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conjunction with ion-pair reverse-phase HPLC†
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Jamie K. Hobbs*b and Mark J. Dickman *a

Long double-stranded (ds) RNA is emerging as a novel alternative to chemical and genetically-modified

insect and fungal management strategies. The ability to produce large quantities of dsRNA in either bac-

terial systems, by in vitro transcription, in cell-free systems or in planta for RNA interference applications

has generated significant demand for the development and application of analytical tools for analysis of

dsRNA. We have utilised atomic force microscopy (AFM) in conjunction with ion-pair reverse-phase high

performance liquid chromatography (IP-RP-HPLC) to provide novel insight into dsRNA for RNAi appli-

cations. The AFM analysis enabled direct structural characterisation of the A-form duplex dsRNA and

accurate determination of the dsRNA duplex length. Moreover, further analysis under non-denaturing

conditions revealed the presence of heterogeneous dsRNA species. IP-RP-HPLC fractionation and AFM

analysis revealed that these alternative RNA species do not arise from different lengths of individual

dsRNA molecules in the product, but represent misannealed RNA species that present as larger assem-

blies or multimeric forms of the RNA. These results for the first time provide direct structural insight into

dsRNA produced both in vivo in bacterial systems and in vitro, highlighting the structural heterogeneity of

RNA produced. These results are the first example of detailed characterisation of the different forms of

dsRNA from two production systems and establish atomic force microscopy as an important tool for the

characterisation of long dsRNA.

1. Introduction

The application of dsRNA for the targeted, sequence specific

inhibition of specific genes via RNA interference (RNAi) is

emerging as an important tool for the development of novel

RNAi-based sustainable insect and fungal management

strategies.1–3 There are a wide range of future potential appli-

cations of dsRNA based biocontrols for agricultural insect

pests as well as for prevention of diseases in beneficial insects.

The production of large quantities of dsRNA using a variety of

methods including in vitro transcription, bacterial systems,

cell-free systems or in planta for RNA interference requires a

variety of robust analytical techniques to fully characterise and

accurately quantify dsRNA prior to RNAi applications.

Most RNAi research in insects has been performed using

dsRNA constructs of between 100–800 bp 4–6 and a minimum

length of approximately 60 bp for effective triggering of

RNAi has been demonstrated in several insects.7–9 The use of

longer dsRNA molecules generates many siRNAs via dicer

cleavage, which contributes to the RNAi response and prevents

the resistance due to polymorphic variation in nucleotide

sequences.

Large scale synthesis of dsRNA for RNAi applications,

including the production of RNA-based insecticides and fungi-

cides has created a demand for biochemical and biophysical

techniques to analyse the long dsRNA produced. Such analyti-

cal approaches are aimed at the characterisation (including

analysis of the structural homogeneity of the dsRNA) prior to

downstream applications.

AFM has been widely and more routinely used for the ana-

lysis of dsDNA, including the imaging of short and long

dsDNA and a number of dsDNA–protein complexes.10–13

However, there are only limited, more recent applications of

AFM for the analysis of RNA and RNA–protein complexes.14
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The structural heterogeneity associated with functional bio-

logical RNA molecules, in conjunction with the difficulties

associated with synthesis and purification of intact RNA in the

absence of deleterious ribonucleases that degrade RNA have

limited the opportunities for the biophysical and structural

analysis. Previously AFM was applied to image viral dsRNA to

calculate its length.15 More recently, structural properties of

dsRNA were compared to those of dsDNA using AFM in air16

and high-resolution AFM in liquid was able to image the

helical pitch of an in vitro synthesized dsRNA.17

AFM approaches have also been applied to study and

provide further structural insight into more complex ssRNA

assemblies and multimers in a number of important biologi-

cal RNAs including the analysis of ribozymes,18 the HIV-1Rev

response element (RRE) RNA (including analysis of the

complex with Rev).19 In addition, AFM has been widely used

for imaging a wide variety of different RNA nanostructures in

the emerging RNA nanotechnology field.20

In this study we have used ion pair reverse phase chromato-

graphy (IP RP HPLC) under both non-denaturing and denatur-

ing conditions in conjunction with high resolution AFM

imaging to characterise long dsRNA and their associated

dsRNA multimers or higher order assemblies generated both

in vitro and in vivo in E. coli for use as RNA-based insecticides.

2. Experimental methods
2.1. Materials and reagents

Genes were synthesised by GeneArt Gene Synthesis

(ThermoFisher Scientific). Ampicillin sodium salt, tetracycline

hydrochloride, isopropyl β-D-1-thiogalactopyranoside (IPTG)

≥99%, sodium dodecyl sulphate (SDS), sodium chloride (NaCl),

dimethyl sulfoxide (DMSO), poly-L-ornithine, Luria Broth (LB)

were all obtained from Sigma Aldrich. HPLC grade water, aceto-

nitrile and isopropanol were obtained from Fisher Scientific.

2.2. Expression and purification of dsRNA in vivo using

E. coli HT115 (DE3)

The E. coli strain, HT115 (DE3)21 was obtained from Cold

Spring Harbor Laboratory, NY, USA. Plasmids pDome11 and

pCOIV contained in-house designed sequences flanked on

both sides with T7 promoters and T7 terminators. The genes

were synthesised by GeneArt (ThermoFisher) and cloned into

pMX cloning vectors. Theoretical sizes of the dsRNA assuming

run through transcription are 521 and 698 base pairs. The

pDome11 and pCOIV transformed cells were grown in Luria

Broth (LB) and induced with IPTG to express dsRNAs as pre-

viously described.22 RNA purification was performed using the

RNASwift method as previously described.23 Full details are

provided in ESI.†

RNA quantification was performed using a Nanodrop 2000

UV visible spectrophotometer (Thermo Fisher Scientific) using

an extinction coefficient of 0.021 (μg mL−1)−1 cm−1 which

corresponds to 1 A260 = 46.52 µg ml−1.24

2.3. Ion-pair reverse-phase high performance liquid

chromatography (IP RP HPLC)

Samples were analysed by IP-RP-HPLC on a passivated Agilent

1100 series HPLC using a Proswift RP-1S Monolith column

(50 mm × 4.6 mm I.D. ThermoFisher). Chromatograms were

generated using UV detection at a wavelength of 260 nm. The

chromatographic analysis was performed using the following

conditions: buffer A 0.1 M triethylammonium acetate (TEAA)

pH 7.0 (Fluka, UK); buffer B 0.1 M TEAA, pH 7.0 containing

25% acetonitrile (ThermoFisher). RNA was analysed using the

following gradient. The gradient started at 22% buffer B to

27% in 2 minutes, followed by a linear extension to 62% buffer

B over 15 minutes, then to 73% buffer B over 2.5 minutes at a

flow rate of 1.0 ml min−1 at either 50 °C or 80 °C.

2.4. In vitro transcription (IVT) of dsRNA and ssRNA

For dsRNA synthesis via in vitro transcription, two DNA tem-

plates for the sense and anti-sense transcripts were used

resulting in a 504 nt transcribed sequence. The complemen-

tary ssRNA transcripts were then generated using in vitro tran-

scription in conjunction with HiScribe™ T7 High Yield RNA

Synthesis Kit (New England Biolabs): 10 mM NTPs, 1× reaction

buffer, 1 µg DNA template and 2 µl HiScribe™ T7 polymerase

in 20 µl RNase-free water. To synthesize the dsRNA, the comp-

lementary ssRNA transcripts were mixed in equal proportions

and annealed at room temperature. To generate dsDNA,

pBluesciptII KS(+) plasmid was used as a template to generate

a 228 bp dsRNA using PCR. Nucleic acid compositions of the

dsRNA and dsDNA are shown in ESI Table S1.†

2.5. Atomic force microscopy

The double stranded nucleic acid polymers, dsRNA and

dsDNA, were immobilised on poly-L-ornithine coated mica and

imaged in water or air using Tapping Mode™ AFM imaging.

50 µl of 10 µg ml−1 of poly-L-ornithine (molecular weight

30 000–70 000, Sigma-Aldrich, P3655) was deposited on freshly

cleaved 12 mm ‘Ruby muscovite mica’ discs (Agar Scientific,

AGG250). After approximately 5 minutes, 40 µl of the solution

was removed from the drop. The mica surface was then rinsed

4 times with 100 µl water (HPLC grade) and dried in nitrogen

flow giving a uniform coverage of poly-L-ornithine on the mica.

10 µl of 0.1 to 1 ng µl−1 of DNA or RNA diluted in 10 mM Tris-

HCl pH 8.0 buffer was deposited on the freshly prepared poly-

L-ornithine coated mica. The drop was left for 5 minutes and

then rinsed 4 times with 100 µl water and imaged in water.

After imaging, the same sample was dried in a nitrogen flow

and imaged in air. All the imaging was performed in Tapping

Mode™ using a Dimension FastScan Bio AFM (Bruker). The

tip was engaged at a free amplitude of about 50 mV (the

minimum value allowed by the software to engage). While

engaged, the Z-range was reduced to improve signal to noise,25

the free amplitude was lowered to reduce the imaging force,

and the feedback gains were optimised to ensure tracking of

the nucleic acid polymers without moving them. For imaging

in water, FastScanD-SS (Bruker) cantilevers with a silicon tip

Paper Analyst

Analyst This journal is © The Royal Society of Chemistry 2019

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 2

2
 J

u
ly

 2
0
1
9
. 
D

o
w

n
lo

ad
ed

 o
n
 7

/3
0
/2

0
1
9
 1

2
:3

6
:4

7
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
 3

.0
 U

n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online



(nominal values: tip radius 1 nm, cantilever length 15 µm,

stiffness 0.25 N m−1, resonant frequency 100 kHz in liquid)

were tuned to about 80 kHz, oscillated at a free amplitude of

<50 mV (<1 nm) and scanned at a tip velocity of 1–4 µm s−1.

For the high resolution images in Fig. 1(A, B) and 2(B), USC-F1.2-

k0.15 cantilevers (NanoWorld) with a High Density Carbon/

Diamond Like Carbon tip (nominal values: tip radius 10 nm,

cantilever length 7 µm, stiffness 0.15 N m−1, resonant frequency

1200 kHz in air) were tuned to 600–650 kHz, oscillated at a free

amplitude of <30 mV and scanned at a rate of 0.4–1.0 µm s−1, to

visualize the dsRNA and dsDNA grooves. For imaging in air,

TESPA-V2 (Bruker) cantilevers with a silicon tip (nominal values:

tip radius 7 nm, cantilever length 123 µm, stiffness 37 N m−1,

resonant frequency 320 kHz in air) were auto-tuned to just below

the resonant frequency and the sample was imaged at a free

amplitude of 30 mV (∼3 nm) and a scan rate of 2 µm s−1.

3. Results and discussion
3.1. Analysis of long dsRNA produced in vitro and in vivo

reveals heterogeneous products

Large quantities of dsRNA can be readily synthesised in either

bacterial systems, by in vitro transcription, in cell-free systems

or in planta in order to specifically block the expression of

essential genes, resulting in insect mortality. It is important to

characterise the dsRNA generated prior to use as RNA-based

insecticides. In this study we focused on the production of

dsRNA using both in vitro transcription and transcription in

E. coli (generated in vivo) by growing E. coli HT115 cells trans-

formed with plasmids to express dsRNA. Following E. coli

growth, dsRNA was extracted using conditions to ensure all

ssRNA is degraded, prior to purification of the dsRNA using

solid phase extraction (SPE).23 For in vitro transcription of

dsRNA the corresponding ssRNAs were in vitro transcribed

prior to purification using SPE and formation of dsRNA by

incubating equal concentrations of the ssRNA. The analyses of

dsRNA using native agarose gel electrophoresis following

extraction and purification of dsRNA molecules generated

in vivo and in vitro are shown in Fig. 1A and B. The results

show the presence of the expected dsRNA and additional

bands with reduced electrophoretic mobility. IP RP HPLC ana-

lysis of the same dsRNAs under non denaturing conditions

(50 °C) is also shown in Fig. 1C. The results also show the pres-

ence of additional peaks with increased retention times com-

pared to the predominant dsRNA peak. Potential bands with

reduced electrophoretic mobility observed on the native

agarose gel electrophoresis and increased hydrophobicity

observed in IP RP HPLC led us to speculate these dsRNAs are

either larger duplex dsRNA species of defined length or poten-

tial dsRNA multimers or higher order assemblies. However, in

the case of in vitro transcription where dsRNA of defined

length is generated by using a DNA template of known length,

the production of dsRNA longer than the dsDNA template is

not possible. As shown in Fig. 1B, this high molecular weight

species was also observed in dsRNA synthesised in vitro from

a DNA template of defined length. Therefore, it is unlikely

that the bands with reduced mobility are longer dsRNA

species of defined size. Rather, the result supports the notion

that these are potential dsRNA multimers or higher order

assemblies. We have previously shown that under specific

non-denaturing IP RP HPLC conditions RNA : RNA inter-

actions are stable and such complexes can be resolved on the

basis of differential hydrophobicity in a temperature depen-

dent manner.26

To further characterise the proposed dsRNA multimers

observed under native gel electrophoresis and non-denaturing

IP RP HPLC, further analysis was performed under denaturing

conditions. We have previously demonstrated that the addition

of 50% DMSO to dsRNA in conjunction with a short thermal

denaturation step is sufficient to denature the dsRNA and

prevent re-annealing of the corresponding ssRNAs.22,24

Therefore, this approach was used prior to analysis of the

dsRNA using gel electrophoresis (see Fig. 2A). The results show

that with addition of the DMSO and a short thermal denatura-

tion step, both the dsRNA and proposed dsRNA multimers are

denatured to ssRNA species with similar electrophoretic mobi-

lity, indicating that they are the same size. These results

demonstrate that the bands with reduced electrophoretic

mobility observed under native gel electrophoresis are possibly

Fig. 1 Analysis of dsRNA monomers, multimers and higher order

assemblies under non-denaturing conditions. Non-denaturing gel elec-

trophoretograms (A) in vivo synthesised dsRNA (521 bp and 698 bp) (B)

in vitro synthesised dsRNA (504 bp). Each dsRNA sample was run in

duplicate. The proposed dsRNA multimers or higher order assemblies

with reduced electrophoretic mobility are highlighted above the corres-

ponding dsRNA main band. (C) Non denaturing IP-RP-HPLC (50 °C) of

in vivo synthesised dsRNA (521 bp and 698 bp) and in vitro synthesised

dsRNA (504 bp). The proposed dsRNA multimers with increased reten-

tion times are highlighted.
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non-covalent dsRNA multimers. Furthermore, it is evident

from the agarose gel analysis that complete denaturation of

the dsRNA multimers is only achieved by heating in DMSO

and not in DMSO alone. This is consistent with a model of

dsRNA aggregation through complex intramolecular and inter-

molecular base-pair and base-stacking interactions.

To confirm this analysis, further work was performed using

IP-RP-HPLC under denaturing conditions (80 °C) see Fig. 2B.

The results show that upon thermal denaturation, both the

dsRNA and proposed dsRNA multimers (with increased reten-

tion time) elute at the same retention time and are therefore

the same size, confirming the previous gel electrophoresis ana-

lysis. The resulting ssRNA of the same size, as evident by

single retention time peak, also confirms that the species

with the increased retention time and reduced electrophoretic

mobility are not simply larger length ssRNA/dsRNA as

this would result in larger length ssRNA and therefore

multiple peaks when analysed under denaturing conditions at

80 °C.26

The combined analysis therefore demonstrates that analysis

under non-denaturing conditions enables the identification of

non-covalent dsRNA multimers. The results demonstrate the

ability of dsRNA to form non-covalent multimers following

synthesis using in vitro transcription or in vivo in E. coli in con-

junction with the extraction methods used in this study.

Further analysis of the non-covalent dsRNA multimers was

carried out by first purifying the different RNA species using

IP RP HPLC. A number of HPLC fractions were collected and

re-injected (see Fig. 3A). The results show the ability to purify

the corresponding monomer dsRNA (fraction 1) and dsRNA

Fig. 2 Analysis of dsRNA multimers or higher order assemblies under denaturing conditions. (A) In vitro synthesised 504 bp dsRNA was incubated in

the presence and absence of 50% DMSO with or without a short thermal denaturation step prior to gel electrophoresis. The corresponding ssRNA,

dsRNA and dsRNA multimers or higher order assemblies are shown. (B) Non-denaturing (50 °C) and denaturing (80 °C) IP-RP-HPLC of in vivo syn-

thesised 521 bp dsRNA. The proposed dsRNA multimers or higher order assemblies with increased retention times are highlighted. The corres-

ponding ssRNAs are shown.
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multimers or higher order assemblies (fractions 2–3), where

upon re-injection their retention times remained constant,

indicating the different dsRNA species are stable under the

conditions employed (see Fig. 3A). Following purification of

the dsRNA and dsRNA multimers further analysis of the frac-

tions was performed using gel electrophoresis (see Fig. 3B).

The results show that the IP RP HPLC fraction 1 corresponds

as expected to the dsRNA and no dsRNA multimers with

reduced electrophoretic mobility were observed in this

fraction, consistent with previous data. Moreover, the

IP-RP-HPLC of fractions 2–3 corresponding to the dsRNA

multimers clearly run with reduced electrophoretic mobility

under native gel electrophoresis consistent with proposed

dsRNA multimers. Further analysis of the IP RP HPLC frac-

tions was performed under denaturing conditions as pre-

viously described (see Fig. 3C and D). The analysis of the pur-

ified dsRNA multimer fractions 2–3 under denaturing

IP-RP-HPLC results in peaks with the same retention time as

the dsRNA, confirming the formation of ssRNA species of the

same size (see Fig. 3C).

Fig. 3 IP RP HPLC fractionation of dsRNA multimers or higher order assemblies. (A) IP RP HPLC chromatogram of the dsRNA synthesized in E. coli.

Fractions 1–3 were purified and re-injected prior to HPLC analysis. (B) Non denaturing gel electrophoresis analysis of the corresponding fractions

from the IP RP HPLC. The dsRNA multimers or higher order assemblies with reduced electrophoretic mobility are highlighted above the corres-

ponding dsRNA main band. (C) IP RP HPLC chromatograms of the dsRNA fractions 1–3 under denaturing conditions (80 °C). (D) IP RP HPLC fractions

were incubated in the presence and absence of 50% DMSO and a short thermal denaturation step prior to gel electrophoresis.
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These results demonstrate the presence of structures dis-

tinct from the predicted monomeric dsRNA duplex structure.

Moreover, for the first time it is shown that purified dsRNA

species are a heterogeneous population containing a pro-

portion of proposed multimers or higher order structures.

However, the analysis of long dsRNA using gel electrophoresis

and IP RP HPLC does not provide direct structural characteris-

ation of the heterogeneous RNA population produced both

in vitro and in vivo, therefore limiting the analysis.

3.2. Structural characterisation of purified long dsRNA

synthesised in vitro and in vivo

To further characterise the dsRNA and their associated higher

order assemblies we used high resolution AFM. Recent

advances in instrumentation and availability of small sensitive

cantilevers has made it possible to use AFM to image the

helical pitch of dsDNA27,28 and dsRNA17 providing structural

details at single molecule resolution. In most studies nickel

chloride coated mica has been used to immobilise dsDNA and

dsRNA to determine their helical pitch. Mica coated with cat-

ionic polymers including poly-L-lysine and poly-L-ornithine, are

nickel free methods used to immobilise nucleic acids for high-

resolution AFM imaging.29,30 In this work, the samples were

immobilized on mica coated with poly-L-ornithine and imaged

in water (see Materials and Methods). Our initial work

focussed on the high resolution AFM imaging of dsDNA (228

bp) and dsRNA (504 bp) both generated in vitro. Small ampli-

tude tapping mode imaging using a high-speed AFM and a

short cantilever was gentle enough not to move the double

stranded nucleic acids and to image their grooves in a salt free

hydrated state (see Fig. 4A and B). In this study for the first

time using AFM we were able to see both the major and minor

grooves of dsRNA (see Fig. 4A).

Fig. 4E shows cross-sectional profiles of the AFM images

of dsRNA and dsDNA that were generated from images shown

in Fig. 4C and D and were used to determine the helical pitch

of the dsRNA and dsDNA. dsRNA has 8 repetitions of grooves

in a 25 nm long profile (see Fig. 4E top). In contrast, dsDNA

has 7 grooves in the same length of the profile and this

suggests a lower spatial frequency of helical pitch compared

to dsRNA (see Fig. 4E bottom). To measure the mean pitch

along the nucleic acid polymer, further analysis of the AFM

images was performed using autocorrelation of line profiles.

From the autocorrelation plot of a line profile, the peak to

peak distances were calculated as a measure of periodicity in

the profile (see ESI Fig. S1†). In Fig. 4F, the autocorrelation

plots show the periodicity for an example profile (Fig. 4F top:

dsRNA, Fig. 4F bottom: dsDNA). The peak to peak distances

from all the profiles were subsequently used to determine the

mean periodicity or the helical pitch. The helical pitch of

3.2 ± 0.2 nm and 3.5 ± 0.1 nm are close to the corresponding

theoretical values of 3.1 nm and 3.4 nm for A-form dsRNA

and B-form dsDNA (see ESI Table S2,† errors are one standard

deviation). A previous study of in air AFM images of dsRNA of

known length assuming 11 bases per helical rise corresponds

to a pitch of 3.1 nm.16 The pitch of 3.2 nm of dsRNA is far

from 3.6 nm, the theoretical pitch of A′-dsRNA (see ESI

Table S2†) and hence confirms A-form dsRNA. The difference

between the helical pitch from AFM images and theoretical

values maybe due to errors introduced due to immobiliz-

ation, AFM tip–sample interactions, imaging noise, scanner

calibration, sample drift and finite pixel size of the AFM

images.

Fig. 4 High-resolution AFM images of dsRNA and dsDNA. Red box shows a region where both the major and minor grooves of dsRNA are visible

and white dots highlight 3 consecutive grooves. Scale bar in (A) and (B) represents 20 nm while that in (C) and (D) represents 25 nm. Intensity range

from dark brown to white for all images is 4 nm. (C/D) Cross-sectional profile (blue line) along AFM images of dsRNA (C) and dsDNA (D) shows their

helical pitch in (E). In (E), the profiles were low-pass filtered to remove the low frequency noise. In (F), the positive values of the autocorrelation of a

single profile for dsRNA and dsDNA is shown. (F, top) Red arrow points to the 6th peak at 19.8 nm suggesting an average periodicity of 3.3 nm for a

dsRNA profile. (F, bottom) Red arrow points to the 5th peak at 17.5 nm suggesting an average periodicity of 3.5 nm for a dsDNA profile (ESI Fig. S1†

shows details of periodicity calculations).
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3.3. AFM imaging of HPLC purified long dsRNA synthesised

in vitro and in vivo

IP RP HPLC was used to purify both the in vitro (504 bp) and

in vivo synthesized dsRNA (521 bp) prior to AFM analysis. The

IP RP chromatogram of the purified dsRNA is shown in

Fig. 5A. Fig. 5C shows cross-sectional profiles of the AFM

images of dsRNA that were generated from images shown in

Fig. 5B and were used to determine the helical pitch of the

dsRNA. From the AFM analysis, it was determined that both

the in vitro and in vivo synthesized dsRNA have 9 repetitions of

grooves in a 28 nm long profile, demonstrating that they have

the same helical pitch and adopt the A-form structure. The

data above demonstrates the ability of AFM to provide further

direct structural insight of the long dsRNA. In addition to the

ability to provide high resolution structural information of the

dsRNA, AFM has also previously been utilised to provide accu-

rate size determination of nucleic acids.15

To determine the size of IP-RP-HPLC purified in vivo and

in vitro dsRNA were imaged. Individual linear non-overlapping

molecules in the AFM images were subsequently traced using

NeuronJ (default parameters), an ImageJ plugin to calculate

the lengths of the molecules. Fig. 5D shows representative

images of the purified dsRNA generated either in vivo or

in vitro. The mass-normalized distribution of the lengths of

molecules imaged in water are plotted as histograms shown in

Fig. 5E where the lengths in nanometres (nm) were converted

to base pairs (bp) by using the theoretical value for rise per

base pair of 0.28 nm (see ESI Table S2†). From the size distri-

bution analysis from the image data obtained in water, for

in vivo dsRNA, the mean and standard deviation was deter-

mined as 523 bp and 18 bp, (which corresponds to 146.5 nm

and 5.1 nm) compared to the theoretical predicted size of 521

bp (see ESI Table S3†). For in vitro dsRNA, the mean and stan-

dard deviation was determined as 512 bp and 15 bp, (which

corresponds to a mean and standard deviation of 143.2 nm

and 4.2 nm) compared to the theoretical predicted size of 504

bp. For a control dsDNA, the mean and standard deviation was

determined as 220 bp and 17 bp, (which corresponds to

74.8 nm and 5.8 nm) compared to the theoretical predicted

size of 228 bp. In addition, further image analysis was also per-

formed in air after drying the samples. The size distribution of

the dried sample gave similar results (see ESI Table S4†).

3.4. AFM imaging of dsRNA non-covalent multimers

AFM has previously been used to provide important structural

insight into a wide range of different RNA nanostructures in

the emerging RNA nanotechnology field.20 Having demon-

strated the application of AFM for the high resolution struc-

tural confirmation and accurate sizing of the A-form dsRNA

generated both in vitro and in vivo, further work was performed

to image the proposed non-covalent dsRNA multimers

observed under non-denaturing conditions. IP RP HPLC

(50 °C) was used to purify the dsRNA and corresponding

dsRNA multimers prior to AFM imaging (see Fig. 6).

Comparative analysis of the different fractions using AFM

Fig. 5 Characterization of purified in vivo and in vitro dsRNA using AFM

imaging. (A) IP-RP-HPLC chromatograms of the purified dsRNA syn-

thesized in vivo (521 bp) and in vitro (504 bp). (B) High-resolution AFM

images of in vivo and in vitro synthesized dsRNA imaged in water. For

(B) the intensity range from dark black to white is 4 nm and scale bar

represents 30 nm. (C) Cross-sectional profile of AFM images of in vivo

(521 bp) and in vitro (504 bp) synthesized dsRNA. Blue line in (B) shows a

28 nm profile along in vivo and in vitro synthesized dsRNA. In (C) the

profiles were low-pass filtered to remove the low frequency noise and

the flattened profiles show 9 repeats for both in vivo and in vitro syn-

thesized dsRNA. (D) Representative images of in vivo and in vitro dsRNA

in water. Scale bar in (D) represents 100 nm. Individual linear molecules

in the AFM images were traced using NeuronJ, an ImageJ plugin (traces

are shown in pink). (E) Mass-normalised distribution of the lengths of

molecules imaged in water are plotted as histograms. Bin width for his-

tograms are 5 nm. N gives the number of molecules traced.
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clearly demonstrates the formation of different assemblies in

each of the fractions (see Fig. 6B). Fraction 1 is consistent with

previous analysis demonstrating this sample is A-form dsRNA

of approximately 523 bp in length (522 bp in air, see ESI

Tables S3 and S4†). The AFM of proposed dsRNA multimers

(fractions 2–3) indicates the formation of larger assemblies or

structures compared with the AFM analysis of dsRNA fraction

1. Moreover, the AFM structural analysis reveals a more

complex potential folding or oligomerisation of the dsRNA. In

these images potential overlaps of dsRNA regions or junctions

are observed (see Fig. 6B). It is interesting to note that com-

parative analysis of the dsRNA multimers comparing fractions

2–3 (which demonstrate increased hydrophobicity and overall

size of the dsRNA multimers or higher order assemblies) is

Fig. 6 AFM analysis of the non-covalent dsRNA multimers. (A) IP-RP-HPLC chromatogram of 521 bp dsRNA synthesized in E. coli. Fractions 1–3

were collected and analysed using AFM. (B) AFM images of the dsRNA HPLC fractions. All images have the same scale and the scale bar represents

50 nm. Intensity range from dark brown to white for all images is 4 nm (also see ESI Fig. S2†). (C) AFM images of non-covalent dsRNA multimers

present in in vitro transcribed 504 bp dsRNA (see Fig. 1C). Representative dsRNA multimers are shown. Images have the same scale and the scale bar

represents 30 nm. Intensity range from dark brown to white for all images is 5 nm.
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also reflected in the AFM imaging where increased size of the

dsRNA structural assemblies is evident (see Fig. 6A and B). To

ensure the images obtained from fractions 2 and 3 are not due

to potential overlapping RNA molecules, further dilutions were

performed before immobilization on mica coated with poly-L-

ornithine. In addition, wide-field views and the size distri-

bution of the multimers or higher order assemblies are shown

in ESI Fig. S2.†

Species with increased hydrophobicity/reduced electrophor-

etic migration were also observed for in vitro synthesised

504 bp dsRNA, although the intensity of these species was

significantly lower compared to dsRNA generated in vivo (see

Fig. 1). AFM analysis of the in vitro transcribed dsRNA also

revealed the presence of larger assemblies (see Fig. 6C) consist-

ent with AFM analysis of the in vivo generated dsRNA.

4. Conclusions

In this study we have used AFM in conjunction with IP RP

HPLC to provide important information regarding both the

structural and size heterogeneity of long dsRNA generated

both in vitro (using in vitro transcription) and in vivo in bac-

terial systems. Analytical approaches such as gel electrophor-

esis, ion-exchange and IP RP HPLC provide no direct structural

insight into the long dsRNA. Furthermore, although such

approaches enable size determination of the dsRNA, there are

a number of caveats associated with accurate size determi-

nation using gel electrophoresis and ion exchange chromato-

graphy. Curved DNA fragments (including those with AT rich

sequences) have been shown to possess reduced mobility

during gel electrophoresis.31–33,34 Curved DNA fragments also

show retardation during anion exchange HPLC, through the

preferential attachment of the curved DNA to the ionic groups

of the stationary phase.35 In addition, changes in base compo-

sition can affect overall hydrophobicity of the nucleic acids

and affect accurate sizing in IP RP HPLC, although this effect

is minimal for dsDNA in IP RP HPLC.36 Following IP RP HPLC

purification of the dsRNA, AFM analysis in both air and water

was performed for >200 individual molecules to determine the

length of the corresponding dsRNA. For in vitro dsRNA, a

mean of 512 bp ± 15 bp was determined, which corresponds to

a mean of 143.2 nm ± 4.2 nm, compared to the theoretical

length of 504 bp which corresponds to 141.1 nm.

Analysis of dsRNA produced both in vitro and in vivo, using

both gel electrophoresis and IP RP HPLC under non-denatur-

ing conditions revealed the presence of potential non-covalent

dsRNA multimers or higher order assemblies. Further AFM

analysis of the IP RP HPLC purified dsRNA species revealed

the formation of larger assemblies or structures compared

with the AFM analysis of the monomeric dsRNA, consistent

with the formation of dsRNA multimers or higher order

assemblies. It is proposed such RNA structures may result

from misannealing of the ssRNA species resulting in alterna-

tive larger structures/assemblies or multimeric forms of the

RNA in contrast to the monomeric duplex dsRNA. Further

investigations are required to determine if such species

observed under non-denaturing conditions are active in down-

stream RNAi applications.

In summary, the work presented in this study demonstrates

the ability of AFM in conjunction with IP RP HPLC to rapidly

assess sample heterogeneity and provide important structural

information regarding dsRNA. Furthermore, using these

methods enabled us to determine the presence of non-covalent

dsRNA multimers or higher order assemblies when analysed

under non-denaturing conditions. These approaches increase

the repertoire of biophysical and analytical techniques avail-

able to study this important biomolecule.
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