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Abstract—There has been increasing interest in recent years in gene delivery. We report the synthesis of non-viral delivery systems composed
of variations of the cell penetrating peptide TAT, a nuclear localisation signal peptide and dendritic polylysine. The delivery systems were
tested for their ability to form complexes with plasmid DNA by utilising gel shift analysis, isothermal titration calorimetry, particle size
analysis, zeta potential and transmission electron microscopy. These techniques indicated the successful formation of complexes between
the peptide dendrimer and DNA.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Gene delivery is the process where a gene of interest is
delivered to a specific tissue with the aid of a vector.1 The de-
livery of naked nucleic acids (NAs) is not effective as they
are degraded very quickly by nucleases and they do not
passively diffuse across plasma membranes due to their
size and negative charge. Therefore, the vector selected is
required to neutralise the negative charge and condense
the NA to allow transfer across cell membranes. Optimal
requirements for gene delivery systems include protection
of nucleic acids from nucleases, transportation into cells,
the ability to release NAs in the cytoplasm or nucleus, target-
ing specific cell types and no toxicity.2 Vectors for gene
delivery are classified as viral and non-viral.

Traditionally, viral vectors were used for gene delivery into
the host for long-term expression.3 They are very efficient
gene-transfer vectors. However, they often require specific
conditions to operate and they may induce an immune
response.4 In one clinical trial in 1999, a participant died
from what was believed to be a severe immune response to
the adenovirus vector.5 Due to the immunogenic effects of
viral vectors, non-viral delivery systems are now widely
studied to enhance gene delivery. They are less immuno-
genic, easier to manufacture and in some cases cheaper than
viral vectors.6 Many different non-viral gene delivery sys-
tems have emerged in recent years.7 They are designed to
show the same efficacy as viral vectors but without the

Keywords: Gene delivery; Dendrimer; TAT; NLS.
* Corresponding author. Tel.: +61 7 33469892; fax: +61 7 33654273;

e-mail: i.toth@uq.edu.au
0040–4020/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2007.09.048
associated problems. Some have already been commercial-
ised. However, these are inefficient for in vivo use due to
high toxicity.8 Most commonly used non-viral delivery sys-
tems include liposomes,9 polymers (PEI)10 and dendrimers
(PAMAM).11 More recently, cell penetrating peptides
(CPPs) have been used for gene delivery. They are short cat-
ionic peptides such as TAT, which is derived from the human
immunodeficiency virus transcription activating factor (ami-
no acids 58–60).12 They have the ability to translocate cell
membranes and carry with them any cargo they are attached
to such as NAs and proteins.13 Another peptide used in gene
delivery is the nuclear localisation signal (NLS) peptide. It is
derived from the Simian virus 40 large T antigen and has
the ability to translocate the nuclear membrane thereby
effectively targeting DNA to the nucleus.14

Previously, we have successfully used dendrimers that incor-
porated lipoamino acids, polylysine and carbohydrates
for the delivery of a sense oligonucleotide (ODN-1).15–18

We have also used polylysine dendrimers ligated to specific
ligands to deliver DNA to cells both in vitro and in vivo.19–21

We have now synthesised new dendrimers incorporating the
TAT peptide (GRKKRRQRRRPPQ),22 an NLS peptide
(PKKKRKV)23 and polylysine. They are shown in Figure 1.
Each peptide dendrimer was synthesised to determine which
peptides or combinations of peptides are required to be the
most effective in gene delivery. However, an important attri-
bute for any DNA carrier is its ability to reversibly bind to
and condense DNA into a nanoparticle structure. This is de-
termined by its ability to neutralise the negatively charged
DNA molecule. Below, we describe the synthesis of a library
of peptide dendrimers and their ability to form complexes
with pGL3 DNA. These complexes were characterised by

mailto:i.toth@uq.edu.au


12208 D. J. Coles et al. / Tetrahedron 63 (2007) 12207–12214
NH CH C
CH2

O

CH2

CH2

NH
C
NH2

NH

N
H

CH C
CH2

O

CH2

CH2

NH
C
NH2

NH

H
N CH C

CH2

O

CH2

CH2

NH
C
NH2

NH

N
H

CH C
CH2

O

CH2

C
NH2

O

H
N CH C

CH2

O

CH2

CH2

NH
C
NH2

NH

H
N CH C

CH2

O

CH2

CH2

NH
C
NH2

NH

N
H

CH C
CH2

O

CH2

CH2

CH2

NH2

H
N CH C

CH2

O

CH2

CH2

CH2

NH2

H
N CH C

CH2

O

CH2

CH2

NH
C
NH2

NH

HN CH C
H

O
N

C
O

N

C
O H

N CH C
CH2

NH2
O

CH2

C
NH2

O

X =

NH2

HN

C
O

N
H

CH C

CH

O

CH3

CH3

H
N CH C

CH2

O

CH2

CH2

CH2

NH2

NH CH C
CH2

O

CH2

CH2

NH
C
NH2

NH

NH CH C
CH2

O
C
O

CH2

CH2

CH2

NH2

H
N CH

CH2

CH2

CH2

CH2

NH2

H
N CH C

CH2

O

CH2

CH2

CH2

NH2

Y =

HN

C
O

N
H

CH CH

CH

O

CH3

CH3

H
N CH C

CH2

O

CH2

CH2

CH2

NH2

NH CH C
CH2

O

CH2

CH2

NH
C
NH2

NH

NH CH C
CH2

O

CH2

CH2

CH2

NH2

H
N CH C

CH2

CH2

CH2

CH2

NH2

H
N CH C

CH2

OO

CH2

CH2

CH2

NH2

OR

H
N CH CH

CH2

O

CH2

CH2

CH2

NH

N
H

CH C
CH2

O

CH2
CH2
CH2
NH

H
N CH C

CH2

O

CH2

CH2

CH2

NH

H2N CH C
CH2

O

CH2

CH2

CH2

NH2

H2N CH C
CH2

O

CH2

CH2

CH2

NH2

H2N CH C
CH2

O

CH2
CH2
CH2
NH2

H2N CH C
CH2

O

CH2
CH2
CH2
NH2

Z =

Synthesised Complexes

1. X 2. Z – X 3. Y 4. Z – Y 5. Z 6. Y – Lys – X 7. Ac –Y – Lys – X

Lys

ZZ

Figure 1. Structures of the synthesised dendrimers. 1, TAT; 2, TAT–D; 3, NLS; 4, NLS–D; 5, D; 6, TAT-Lys-NLS; 7, TAT-Lys-NLS(Ac)-D (Ac—acetate).
gel shift analysis, isothermal titration calorimetry, particle
size analysis, zeta potential and transmission electron
microscopy.

2. Results and discussion

2.1. Design and synthesis of the gene delivery complexes

There are many barriers to overcome to have success in gene
delivery. Therefore, this requires a delivery system with dif-
ferent functionalities. First of all, DNA is large and nega-
tively charged which give it little hope of passing through
the negatively charged plasma membrane unaided. To effec-
tively condense and neutralise the DNA, we have used den-
dritic polylysine with four terminal lysine residues giving it
a charge of 8+. Previous experiments using the same poly-
lysine were effective in forming complexes with a single
stranded oligonucleotide.16 Stability of the gene complex
is essential as nucleases readily digest any gene that is un-
shielded. The first barrier in the cellular delivery of a gene
complex is the plasma membrane. There are numerous
ways to cross the membrane such as using lipids for
adsorptive endocytosis,9 carbohydrates for active or facili-
tated transport,24 or CPPs, which utilise endocytosis for
membrane penetration.25 Of the many CPPs already under
investigation such as penetratin26 and oligoarginine,22 we
have chosen TAT.22 It has been widely used in the past and
has advantages over viral carriers such as low toxicity and
fast cellular uptake.25 The cellular uptake of TAT has been
reported to occur by many different ways including clathrin
and caveolae mediated endocytosis and macropinocytosis.25

Once the gene complex is inside the cell, it is required to
enter the nucleus for gene expression to occur. One such
peptide used to aid nuclear transport is the NLS peptide.
This peptide utilises the nuclear pore complex (NPC), which
is responsible for the trafficking of molecules into the
nucleus. The interaction between the NPC and the NLS pep-
tide has allowed complexes up to 50 MDa to translocate the
nuclear membrane.27

Each of the peptides mentioned above were synthesised sep-
arately and in different combinations to determine which
particular peptide or combination of peptides is required
for the most efficient delivery of DNA (Fig. 1). Dendrimer
1 is TAT. Dendrimer 2 is TAT coupled with polylysine.
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Dendrimer 3 is NLS. Dendrimer 4 is NLS coupled with poly-
lysine. Dendrimer 5 is polylysine. Dendrimer 6 is TAT cou-
pled with NLS linked by lysine. Dendrimer 7, which consists
of all three peptide components, required the use of an or-
thogonal protection group strategy during synthesis. In our
case, we used Boc-Lys(Fmoc) to link the TAT and NLS pep-
tide by selectively removing the Boc group. The N-terminus
was acetylated. The Fmoc protecting group on the side chain
of the lysine was then removed followed by the coupling
of Boc-Lys(Fmoc). The Boc protection was selectively
removed allowing the sequential coupling of Boc-Lys(Boc)
to afford the desired dendritic lysine. The Fmoc from the
lysine side chain was removed with the possibility of other

Figure 2. Gel shift assay of the dendrimer/DNA complexes. The first lane is
a control with pGL3 DNA only. The following lanes contain complexes with
increasing amounts of peptide dendrimer (indicated under each lane). Gels
were viewed under UV light. pGL3 DNA complexed with dendrimer: (a) 1,
(b) 2, (c) 3, (d) 4, (e) 5, (f) 6 and (g) 7.
moieties to be added (not included in this study). The ter-
minal Boc groups were removed and once the peptide was
separated from the resin it was purified by HPLC so that
the purity was �95%.

2.2. Gel shift

Gel shifts have been widely used to report the interaction
between polycationic carriers and DNA.28 To determine
the ratio of dendrimer to pGL3 DNA required for condensa-
tion, a gel mobility assay was employed (Fig. 2). Lane 1 is
a control which shows unbound DNA. The two bands corre-
spond to the supercoiled (lower band) and open circular
(upper band) forms of plasmid DNA.29 The following lanes
contain increasing amounts of dendrimer complexed to the
DNA. As the amount of peptide dendrimer increases, the
intensity of the DNA band decreases and shifts to the wells
of the gel. This is due to the dendrimer forming complexes
with the DNA that are too large to pass through the gel
and also the neutralisation of the DNA. Both forms of
DNA are condensed at a similar rate. However, the open
circular form has completely shifted prior to the supercoiled
form. This may be due to the open circular form forming
larger complexes earlier than the supercoiled form. Also,
the open circular form is present at a lower concentration
than the supercoiled form because the DNA is highly puri-
fied. The minimum amount of dendrimer that completely
retarded the pGL3 DNA in the well was used to estimate
the condensation ratio. In general, this was approximately
equivalent to a charge ratio of 1:1. A small amount of
unbound DNA was observed (unknown reason) when it
was condensed with dendrimer 5 (Fig. 2e).

2.3. Isothermal titration calorimetry

The titration of dendrimers 1–7 with pGL3 DNA is exother-
mic, as heat is released during the interaction of the den-
drimer with the DNA. Once this is complete, there may be
endothermic or exothermic heats of dilution. The titration
of dendrimer 3 only showed exothermic heats even after
a large excess had been added. All other dendrimers have
a charge ratio around 1:1 when the interaction between the
dendrimer and DNA is complete (Table 1). These results cor-
relate well with the gel shift results. While it may be viewed
as a simple charge interaction, the complexation between
peptide dendrimer and DNA is more complicated. It has
been reported that polylysine carriers exhibit cooperative
binding to DNA.30 That is, once one carrier is bound to
DNA the following carrier binds more easily. However,
our experiments were limited in the amount of DNA used,
therefore not suitable to obtain thermodynamic parameters.
Our dendrimers contain either a linear peptide (1, 3 and 6)
Table 1. Isothermal titration calorimetry results

Dendrimer Volume of dendrimer (mL) Concentration of dendrimer (mM) Moles of dendrimer Molar ratio (dendrimer/DNA) Charge ratio (+/�)

1 24 0.2 4.8E-09 1130/1 0.86/1
2 28 0.1 2.8E-09 659/1 1.00/1
3 — 1.0 — — —
4 36 0.1 3.6E-09 848/1 1.05/1
5 35 0.2 7.0E-09 1648/1 1.25/1
6 30 0.1 3.0E-09 706/1 0.94/1
7 20 0.1 2.0E-09 471/1 0.99/1
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Figure 3. Particle size (z-average) and zeta potential of dendrimer/pGL3 DNA complexes. pGL3 DNA complexed with dendrimer: (a) 1, (b) 2, (c) 3, (d) 4, (e) 5,
(f) 6 and (g) 7. Measurements were conducted at five different charge ratios (P:N). Square (-) indicates z-average and triangle (:) indicates zeta potential. All
data presented as mean�SEM, n¼3.
a branched peptide (5) or both (2, 4 and 7). The differences
between the structures of the dendrimers may determine how
they bind to the DNA. Dendrimer 3 is a short peptide (seven
amino acids) with a charge of 5+. The inability of dendrimer
3 to interact with DNA in the ITC experiments is unknown.
Experiments using higher concentrations of a different DNA
resulted in a standard binding curve (data not shown). Den-
drimer 3 was shown to condense DNA in the gel shift assay,
where the dendrimer and DNA are more concentrated than in
the ITC experiments.
2.4. Particle size and zeta potential

The z-average (particle diameter) and zeta potential analysis
for the dendrimer/pGL3 DNA complexes are shown in
Figure 3. At lower charge ratios (<2) there is a lot more var-
iability between the triplicates analysed compared to the
case when a higher charge ratio (>2) is used. The z-average
of the dendrimer/pGL3 DNA complexes generally decreases
(60–80 nm) as the charge ratio increases. Of the different
cell uptake mechanisms that the TAT peptide may utilise,
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Figure 4. Transmission electron microscopy photographs of pGL3 DNA complexed with dendrimer: (a) 1 (bar 500 nm), (b) 2 (bar 500 nm), (c) 3 (bar 2000 nm),
(d) 4 (bar 200 nm), (e) 5 (bar 1000 nm), (f) 6 (bar 500 nm), (g) 7 (bar 500 nm) and (h) DNA only (bar 1000 nm).
clathrin-mediated endocytosis is the most likely mechanism
as our complexes are below 100 nm.31 There are many fac-
tors that affect the size of a complex, such as the buffer used
and its concentration and the duration between complex
formation and measurement. While we have not addressed
these issues here, the particle size of polylysine/DNA com-
plexes has been shown to increase as the duration between
complex formation and measurement increases.32 Our
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complexes could be regarded as relatively stable because
they are very small, even though measurements occurred
1 h after complex formation. Dendrimer 3 (Fig. 3c) shows
an interesting result for particle size at a charge ratio of 2.
It has a very large z-average compared to the other charge ra-
tios. This may be due to the formation of aggregates. The
zeta potential, which measures the surface charge of a parti-
cle, is negative when there is an excess of DNA (charge ratio
�1). As the amount of dendrimer increases, the zeta poten-
tial increases becoming positive and plateaus out. The zeta
potential for dendrimers 1, 3 and 5 reached 10–15 mV com-
pared to dendrimers 2, 4, 6 and 7, which show zeta potentials
up to 30 mV. This may be due to the latter group of den-
drimers containing more positive charges.

2.5. Transmission electron microscopy

The particle size measurements have shown the average size
of the particles but not their structure. Transmission electron
microscopy (TEM) experiments of the dendrimer/pGL3
DNA complexes were conducted to determine their physical
characteristics. The complexes were found to be rods and
spheres as shown in Fig. 4 (DNA alone is shown in Fig. 4h).
The average size of a single sphere was measured to be
50 nm in diameter and the length of a rod was 100 nm, which
indicates good correlation with the z-averages obtained.
Aggregates were also present, which included a fibre-like net-
work (Fig. 4c) and a cluster of particles (Fig. 4d). The aggre-
gation of complexes containing dendrimer 3 also correlates
with the large z-averages obtained when measuring the parti-
cle size. The formation of aggregates could occur due to elec-
trostatic and hydrophobic interactions between the dendrimer
and DNA.33 However, these results are not indicative of the
size of the particles in solution. The formation of aggregates
may be due to the drying of the sample, which was required
prior to analysis.

3. Conclusions

We have synthesised dendrimers consisting of TAT, NLS and
polylysine and have shown that they form complexes with
pGL3 DNA using various methods. These data significantly
help for the best preparation of complexes for in vitro studies
and in the future design of dendrimers. The optimal den-
drimer will be determined from in vitro studies by examining
cellular uptake and gene expression, which are reported
elsewhere.

3.1. Concluding remarks

The lack of suitable gene delivery vectors necessitates the
continued search for appropriate vectors in this area. Our
research may provide a non-toxic, generally applicable
gene delivery complex suitable for human use.

4. Experimental

4.1. Materials

p-4-Methyl benzhydryl amine (MBHA) resin and
Boc-L-amino acids were purchased from NovaBiochem
(Switzerland) or Reanal (Budapest, Hungary). Peptide syn-
thesis grade dimethylformamide (DMF), trifluoroacetic
acid (TFA) and 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetrame-
thyluronium hexafluorophosphate (HBTU) were purchased
from Auspep (Melbourne, Australia). HPLC grade acetoni-
trile (ACN) and methanol (MeOH) were purchased from
Labscan Asia Co. Ltd. (Bangkok, Thailand) or Honeywell-
Burdick & Jackson (Morristown, NJ). All other reagents
were purchased from Sigma–Aldrich (Castle Hill, Australia)
at the highest available purity.

4.2. General procedure for the synthesis of dendrimers
1–7

Dendrimers 1–7 were synthesised by solid phase peptide
synthesis using Boc chemistry.34 p-MBHA resin (100–
200 mesh, 0.31 mmol/g loading) was swollen in DMF in a
sintered glass peptide synthesis vessel for 1 h. Each
Boc-L-amino acid (4 equiv) was activated in a mixture of
HBTU (0.5 M in DMF, 4 equiv) and N,N-diisopropylethyl-
amine (DIPEA) (6 equiv) and then mixed with the resin
for 30 min. Coupling efficiency was monitored using the
negative ninhydrin reaction (5 min) and showed nearly
quantitative coupling (�99.6%). The Boc group was re-
moved using neat TFA (2�1 min) followed by in situ neu-
tralisation. Side chain protecting groups used include
Lys(2-Cl-Z), Lys(Fmoc), Arg(Tos) and Gln(Xan). Between
all manipulations, the resin was washed thoroughly with
DMF. Dendrimer 7 was synthesised using an orthogonal pro-
tection group strategy. Boc-Lys(Fmoc) was coupled after the
TAT peptide. Na-Boc was removed, followed by coupling of
the NLS peptide in a stepwise fashion. N-terminal acetyla-
tion was achieved by treating the resin with acetic anhydride
(1 mL), DIPEA (0.5 mL) and DMF (10 mL) twice for
30 min. With the N-terminus protected, Lysine N3-Fmoc de-
protection was performed using 20% piperidine in DMF
(5 min and 20 min). Boc-Lys(Fmoc) was then coupled after
which the Boc protection was selectively removed followed
by the addition of Boc-Lys(Boc) until four terminal lysines
are present. Lysine N3-Fmoc deprotection was again per-
formed allowing other moieties to be added to the dendrimer
(not included in this study). Upon completion of the den-
drimer formation, terminal Boc groups were removed and
the resin washed exhaustively with DMF, dichloromethane
and methanol. The resin was dried over KOH under vacuum.
The dendrimers were cleaved from the resin using hydrogen
fluoride (10 mL/g resin) and p-cresol (10%) at 0 �C for 2 h.
The cleaved dendrimers were precipitated in diethyl ether
and then redissolved in 50% ACN and lyophilised to give
a white amorphous powder.

4.3. Purification

The crude dendrimers were analysed using analytical
reverse phase-high performance liquid chromatography
(RP-HPLC) on a Shimadzu instrument (LC-10AT liquid
chromatograph, SCL-10A system controller, SPD-6A UV
detector, an SIL-6B auto injector with an SCL-6B system
controller and column C18 (Zorbax, 3.5 mm pore size,
id¼4.6, 150 mm)) to identify the dendrimers’ retention
time and establish an appropriate gradient for preparative
HPLC. Preparative HPLC was performed on a Waters
HPLC system (Model 600 controller, 490E UV detector, F
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pump and TSK Gel C18 column with 10 mm pore size and
22 mm id) with 100 mg of crude dendrimer. It was separated
using a gradient of solvent A (0.1% TFA/H2O) and solvent B
(90% ACN/0.1% TFA/H2O) and the fractions collected were
characterised by electro-spray mass spectroscopy (ES-MS)
(Perkin–Elmer API 3000 instrument). The purified den-
drimers were analysed by ES-MS and analytical RP-HPLC
using solvent A (0.1% TFA/H2O) and either solvent B1
(90% ACN/0.1% TFA/H2O) or solvent B2 (90% MeOH/
0.1% TFA/H2O) (Table 2).

4.4. Gel shift

A gel shift was used to determine how the peptide dendrimers
interact with pGL3 DNA. Various amounts of dendrimer in
20 mM Hepes buffer were mixed with 250 ng pGL3 DNA
at room temperature. The complexes were then electropho-
resed through a 1% agarose gel in tris acetate EDTA (TAE)
buffer containing 1 mg/mL ethidium bromide at 80 V for
45 min. Gels were viewed under UV illumination.

4.5. Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed using
a MicroCal VP-ITC Microcalorimeter (MicroCal Inc, USA)
with Origin software and VPViewer 2000. In all titrations the
micro-syringe contained the peptide dendrimer solution
in 20 mM Hepes buffer, the sample cell pGL3 DNA
(2.36 nM) and the reference cell 20 mM Hepes buffer. Be-
fore measurements were taken all solutions were degassed.
Injections occurred every 4 min and the reaction was kept
at a constant temperature of 25 �C. The concentration of
pGL3 DNA remained the same in each experiment.

4.6. Particle size and zeta potential

A Zetasizer Nano ZP instrument (Malvern Instruments, UK)
with DTS software was used for particle size and zeta poten-
tial measurements of the dendrimer/pGL3 DNA complexes.
Sizes were analysed using a non-invasive backscatter system

Table 2. Analytical data of the purified dendrimers

Dendrimer MW ES-MS (m/z) Retention time
in acetonitrile
(min)

Retention time
in methanol
(min)

1 1718.03 1718.9 (z¼1) 9.49 12.56, 13.11
860.1 (z¼2)
574.3 (z¼3)

2 2615.24 1309.2 (z¼2) 11.25 14.34
873.2 (z¼3)

3 882.15 882.9 (z¼1) 9.61 10.81
442.4 (z¼2)

4 1779.36 1781.0 (z¼1) 10.76 13.21
891.2 (z¼2)
594.8 (z¼3)

5 914.24 915.2 (z¼1) 8.91 9.2
458.4 (z¼2)

6 2711.32 1357.2 (z¼2) 11.34 14.63
905.3 (z¼3)

7 3778.74 1891.3 (z¼2) 11.82 15.68
1260.9 (z¼3)
946.5 (z¼4)
and zeta potentials were measured using M3-PALS tech-
nique. Measurements were taken at 25 �C with scattering an-
gle of 173� using disposable capillary cuvettes. Complexes
were prepared by diluting various amounts of peptide den-
drimer with 500 mL of 20 mM Hepes buffer and adding
dropwise to 2 mg pGL3 DNA in 500 mL of 20 mM Hepes
buffer. The solution was vortexed and left for 60 min prior
to analysis. The experiments were performed in triplicate
and five different charge ratios (positive:negative, P:N)
were used.

4.7. Transmission electron microscopy

Samples were prepared by adding peptide dendrimer to
pGL3 DNA (5 mg/mL) at a 5:1 charge ratio (P:N) in
20 mM Hepes buffer. The sample was added to glow dis-
charged carbon coated 200 mesh grids for 3 min and then
wicked off with filter paper. Uranyl acetate (1%) was used
to negatively stain the grid for 30 s, then wicked off and
allowed to dry.33 Pictures were taken from a JEM-1010
transmission electron microscope (JEOL Ltd., Japan)
operated at 80 kV.
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