI
1 233 £ 14.6 0.340 -11£4.64
3 238 £10.3 0.384 -1.94+5.17
5 176 £ 27.5 0.027 6.25 + 6.01
10 123 +£21.3 0.027 20.9 +5.57
20 162 +24.7 0.034 19.3+7.56

Figure 4. (a) The alfalfa cells’ viability under the effect of different concentrations and exposure durations of G2 hPAMAM,; (b) the
effect of different exposure durations of ultrasound on the alfalfa cells’ viability. The control (c) and sonicated (d and e) alfalfa cells were
observed by light microscopy. The control cells (f) and changes caused by sonication (g and h) in alfalfa cells were analyzed by SEM.
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varied from holes and small gaps to a complete collapse of
the cells (Figures 4c—4h). Therefore, 30-180 s of ultrasound
exposure could be used to enhance the efficiency of gene
delivery to alfalfa cells by using nanoparticles.

3.8. Transfection of alfalfa cells with hPAMAM-ssDNA-
FITC

We studied the effects of ultrasound and hPAMAM on
ssDNA-FITC delivery into the alfalfa cells. The alfalfa
control cells and cells treated with ssDNA-FITC alone
did not show any fluorescence emissions (Figures 5a-5d),
whereas 1.4% of the cells treated with ssDNA-FITC and
ultrasound showed fluorescent emission (Figures 5e and
5f). However, 36% of the alfalfa cells treated with hPAM AM-
ssDNA-FITC and ultrasound (for 2 min) showed

(a) (b)

fluorescent emission, indicating that the combination
of PAMAM dendrimers and ultrasound can effectively
improve the efficiency of DNA delivery into intact alfalfa
cells (Figures 5g and 5h). These results demonstrated that
ssDNA-FITC was incapable of penetrating alfalfa cell walls
without A PAMAM dendrimers or ultrasound (Figure 5i).

3.9. Gene transfer into alfalfa cells with G2 hPAMAM

The effects of different N/P ratios and ultrasound durations
on the transfection efficiency (percentage of GUS-
expressing cells or GUS-positive cells) were examined
by GUS histochemical assay (Figures 6a-6¢). Analysis
of variance for the percentage of GUS-positive cells
revealed that the transfection efficiency was significantly
influenced by the N/P ratio and duration of ultrasound

(©

C C
Bads Bt 0 o
5%0S N R ,Ssoﬂ ¢ C)(O\“as \"C)(\)\Wa%
W s S ssoﬁ A P&N\,ssoﬂ B
N\da
Treatments

Figure 5. Fluorescence microscopy analysis of the alfalfa cells. Bright-field (a) and fluorescence (b) images of the untreated (control)
alfalfa cells. Bright-field (c) and fluorescence (d) images of the alfalfa cells incubated with ssDNA-FITC. Bright-field (e) and fluorescence
(f) images of the alfalfa cells incubated with ssDNA-FITC and ultrasound. Bright-field (g) and fluorescence (h) images of the alfalfa cells
incubated with hPAMAM-ssDNA-FITC and ultrasound. (i) Effects of hPAMAM dendrimers and ultrasound on the transfection of the

alfalfa cells with ssDNA-FITC.
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Figure 6. GUS histochemical assay. (a) Untreated (control) alfalfa cells and (b and c) the alfalfa cells transfected by hAPAMAM-DNA
complexes. The effects of different N/P ratios (d) and different durations of ultrasound exposure (e) on the efficiency of alfalfa cell

transfection by hPAMAM-DNA complexes.

exposure, whereas the interaction between N/P ratio and
ultrasound duration was not statistically significant at the
5% level of probability. As shown in Figure 6d, transfection
and gusA gene expression efficiency increased with
increase in the N/P ratio until transfection and expression
efficiency reached 1.42% at the N/P ratio of 10, which
was significantly higher than that of the control (pDNA).
Beyond this optimum N/P ratio, the transfection and
expression efficiency started to decrease.

The alfalfa cells showed a time-dependent transfection
response to ultrasound. The utilization of hPAMAM-
DNA complexes at the N/P ratio of 10 revealed that
increased ultrasound exposure duration resulted in higher
transfection efficiency until it reached 3.86% at 120 s of
sonication. Thereafter, the percentage of GUS-positive
cells decreased rapidly (Figure 6e). This reduction could

be attributed to degrading the hPAMAM-DNA complexes
by ultrasound at higher exposure durations.

4. Discussion

In recent years, the utilization of nanoparticles in plant
biology has been considered because of advantages such as
their capability for interaction with DNA and its protection
against mechanical and enzymatic shearing (Bande et al.,
2015), and also macromolecules’ transfer into intact plant
cells (Pasupathy et al., 2008; Liu et al., 2009; Naqyvi et al.,
2012). Dendrimers with different generations and surface
groups have been synthesized, characterized, and tested
in a wide range of animal cells (Mallick and Choi, 2015;
Urbiola et al., 2015). However, there are few reports on the
utilization of dendrimers as gene delivery carriers for plant
cells (Pasupathy et al., 2008). The interaction of DNA with
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dendrimers (dendriplex formation) and its condensation
by the dendrimers depends on several factors, such as
the N/P (charge) ratio and the dendrimers’ generation
(Lee and Larson, 2006; Yu and Larson, 2014). It has been
reported that the smaller G2 PAMAMs, due to their more
fluid structure, could bind to DNA better than the larger
G6 PAMAMSs (Kabanov et al., 2000).

Dendrimer-DNA binding and complex formation
could be determined by the retardation in DNA mobility
during agarose gel electrophoresis (Sarkar et al., 2013).
As shown in Figure 3a, the retardation analysis indicated
the formation of dendriplexes through charged complex
formation (charge interactions) between hPAMAM and
DNA. On the other hand, the cationic amine groups on
the PAMAM dendrimers bind to the negatively charged
DNA via electrostatic interactions and neutralize the DNA
completely at N/P ratios of 4 and above.

Most of the naked DNA delivered into the cells
undergoes rapid degradation by the defense mechanisms
of the cells (Howell et al., 2003; Al-Dosari and Gao, 2009).
Plasmid DNA complexed with hPAMAM at N/P ratios
higher than 10 was protected completely from digestion by
the restriction enzymes (Figure 3b), but at N/P ratios lower
than 10, the protection of DNA was less complete. It seems
that at N/P ratios lower than 10, the DNA is not completely
covered by hPAMAM and, therefore, the enzyme could
bind to DNA and cut it. Therefore, at N/P ratios higher than
10, the complex formation of DNA with hPAMAM reduces
the accessibility of the DNA to nucleases. This reduced
accessibility of the complexed DNA to enzymes can prolong
its survival in the cell and increase the duration of transient
gene expression and also its genomic integration. However,
it should be mentioned that resistance of the complexed
DNA to restriction enzymes could be higher than its
resistance to the cellular nuclease activity (Abdelhady et al.,
2013; Dehshabhri et al., 2013).

It has been shown that low intensity levels of ultrasound
cause various nonlethal mechanical and biological effects
on the cells and have potential uses in plant biotechnology
and genetic engineering (Liu et al., 2006). Sonication-
mediated DNA delivery into protoplasts and intact plant
cells have been reported in different plants and possess
benefits such as lower costs, being species-independent,
and simplicity (Joersbo and Brunstedt, 1990; Zhang et
al., 1991; Choudhary and Chin, 1995). However, naked
DNA is sensitive to ultrasound damage and is rapidly
fragmented during the sonication process (Figure 3c).
DNA degradation under ultrasound treatment occurs
mainly through destroying the hydrogen bonds and by
breaking the phosphodiester bonds in single and double
strands of the DNA helix (Grokhovsky et al., 2011). As
shown in Figure 3c, hPAMAM dendrimers effectively
protected the DNA from ultrasonic degradation, so
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hPAMAM-DNA complexes effectively protected the DNA
from ultrasonic degradation and allowed the simultaneous
utilization of the advantages of both nanoparticle- and
ultrasound-mediated gene delivery systems.

The morphology of nanoparticles plays a key role in
transfection efficiency (Venkataraman et al., 2011). As
shown in Figure 3d, SEM analysis revealed thathPAMAM-
DNA complexes have rounded and spherical shape.
Previous studies showed that spherical nanoparticles
have higher transfection efficiency than other shapes of
nanoparticles (Jiang et al., 2013). As shown in the Table,
there is a clear correlation between N/P ratio and complex
size. The size evaluation of hPAMAM-DNA complexes
reveals that the smallest particle size was obtained at N/P
ratio of 10. This could be due to the higher condensation
capacity at this N/P ratio. Furthermore, the hPAMAM-
DNA complexes were uniform in size at N/P ratios above
3, as shown by the low polydispersity index (PDI) (Table).
However, the sizes of complexes were increased at N/P of
20 as compared to the N/P ratio of 10. This could be due
to the extra aggregation of hPAMAM around hPAMAM-
DNA complexes (Gary et al., 2013).

It has been reported that the size of complexes derived
from the interaction of DNA and polycations such as
PAMAM dendrimer, poly (L-lysine), and polyethylenimine
depends on the size and topology of the DNA and will be
reduced with a decrease in the size of the DNA molecules
(Hsu and Uludag, 2008; Yu et al., 2013).

The cationic charge of the polymer is one of the most
important factors for DNA condensation and gene delivery
into eukaryotic cells. Cationic polymers such as PAMAM
interact with the cells through electrostatic interactions
between the cationic groups on PAMAM dendrimers
and the anionic surface of the cells (Perico, 2016),
which may be important for the cellular uptake of DNA
complexed with PAMAM. Regarding the zeta-potential
results, increasing the N/P ratio from 1 to 10 appeared
to significantly increase the surface charge of hPAMAM-
DNA complexes. On the other hand, interactions between
positively charged amines on the hPAMAM surface and
negatively charged groups on the DNA backbone cause
an increasingly positive charge in the PAMAM-DNA
complexes (Mou et al, 2016). However, there were no
significant differences in the surface charge of APAMAM-
DNA complexes at N/P ratios of 10 and 20. This may be
due to the fact that the DNA was completely saturated with
hPAMAM at the N/P ratio of 10.

These interactions could destabilize the cell membrane
(Dufés et al., 2005) and result in cytotoxicity and cell lysis.
The generation of PAMAM dendrimers and therefore the
number of terminal amino groups are critical determinants
in cytotoxicity. Generally, higher generations of PAMAMs
cause more cytotoxicity (Pryor et al., 2014). The alfalfa
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cells showed a concentration- and exposure duration-
dependent response to G2 hPAMAM. At 1, 10, and 50 pg/
mL concentrations of hPAMAM, no significant decrease
in cell viability was observed until 6 h after treatment.
At 10 pug/mL concentration, the significant part of alfalfa
cell death occurred between 24 and 72 h, and about 88%
of the cells lost their viability at 72 h after the treatment.
However, at 50 pg/mL concentration, the obvious cell
death happened between 6 h and 24 h and about 87% of
the cells had lost their viability 24 h after the treatment
(Figure 4a).

Here, we demonstrate the synergistic effects of
ultrasound and hPAMAM dendrimers on alfalfa cell
transfection. As shown in Figures 5 and 6, no transfected
cells were obtained by the treatment of the alfalfa cells
with ssDNA-FITC and also with plasmid DNA, indicating
that the inability of the naked DNA to pass through cell
walls and membranes may be due to the inappropriate
morphology, size, and charge (Al-Dosari and Gao, 2009).
The sonication of the alfalfa cells in the presence of ssDNA-
FITC resulted in transferring of the labeled DNA into the
alfalfa cells with efficiency of 1.4%. In contrast, treatment
of the cells with ssDNA-FITC-hPAMAM complexes did
not lead to detectable transfected and fluorescent cells.
The sonication of the cells in the presence of ssDNA-FITC-
hPAMAM complexes increased the transfection efficiency
to 36%, which was 25.7-fold that of sonication + ssDNA-
FITC (Figure 5i). These results indicate the synergistic
effects of hPAMAM dendrimers with ultrasound
treatment on the transfection of the alfalfa cells. Similar
results were obtained from the transfection of the alfalfa
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