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he purpose of gene therapy is to in-

troduce foreign genetic material

into host cells to either supplement
aberrant genes or endow additional bio-
logical functions.! To date, however, there
has been only modest progress toward this
goal, mainly due to the lack of safe, broadly
applicable delivery methods. There are two
main approaches to gene delivery: viral and
nonviral. Viral delivery is the more conven-
tional approach because viruses have
evolved to infect cells with high efficacy.
As of July 2007, there have been over 1300
gene therapy clinical trials, 70% of which
have used viral vectors.? Despite some suc-
cess with viral vectors, there are still no FDA-
approved products. Moreover, clinical trials
have highlighted the safety risks of gene
therapy via viral vectors as cancer and death
have resulted in some cases.>* In contrast,
synthetic nonviral gene delivery systems,
such as liposomes and polymers, offer sev-
eral advantages including ease of produc-
tion and reduced risk of cytotoxicity and
immunogenicity,>® but their use has been
challenged by relatively low transfection ef-
ficiencies. This problem mainly stems from
the difficulty in controlling their properties
at the nanoscale, prompting the search for
new modalities with better transfection effi-
ciencies. Lately, nanocarriers have received
attention in the gene therapy community
including such notable examples as poly-
ethyleneimine conjugated gold nanoparti-
cles” and multifunctional nanorods.” Recent
studies on diamond nanoparticles, also re-
ferred to as nanodiamonds (NDs), have re-
vealed NDs as attractive platform nanocarri-
ers due to their innate biocompatibility,®
scalability, precise particle distribution, high
surface area-to-volume ratio, near-spherical
aspect ratio, and easily adaptable carbon
surface for bioagent attachment.® NDs have
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ABSTRACT Gene therapy holds great promise for treating diseases ranging from inherited disorders to

acquired conditions and cancers. Nonetheless, because a method of gene delivery that is both effective and safe

has remained elusive, these successes were limited. Functional nanodiamonds (NDs) are rapidly emerging as

promising carriers for next-generation therapeutics with demonstrated potential. Here we introduce NDs as

vectors for in vitro gene delivery via surface-immobilization with 800 Da polyethyleneimine (PEI800) and covalent

conjugation with amine groups. We designed PEI800-modified NDs exhibiting the high transfection efficiency of
high molecular weight PEI (PEI25K), but without the high cytotoxicity inherent to PEI25K. Additionally, we

demonstrated that the enhanced delivery properties were exclusively mediated by the hybrid ND— PEI3800

material and not exhibited by any of the materials alone. This platform approach represents an efficient avenue

toward gene delivery via DNA-functionalized NDs, and serves as a rapid, scalable, and broadly applicable gene

therapy strategy.

KEYWORDS: nanodiamonds -
molecular weight polyethyleneimine (LMW PEI)

been functionalized with a range of thera-
peutics, proteins, antibodies, DNA, poly-
mers, and other assorted biological
agents.'”'* Furthermore, NDs are stable
and dispersible in water, making them a
promising and clinically important modal-
ity in improving the efficacy of the treat-
ment of diseases and even some cancers at
the molecular level. Mitochondrial function
(MTT) and luminescent ATP production as-
says have demonstrated that NDs are not
toxic to a wide variety of cell types.” Com-
pared to other carbon-based nanomaterials
such as CNTs, which have been shown to
be toxic in many studies and are naturally
not water-soluble, it is envisaged that NDs
can serve as enhanced, versatile nanocarri-
ers to deliver genes of interest in biological
systems.

To rationally design a therapeutic gene
delivery vector, important lessons may be
learned from examining the mechanisms of
gene delivery via proven vectors such as
PEI. PEIl, a polycation introduced for
transfection,’®™ '8 is able to bind to DNA via

gene delivery - nanocarrier - transfection - low
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Figure 1. Schematic of (A) ND—PEI800 and (B) ND—NH, modification.

electrostatic interactions, protect the DNA from degra-
dation, and is hypothesized to disrupt endosomal in-
take through the proton sponge effect thereby enhanc-
ing DNA delivery efficiency.® The transfection efficiency
and toxicity of PEI correlate strongly with its molecular
weight.2’ For example, low molecular weight (LMW) PEI
is some 2 orders of magnitude less efficient than its 25
kDa counterpart at the same concentration, presumably
because of its inability to condense DNA effectively.?'?
Additionally, LMW PEI exhibits much lower cytotoxicity
compared to its high molecular weight (HMW) ana-
logues. Moreover, previous studies have shown that
cross-linked LMW PEI could enhance gene transfer with-
out compromising its low cytotoxicity.??2

So far, many experiments have been carried out
with surface-modified NDs, e.g., poly-L-lysine-coated
diamonds, to explore the biological applications of NDs
in DNA oligonucleotide binding? and biological imag-
ing.2* The gene delivery capacity of functional NDs has
not yet been reported. In this study, we functionalized
NDs with amine groups via either covalent attachment
of (3-aminopropyl)trimethoxysilane or surface immobi-
lization of 800 Da polyethyleneimine (PEI800) for plas-
mid DNA delivery. The delivery approach described in
this report combines complementary characteristics of
PEIB00 and NDs to create a hybrid material that pos-
sesses both the low cytotoxicity of LMW PEIl and the
high transfection efficiency of HMW PEI. As such, the
ND—PEI800 composite possesses low cytotoxicity and
high transfection efficiency, properties that neither ma-
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terial possesses alone. This methodology is both facile
and scalable and, therefore, holds promise for a wide
variety of therapeutic applications in that it permits the
flexible use of assorted genes and, most importantly,
provides both a safe and efficient avenue for gene
therapy.

In addition to NDs, a broad range of nanomaterials
holds great promise and intense interest in the areas
of diagnosis and therapy.?>~3* Numerous studies have
been conducted to develop novel nanomaterials for
biomedical and biotechnological applications, e.g., cel-
lular tracking and imaging via fluorescent NDs,?”3* func-
tionalized single-walled carbon nanotubes®3* and
nanohorns3® for therapeutic agent delivery, specific tar-
geting of glycoproteins by functionalized NDs,*” gold
nanoparticles,?® gold nanocages,® and gold nanorods®?
for tumor detection and therapy, silicon nanowire,*
quantum dot-based biosensors,3%°~% and platforms
for fundamental investigation,*~*8 etc. Carbon-based
nanomaterials, in particular, such as NDs, are attracting
an increasing level of attention as they are chemically/
biologically inert but can be surface functionalized for
grafting of nucleic acids, peptides, proteins, and anti-
cancer drugs. This would allow their use in the delivery
of therapeutically active molecules, reducing side ef-
fects and complications.

RESULTS AND DISCUSSION

Nanodiamond —DNA Functionalization. Here we intro-
duce functionalized ND surfaces for gene delivery via
two modifications: noncovalent and covalent attach-
ment. As shown in Figure 1A, 800 Da PEl was easily ad-
sorbed to the NDs yielding ND—PEI800 since oxidized
ND surfaces are prone to polar interactions such as hy-
drogen bonding and electrostatic interactions.*>° As
aforementioned, PEI800 is nontoxic due to its low mo-
lecular weight, whereas its chemical structure would
endow NDs with a high amino group surface density
in addition to the buffering capacity that is assumed to
aid in destabilization of endosomes. Negatively charged
DNA was then surface immobilized onto positively
charged ND—PEI800 via electrostatic interactions. The
FTIR spectrum of ND—PEI800 was similar to that of
PEI800. The peaks at 3330, 2940, 2850, and 1590 cm™',
respectively, as indicated with the lines in Figure 2A, can
be clearly assigned to the PEI800. Elemental analysis re-
vealed that about 9.4 mmol of amine groups was
present per gram of ND—PEI800. Additionally, TEM im-
ages of ND—PEI800 samples before and after DNA bind-
ing clearly showed that the material consists of small
and evenly sized diamond nanoparticles with little to
no graphitic surface coverage (Figure 2B,C). Thus,
ND—PEI800 exists in the form of nanoscale agglomer-
ates. Our second modification was the synthesis of
ND—NH, via covalent attachment of (3-aminopropyl)-
trimethoxysilane (Figure 1B). The carbonyl functions
were reduced to hydroxymethyl groups in the pres-
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ence of borane, followed by silanization using (3-
aminopropyl)trimethoxysilane. The signal for G0
bonds at 1710 cm ™" disappeared after the reaction (Fig-
ure 2A). IR features such as the N—H vibrations at 3380
and 1630 cm™', and the C—H stretch of 2920 and 2850
cm™', confirm covalent attachment of amine groups. ElI-
emental analysis suggested that about 0.94 mmol of
amino groups was present per gram of ND—NH,.

Dynamic light scattering (DLS) was performed to
determine the average size and { potential of ND,
ND—PEI800, and ND—NH; particles. Unmodified NDs
form clusters with an average size of 50 nm. The co-
valent amino conjugation only slightly increased
the particle size of NDs. Relative to ND and ND—NH,,
ND—PEI800 showed a 2-fold increase in size, sug-
gesting PEl functionalization makes NDs more prone
to agglomeration (Figure 3A). Both ND—NH, and
ND—PEI800 had significantly higher surface poten-
tials than unmodified ND at neutral pH (Figure 3B).
Positively charged NDs were able to form complexes
with pDNA via electrostatic interaction, and this in-
teraction exhibited a typical weight ratio-dependent
relationship. Aggregation occurred at a weight ratio
of 5 for both modified NDs (Figure 3C), which is likely
due to the fact that ND and ND—PEI800 have nearly
neutral surfaces at weight ratio close to 5 (Figure
3D). As weight ratio increased, the particle sizes of
the ND and ND—PEI800 complexes decreased to a
plateau of about 100—200 nm. As expected, the net
surface charge of modified ND particles increased
from negative to positive as the weight ratio in-
creased, and their { potentials reached a plateau of
about 35—45 mV at or above weight ratio 10. Un-
modified ND showed a much weaker inter-
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Figure 2. (A) FTIR spectra of ND—NHj; (a), ND (b), ND—PEI800 (c), and
PEI800 (d). TEM images of ND—PEI800 before (B) and after (C) DNA
binding at a weight ratio of 15. Scale bars are 20 nm.

surface functionalization is critical because particles
with more positive surface potential could more ef-
ficiently interact with the plasma membrane, which
presents plenty of negatively charged proteins. At
the higher concentrations tested (60 pwg/mL), the
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of ND particles was observed after surface
functionalization via both noncovalent
PEI800 adsorption and covalent amino
conjugation. These events indicated that
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Figure 3. Size (A) and  potential (B) of NDs and functionalized NDs before pDNA bind-
ing. The particles were suspended in deionized water at a concentration of 60 ug/mL.
Size (C) and { potential (D) of NDs and functionalized NDs after pDNA binding with a
fixed pDNA concentration of 3 pg/mL. Data are represented as the mean = standard de-

viation (N = 2).
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Figure 4. Cytotoxicity assay of HelLa cultures with (A) com-
plexes formed by different carriers with pDNA at weight ra-
tios from 1 to 30; (B) carriers (90 pg/mL) with and without
pDNA at a weight ratio of 30. Data are represented as the
mean = standard deviation (N = 4).
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Figure 5. ND—PEI800-mediated pLuc transfection in HelLa cells
induces greatest pLuc expression. Maximum transfection effi-
ciency was observed at a weight ratio of 20 for ND—PEI800.
Note the low transfection efficiency of ND alone and PEI800
alone compared to the ND—PEI800 vector. Data is represented
as a mean = standard deviation (N = 2). An asterisk denotes
particles with transfection efficiency lower than 1 RLU/mg of
protein in the cell lysate.

percentage of Hela cells that had taken up nanopar-
ticles increased to about 50% for both cases of
ND—PEI800 and ND—NH; by 5 h of incubation.

\&) VOL.3 = NO.9 = ZHANG ET AL.

Characterization of Nanodiamond — Polyethyleneimine
Cytotoxicity. In vitro cytotoxicity of different ND carriers
was evaluated in Hela cells compared with PEI800 and
25k Da polyethyleneimine (PEI25K) by MTT assay. All
ND—DNA complexes exhibited good biocompatibility
(Figure 4A). Specifically, over 80% of cells survived when
incubated with ND, ND—PEI800, and PEI800 complexes
at weight ratios as high as 30, which corresponded to
90 pg/mL of ND or ND—PEI800 in medium. In contrast,
PEI25K—DNA exhibited high cytotoxicity with cell vi-
ability decreasing as the weight ratio increased. Explic-
itly, less than 40% of cells were viable when incubated
with PEI25K/DNA at weight ratios as low as 10, which
corresponded to 30 p.g/mL of PEI25K in medium. Com-
pared to PEI25K, DNA complexes of all NDs and PEI800
only showed low to moderate cytotoxicity. The reasons
for the moderate cytotoxicity induced by complexes
are not fully understood, but may be attributed to the
following factors. In the case of PEIB00, micrometer-
sized complexes were detected on the surface of the
plasma membrane. It has been suggested that the
deposition of such large clusters may impair plasma
membrane functions and induce cell death.?’ An addi-
tional source of cellular dysfunction and cytotoxicity
may arise from carrier-induced disruptions of the
nucleus. It is worth noting that the cytotoxicity of all
ND and PEI carriers slightly decreased when complexed
with plasmid DNA (Figure 4B).

Nanodiamond-Luciferase Plasmid (pLuc) and
Nanodiamond — GFP Plasmid (pEGFPLuc) Transfection Efficiency.
Transfection experiments were performed using HelLa
cells with all three ND carriers (Figure 5). HeLa cells have
been widely used as a standard platform to model and
test gene transfection efficiency and carrier-based bio-
compatibility. As such, successful transfection and mini-
mal cytotoxicity were tested within the same cell line.
ND/pLuc complexes formed at weight ratios ranging
from 1 to 30 were included in this initial screening, and
the optimal weight ratio in each case was determined.
The transfection efficiencies varied as a function of the
ND/pLuc weight ratio and declined in the following or-
der: ND—PEI800 > PEIB00 > ND—NH, > ND > naked
DNA. Specifically, ND—PEI800 showed the most effi-
cient transfection in Hela cells and was 400 and 800
times more efficient than ND—NH, and unmodified ND,
respectively. We hypothesize that the high amino den-
sity and buffering capacity of the cross-linked PEI800 on
NDs not only facilitate efficient condensing of the plas-
mid but also promote plasmid escape from endosomes
to the cytoplasm. Compared with both surface func-
tionalized ND carriers, unmodified NDs mediated a lower
luciferase expression, which was likely due to the poor
DNA binding capacity and low surface potential as indi-
cated by DLS results. The transfection potency of
ND—PEI800 was compared systematically with that of
the parent PEI800. As desired, the PEI800 cross-linked by
NDs exhibited 70 times higher transfection efficiency at
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Figure 6. Confocal microscopic images of GFP expression in live HeLa cells mediated by ND—PEI800/pGFP at weight ratios
of (A) 5 and (B) 15; unmodified NDs/pGFP at weight ratios of (C) 5 and (D) 15; PEI800/pGFP at weight ratios of (E) 5 and (F) 15;
and (G) naked pGFP. Brightfield images are to the right of each confocal image. Scale bars are 50 um.

the optimal weight ratio of 15 than PEI800 alone at the
optimal weight ratios of 10. Although ND—PEI800 medi-
ated a 2- to 3-fold lower luciferase expression in Hela cells
than PEI25K (data not shown), ND—PEI800 showed a
much better biocompatibility than PEI25K. As demon-
strated in our MTT study, more than 80% cells survived
in the medium containing PEI800-functionalized NDs at
concentrations as high as 90 pg/mL, whereas PEI25K
killed more than 60% of cells at or above a concentra-
tion of 30 wg/mL (Figure 4A). Therefore, we have dem-
onstrated the utility of ND—PEI800 as a potent gene de-
livery vector possessing both the biocompatibility of a
LMW PEI and the high transfection efficiency of a HMW
PEI. It is significant that neither ND nor PEI800 alone
possess these positive properties.

Additionally, we examined whether ND—PEI800
could efficiently deliver and express another plasmid,
PEGFPLuc encoding for GFP, in Hela cells (Figure 6).
GFP-expression could be visualized in the cytoplasm in-
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cubated with ND—PEI800/pGFP and was enhanced at
higher weight ratios (Figure 6A and B). Only very weak
GFP was observed in the cytoplasm when using the
PEI800 or NDs as gene carriers (Figure 6C—F). There-
fore, these confocal microscopy images support our
conclusions derived from the quantitative luciferase ex-
pression data and demonstrate ND—PEI800 as a
broadly applicable vector relevant to a spectrum of
genes. Hela cells incubated with naked DNA solution
were used as a control (Figure 6G). Together with the
flow cytometry and luciferase expression experiments,
ND—PEI800 was further confirmed as a safe, simple, ef-
ficient gene carrier which not only facilitates the cellular
internalization of the plasmid but also effectively deliv-
ers DNA to the nucleus for translation.

It is important to note that despite the successful in-
ternalization of both ND—PEI800 and ND—NH, par-
ticles with both possessing similar particle properties,
only ND—PEI800 exhibited high transfection efficiency
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(Figure 5). Regarding release of DNA, it is hypothesized
that the difference in transfection efficiency between
ND—PEI800 and ND—NHj is due to the ability of
ND—PEI800 to dissociate from endosomes upon inter-
nalization. Although the exact mechanism is being ex-
plored, because the PEI800 densely coats the ND sur-
face with amino groups, the ND—PEI800 may possess
the properties of a proton sponge, which may aid in
rupture of and escape from endosomes into the cyto-
plasm.'® Overall, these data demonstrate that when
PEI80O0 is added, DNA release is facilitated over time
and gene expression can occur. Thus, our approach
highlights the importance of rationally designed nano-
carriers in overcoming the various hurdles at the many
stages that lead up to gene expression.

CONCLUSION
The development of approaches toward gene
therapy mediated by NDs has been rarely reported. As

MATERIALS AND METHODS

Materials. The 800 Da and 25 kDa PEls, borane—
tetrahydrofuran complex (BH3 - THF, 1 M), (3-aminopropyl)-
trimethoxysilane, tetrahydrofuran (THF), Hoechst 33342, 5(6)-
carboxy-X-rhodamine N-succinimidyl ester, and MTT-based cell
growth determination kit were purchased from Sigma-Aldrich.
The acid-oxidated ND gel (15% w/v in water) was obtained from
the NanoCarbon Research Institute Ltd., Japan. All commercial
reagents were used without further purification. Lysis buffer (Cell
Culture Lysis Reagent 5X) and luciferase assay reagent were pur-
chased from Promega Co. (Madison, WI). The BCA protein assay
kit was purchased from Pierce (Rockford, IL). The plasmid encod-
ing for luciferase (pNGVL1: 5.7 kb) was used for the in vitro lu-
ciferase transfection. The plasmid encoding for luciferase and
green fluorescent protein (GFP) combined (pEGFPLuc: 5.7 kb)
was used for the other in vitro studies including confocal micros-
copy, MTT assay, and DLS measurements. pEGFPLuc is a cotrans-
fection marker that allows for normalization of transfection effi-
ciencies by fluorescence microscopy of living cells or by a
standard luciferase assay. The plasmid was transformed in Es-
cherichia coli DH5« and amplified in Terrific Broth media at 37
°C overnight at 300 rpm. The plasmid was purified using an
endotoxin-free QIAGEN Giga plasmid purification kit (QIAGEN,
Valencia, CA) according to the manufacturer’s protocol. Purified
DNA was dissolved in saline, and its purity and concentration
were determined by ultraviolet (UV) absorbance at 260 and 280
nm. Hela cells were maintained in Dulbecco’s minimal essential
medium (DMEM) supplemented with 10% FBS, streptomycin
(100 p.g/mL), penicillin (100 U/mL), and 4 mM L-glutamine (ATCC,
Manassas, VA) at 37 °C in a humidified 5% CO,-containing
atmosphere.

Elemental analyses were performed by Columbia Analytical
Services, Inc. (Tucson, AZ). Fourier Transform Infrared Spectros-
copy (FTIR) experiments were performed by using a Nexus 870
spectrometer (Thermo Nicolet, Keck-Il, Northwestern University)
based on OMNIC software. Transmission Electron Microscopy
(TEM) was performed using a 200 kV Hitachi H-8100 TEM (EPIC,
Northwestern University).

Functionalization of Nanodiamonds. Prior to use, the oxidated
acid-treated NDs were diluted in deionized water at the desired
concentration and ultrasonicated with a Branson 2510 sonicator
(VWR International, West Chester, PA) overnight. To prepare
ND—PEI800, the diluted ND solution was mixed with 800 Da PEI
solution at a molar ratio of 1:10 (Figure 1A). Following two
washes with deionized water, the yielding ND—PEI800 was re-
suspended in deionized water at a highly diluted concentration

VOL.3 = NO.9 = ZHANG ET AL.

such, we have realized an efficient strategy for gene de-
livery by using low molecular weight PEI functional-
ized NDs and ascertained several salient features perti-
nent to ND-based gene delivery. While continued work
investigating the mechanisms at the foundation of ND-
based enhanced gene delivery is being explored, the
approach presented is facile, scalable, and effective and
can be extended to include other biologically relevant
components that allow additional functionalities to be
introduced by using the end groups present on ND sur-
faces. For instance, ND—PEI800 may be easily modified
to incorporate such functions as cell-specific targeting
or chemotherapeutic agents that are then complexed
with DNA to form more complex ND-based carriers with
superior performance. For these reasons, ND-based de-
livery may significantly improve gene therapy. More-
over, this approach may open up exciting new horizons
for applications of these versatile functionalized NDs in
nanomedicine.

for use. ND—PEI800 samples were ultrasonicated for 5 min and
immediately pipetted onto a commercial carbon TEM grid (Ted
Pella Inc.,, Redding, CA). Upon air drying for 2 h, samples were
then observed within a Hitachi H-8100 TEM. The total amount
of PEIB0O0 present in the ND—PEI800 stock solution was calcu-
lated from elemental analysis data and the weight of the solid
obtained after lyophilization. Infrared spectroscopic measure-
ments indicated the positively charged PEISB00 was adsorbed
onto the surface of carboxylated/oxidized NDs, covering the par-
ticles with amino groups (Figure 2A). Elemental analysis: N, 15.43;
C, 57.64; H, 5.86; O, 15.49.

ND—NH, was synthesized according to a modified literature
procedure.’ Lyophilized ND (2 g) (elemental analysis: N, 2.22; C,
85.01; H, 1.15; O, 3.64) was finely ground and then placed in a
two-necked flask under nitrogen. BH; - THF (20 mL, 1 M) solu-
tion in dry THF was added dropwise with stirring under reflux for
24 h. After the mixture was cooled to room temperature, hydrol-
ysis was carried out with 2 N hydrochloric acid until no hydro-
gen gas evolution was observed. The solid product was isolated
by centrifugation and washed with acetone and water in con-
secutive washing/centrifugation cycles until the supernatant lig-
uid showed pH 7. The reduced NDs were lyophilized, and 1.1 g
was added to 100 mL of a 10% solution of (3-aminopropyl)-
trimethoxysilane in dry acetone under nitrogen and stirred at
room temperature for 48 h. After centrifugation, the precipitate
was washed with 200 mL of acetone in total in consecutive
wash/centrifugation cycles and once with water yielding 982
mg of a light gray powder after lyophilization. Elemental analy-
sis: N, 3.54; C, 81.85; H, 1.58; O, 6.64.

Rhodamine-labeled ND particles were prepared by incubat-
ing different ND particles with excess 5(6)-carboxy-X-rhodamine
N-succinimidyl ester, respectively, in DMSO/water at room tem-
perature for 2 h in dark. The solid products were isolated by cen-
trifugation and washed with water in more than five washing/
centrifugation cycles to remove excess reaction agents.
Rhodamine-labeled ND particles were resuspended in water by
ultrasonication for 2—4 h prior to use.

Cellular Internalization of Nanodiamond Carriers. HeLa cells were
seeded into 24-well plates at a density of 1 X 10° cells per well
in 1T mL of 10% serum-containing DMEM 24 h prior to experimen-
tation. The media in each well was replaced with 1 mL of fresh
serum-free DMEM prior to transfection. Different rhodamine-
labeled ND particles were then incubated with cells at different
concentrations for the desired time points. Afterward, the cells
were washed with PBS, followed by incubation with 2.5 wg/mL
of Hoechst 33342 for 20 min at room temperature in the dark
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(counterstain). Following another PBS wash to remove excess
Hoescht, cells were trypsinized and centrifuged (900 rpm, 25 °C)
to remove excess trypsin-EDTA. Cells were then resuspended in
0.5 mL of PBS, and cellular uptake of nanoparticles was assessed
via flow cytometry (BD LSR II, BD Biosciences, San Jose, CA). Dot
plots were gated on FSC/SSC properties of Hela cells to exclude
free fluorescent labeled nanoparticles. Data were analyzed us-
ing BD FACSDiVa software. Quadrant markers were set accord-
ingly using controls.

Particle Size and  Potential Measurements. The ND/DNA com-
plexes were freshly prepared by mixing 3 g of plasmid DNA
with unmodified NDs, ND—NH,, or ND—PEI800 in 1 mL of deion-
ized water at various concentrations, corresponding to a weight
ratio ranging from 0 to 30. The mixture was vortexed for 20 s and
incubated for 30 min at room temperature before measure-
ment. Particle size and { potential measurements were con-
ducted using the Zetasizer Nano ZS (Malvern, Worcestershire,
U.K)). The size measurements were performed at 25 °C at a 173°
scattering angle. The mean hydrodynamic diameter was deter-
mined by cumulative analysis. The { potential determinations
were based on electrophoretic mobility of the nanoparticles in
the agueous medium, which was performed using folded capil-
lary cells in automatic mode.

Cytotoxicity Assay. The cytotoxicity of ND carriers in compari-
son with PEI25K was evaluated using 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay following the
manufacturer’s protocol. Briefly, HeLa cells were seeded in a 96-
cell plate 24 h before the assay at a density of 1 X 10* cells/well.
Following overnight growth, the cells were incubated for 5 h
with 200 pL of DMEM medium containing respective ND/DNA
complexes or PEI/DNA complexes at different weight ratios. Cells
in DMEM containing 10% FBS with nothing added were used as
controls. After 5 h, 20 pL of MTT solution was added to each well,
and the cells were incubated for an additional 4 h. Following
careful aspiration of MTT solution and media after 4 h, 200 pL
of MTT solvent was added to each well and thoroughly mixed.
The optical density at 570 nm was measured using a Safire
microplate reader (Tecan Systems, Inc., San Jose, CA). Background
absorbance at 690 nm was subtracted. Values were expressed as a
percentage of the control to which no carriers had been added.

In Vitro Transfection and Luciferase Assay. HeLa cells were seeded
into 24-well plates at a density of 1 X 10° cells per well with 1
mL of 10% serum-containing DMEM 24 h prior to transfection.
At the time of transfection, the media in each well was replaced
with 1 mL of serum-free media. The complexes of ND/DNA were
freshly prepared as described above. The concentrations of the
unmodified ND, ND—NH,, or ND—PEI800 nanoparticles were cal-
culated on the basis of different weight ratios with a target pLuc
dose of 3 pg/well. ND/DNA nanoparticles (100 pL) were added
to the cells and incubated for 5 h at 37 °C. After 5 h, cells were
washed with PBS and incubated for an additional 43 h in 1 mL of
fresh serum-containing media. All transfections were performed
in duplicate. After incubation, cells were washed with PBS, fol-
lowed by treatment with 200 pL of 1X cell lysis buffer. The ly-
sate was subjected to two cycles of freezing and thawing and
then centrifuged at 14000 rpm for 5 min. Supernatant (20 pL)
was added to 100 pL of luciferase assay reagent, and samples
were measured on a TD-20/20 luminometer for 10 s (Turner Bio-
systems, Sunnyvale, CA). The relative light units (RLU) were nor-
malized against protein concentration in the cell extracts, mea-
sured by a BCA protein kit. Luciferase activity was expressed as
RLU/mg protein in the cell lysate. Data were reported as mean =
standard deviation for duplicate samples. Every transfection ex-
periment was repeated twice.

Confocal Imaging of ND-Mediated GFP Expression in Live Cells. HeLa
cells were seeded onto glass circular coverslips at a density of 2
X 10° cells with 2 mL of 10% serum-containing DMEM. After
24 h, transfection was undertaken with EGFP plasmid following
the same protocol as for luciferase plasmid. For ND/DNA com-
plex preparation, the concentrations of the unmodified ND,
ND—NH,, or ND—PEI800 nanoparticles were calculated on the
basis of desired weight ratios with a target pEGFP dose of 6 pg/
well. Live Hela cells were viewed under a laser scanning confo-
cal microscope (Leica Inverted Laser Scanning System, Argon La-
ser excitation 488 nm) 48 h after transfection.
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