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Abstract
In this study, manganese oxide (MnO) nanorods and its association with polyamidoamine
dendrimer (PAMAM) and macromolecular RNA were analyzed. Because manganese is found
naturally in cells and tissues and binds proteins and nucleic acids, nanomaterials derived from
manganese, such as first generation MnO, may have potential as a biocompatible delivery agent
for therapeutic or diagnostic biomedical applications. Nucleic acids have a powerful influence
over cell processes, such as gene transcription and RNA processing; however, macromolecular
RNA is particularly difficult to stabilize as a nanoparticle and to transport across cell membranes
while maintaining structure and function. PAMAM is a cationic, branching dendrimer known to
form strong complexes with nucleic acids and to protect them from degradation, and is also
considered to be a cell penetrating material. There is currently much interest in
polyinosinic:polycytidylic RNA (poly I:C) because of its potent and specific immunogenic
properties and as a solo or combination therapy. In order to address this potential, here, as a first
step, we used PAMAM to attach poly I:C onto MnO nanorods. Morphology of the MnO nanorods
was examined by field emission scanning electron microscopy (FESEM) and their composition by
energy dispersive X-ray microanalysis (EDX). Evidence was generated for RNA : PAMAM :
MnO nanorod binding by a gel shift assay using gel electrophoresis, a sedimentation assay using
UV spectroscopy, and zeta potential shifts using dynamic laser light scattering. The data suggest
that RNA was successfully attached to the MnO nanorods using PAMAM, and this suggestion was
supported by direct visualization of the ternary complexes with FESEM characterizations. In order
to confirm that the associations were biocompatible and taken up by cells, MTT assays were
carried out to assess the metabolic activity of HeLa cells after incubation with the complexes and
appropriate controls. Subsequently, we performed transfection assays using PAMAM:MnO
complexes with pDNA encoding a green fluorescent protein reporter gene instead of RNA. The
results suggest that the complexes had minimal impact on metabolic activity, were readily taken
up by cells, and the fluorescent protein was expressed. From the evidence, we conclude that
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complexes of PAMAM:MnO interact with nucleic acids to form associations that are well-
tolerated and readily taken up by cells.

Introduction
Nanomaterials exhibit distinctive properties and behaviors when compared to bulk materials,
such as large surface areas, high reactivities and energy levels, and unusual optical
properties. Knowing the size and shape of the nanomaterial may be just as important for
predicting its behavior as knowing its composition.1–3 With improved techniques for
preparation and sophisticated instruments for characterization at the nano level, such as
electron microscopy, laser light scattering, and spectroscopy, many fields are able to take
advantage of these unique properties for various applications.3

The use of nucleic acids as therapeutic agents allows specificity for the target of interest
within the cell, allowing influence over such important cell processes as gene transcription
and RNA processing, a control not possible with molecules that act extracellularly.4

Therapeutic nucleic acid examples include short interfering RNA (siRNA), antisense and
splice switching oligonucleotides (SSO), and DNA or RNA vaccines. SSO can repair
aberrantly-spliced pre-mRNA and in some cases, upregulate gene expression; siRNA can
silence a gene by causing targeted mRNA to be degraded, thereby blocking its translation
into a protein.5–10 However, direct treatment of cells with nucleic acids is often
unsuccessful, or only transiently effective, due to the difficulties in transporting these
molecules across the cell membrane while maintaining their structure and function.11,12

At present, although there is great potential, very few nucleic acid therapeutics have been
approved for treatments in humans. An exception to this situation is polyinosinic-
polycytidylic RNA (poly I:C), chosen for this study as a model therapeutic RNA. Poly I:C is
a synthetic, double-stranded RNA that has been used in numerous studies and is well
characterized.13 Its structure is similar to viral RNA, thus making poly I:C useful in immune
response studies. Furthermore, poly I:C is a potent vaccine adjuvant, improving vaccine
efficacy by stimulating TLR3, and activating interferons and other immune responses
against pathogens and even tumors.14 Clinical trials have shown that poly I:C improves
traditional chemotherapeutic drug effectiveness when used concurrently.15 One company,
Hemispherx Biopharma Inc., is currently conducting human clinical trials testing its poly I:C
drug version, Ampligen, for effects in a variety of diseases and disorders. Ampligen on its
own, or in combination with other drugs, has shown promise for treatment of HIV, chronic
fatigue syndrome, renal cell carcinoma, and malignant melanoma.16

DNA attached to gold or tungsten nanoparticles, then delivered biolistically via gene gun,
has proven to be an effective vaccination method.17 However, such an approach damages
tissues, can be used on skin or other accessible tissues only, and is probably not amenable
for macromolecular RNA, siRNA, or SSO delivery.18 Using nanomaterials rather than
microparticles may offer a delivery advantage or, by exploiting the unique optical, electrical,
or magnetic properties exhibited by some nanomaterials, find utility in biosensing and
imaging applications.19,20 Moreover, it has been demonstrated that attaching DNA to
nanoparticles, using protamine adapter molecules or tetraalkylammonium ligands, offers
enhanced nucleic acid stability, permitting the nucleic acid cargo to withstand temperature,
chemical, and even nuclease degradation, in some cases for weeks or months.17,21,22 Thus, a
new generation of biomedical tools has been born with the binding of nucleic acids onto
nanomaterials, creating improvements in disease treatment and diagnosis. Extensive
research has been performed on optimizing gold nanomaterials21–23 and more recently,
carbon nanotubes,24 to interact with nucleic acids and be biocompatible with cells; however,
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as mentioned above, different materials, having varying size, shape, or elemental
composition, exhibit disparate behavior, and what is true for gold may not be the case for
other nanomaterials.

Here we chose to study manganese oxide nanorods as potential nucleic acid delivery agents.
It is understood that the manganese and oxygen atoms in the nanorods may exist in different
molar ratios; however, for convenience, MnO will be used throughout to represent the
general term manganese oxide. Manganese ions are found naturally in cells and tissues of
humans and other organisms and are known to interact with different biomolecules and
nucleic acids.25,26 Therefore, nanomaterials derived from manganese have the potential to
be a very biocompatible material although few studies have investigated this effect27 and
even fewer have investigated nucleic acid attachment to manganese nanomaterials. We
showed previously that MnO nanorods were not toxic to cells by treating three different cell
lines with a range of MnO nanorod concentrations.28 In addition to being well tolerated, the
MnO nanorods unexpectedly seemed to localize on the cell surface.28

In preliminary experiments, dynamic laser light scattering (DLLS) and zeta potential
measurements demonstrated that the manganese nanorods are negatively charged in water.
Thus, the MnO would not be expected to interact directly with nucleic acids, which are
predominantly negatively charged due to their phosphodiester backbone. For this and other
reasons described below, we chose a cationic, branching dendrimer, polyamidoamine
(PAMAM), to attach RNA onto the manganese oxide nanorods. PAMAM dendrimers are
three-dimensional, arborized polymers first created by Baker and Tomalia ostensibly for
gene delivery.29 The highly-branched structure maximizes surface area and exposes surface
groups for interactions, making the dendrimers highly reactive and suitable for binding a
variety of molecules.30 This versatility and specificity has made dendrimers a popular
choice for such uses as drug delivery, diagnostics, tumor detection, and gene therapy.31–33

Higher generation dendrimers are more positively charged than lower generations. Toxicity
increases with increasing generations of the cationic dendrimers, however multiple studies
have demonstrated that generation 5 PAMAM, such as the one used in this study, is non-
toxic and effectively delivers nucleic acids into cells.38,39 Smaller generation cationic
PAMAM dendrimers (≤ generation 6),34 such as the generation 5 used in this study, are
thought to act similarly to histones and have been exhaustively shown to form complexes
with DNA and RNA.12,35,36 PAMAM dendrimer has several other advantages, including
protecting RNA from nuclease degradation37, and is also considered a cell-penetrating
molecule38,39 and has been shown in other studies to deliver DNA or RNA oligonucleotides
into cells.33–39 The positively-charged terminal amines of the dendrimer are thought to bind
to the negatively-charged phosphate backbone groups of the nucleic acid, facilitating an
electrostatic interaction between the dendrimers and nucleic acid.

In this study, we hypothesized that PAMAM, being a multiple-branched highly cationic
polymer, could be used to attach anionic nucleic acids, notably poly I:C RNA, onto MnO
nanorods. We reviewed recently the interactions of gold nanomaterials with proteins, where
for these types of nano-assemblies, a surface interaction is achieved by known electrostatic
mechanisms.41 Therefore, we were interested in creating a similar yet distinct assembly,
bringing together the RNA, PAMAM and MnO. As described herein, we characterized the
size, shape, and composition of the manganese nanorods using field emission scanning
electron microscopy (FESEM) and energy-dispersive X-ray microanalysis (EDX). Dynamic
laser light scattering, UV/Vis Nanodrop spectroscopy, sedimentation analyses, and
electrophoretic gel mobility shift were used to demonstrate association of the
macromolecular RNA via PAMAM to the MnO nanorods, and this association was
supported by images obtained from the FESEM. To investigate the biocompatability of the
RNA:PAMAM:MnO complexes, an MTT assay was performed in HeLa cells. This is a
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colorimetric assay based on the reduction of water soluble yellow MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to insoluble purple formazan. In
order to confirm cellular uptake of the complexes, transfection assays were carried out using
plasmid DNA with a green fluorescent protein (GFP) reporter gene in place of the RNA. As
described below, ternary complexes of RNA:PAMAM:MnO were formed that may be a
powerful new bionanomaterial to explore for therapeutic or diagnostic applications,
including their future potential as a macromolecular RNA delivery reagent.

Experimental Section
MnO Nanorod Preparation

The manganese oxide nanorods were synthesized by the standard K-birnessite procedure of
hydrothermally treating a mixture of KMnO4-MnCl2 in a highly-concentrated KOH
solution.2 Briefly, KMnO4 was dissolved in water and a high concentration of KOH was
added while stirring. Aqueous MnCl2 was then added to this solution and allowed to cool
with continuous stirring. Subsequently, the resultant black slurry was sealed in a stainless
steel autoclave and placed in an electric oven at 175 °C for 2 days. Once cooled, the dark
gray solid was rinsed with water to remove KOH residue and air dried.2

FESEM imaging and X-ray microanalysis
A 0.1 mg aliquot of the dry MnO nanorod powder was suspended in 1 mL of Type I water
(22 MΩ, RNase free) and centrifuged at 15 k rpm for 5 min; subsequently, the supernatant
was removed, 1 mL of Type I water added, and the preparation was vortexed and
centrifuged again at 15k rpm for 10 min. This washing sequence was repeated an additional
3 times, and the preparation was sonicated for 5 min. A sample of this washed preparation
was subsequently deposited with a glass micropipette on the beveled depression side of a 3
mm diameter silicon nitride grid (Ted Pella, Inc.), having a window area of 0.5 mm × 0.5
mm, a membrane thickness of 50 nm, and treated to be hydrophilic. The sample was
permitted to air dry in a desiccators for 3 hr prior to inspection.

The silicon nitride grid was subsequently loaded into the specimen chamber of an FEI
Quanta 200 FESEM, equipped with an Oxford Inca EDX system and a 20 mm2 window
silicon drift detector (SDD), and plasma cleaned in the chamber for 10 min immediately
prior to examination. All images were acquired digitally at 30 kV acceleration potential in
the secondary electron (SE) mode and the following scanning transmission electron
microscopy (STEM) modes: bright field (BF) and high-angle annular dark-field (HAADF)
mode. Dimensional measurements of particles were made directly from resultant digital
images.

Preparation of RNA:PAMAM:MnO conjugates for ultrastructural examination was
performed as follows. Dry MnO nanorod powder was washed as described above, then the
RNA:PAMAM:MnO conjugate was prepared as described below in the zeta potential shift
analysis section. Aliquots of the ternary complexes were washed 3 times in cold 80%
ethanol; subsequently, 0.5 µl of the washed preparation was deposited on an ultrathin carbon
film over holey carbon supported on 400 mesh copper grids (Ted Pella, Inc.), air dried, then
examined with the FEI FESEM at 30 kV in the secondary electron detection mode.

Zeta potential shift analysis by dynamic laser light scattering
DLLS analysis was performed on a Malvern Zetasizer Nano series ZS-90, model ZEN3690
(Worcestershire, UK) and all readings were taken in triplicate. The MnO nanorod sample
was prepared by adding 0.25 mg of the MnO nanorod dry powder to 1 mL of water obtained
from a Millipore Synergy UV filtration system (Molsheim, France), sonicating for 7 min,
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then vortex mixed for 20 sec. All water used in this and subsequent analyses (described
below) was Type I water (22 MΩ, RNase free, ultra-filtered).

Generation 5 PAMAM dendrimer was used with a 1,12-diaminododecane core, in a 10% w/
v solution in methanol from Sigma-Aldrich (St. Louis, MO). MnO and PAMAM samples
used for DLLS analysis were prepared as follows. A 0.25 mg/mL solution of MnO was set
aside and 5 µL PAMAM stock solution was added to 245 µL water. Equal parts of the MnO
and PAMAM solution were combined, and this solution was vortexed for 20 sec before
taking the DLLS measurements.

Poly I:C RNA, at a 5.1 mg/mL stock concentration from Sigma-Aldrich (St. Louis), was
used for all RNA experiments. Samples of MnO with PAMAM and poly I:C RNA were
prepared as follows. A 0.25 mg/mL MnO solution was set aside and 5 µL PAMAM stock
solution was added to 245 µL water. To the PAMAM solution, 2.5 µL poly I:C RNA stock
solution was added and vortexed. Equal parts of the 0.25 mg/mL MnO solution and the
PAMAM:poly I:C solution were combined. The sample was vortexed for 20 sec before
taking the zeta potential measurements.

Ultraviolet spectroscopy of sedimentation assay
This assay was performed similarly to our previous work with gold particle-bound nucleic
acid17. For ultraviolet spectroscopy, we used a NanoDrop 2000 Spectrophotometer with a
Xenon flash lamp light source and 2048-element linear silicon CCD array detector from
Thermo Fisher Scientific (Wilmington, DE). As a reference to poly I:C RNA UV
absorbance and to check the sensitivity of the NanoDrop spectrophotometer to changes in
poly I:C concentration, a gradient of poly I:C concentrations was measured. For the poly I:C
concentration gradient spectrum, 1 µL poly I:C stock solution was added to a
microcentrifuge tube with 1000 µL water and vortexed for 15 sec. A 1 µL sample was taken
from this solution and placed directly on the NanoDrop pedestal for a UV
spectrophotometry measurement using the nucleic acid analysis stock program. The poly I:C
2/1000 sample was prepared by adding 1 µL poly I:C stock solution to the previous 1/1000
sample. Again, the sample was vortexed for 15 sec and a UV absorbance measurement was
taken from 1 µL of this new poly I:C concentration. Subsequent poly I:C samples were
prepared and measured in the same manner by adding the indicated amount (3/1000, 5/1000,
and 6/1000) of poly I:C to the preceding sample. These samples are indicated in Fig. 4 as
1/1000, 2/1000, 3/1000, 4/1000, 5/1000, and 6/1000, a notation that refers to the volume of
stock poly I:C added in µL to 1000 µL spectral grade water.

For the PAMAM and PAMAM:MnO UV spectra, the PAMAM only sample was prepared
by adding 1 µL PAMAM stock solution to 99 µL water. The PAMAM:MnO sample was
prepared by adding 1 µL PAMAM stock solution to 99 µL of a 0.125 mg/mL MnO solution.
Subsequently, UV absorbance measurements were taken for these samples.

For binding comparisons between RNA:PAMAM and RNA:PAMAM:MnO, the samples
were prepared as follows. For the PAMAM:RNA sample, 2 µL PAMAM stock solution
were added to 198 µL water and vortexed for 10 sec. To this, 1 µL poly I:C RNA stock
solution was added and vortexed for 10 sec. A 2 µL sample was drawn from this sample and
measured using the nucleic acid stock program. The PAMAM plus poly I:C sample was then
centrifuged at 21,000 rcf for 7 min at 10 °C, and 2 µL was immediately drawn from the
supernatant and measured.

For the RNA:PAMAM:MnO sample, 2 µL PAMAM stock solution was added to 98 µL
water and vortexed for 10 sec. To this volume, 1 µL poly I:C stock solution was added and
vortex mixed for 10 sec. Next, this PAMAM plus poly I:C solution was added to 100 µL of
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a 0.25 mg/mL MnO solution and vortexed for 10 sec. For the RNA only sample, 1 µL poly
I:C RNA stock solution was added to 200 µL water and vortexed for 10 sec. A 2 µL sample
was taken from each and measured on the NanoDrop pedestal using the same program as
above, and the remaining samples was centrifuged at 21,000 rcf at 10 °C for 7 min. A 2 µL
sample was immediately taken from the supernatant of each sample and measured.

In order to carry out the transfection assays using plasmid DNA with a reporter gene, we had
to verify that the PAMAM:MnO complexes also associated with plasmid DNA.
Sedimentation assays were used to confirm this association. For the pDNA:PAMAM:MnO
sample, 2 µL PAMAM stock solution was added to 98 µL water and vortexed for 10 sec. To
this volume, 1 µL of 5 mg/mL gWiz-GFP High Expression Reporter Plasmid stock solution
from Aldevron (North Dakota) was added and vortex mixed for 10 sec. Next, this PAMAM
plus pDNA solution was added to 100 µL of a 0.25 mg/mL MnO solution and vortexed for
10 sec. For the pDNA only sample, 1 µL gWiz-GFP pDNA stock solution was added to 200
µL water and vortexed for 10 sec. A 2 µL sample was taken from each and measured on the
NanoDrop pedestal using the same program as above, and the remaining samples was
centrifuged at 21,000 rcf at 10 °C for 7 min. A 2 µL sample was immediately taken from the
supernatant of each sample and measured.

Gel shift assay
For the gel shift assay, samples were prepared as follows. For the poly I:C RNA sample, 1
µL poly I:C stock solution was added to 100 µL water and vortexed for 10 sec; 20 µL were
used for the sample. For the PAMAM sample, 1 µL PAMAM stock solution was added to
50 µL water and vortexed for 10 sec, and 20 µL were used for the sample. For the first
PAMAM:RNA sample, 6 µL PAMAM stock solution was added to 294 µL water and
vortexed for 10 sec; 3 µL poly I:C stock solution was added and vortexed for an additional
10 sec. A 20 µL sample was used. For the second PAMAM:RNA sample, 4 µL PAMAM
stock solution was added to 96 µL of water and vortex mixed for 10 sec. To this aliquot, 2
µL of poly I:C stock solution was added and vortexed for 10 sec; 20 µL were used as the
sample. For the RNA:PAMAM:MnO sample, 6 µL PAMAM stock solution was added to
144 µL water and vortexed for 10 sec. To this solution, 3 µL poly I:C stock solution was
added and vortexed for 10 sec. Subsequently, a 0.5 mg/mL MnO in water suspension was
prepared and 150 µL was taken from this and added to the PAMAM and poly I:C solution
and vortexed for 10 sec. A 20 µL sample was used.

Finally, the PAMAM:MnO sample was prepared by adding 2 µL PAMAM stock solution to
a 100 µL sample containing 0.25 mg/mL MnO and vortexed for 10 sec. A 20 µL sample was
used. All samples were mixed with 2 µL of loading dye and loaded in a 2% agarose gel. The
gel was made with 1X TAE buffer containing 1 µL of 10 mg/mL ethidium bromide and run
at 90 V for 35 min in 1X TAE buffer. The gel was then soaked in a 1% ethidium bromide
staining solution for 10 min before being imaged under UV light using a Kodak Gel Logic
200 Imaging System (Rochester, NY).

MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide) assay
All cell culture work and related assays were performed under the laminar flow hood, using
sterile technique. HeLa cells from ATCC (Virginia), suspended in 1X phenol red-free
DMEM/10% FBS/1% penicillin and streptomycin from Sigma Aldrich (St. Louis), were
seeded in 96-well Cellstar cell culture plates in a volume of 100 µL per well. The plates
were incubated at 37° C overnight with 5% CO2, to allow the cells to attach.

Triplicate samples of RNA:PAMAM:MnO and pDNA:PAMAM:MnO conjugates were
made as previously described in Type I water, only the volumes were scaled up 4X. The
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samples were centrifuged at 21,000 rcf for 7 min at 10 °C, and 2 µL was immediately drawn
from the supernatant and the UV absorbance was measured to confirm association of nucleic
acids, PAMAM, and nanorods. The supernatant was carefully removed from each tube using
vacuum suction, and the pellets were resuspended in 800 µL of serum-free, phenol red-free
DMEM from Sigma-Aldrich (St. Louis).

Triplicate samples of MnO only were prepared from 800 µL of the 0.25 mg/mL stock
solution, which was centrifuged at 21,000 rcf for 7 min at 10 °C to pellet the nanorods. The
supernatant was carefully removed from each tube using vacuum suction, and the pellets
were resuspended in 800 µL of serum-free, phenol red-free DMEM. From these solutions,
100 µL was added to each corresponding well. A set of control wells contained only cells
and serum-free, phenol red-free DMEM. The plates were incubated for 24 hours at 37° C
with 5% CO2.

After incubation, the medium was removed and the cells were washed with sterile 1X PBS
to remove any residual MnO or conjugates, to avoid any interference with the absorbance
readings. To each well, 100 µL of fresh serum-free, phenol red-free medium was added,
along with 10 µL of a 12 mM MTT stock solution, prepared by adding 1 mL of sterile 1X
PBS to 5 mg of 12 mM MTT (3-(4, 5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoliumbromide) from Invitrogen (Carlsbad, California). One well served as a
negative control, containing only 100 µL of medium and 10 µL of MTT. The plates were
incubated for 4 hours at 37° C with 5% CO2.

After incubating with MTT, all but 25 µL of medium was removed from each well. Using a
multichannel pipetter, 50 µL of DMSO was added to each well and mixed by pipetting. The
plates were incubated at 37° C for 10 minutes to allow the DMSO to solubilize the
formazan. The samples were mixed again by pipetting, and the absorbance reading was
taken at 562 nm using the ELx800 Universal Microplate Reader by Bio-Tek Instruments,
Inc. (Winooski, Vermont).

To investigate the cellular effects of longer-term exposure to MnO, MTT assays were
performed with various incubation times, ranging from 12 to 48 hours. After plating the
HeLa cells using the same protocol described above, the cells were incubated overnight at
37° C with 5% CO2, to permit cell attachment. The medium was removed from each well,
and replaced with 100 µL of 0.25 mg/mL MnO stock solution made with serum-free, phenol
red-free DMEM from Sigma-Aldrich, rather than Type I water. Control wells contained
medium only.

The plates were incubated at 37° C with 5% CO2 for 12, 24, 36, or 48 hours. The same
protocol detailed above was followed for the remainder of this MTT assay.

An MTT assay was also performed to investigate the effects of varying concentrations of
PAMAM on the metabolic activity of HeLa cells. The cells were seeded in the 96-well
plates and incubated for 24 hours, as previously mentioned.

The PAMAM concentrations used for this assay were 1, 1.5, 2, 2.5, and 3 µL/mL. The
PAMAM only samples were made by adding PAMAM in the appropriate concentration
directly to the serum-free, phenol-free DMEM. The PAMAM:MnO, RNA:PAMAM:MnO,
and pDNA:PAMAM:MnO samples were prepared in Type I water, pelleted, and
resuspended in medium, as described previously. The same protocol detailed above was
followed for this MTT assay.
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Transfection assay
For the transfection assays, all samples were ran in duplicate. HeLa cells, suspended in 1X
phenol red-free DMEM/10% FBS/1% penicillin and streptomycin from Sigma Aldrich, were
seeded in Nunc Lab-Tek 4-well chamber slide with cover (Sigma Aldrich), in a volume of
500 µL per well. The chamber slides were incubated at 37° C overnight with 5% CO2, to
permit cell attachment. After overnight incubation, the cells were visualized by compound
light microscope to verify approximately 50% confluence. The medium was removed using
vacuum suction.

The first well, intended to serve as the negative control, contained PAMAM:MnO only. This
sample was made by adding 6 µL of PAMAM stock solution to 294 µL of Type I water. This
was vortexed for 10 seconds, and added to 300 µL of 0.25 mg/mL stock solution. The
sample was vortexed for 10 seconds, the absorbance was read using the NanoDrop, and then
the sample was centrifuged at 21,000 rcf at 10 °C for 7 min. After spinning, the absorbance
was read again to confirm loss from the supernatant, which was then removed by vacuum
suction. The pellet was resuspended in 600 µL Opti-MEM I Reduced Serum Medium from
Invitrogen. From this sample, 500 µL was removed and added to the first well.

The second well contained PAMAM:pDNA only. This sample was made by adding 6 µL of
PAMAM stock solution to 594 µL of Type I water. This was vortexed for 10 seconds, and 3
µL of 5 mg/mL gWiz-GFP High Expression Reporter Plasmid stock solution was added.
The sample was vortexed for 10 seconds, the absorbance was read using the NanoDrop, and
then the sample was centrifuged at 21,000 rcf at 10 °C for 7 min. After spinning, the
absorbance was read again to confirm loss from the supernatant, which was then removed by
vacuum suction. The pellet was resuspended in 600 µL Opti-MEM I Reduced Serum
Medium from Invitrogen. From this sample, 500 µL was removed and added to the second
well.

The third well, which was intended to serve as a positive control, contained
pDNA:Lipofectamine only. This sample was made by adding 3 µL of 5 mg/mL gWiz-GFP
High Expression Reporter Plasmid stock solution to 100 µL Opti-MEM I Reduced Serum
Medium, followed by the addition of 1.5 µL Lipofectamine reagent from Invitrogen. The
sample was mixed gently by inversion, and allowed to incubate at room temperature for 30
minutes to allow the formation of pDNA:Lipofectamine complexes, followed by the
addition of 500 µL Opti-MEM I Reduced Serum Medium. From this sample, 500 µL was
removed and added to the third well.

The fourth well contained the conjugates of pDNA:PAMAM:MnO complex. This sample
was made by adding 6 µL of PAMAM stock solution to 294 µL of Type I water. This was
vortexed for 10 seconds, and 3 µL of 5 mg/mL gWiz-GFP High Expression Reporter
Plasmid stock solution was added. The sample was vortexed for 10 seconds, and then added
to 300 µL of 0.25 mg/mL stock solution, and vortexed again for 10 sec. The absorbance was
read using the NanoDrop, and then the sample was centrifuged at 21,000 rcf at 10 °C for 7
min. After spinning, the absorbance was read again to confirm loss from the supernatant,
which was then removed by vacuum suction. The pellet was resuspended in 600 µL Opti-
MEM I Reduced Serum Medium from Invitrogen. From this sample, 500 µL was removed
and added to the fourth well.

The chamber slides were allowed to incubate for 24 hours at 37° C with 5% CO2. After this
incubation, the medium was removed with vacuum suction, and replaced with 500 µL 1X
phenol red-free DMEM/10% FBS/1% penicillin and streptomycin from Sigma Aldrich, and
allowed to incubated for another 24 hours at 37° C with 5% CO2.
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Following incubation in serum-containing medium, the medium was removed using vacuum
suction. The chambers were then split apart from the microscope slide. Mounting medium
was applied to the microscope slide to protect the samples against desiccation, and a cover
slip was placed on the microscope slide. After a brief drying period of 10 minutes, the cell
samples were viewed using a mercury lamp-powered Olympus BX60 fluorescent
microscope. Cells were viewed using brightfield microscopy and fluorescent microscopy
using a GFP-specific filter. Images were acquired via a Q-Imaging Retiga Ex camera
attached to the microscope. Image Pro Plus software employed to save the images
automatically, calibrated the exposure times for each image for optimal clarity.

Results
MnO nanorod morphology using FESEM

Figure 1a depicts the unwashed MnO powder in secondary electron (SE) image mode. The
aggregate appeared to consist of numerous flattened rods with rounded ends, a shape that we
designated as a platelet, or spatula, shape. When dispersed on a silicon nitride membrane,
however, the array appeared to be heterogeneous, with at least three classes of particles
discernable. One class of particles consisted of large spatulas (length range: 720 nm – 1.4
µm; width range: 50 nm – 172 nm) (Figure 1b, 1c). Another class of MnO nanorods
appeared to be small spatulas (length range: 330 nm – 1.0 µm; width range: 42 nm – 75 nm)
(Figure 1c). Still another class of MnO particles were the filaments (length range: 4 µm – 5
µm; width range: 19 nm – 25 nm) (Figure 1b, 1c, 1d). We were unable to visualize the cross-
sectional aspect of any filament, and therefore, were unable to identify the cross-sectional
filament shape as being circular, flattened like the spatulas, or some other shape.

MnO nanorod composition using EDX microanalysis
Energy-dispersive X-ray (EDX) spot analysis of a single large spatula is demonstrated in
Figure 2a. The resultant spectrum (Figure 2b) revealed the presence of elements anticipated
for this preparation: Mn and O are derived from the designated nanorod; Si and N (peak not
labeled), support substratum; Al, specimen holder.

RNA:PAMAM:MnO complex morphology using FESEM
Evidence for an association among the RNA, PAMAM, and MnO, as revealed by electron
microscopy, is shown in Figure 3. Figure 3a demonstrates the morphology of the ethanol-
washed, RNA:PAMAM:MnO complex. The components of the complex associated into
either discrete solid plaques, or as nodules projecting from a solid sheet of the complex.
Within a patch (Figure 3a), one can observe MnO nanorods embedded in the association
matrix. At higher magnifications (Figure 3b), individual nanorods appeared to be bound to
one another by a membrane-like residuum, an obvious example of which is indicated by the
arrow in Figure 3b.

DLLS zeta potential shifts
DLLS zeta potential measurements (Figure 4 and Table 1) demonstrated that the negatively-
charged manganese oxide nanorod surfaces became positively charged when PAMAM was
added, indicating that PAMAM binds to the nanorod surface. A sample with RNA:MnO was
analyzed, but because MnO and RNA do not interact without the PAMAM, there was no
shift. Samples with PAMAM or RNA alone were also analyzed; however, since no
nanoparticles are present in these samples, the DLLS does not record a shift. For simplicity,
these samples were omitted from Figure 4.

As RNA was added to the PAMAM:MnO complex, the charge changed again, becoming
less positive, suggesting possible binding of the anionic nucleic acid to the nanorod-
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dendrimer complex (Figure 4 and Table 1). Median values are represented in Figure 4 and
average values with standard deviations are shown in Table 1.

UV spectroscopy of sedimentation assay
The poly I:C concentration gradient demonstrated an expected increase in absorbance as the
poly I:C concentration increased. As seen from the spectrum, the poly I:C had an absorbance
peak circa 248 nm and a less defined peak around 270 nm (Figure 5a). The peak around 270
nm corresponds to the cytidylic chain of the poly I:C, and the peak at 248 nm corresponds to
the inosinic chain.42,43

The UV absorbance maximum of the generation 5 PAMAM was approximately 210 nm.
The MnO nanorods did not exhibit UV absorbance, yet when combined with PAMAM, the
PAMAM:MnO spectrum demonstrates a shift to a PAMAM absorbance maximum around
205 nm (Figure 5b), indicating an interaction of PAMAM with the nanorods.

Sedimentation assays were performed to confirm RNA:PAMAM:MnO binding using UV
spectroscopy, similar to our previous work.17 Because we planned to do transfection assays
using plasmid DNA with a GFP reporter gene, we included binding analysis of
pDNA:PAMAM:MnO in the sedimentation assays. Even after centrifugation, neither RNA
by itself, pDNA by itself, nor PAMAM by itself, will form a pellet or sediment; therefore,
their UV absorbance will be the same before and after centrifugation. For these molecules to
sediment, they must form a complex with another molecule. For this reason, the UV
spectrum from RNA, pDNA, and PAMAM alone were excluded from Figure 6 for
simplicity. If a complex is formed and subsequent sedimentation occurs, there will be a
decrease in UV absorbance due to the loss of the RNA, DNA, or PAMAM in the solution. In
addition, when the nucleic acid analysis program on the NanoDrop 2000 is used, an added
sedimentation indicator is that the instrument estimates the nucleic acid concentration in the
solution. Thus, in addition to analyzing UV absorbance decreases, one can analyze decreases
in nucleic acid concentration.

The sedimentation assay results (Figure 6) show a marked decrease in RNA and DNA
concentration and UV absorbance of the supernatant after centrifugation with the manganese
oxide nanorods and PAMAM. This observation indicates that the RNA and DNA both
bound to the PAMAM:MnO complex and so were sedimented as a RNA:PAMAM:MnO
complex (Figure 6a and Table 2) or a pDNA:PAMAM:MnO complex (Figure 6b and Table
2), respectively, during centrifugation. Although sedimentation reactions involving
RNA:PAMAM and pDNA:PAMAM without the MnO nanorods also exhibited a
pronounced decrease in RNA and pDNA concentration and UV absorbance after
centrifugation, these reductions were not as dramatic as when the manganese oxide nanorods
were used. These data indicate that binding of RNA and pDNA to the manganese oxide
nanorods is mediated by PAMAM (Figure 6 and Table 2).

Gel shift assay
A gel shift assay was executed to confirm RNA:PAMAM:MnO complexation (Figure 7).
RNA migration through the gel was inhibited in all wells containing PAMAM, showing that
the two molecules form a complex that we and many others have observed previously.33–39

Neither the PAMAM (lane 2) nor PAMAM:MnO (lane 6) stain with ethidium bromide.
Interestingly, for lane 5, containing the ternary complex RNA:PAMAM:MnO, no difference
in migration was observed; however, a loss of fluorescence intensity was shown in this lane.
This observation is consistent with a loss of ethidium binding sites in the RNA or dye
exclusion as a function of the RNA complexing with the PAMAM:MnO, which we have
seen previously for protamine binding to RNA in nanoparticle formation.17 A sample

Parker-Esquivel et al. Page 10

Langmuir. Author manuscript; available in PMC 2013 November 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



containing RNA:MnO was analyzed for a gel shift, but because MnO and RNA do not
interact without a mediator, no shift was visible.

MTT Assay
A previous cytotoxicity study using three cell lines suggested the potential of MnO to be
well-tolerated by cells.27 Our MTT assays using HeLa cells confirmed that study. The data
shown in Figure 8a suggests that a 24 hour incubation with conjugates of
RNA:PAMAM:MnO and pDNA: PAMAM:MnO have very little effect on the ability of
HeLa cells to metabolize the yellow MTT to purple formazan, which was measured by
absorbance (Figure 8). The data in Figure 8b indicates that cells incubated in MnO for up to
48 hours retained a significant ability to metabolize the MTT to formazan. The slight
decrease in absorbance measurements for the cells incubated in MnO is similar to the slight
gradual decrease in absorbance measurements for the control. This result is likely due to the
cells being in serum-free medium for longer periods of time.

Another MTT assay was used to study the effects of various concentrations of PAMAM on
the metabolic activity of HeLa cells. There are numerous studies on the cell penetrating
activity of PAMAM dendrimers and their ability to carry cargo through the plasma
membrane.34–41 Several of these studies suggest that PAMAM is potentially cytotoxic,
though this effect can be reduced by complexing the PAMAM with other molecules or
functionalizing the surface of the dendrimer.34–41 The data from this MTT assay supports
those findings (Figure 9), as PAMAM alone, even at low concentrations, caused a
significant reduction in metabolic activity of HeLa cells. When PAMAM was associated
with MnO nanorods, the ability of the HeLa cells to metabolize the MTT had a notable
increase.

Interestingly, when the PAMAM:MnO conjugates were associated with nucleic acids, either
RNA or DNA, the metabolic activity of the HeLa cells was substantially higher at PAMAM
concentrations of 2 µL/mL and below. We conclude that the nucleic acids and MnO bound
to PAMAM at lower concentrations provide a protective effect for the cells. While this
reduction in cytotoxicity is desirable, we had to confirm that the nucleic acids do not block
the cell penetrating properties of PAMAM. Therefore, we determined that 2 µL/mL was the
appropriate PAMAM concentration for our work, because this concentration permits the
cells to retain most of their metabolic activity while allowing the PAMAM to penetrate the
plasma membrane, as shown in the transfection assay (Figure 10).

Transfection assays
Having already confirmed that the complexes formed with PAMAM:MnO and nucleic acids
were not cytotoxic to HeLa cells, we wanted next to investigate their transfection ability.
The PAMAM:MnO only sample, which served as the negative control, demonstrated no
visible fluorescence, which is to be expected since there is no pDNA with GFP reporter gene
in this sample. Because the images from this sample exhibited no fluorescent signal, they
were not included in Figure 10.

The image of the cells incubated with pDNA:PAMAM (Figure 10a) shows relatively little
fluorescence. This result was expected, since we know from the literature that PAMAM is a
cell penetrating molecule that can carry its cargo through the plasma membrane.34–41 The
image of the cells incubated with the Lipofectamine:pDNA (Figure 10b) shows several cells
displaying low fluorescence, and a few that demonstrate high expression of the GFP.
Although Lipofectamine is a common transfection agent in the lab, it can also be relatively
cytotoxic and often provides low transfection efficiency.45–46 The image of the cells
incubated with the pDNA:PAMAM:MnO complexes (Figure 10c) showed more cells with
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significantly higher expression of the GFP. The expression is much more consistent, a result
that we suggest is due to minimal toxicity of the pDNA:PAMAM:MnO complexes, as
opposed to the pDNA:PAMAM and pDNA:Lipofectamine. When considering the results
from our MTT assay in Figure 8, we conclude that the cells incubated with the
pDNA:PAMAM:MnO complexes do not require significant time to recover from the
transfection.

Discussion
Our data suggest that we have successfully used PAMAM to attach macromolecular RNA to
MnO nanorods. We first characterized the morphology of the MnO nanorods using FESEM.
Manganese oxide composition of the nanorods was confirmed using EDX. This approach
produced high quality nanoscale images from which the nanorod morphology was deduced.
In a similar fashion, FESEM inspection of solid, discrete patches or nodules of the ternary
complexes revealed a morphology indicating MnO nanorods embedded in, or interconnected
by, an association matrix.

The zeta potential of the MnO nanorods was determined using DLLS. Zeta potential is
similar to surface charge and can be used to determine solution stability and detect particle
adsorption. Particles in solution with a charged surface will attract oppositely charged ions
from the solution that bind to the particle surface. As the particle moves, the layer of highly
attracted ions will move with the particle, while non-attracted ions remain in the bulk
solution. The difference between the ions bound to the surface and those in the bulk solution
is considered the zeta potential.44 The manganese oxide composition implied the potential to
be well tolerated by cells, and a prior cytotoxicity study testing three different cell lines
confirmed this potential.28 The negative zeta potential made the idea of attaching anionic
nucleic acids directly to the MnO surface unlikely; however, it was hypothesized that
nucleic acids could be attached if mediated by some cationic binding agent. The cationic
binding agent selected was PAMAM dendrimer. Zeta potential shift analysis using DLLS
supported hypothetical RNA:PAMAM:MnO nanorod association.

Before a new nanomaterial can be used as a delivery agent for macromolecular RNA, it is
first necessary to demonstrate its interaction with the nucleic acid. MnO nanorod binding to
RNA via PAMAM was confirmed by agarose gel electrophoresis, demonstrating a gel shift
of the RNA:PAMAM or a change in staining intensity consistent with RNA:PAMAM:MnO
ternary species. In addition, a sedimentation assay using ultraviolet spectroscopy was
performed. In this assay, we compared the nucleic acid UV absorbance of a sample before
and after centrifugation. Nucleic acids in solution will not sediment or form a pellet when
centrifuged; therefore, large decreases in nucleic acid UV absorbance indicate binding, and
subsequent sedimentation, of the nucleic acid complexes.

Finally, although FESEM images revealed a heterogeneous mixture of lengths and widths,
the MnO materials generally had at least one dimension under 100 nm, and so were labeled
nanorods. Because many cell processes operate at the nano level, the nano sized rods may be
more successful as cellular delivery agents as compared to larger materials. However,
benefits and limitations of the rod morphology, compared to other morphologies, are
unknown and need to be addressed. As stated previously, the cationic terminal groups of
PAMAM have been shown to bind anionic nucleic acids tightly12,35,36 and even offer
protection from degradation.37 Furthermore, it was assumed that as long as the overall
charge of the RNA:PAMAM complex was slightly positive, it should bind to the negatively
charged MnO nanorods. In addition to being a cationic “glue” for the binding of RNA to the
nanorods, PAMAM has been demonstrated to interact with cell membranes, allowing the
dendrimer and any cargo it may carry to enter the cell.34–41, and our transfection assays
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provide further evidence for cellular uptake. A visible ultrastructural manifestation of the
RNA:PAMAM:MnO complex supports the indirect evidence, discussed above, for that
association. The data from the transfection assay support this observation, showing that the
PAMAM:MnO complex carried the pDNA with the reporter gene through the plasma
membrane, ultimately leading to expression of the green fluorescent protein in the cells.

Nucleic acids have the potential to be powerful therapeutic agents because of their sequence
specificity and ability to interact with targeted DNA or RNA and manipulate cell processes
such as transcription, splicing, and translation at the molecular level.4–7,12 While metal
containing inorganic nanoparticles, especially gold-based systems are widely used for gene
delivery, comparatively little work has been reported for manganese nanomaterials. Most
recently a similar alkyl-PEI2k-MnO/siRNA nanocluster system was reported47, which our
approach and the results presented herein both confirm and extend. Although this area of
study could still be considered in its infancy, some hypothesize that nucleic acid therapeutics
will one day replace traditional drug treatments for almost any disorder caused by molecular
dysfunction.4 The first antisense drug, Formavirsen, was approved for human use in 1998 as
an antiviral treatment for cytomegalovirus.8 Other nucleic acid drugs, like Ampligen,
derived from the poly I:C used in our studies, are in development or being tested in
humans.14–16 However, the clinical progress for RNA macromolecules has been slowed, as
generally acknowledged by the inability to identify a nanoparticle complex with favorable
stabilization and delivery properties.48 Here, we have taken a significant first step in that
direction by associating poly I:C onto manganese nanorods via PAMAM.

Conclusions
In summary, based on evidence provided by DLLS, sedimentation coupled to UV/Vis
spectroscopy, gel shift assays, and direct visualization by scanning electron microscopy,
poly I:C RNA has been successfully attached to MnO nanorods by PAMAM. Given the
well-known membrane penetrating and cell delivery potential of PAMAM, which is
supported by our transfection assay, combined with the MnO nanorod structure being well
tolerated by several human cell lines28, which is supported by our MTT assays, the
RNA:PAMAM:MnO ternary complex may have great future potential as a novel poly I:C or
possibly siRNA delivery vehicle. Furthermore, given the interest clinically in poly I:C as a
potent and safe immunogen in humans, the potential for MnO being compatible with, and
prolonging the structure-function of, macromolecular RNA is also promising. This potential
remains important to address in future studies.
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Figure 1.
Morphology of MnO nanorods. (a) SE image of unwashed MnO powder. Bar, 2 µm. (b) SE
image of washed MnO nanorods dispersed on a silicon nitride substratum. Arrow indicates a
large spatula; arrowheads indicate filaments. Bar, 2 µm. (c) STEM-HAADF image of
washed nanorods dispersed on a silicon nitride substratum. Arrow indicates a large spatula;
double arrow indicates a small spatula; arrowheads indicate filaments. Bar, 500 nm. (d)
STEM-BF image of washed filaments at high magnification dispersed on a silicon nitride
substratum. Bar, 200 nm. STEM, scanning transmission electron microscopy; HAADF,
high-angle annular dark-field image mode; BF, bright field image mode.
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Figure 2.
EDX of MnO nanorods. (a) SE image of washed MnO nanorods dispersed on a silicon
nitride substratum. Bar, 1 µm. (b) EDX qualitative spectrum generated from the point on a
single nanorod indicated by an asterisk in (a). Energy peaks labeled Mn and O are derived
from the designated nanorod; Al, specimen holder; Si and N (not labeled), support
substratum. Mn, manganese; O, oxygen; Al, aluminum; Si, silicon.
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Figure 3.
Morphology of ethanol-washed, ternary RNA:PAMAM:MnO conjugates. (a) SE image of
washed MnO nanorods embedded in the association matrix. Bar, 1 µm. (b) SE image of
washed complex at high magnification ; arrow indicates discrete association matrix. Bar,
500 nm. SE, secondary electron image mode.
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Figure 4.
RNA:PAMAM:MnO binding indicated by shifts in zeta potential. Controls were either MnO
alone or PAMAM:MnO. The samples with PAMAM, RNA and RNA:MnO showed no shift,
and were removed from the figure for simplicity.
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Figure 5.
UV spectra of (a) Poly I:C concentration gradient showing inosine UV absorbance peak at
248 nm and cytidine peak near 270 nm; (b) MnO nanorods showing no UV absorbance.
PAMAM and PAMAM:MnO UV spectra showing PAMAM absorbance peak around 210
nm and PAMAM:MnO absorbance peak circa 205 nm.
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Figure 6.
UV spectroscopy of sedimentation assay. (a) A decrease in RNA UV absorbance after
centrifugation indicates binding to, and sedimentation with, other molecules. A greater
decrease in RNA absorbance is observed when MnO is present, indicating the
RNA:PAMAM is forming a complex with the nanorods. Poly = poly I:C RNA. (b) A
decrease in pDNA UV absorbance after centrifugation also indicates binding to, and
sedimentation with, other molecules. A greater decrease in pDNA absorbance is observed
when MnO is present, indicating the pDNA:PAMAM is forming a complex with the
nanorods. The UV spectrum from RNA, pDNA, and PAMAM alone are the same before and
after centrifugation, therefore they were excluded from Figure 6 for simplicity.
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Figure 7.
Gel shift assay using 2% agarose gel electrophoresis showing that RNA migration is
inhibited when combined with PAMAM and PAMAM:MnO complexes. Lanes (left to
right): 1, RNA; 2, PAMAM; 3, RNA:PAMAM; 4, RNA:PAMAM; 5, RNA:PAMAM:MnO;
6, PAMAM:MnO.
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Figure 8.
MTT assay to determine ability of HeLa cells to reduce yellow MTT into purple formazan
(a) after 24 hour incubation with MnO only, RNA:PAMAM:MnO, and
pDNA:PAMAM:MnO; (b) after incubation with MnO only for 12, 24, 36, and 48 hours. For
both assays, there were only minor decreases in metabolic activity, as compared to the cell
only control. Error bars for both figures were plotted using standard error.
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Figure 9.
MTT to analyze the effects of varying concentrations of PAMAM on the metabolic activity
of HeLa cells. The cells incubated with PAMAM only showed the least amount of metabolic
activity, while a definite increase was observed in those cells incubated with
PAMAM:MnO. The cells incubated with the RNA: PAMAM:MnO and
pDNA:PAMAM:MnO complexes proved to be significantly more metabolically active than
the other two samples.
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Figure 10.
Transfection assay using pDNA expressing GFP reporter gene. The transfection of HeLa
cells was performed with the following samples: PAMAM:MnO, which served as the
negative control and demonstrated no fluorescent cells and was therefore excluded from this
figure; (a) pDNA:PAMAM only, which displayed only minor fluorescence; (b)
Lipofectamine:pDNA, which served as the positive control; and (c) pDNA:PAMAM:MnO,
which showed significantly more fluorescence than the other samples. Representative
images from each group are shown here.
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Table 1

Average Zeta Potential Measurements for Figure 4

DLLS Zeta Potential Shift

MnO alone − 16.5 mV ± 0.17

MnO:PAMAM    16.3 mV ± 0.75

MnO:PAMAM:RNA      5.4 mV ± 0.68
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Table 2

Sedimentation Assay UV Spectroscopy Results Showing Changes in Nucleic Acid Absorbance and Nucleic
Acid Concentration of the Supernatant before and after Centrifugation When Combined with PAMAM Alone
or PAMAM:MnO Nanorodsa

Sedimentation of RNA and pDNA by PAMAM and PAMAM:MnO

RNA:PAMAM RNA:PAMAM:MnO pDNA:PAMAM pDNA:PAMAM:MnO

A260 Before 1.067 1.264 1.290 0.979

A260 After 0.687 0.493 0.790 0.173

A280 Before 0.701 0.861 0.899 0.765

A280 After 0.389 0.268 0.545 0.170

[Nucleic
Acid] Before

42.7 μg/mL 50.6 μg/mL 64.5 μg/mL 49.0 μg/mL

[Nucleic
Acid] After

27.5 μg/mL 19.7 μg/mL 39.5 μg/mL 8.6 μg/mL

%
Sedimented

47.7 71.4 46.7 81.8

a
Data are from Figure 6; sedimented values (%) are averages from multiple runs not shown in Figure 6.
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