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ABSTRACT

New hyperbranched polysiloxysilane (HBPS) materials containing terminal carboxylic acid and qua-
ternary ammonium groups were designed and synthesized to obtain fluorescent-dye-encapsulated
nanoparticles. These polymers exhibited desirable characteristics, including amphiphilicity for nanopar-
ticle formation, and contained various terminal groups for surface-charge control on the nanoparticles or
for further bioconjugation for targeted imaging. Nanoprobes composed of polysiloxysilane nanoparticles
encapsulating two-photon dyes were also prepared for optical bioimaging with controlled surface charge
density (zeta potential) for modulation of cellular uptake. Intracellular delivery of these structurally sim-
ilar polysiloxysilane nanoparticles, with substantially different surface charges, was investigated using
confocal and two-photon fluorescence microscopy as well as flow cytometry. Finally, the use of these
nanoparticles as efficient gene delivery vectors was demonstrated by means of in vitro transfection study
using 3-galactosidase plasmid and pEGFP-N1 plasmid and the most efficient combination was obtained
using HBPS-CN30:70.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

The use of nanoparticles as diagnostic probes and effective car-
rier vehicles in targeted therapy is gaining considerable interest.
Recently, various organic, inorganic, and hybrid nanoparticle sys-
tems have been used for the nanocarriers and gene delivery vectors
(Prasad, 2003). There have been several recent papers that have
demonstrated the capability of tailored synthetic polymers such
as dendrimers, block copolymers, hyperbranched polymers, and
star polymers (Ramazi et al., 1997; Grohn et al., 2001; Tian et al.,
2005; Pistel et al., 1999), consequently, to form nanoparticle as
a nanocarrier. These polymeric approaches show enhanced ther-
apeutic efficacy. Particularly, polymeric nanocarriers/vectors are
typically prepared in the form of micellar nanoparticle because the
molecular self-assembling architectures lead to the formation of
the stable nanostructures which has two main components such as
hydrophobic core and hydrophilic corona. The hydrophilic corona
surrounding the core is known to play an important role in the
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cellular uptake, and hydrophobic core of micelles can act as the
reservoir of drugs. It can be used in biological applications such
as drug delivery vehicles, targeted cellular imaging probes, and
gene delivery vectors (Benns et al., 2000; Midoux and Monsigny,
1999; Liu and Yao, 2002; Thanou et al., 2002; Wetering et al., 1999;
Fischer et al., 1999; Marschall et al., 1999; Campeau et al., 2001).
However, most of these nanocarrier systems exhibit only limited
capability of controlling the surface charge of the nanoparticles
to optimize cellular uptake and gene delivery efficiency. Further-
more, many of these carriers are often cytotoxic thus eliminating
them from in vivo applications. To address some of these issues,
we synthesized hyperbranched polysiloxysilane (HBPS) polymers
containing amphiphilic components with different end groups.
While the amphiphilicity of these polymers helps in the formation
of aqueous nanoparticle dispersions, the combination of different
functional end groups makes it possible to tailor the surface-charge
distribution of the formed nanoparticles.

The novelty of these amphiphilic HBPS polymers lie in the
fact that nanoparticles with different zeta (¢) potential (surface
charge density) can be easily tailored and functionalized. Indeed,
the resulting hydrophobic cores found within the nanoparticles can
be loaded with hydrophobic dye molecules or other hydrophobic
drugs, which can be used as fluorescent probes in gene delivery
or in drug delivery applications (Kim et al., 2002a,b, Midoux and
Monsigny, 1999). Furthermore, HBPS polymers are composed of
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Scheme 1. Synthetic route for the hyperbranched polysiloxysilane derivatives.

amphiphilic components similar to linear polymer systems (Benns
etal.,2000; Midoux and Monsigny, 1999; Liu and Yao, 2002; Thanou
et al., 2002; Wetering et al., 1999), but they combine the advan-
tages of numerous end groups with surface-charge controllability.
This altered charge distribution surrounding the hydrophobic core
of the nanoparticles provides the ability to optimize the uptake
efficiency as well as the electrostatic condensation of DNA and its
protection from enzymatic degradation. In addition, amphiphilic
silicon-based polymers, such as HBPS, exhibit interesting proper-
ties that include biocompatibility, stable in an acidic environment,
potential to easily functionalize SiH or Si-vinyl at the chain ends and
unreacted sites for bioconjugation (Clarson and Semlyen, 1993; Das
etal., 2002; Miravet and Frechet, 1998; Si et al., 2005; Park and Bae,
2003; Afanasyeva and Bruch, 1999). For all the above-mentioned
reasons, the use of HBPS nanoparticles as a carrier of fluorescent
probes, or as a nonviral vector, has tremendous potential.

The HBPS nanoparticles used in this study were prepared by
self-assembly of the corresponding amphiphilic polymers in an
aqueous environment (Graf et al., 1999). During the formation
of these nanoparticles, other hydrophobic dyes/drugs could be
encapsulated inside their hydrophobic cores. The hydrophilic char-
acter of polysiloxysilane was controlled by introducing various
end groups, such as -COOH and -N(CH3)3*I~ (see Scheme 1). The
presence of hydrophilic end groups in hydrophobic polysiloxysi-
lane provides amphiphilicity to the polymers, thus allowing them
to form nanoparticles in an aqueous environment (Savin et al.,
2005). This simple modification of the molecular structure by
changing the end groups may offer an opportunity to establish
the effect of surface charge on the cellular uptake of various
nanoparticle-based delivery vehicles. The synthetic polysiloxysi-
lane compounds can be prepared in various electrostatic surface
forms, which provide positive charges on the nanoparticle surfaces,
attributed to the presence of quaternary ammonium groups, and
negative charges resulting from the presence of carboxylic acid
groups. Thus, the surface charges on these particles can be almost
continuously tuned from highly negatively charged nanoparti-
cles to highly positively charged nanoparticles by simply varying
the composition of a mixture of the two polymers. This well-
controlled surface charge density of nanoparticles is important
for drug/fluorescent-probe carrier systems because many proteins,
DNA, and cell-membrane surfaces are slightly anionic (Kass and
Krafte, 1987). Our synthetic approach is a straightforward route
for obtaining nanoparticles for cancer-cell probing or gene ther-
apy. This method can be used for optically tracking the cellular
pathway using fluorescent-dye-loaded nanoparticles or for gene
delivery employing the nanoparticles as a nonviral vector.

Here we report the synthesis of HBPS, the preparation of
nanoparticles using this HBPS, and the encapsulation of efficient
two-photon absorbing dyes inside the nanoparticles as well as their
surface modification. We also present the one- and two-photon
optical characterization of the system and optical tracking of the
cellular uptake of the prepared nanoparticles using confocal and
two-photon microscopy. The use of the nanoparticles as nonviral
vectors for gene delivery is also presented.

2. Materials and methods
2.1. Preparation of hyperbranched polysiloxysilane

2.1.1. Synthesis of 1,1,3,5,5-pentamethyl-1,5-divinyltrisiloxane
(AB,-type monomer)

Diethylether (700mL), aniline (8.38 g, 90 mmol), and water
(1.48g, 82mmol) were charged into a three-necked flask
equipped with a dropping funnel and a condenser. A solution
of vinyldimethylchlorosilane (11.6 mL, 82 mmol) in diethylether
(50 mL) was added dropwise to the mixture (at 0°C) with vigor-
ous stirring. Stirring at this temperature was prolonged for further
15 min, and the precipitated solid (aniline hydrochloride) was then
filtered off. After drying the resulting solution over MgSQy, it was
combined with triethylamine (7.51 g, 74 mmol) in a three-necked
flask equipped with a dropping funnel and a condenser. A solution
of dichloromethylsilane (3.5 mL, 34 mmol) in diethylether (50 mL)
was added dropwise to the mixture (at 0°C) with vigorous stirring.
The precipitate (triethylamine hydrochloride) was filtered off and
then the solvent was removed under reduced pressure to give a
colorless liquid. Distillation of the residue under reduced pressure
afforded the target monomer as a colorless liquid (3.77 g, 45%). IR
(KBr, v): 2961, 2152, 1408, 1257, 1059, 957, 910. 'H NMR (CDCl3,
8): 0.11 (d, 3H, J=1.4Hz, SiCH3), 0.17 (s, 12H, SiCH3), 4.65 (q, 1H,
J=14Hz, SiH), 5.73 (q, 1H, J=4.4Hz, 19.4Hz, SiCH=CH,), 5.94 (q,
1H, J=4.4Hz, 14.9 Hz, SiCH=CH,), 6.11 (q, 1H, J=14.9Hz, 19.4Hz,
SiCH=CHj,). 13C NMR (CDCl3, §): 0.1, 1.5, 132.0, 138.9. 29Si NMR
(CDCl3, §): —35.4, -2.1.

2.1.2. Hyperbranched polysiloxysilane with vinyl end groups
(HBPS-vinyl)

The AB,-type monomer (18.49 g, 75 mmol) was charged into a
two-necked flask and a Pt solution in xylene (0.75 mL, 0.075 mmol)
was added (at 0°C) with vigorous stirring. The system was then
allowed to warm to room temperature and stirred for 15 h. The poly-
mer was dissolved in diethylether (30 mL) and precipitated three
times in methanol (300 mL). HBPS-vinyl was obtained as a color-
less viscous liquid (8.31g, 47%). My =5400, My, /M =1.49. IR (KBr,
v): 2958, 2910, 2874, 1596, 1407, 1256, 1135, 1047, 955. 'H NMR
(CDCls, 8): —0.07 [br, SiCH(CH3)Si], —0.01-0.18 (m, SiCH3 ), 0.37,0.43
(br, SiCH,CH,Si), 0.92-1.02 [m, SiCH3(CH)Si], 5.71 (m, SiCH=CH),
5.91 (m, SiCH=CH,), 6.13 (m, SiCH=CH2). 13C NMR (CDCls, §): —1.1,
-0.2,0.2, 0.6, 1.6, 8.1, 8.9, 9.6, 11.8, 131.7, 139.4. 2°Si NMR (CDCl3,
8): —22.1,-21.8,-21.1,-20.5, -19.9, —4.8, —4.6, —4.5, —3.3, 7.0, 74,
7.6,7.9,8.1.

2.1.3. Hyperbranched polysiloxysilane with carboxyl end groups
(HBPS-COOH)

Azobisisobutyronitrile (AIBN) (0.03 g, 0.2 mmol) was added to
a mixture of HBPS-vinyl (1.00g, 4.06 mmol), mercaptoacetic acid
(0.41 g, 4.46 mmol), and toluene (15 mL) under argon flow. The mix-
ture was stirred at 60°C for 10h and the solvent was evaporated.
The residue was extracted with diethylether (150 mL) and washed
three times with water (250 mL). A faint yellow viscous oil was
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Scheme 2. Synthetic route for TPDTT-3 and (3-CSB-TP.

obtained. Yield: 59% IR (KB, v): 3000, 2910, 1700. 'H NMR (CDCI3,
8): —0.07 [br, SiCH(CH3)Si], —0.01-0.18 (m, SiCH3), 0.37, 0.43 (br,
SiCH,CH,Si), 0.92-1.02 [m, SiCH; (CH)Si], 2.61 (m, CH,CH,S), 3.14
(s, SCH,COOH), 11.2 (br, COOH). 3C NMR (CDCls, 8): —1.3, —0.7, 0.1,
1.0,7.6,8.5,9.0, 9.4, 11.5, 18.0, 27.4, 33.0, 177.0. 29Si NMR (CDCls, §):
~21.9,-21.6,-20.9, -20.5,-19.9,5.7, 7.9, 8.3. My, = 5066, My, = 8517,
Muw/M, = 1.68.

2.14. Hyperbranched polysiloxysilane with N,N-dimethylamino
end groups (HBPS-N(CH3)5)

AIBN (0.03 g, 0.2 mmol) was added to a mixture of HBPS-vinyl
(1.10g, 4.50 mmol), 2-(dimethylamino)ethanethiol hydrochloride
(1.90g, 13.4 mmol), methanol (5 mL), and toluene (10 mL) under Ar
atmosphere. The mixture was stirred at 60°C for 15 h and the sol-
vent was evaporated. The residue was extracted with diethylether
(150 mL) and washed three times with 750 mL of NaOH (0.89 g,
22.3mmol). The crude product was purified by separation GPC
using tetrahydrofuran (THF) as eluent (Japan Analytical Industry
Co., Ltd. LC-908, pump: HITACHI L-7110, column: JAIGEL-2H and
JAIGEL-3H, RI detector: JAI RI DETECTOR RI-5). A faint yellow vis-
cous oil was obtained. Yield: 78%. IR (KBr, v): 2958, 2910, 2874,
2780. 'H NMR (CDCls, 8): —0.06 [br, SiCH(CH3)Si], —0.01-0.18 (m,
SiCH3), 0.30, 0.36 (br, SiCH,CH,Si), 0.8-1.02 (m, SiCH3 (CH)Si), 2.24
(s,NCH3),2.24, 2.59 (br, CH,SCH5), 4.20 (br, CH,N). 3C NMR (CDCls,
8): —1.3,-0.7, 0.1, 7.5, 8.6, 9.1, 11.5, 26.7, 29.3, 36.6, 45.1, 58.4. 2Si
NMR (CDCls, 8): —22.7, —22.5, —21.9, —=21.4, —20.9, 4.9, 5.1, 7.4, 8.1,
10.8. M, =11,000, My, = 19,000, My, /M, = 1.72.

2.1.5. The quaternary ammonium group in HBPS-N*(CH3 )31~

HBPS-N*(CH3 )31~ was synthesized according to procedures out-
lined in the literature (Ohara et al., 1983) using methyl iodide
(0.062 mL), nitromethane (1mL), and HBPS-N(CHs3), (0.38g) in
DMSO (10 mL).

2.2. Synthesis of two-photon absorption chromophores

The dye 4,4'-[dithieno[3,2-b:2’,3’-d]thiophene-5,5"-
diylbis(ethyne-2,1-diyl)bis(N,N-diphenylaniline)] (TPDTT-3)
was prepared using the Sonogashira reaction, which involves a
brominated dithienothiophene (Li et al.,, 2005) and a terminal
alkyne bearing a triphenylamine (Suh et al., 1999). The chemical
structure of TPDTT-3 is shown in Scheme 2. Briefly, 4-ethynyl-
N,N-diphenylaniline (1.61g, 6 mmol) was added dropwise into a
solution of 2,6-dibromo-dithieno[3,2-b;2’,3’-d]thiophene (0.71g,
2 mmol), bis(triphenylphosphine)palladium (II) chloride (3 mol.%),
and copper(I) iodide (6 mol.%) in triethylamine (15mL) at 60°C.
The mixture was refluxed for 24 h at 95°C and cooled to rt. The
reaction mixture is then poured into water and extracted with
methylene chloride. The combined organic extracts were washed

with water, dried over anhydrous MgSQOy, filtered, and the solvent
was removed by evaporation. The product (bright green crystals,
1.02 g, yield: 70%) was purified using column chromatography
(silica gel; hexane/methylene chloride 6:1). '"H NMR (300 MHz,
CDCls, §) 6.99 (d, 4H, J=8.4Hz), 7.05-7.14 (m, 12H), 7.28-7.31 (m,
8H), 7.36 (d, 4H, J=8.4Hz), 7.49 (s, 2H). 13C NMR (75 MHz, CDCl3,
8) 148.75, 147.17, 141.71, 131.23, 132.60, 129.63, 125.35, 124.81,
124.75, 124.96, 122.14, 115.17, 95.67, 82.60. EIMS, m/z: 730 (100%,
M™). Anal. Calcd. for C4gH39N,S3 (730.96): C, 77.38; H, 4.14; N, 3.83;
S, 13.16. Found: C, 76.09; H, 4.24; N, 3.93; S, 13.14.

Synthetic route for the 1,4-bis(cyanostyryl)benzene (CSB)
based chromophore is described in Scheme 2. The TPA molecule,
[3-CSB-TP, was synthesized by the Heck reactions of 4-(N,N-
diphenylamino)styrene (Cho et al, 2004) with dibrominated
bis(cyanostyryl)benzenes, 2,5-bis[2-(4’-bromophenyl)-2-
cyanovinyl]-2-(2'-ethylhexyloxy)-5-methoxy-benzene ([3-CSB-Br),
(Tew et al, 2000) respectively. Briefly, (3-CSB-Br (300mg,
0.463 mmol), 4-(N,N-diphenylamino)styrene (310 mg, 1.108 mmol),
Pd(OAc); (5.1mg, 0.014mmol), tri-o-tolylphosphine (17.3 mg,
0.056 mmol) were dissolved in dry DMF (10mL) and tributhy-
lamine (2 mL), under nitrogen. The mixture was refluxed for 20 h
at 140°C and poured into methanol after cooling. The precipitate
was collected by filteration. The product (298 mg, yield: 63%) was
purified by column chromatography (silica gel; hexane/methylene
chloride; 1/1 volume): TH NMR (300 MHz, CDCls, §) 8.10 (s, 1H),
8.03 (s, 1H), 7.97 (s, 1H), 7.92 (s, 1H), 7.70 (t, 4H), 7.57 (d, 4H,
J=8.5Hz), 741 (d, 4H, J=8.5Hz) 7.32-7.27 (m, 8H), 7.18-7.00
(m, 20H), 4.05 (d, 2H, J=5.2Hz), 3.99 (s, 3H), 1.89-1.78 (m, 1H),
1.55-1.32 (m, 8H), 1.00-0.91 (m, 6H). MS, m/z: 1028 (100%, M*).
Anal. Calcd. for C;3HgsN40; (1027.34): C, 85.18; H, 6.27; N, 5.44; O,
3.11. Found: C, 85.04; H, 6.17; N, 5.21.

2.3. Nanoparticle preparation

2.3.1. Preparation methodology of HBPS-C, HBPS-N, HBPS-CN
nanoparticles

The HBPS-C nanoparticles were prepared by following a sim-
ple method: the HBPS-COOH was dissolved in DMSO (2 mM) and
then 0.5 mL of polymer solution is diluted with 0.5 mL of DMSO.
Water (9mL) was added dropwise to a solution of HBPS-COOH
in DMSO (1 mL, 1mM) with vigorous stirring. The final concen-
tration of dispersed nanoparticles in the mixed solution (water
90/DMSO 10, volume%) was 0.1 mM. After formation of the nanopar-
ticles, excess DMSO was removed by dialysis of the solution
against water in a 12-14kDa cutoff cellulose membrane (Spec-
trum Laboratories, Houston) for 24 h. The dialyzed solution was
then filtered through a 0.45pm cutoff membrane filter (poly-
tetrafluoroethylene, Whatman) and directly used for additional
experimentation.
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HBPS-N*(CH3 )31~ was used to prepare the HBPS-N nanoparti-
cles, which were synthesized using the same procedure described
for HBPS-C.

A mixed solution of HBPS-N*(CH3 )31~ and HBPS-COOH [HBPS-
N*(CH3)3I": 38 mgin 1 mL DMSO (2 x 10~3 M); HBPS-COOH: 19 mg
in 1 mL of DMSO (2 x 10-3 M) was employed to prepare the HBPS-
CN nanoparticles, which were synthesized in the same way as
described for the HBPS-C nanoparticles, only changing the ratio of
the HBPS-N*(CH3 )31~ /HBPS-COOH solution using several polymer-
weight percents [e.g., 90% HBPS-N*(CH3 )31~ +10% HBPS-COOH to
10% C+90% A, interval 10%].

2.3.2. Dye-loaded nanoparticles

Dye-loaded nanoparticles were prepared following the same
procedure described for the HBPS-C nanoparticles, but now using
either 0.5 mL TPDTT-3 or a [3-CBS-TP solution (in DMSO, 0.5 mM)
instead of 0.5mL DMSO. The final concentration of dispersed
nanoparticles in the mixed solution was 0.1 mM, including 25 pM
TPDTT-3 or [3-CBS-TP.

2.4. Material characterization

NMR spectra were recorded using a JEOL JNM-AL300 spec-
trometer with tetramethylsilane as the internal reference. Infrared
spectra were recorded with a Jasco FT-IR-460 Plus spectropho-
tometer using a KBr pellet. UV-visible and photoluminescence
spectra were measured using Shimadzu UV-3101 PC and Jobin-
Yvon Fluorog FL-311 spectrofluorometers, respectively. The relative
average molecular weights were determined by gel permeation
chromatography (GPC) analysis using polystyrene standards for
calibration (Japan Analytical Industry Co., Ltd. LC-908, pump:
HITACHI L-7110, column: JAIGEL-2H and JAIGEL-3H, RI detector:
JAI RI DETECTOR RI-5). The effective size, size distribution, and
¢ potential of the nanoparticles were determined by utilizing a
dynamic light-scattering particle-size analyzer (Brookhaven Zeta-
Plus fitted with an avalanche photodiode detector using a 656-nm
laser, Brookhaven Instruments Corporation of Holtsville, NY). A dia-
lyzed solution containing all the nanoparticles was passed through
a 0.45 pm-cutoff membrane filter (polytetrafluoroethylene) and
directly used for analyzing. Transmission electron microscopy
(TEM) was performed using a JEOL JEM-100cx microscope at an
accelerating voltage of 80 kV.

2.5. Two-photon absorption cross-section measurements

TPA cross-sections were measured using a two-photon-induced
fluorescence method (Xu and Webb, 1996; Albota et al., 1998) in
DMSO solutions and water dispersions. Samples such as TPDTT-3
and the reference were measured using a concentration of 2.5 WM.
The laser system was composed of a mode-locked Ti-sapphire laser
(Mira from Coherent), with 130-femtosecond (fs) pulses at a repeti-
tion rate of 76 MHz, pumped by a diode-pumped solid-state (DPSS)
laser (Verdi from Coherent) which was used for excitation. A spec-
trum analyzer (IST-rees) was employed to monitor the excitation
wavelengths. The laser beam was focused onto the sample using
a 5 cm-focal-length lens and the fluorescence spectra were moni-
tored using a Jobin-Yvon Fluorolog-3 spectrometer.

2.6. Cell viability

Cos-7 adherent kidney cell lines derived from African green
monkey kidney cells were dispensed into a 96-well flat-bottomed
microplate (Nunc) at a concentration of 10,000 cells/well and
allowed to attach overnight (using minimum essential medium
alpha, MEMa, and 10% FBS for growth). Cell viability was assessed
using the Cell Titer-Glo™ luminescent cell viability assay (Promega

Corporation, Madison, WI). This assay is a homogenous method for
determining the number of viable cells in culture based on the
quantity of ATP present, which signals the existence of metabol-
ically active cells. In brief, a Cell Titer reagent was added to the
cells after the experiments and the samples were mixed for 2 min
and allowed to incubate for 10 min at room temperature. Lumines-
cence was measured using a microplate luminometer (Synergy HT
microplate reader Bio-Tek), and the data were expressed as a per-
centage of the control. The tests were performed at least four times.
Each point represents the mean & SD value (bars) of replicates of
one representative experiment.

2.7. Invitro studies with tumor cells (nanoparticle uptake,
two-photon-excited fluorescence imaging, flow cytometry)

Human cervical epithelioid carcinoma cell lines (HelLa) and
African green monkey kidney (Cos-7) cells were cultured accord-
ing to the American Type Culture Collection (ATCC, Manassas, VA).
To study the uptake and imaging properties of the HBPS nanopar-
ticles, the cells were first plated (at approximately 300,000 cells
per culture plate, using 35 mm glass-bottom plates from MatTek
Corporation) and then the corresponding full medium was added
(2mL). For the flow cytometry studies, the cells were plated in
25 cm? culture flasks (at approximately 700,000 cells per flask) and
4 mL of corresponding media was added. The plates and flasks were
then placed in an incubator at 37 °C with 5% CO2 (VWR Scientific,
model 2400). After 24 h of incubation, the cells (about 60% con-
fluency) were rinsed with phosphate buffered saline (PBS), and a
fresh medium was added. For the imaging experiments, the respec-
tive nanoparticle samples (100 L) were added to the cell-culture
medium (1 mL) and the medium in each plate was exchanged with
the nanoparticle-mixed medium. For the flow cytometry measure-
ments, the nanoparticle suspensions (200 L) were mixed with
the cell-culture medium (2mL), and the medium in each flask
was exchanged with this nanoparticle-containing medium. Culture
plates and flasks were returned to the incubator. After incubation
in the presence of the nanoparticles (between 30 min and 3 h),
the culture plates and flasks were washed thoroughly with PBS
to remove any free nanoparticles. A fresh medium without serum
was added to the 35mm culture plates for confocal/two-photon
imaging; this medium was directly imaged under a confocal micro-
scope (Leica TCS SP2-AOBS). Confocal images were acquired using
405 nm diode-laser excitation, whereas the two-photon images
were acquired using 800 nm excitation (140fs pulses at 76 MHz
repetition rate) from a Ti:sapphire laser (Mira from Coherent Inc.)
pumped by a 10W DPSS laser (Verdi from Coherent Inc.). For the
flow cytometry measurements, the medium was removed and the
cells were detached using ethylenediaminetetraacetic acid (EDTA)
and trypsin. Cell pellets were collected by centrifugation (2000 rpm,
5min) and resuspended in PBS. Cell suspensions were analyzed
using a FACSCalibur flow cytometer (equipped with the 488 nm
line from an argon-ion laser). We used absorption and fluorescence
spectroscopy to confirm that there is sufficient fluorescence signal
from [3-CSB-TP under the 488 nm excitation. Data analyses were
conducted using the WinMDI program (version 2.8).

2.8. Agarose gel electrophoresis

Aqueous dispersions of HBPS-C, HBPS-N, HBPS-CN30:70,
and HBPS-CN10:90 were gently mixed with DNA (phospho-[3-
galactosidase: p-(3-gal) (0.4 ng) in diethylpyrocarbonate (DEPC)
treated water at room temperature and incubated overnight (at
4°C)for the formation of the DNA-nanoparticle complex. The above
solution, or 0.4 g of free DNA as control, was added to 1% agarose
gel in a Tris acetate-EDTA (TAE) buffer and subsequently stained
with ethidium bromide. The gel was run for 1h (at 90V) and doc-



WJ. Kim et al. / International Journal of Pharmaceutics 376 (2009) 141-152 145

umented using a UVP bioimaging system. An LM-20E ultraviolet
benchtop transilluminator (UVP, Upland, CA) was used in conjunc-
tion with an Olympus (Melville, NY) Digital Camedia C-4000 zoom
color camera with a UV filter and a lens. Documentation was com-
pleted using the DOC-IT system software.

2.9. In vitro gene transfection using B-galactosidase plasmid

Cos-7 cells were seeded in a 24-well plate (at a density of
40,000 cells per well) in 1 mL of minimum essential medium alpha
(MEMag, Invitrogen, CA) containing 10% fetal bovine serum (FBS).
After 24 h of incubation, the cells were washed and maintained for
1h in the medium without serum. The DNA-complexed suspen-
sions were prepared using 1 pg of plasmid and different amounts
of HBPS nanoparticles (namely, 5, 10, 15, and 20 pL) and incubated
for 6 h (at room temperature) to form the DNA-nanoparticle com-
plex. The DNA-complexed HBPS nanoparticle suspensions (200 L)
were then added into the wells. Transfection experiments were
performed in a medium without serum protein. After 4 h of incu-
bation, the medium was replaced with fresh MEMa containing
10% FBS and incubated (at 37°C) with 5% CO, (VWR Scientific,
model 2400). The cells were left for 36 h in the incubator, washed
once with PBS, and analyzed for [3-gal expression using a mam-
malian [(3-galactosidase assay kit (Pierce Biotechnology, IL). The
absorbance was measured at 405nm using a microplate reader
(Synergy HT, Bio-Tek). Transfection measurements with Fu-Gene6
(Roche Applied Systems, IL) pSV-3-gal plasmid were performed
(as positive controls) according to the manufacture’s protocol.
Briefly, the Fu-Gene6-DNA (2 L/1 .g) complexes were incubated
in 200 L of fresh medium without serum protein for 30 min, the
cells being incubated further (for 36 h) at 37 °C before being ana-
lyzed for B-gal activity. Cells treated with either media alone or
media containing 1 g of DNA were used as control. The data
are expressed as the mean of triplicate samples after subtraction
of the DNA only group, plus/minus the standard deviation of the
mean.

2.10. In vitro gene transfection using pEGFP-N1 plasmid

Cos-7 (or MCF-7) cell lines were cultured as previously
described. Highly purified pEGFP-N1 was transfected in the Cos-
7 (or MCF-7) cells using the Fu-Gene6 transfection reagent and
according to the manufacturer’s protocol. Fu-Gene6 served as
control to deliver 1 g of pEGFP-N1 into the cells. Nanoparticle
suspensions prepared by adding 1 g of pEGFP-N1 plasmid and
20 p.L of HBPS nanoparticles (HBPS-C, HBPS-N, HBPS-CN30:70, and
HBPS-CN10:90) in media without serum (200 wL) were incubated
for 6h at room temperature before the experiments and added
to the 35 mm culture plates. After 4 h of incubation, the medium
was replaced by fresh MEMa containing 10% FBS, and incubated
at 37°C with 5% CO, (VWR Scientific, model 2400). Fluorescence
images were acquired after 36h under a fluorescence micro-
scope (MRC-1024, Bio-Rad, Richmond, CA), which was attached
to an upright microscope (Nicon model Eclipse E800). A water-
immersion objective lens (Nikon, Fluor 60x, NA1.0) was used for the
cells.

2.11. Amplification and purification of pEGFP-N1

EGFP-N1 (Clontech) pDNA grown in Escherichia coli DH5a was
purified using the Qiagen kit according to the manufacturer’s
instructions and resuspended in TE buffer (10 mmol/L Tris/HCI and
1 mmol/LEDTA, pH 8.0). The purity was confirmed using 1% agarose
gel electrophoresis and spectrophotometry (A260/A280), and the
DNA concentration was measured by UV absorption spectroscopy
performed at 260 nm (ND-1000 Spectrophotometer).

3. Results and discussion
3.1. Material preparation and characterization

The synthetic routes for obtaining the silicone-based polymers
are described in Scheme 1. HBPS containing vinyl end groups (HBPS-
vinyl) was synthesized by hydrosilylation of 1,1,3,5,5-pentamethyl-
1,5-divinyltrisiloxane (an AB, type monomer), whereas HBPS poly-
mers containing carboxyl (HBPS-COOH) and N,N-dimethylamino
[HBPS-N(CH3),] end groups were prepared by the reaction of HBPS-
vinyl with mercaptoacetic acid and 2-(dimethylamino)ethanethiol
hydrochloride, respectively. The compound HBPS-N(CH3 )3*I~ was
prepared by quaternization of the amine group on HBPS-N(CH3),.
The chemical structures and average molecular weights were fully
characterized using "H NMR, 29Si NMR, FTIR, and GPC. The carboxyl
end groups of the side chains bind to the polysiloxysilane backbone,
thus allowing micelle formation in aqueous media. In a similar man-
ner, quaternary ammonium components attach to the side chains,
thereby producing a material that contains cationicammonium salt
groups to promote hydrophilicity. The presence of carboxyl and
quaternary ammonium substituents in the side chains enables the
formation of amphiphilic polysiloxysilane nanoparticles by means
of self-assembly in aqueous media.

The ability of each polymer to form nanoparticles in aqueous dis-
persions was examined by using dynamic light scattering (DLS) and
TEM. Fig. 1a shows representative nanoparticle size distributions
for HBPS-C and HBPS-N, while Fig. 1b displays the corresponding
TEM images. The size distributions and ¢ potentials (index of surface
charge) of the nanoparticles were monitored by DLS (Brookhaven
90Plus with ZetaPlus attachment). The DLS and ¢ potential data
are shown in Table 1. For each type of nanoparticle, a stable aque-
ous dispersion was obtained by slowly adding a given amount
of polymer solution in N,N-dimethyl sulfoxide (DMSO) to water
to obtain a final concentration of 10 wM. Although the prepared
nanoparticles exhibited a narrow size distribution, they had differ-
ent surface charges depending on the mixture of HBPS polymers
used. The size of the polysiloxysilane nanoparticles depends on
both the polymer concentration and the stirring speed. Particle
sizes below 60 nm were obtained using a stirring speed of 1200 rpm
and a polymer concentration of 10 wM. The HBPS-N nanoparti-
cles generated from HBPS-N*(CHs3 )31~ showed a positive surface
charge density (¢ potential) which might be desirable for binding
to negatively charged DNA molecules. A positive ¢ potential may
also be beneficial for enhanced cellular uptake because typical cell
membranes are slightly negatively charged. On the other hand, the
HBPS-C nanoparticles generated from HBPS-COOH exhibit a nega-
tive ¢ potential.

The nanoparticle surface can be modified to have different ¢
potentials by using an appropriate mixture of HBPS molecules con-
taining different charged groups attached to it. This altered charge
distribution of the nanoparticles is beneficial for drug/fluorescent-
probe carrier systems, because the charge tunable nanoparticles
might provide the effective accumulation in the target cells. Thus,
we have developed surface-charge-controllable nanoparticles with
various altered surface charges. The HBPS-CN30:70 nanoparti-
cles (prepared form a mixture of 70 mol.% HBPS-N*(CH3 )31~ and
30 mol.% HBPS-COOH) are stable in aqueous dispersions and exhibit
a suitable size (see Fig. 1). Also, their surface charges have a ¢
potential that seems to be in-between the ¢ potential of nanopar-
ticles prepared from positively charged HBPS-N*(CH3)3I~ and
that of nanoparticles obtained from negatively charged HBPS-
COOH. Therefore, variable values of the ¢ potential can be
obtained by simply mixing HBPS-N*(CH3 )31~ and HBPS-COOH (see
Fig. 2). Several ratios of the constituents of the HBPS blends
were explored systematically for preparing the surface-charge-
controllable nanoparticles. Table 1 shows the mixing ratios and
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Fig. 1. (a) Representative DLS data showing the nanoparticle size distributions of polysiloxysilane nanoparticles, HBPS-N (nanoparticles prepared by HBPS-N*(CHs)317),
HBPS-C (nanoparticles prepared by HBPS-COOH), and HBPS-CN30:70 (particles formed by mixing ratio of 30 mol.% of HBPS-COOH and 70 mol.% of HBPS-N*(CH3 )31~). (b) TEM

images of the corresponding samples.

characteristics of the nanoparticles. At ratios between 5:5 and
3:7 [HBPS-N*(CH3 )31~ :HBPS-COOH, in mol.%], the particles settled
down during dialysis. Typically, the surface charges on the nanopar-
ticles play a significant role in their stabilization in an aqueous
environment. If the particles prepared from mixed polymers have a
minimal surface charge density (i.e., close to neutral), their stability
in aqueous dispersions may be affected. Still, stable nanoparticle
dispersions with a wide range of ¢ potentials can be obtained by
simply adjusting the ratio of the two HBPS polymers. Here, we
mainly study in detail one mixing ratio, namely, HBPS-CN30:70
(70 mol.% HBPS-N*(CH3 )31~ and 30 mol.% HBPS-COOH) because of
the stability, size, and uptake efficiency.

The HBPS nanoparticle systems were found to be very effi-
ciently loaded with hydrophobic molecules in aqueous media.
The hydrophobic molecules such as fluorescent dyes and drugs
are encapsulated inside the HBPS nanoparticles, thereby form-
ing hydrophobic interaction-induced micelles. To demonstrate this

Table 1
Characteristics of the hyperbranched polysiloxysilane nanoparticles.

capability of encapsulation, we chose a two-photon-absorption
(TPA) dye, namely, 4,4'-[dithieno[3,2-b:2’,3'-d]thiophene-5,5'-
diylbis(ethyne-2,1-diyl)bis(N,N-diphenylaniline)], to be encapsu-
lated inside the HBPS nanoparticles. We selected this dye because it
exhibits the following characteristics: the new dithieno|[3,2-b:2’,3'-
d]thiophene (DDT) based dye possesses a large value of the TPA
cross-section (o3), a high fluorescence quantum yield, good sol-
ubility in common solvents, and a high thermal/optical stability.
Thus, HBPS nanoparticles containing TPDTT-3 dyes can be used as
efficient two-photon fluorescence labels for bioimaging. Chemical
structures of the DTT-based TPA chromophores are described in
Scheme 2. The dye TPDTT-3 shows a solvatochromic behavior that
depends on the polarity of the solvent; for example, fluorescence
from a highly polar N,N-dimethylformamide (DMF) solution is red-
shifted and slightly quenched compared to a nonpolar toluene
solution of the same dye (Fig. 3). The changes in the emission wave-
length should be monitored during TPA-dye encapsulation inside

Type of nanoparticle Polymer Zeta potential (mV)? Mean size (nm)

TEM DLS?
HBPS-N HBPS-N*(CH3)31~ 64 + 8 ~40 55+ 6
HBPS-C HBPS-COOH —-40 +9 ~32 46 + 10
HBPS-CN30:70° HBPS-COOH and HBPS-N*(CH3 )31~ 46 + 6 ~40 38+38

2 The data represent the mean + SD (standard deviation), n=3.

b Amixture of 30 mol.% HBPS-COOH and 70 mol.% HBPS-N*(CH3 )31~ Particle sizes below 60 nm were obtained using a stirring speed of 1200 rpm and a polymer concentration

of 10 WM.
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Fig. 2. Zeta-potential changes of HBPS-CN according to the mixed ratio.
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Fig. 3. One-photon absorption and emission spectra of TPDTT-3 in various solvents.
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Table 2
One- and two-photon photophysical properties of DTT-based chromophores and
polysiloxysilane nanoparticles.

Compound Solvent A2 (nm)* A™ (nm)° @ op (GM)!  ATEE (nm)°
TPDTT-3 DMSO 420 516 045 1509 760
HBPS-C Water 405 462 0.15 344 760
HBPS-N Water 405 462 0.09 260 760

2 One-photon absorption maximum.

b One-photon fluorescence maximum.

¢ Fluorescence quantum yield determined relative to rhodamine 6G.

4 TPA cross-section; 1 GM =105 cm* s photon~"', measured by the two-photon
fluorescence method using 130 fs pulses at a repetition rate of 76 MHz.

¢ TPA maximum wavelength.

the HBPS nanoparticles. Such changes can be utilized to confirm
encapsulation of the dye inside the hydrophobic environment of
the HBPS nanoparticles.

For each type of dye-loaded nanoparticle, we obtained stable
aqueous dispersions in the same manner as described above. The
final concentration of the polymer in water was 0.1 mM, including
25 WM TPDTT-3. The TPDTT-3 loaded HBPS-C nanoparticles (i.e., the
nanoparticles prepared using HBPS-COOH) show specific changes
in the fluorescence spectra depending on the molecular environ-
ments. Fig. 4a clearly shows the drastic changes in the emission
spectrum of TPDTT-3 loaded HBPS-C in comparison with those of
the dye dispersed in water or dissolved in DMSO. The structured
bands observed in the emission spectrum of HBPS-C are blue-
shifted relative to the featureless broadband emissions observed in
the spectra of the same dye in DMSO or water. In addition, TPDTT-3
loaded HBPS-C exhibits the same emission behavior as TPDTT-3 in
an HBPS-COOH spun film. Therefore, encapsulation of TPDTT-3 by
HBPS-COOH leads to important photophysical changes in this sys-
tem. In contrast, the nanoparticles that do not contain the TPA dye
show no absorption in the wavelength range of 300-800 nm (see
Fig. 4c). These changes indicate that the dye must be encapsulated
inside the polymer nanoparticles during their formation, by means
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Fig.4. (a) Emission changes of TPDTT-3 according to the molecular environments. (b) One-photon absorption and emission spectra of three type TPDTT-3 loaded polysiloxysi-
lane nanoparticles (solid line: HBPS-C, dash: HBPS-N, dash-dot: HBPS-CN30:70). (c) One-photon absorption spectra of only HBPS nanoparticles. (d) Two-photon excitation
spectra of free TPDTT-3 and TPDTT-3 loaded nanoparticles. 1 GM=10-° cm* s photon~!.
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Fig. 5. Confocal fluorescence microscopy images of HeLa cells treated with TPDTT-3 loaded HBPS-C (a), HBPS-CN30:70 (b), and HBPS-N (c) for 3 h. The single photon excitation
(left column), transmittance (middle) and two-photon excitation (right) images are shown.

of hydrophobic interactions between the TPA dye and the polymer
backbone. Representative spectra of the three types of nanoparti-
cles after loading with TPDTT-3 are shown in Fig. 4b. The similarities
between the one-photon-absorption and the fluorescence spectra
suggest that both absorption and emission occur from the same
environments.

The TPA properties of TPDTT-3 loaded polysiloxysilane nanopar-
ticles were studied by two-photon-excited fluorescence (TPEF)
measurements using a Ti-sapphire laser with 130fs pulses at a
repetition rate of 76 MHz (Mira from Coherent Inc.). Fig. 4d shows
the two-photon excitation spectrum, recorded in the range of
720-860 nm and plotted together with that of the reference, rho-
damine 6G (Krebs and Spanggaard, 2002; Strehmel et al., 2003). The
TPA spectra of both types of nanoparticles showed hypsochromic
shifts inintensity relative to the TPDTT-3 DMSO solution (1509 GM).
This intensity decrease indicates that TPDTT-3 may be locally aggre-
gated inside the nanoparticles and that the environment changes
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Fig. 6. Percentage of Cos-7 cell survival after treatment (for 24 h) with the HBPS
nanoparticles (10 pL).
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Fig. 7. Absorption (a) and emission (b) spectra of 3-CBS-TP loaded HBPS nanoparticles. The emission spectra were recorded using an excitation wavelength of 488 nm.
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Fig. 8. One photon excitation images of HeLa cells treated with TPDTT-3 loaded HBPS-N for 30 min. Inset; 3 h staining. Note that merged transmission (blue) and single-photon
excited fluorescence (green) images are shown. (b) Flow cytometry histograms of the nanoparticles in HeLa cells. In all cases, 20,000 cells were counted and all data were
gated in a similar way. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of the article.)

around the TPA dyes by encapsulation of the polymer. The estimated
o5 values at 760 nm are 344 GM for HBPS-C and 260 GM for HBPS-N.
All the collected TPA data are shown in Table 2.

3.2. Invitro one- and two-photon bioimaging

Structurally similar polysiloxysilane nanoparticles, with differ-
ent surface charges and loaded with the TPA dye, were evaluated
as optical bioimaging probes using multi-photon and confocal
microscopy. Studies were conducted to evaluate the cellular-uptake
capabilities of the HBPS nanoparticles into human cervix epithe-
lioid carcinoma (HeLa) cells. Cells in culture media, containing
TPDTT-3 loaded HBPS-C, HBPS-N, and HBPS-CN30:70, were inde-
pendently incubated for 3 h. Fig. 5 shows the single-photon confocal
and two-photon images of HeLa cells treated with the composite
nanoparticles. As the imaging results show, the composite nanopar-
ticles were similarly internalized into the cell cytoplasm, with
minimal cytotoxic effect. Although all the composite nanoparti-
cles showed a comparable intracellular distribution, their cellular
uptake significantly depended on their surface-charge density. We
also confirmed minimal cytotoxicity of the nanoparticles using the
CellTiter-Glo™ luminescent cell viability assay, based on measure-
ments of the cellular ATP levels, which showed a minimal decrease
in the number of viable cells, even after 12 h of incubation (Fig. 6).

Even though two-photon fluorescence imaging gives cellular-
uptake-efficiency information for a limited number of cells, it does
not provide enough statistical information on the difference in cel-
lular uptake of the composite nanoparticles depending on their
surface charges. Therefore, flow cytometry was employed to under-
stand the effect of nanoparticle surface charge on both cellular
uptake and signal output from cells, using TPA-loaded HBPS-C,
HBPS-N, HBPS-CN30:70, and HBPS-CN10:90 under excitation at
488 nm. It should be noted that we had to prepare 3-CBS-TP (see
Scheme 2) loaded HBPS nanoparticles for the flow cytometry stud-
ies, because the excitation wavelength of 488 nm was not optimal
for the TPDTT-3 dye. The 3-CBS-TP loaded HBPS nanoparticles pro-
duced a fluorescence signal that was good enough to be detected
using flow cytometry (see Fig. 7). Note that the signal output from
the stained cells is proportional to both the fluorescence intensity
and the cellular-uptake efficiency of the individual nanoparticles.

As seen from the flow-cytometry results in Fig. 8b, the highly
negative surface charges of the HBPS-C nanoparticles (from the car-
boxylic acid end groups in the HBPS-COOH polymer) had a negative
effect on cellular uptake, relative to nanoparticles with positive sur-
face charges (e.g., HBPS-CN30:70). This can be explained because it
is well known that a highly negative ¢ potential gives rise to elec-
trostatic repulsion that reduces the cellular uptake of nanoparticles

(because the surface of a cell membrane is negatively charged). In
contrast, the positive ¢ potential of the HBPS-N nanoparticles can be
regarded as a key factor by which the nanoparticles are attracted to
the slightly negatively charged cell membrane. As seen from Fig. 8,
while after 30 min incubation (Fig. 8a) of HBPS-N, most of the flu-
orescent nanoparticles accumulated in the cell membranes. After
3h of incubation (Fig. 8a inset) fluorescence image showed sig-
nificantly entry of HBPS-N into the cell cytoplasm. These results
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Fig. 9. (a) Relative transfection efficiency of (3-galactosidase expression in COS-7
cells using HBPS nanoparticles. The graph for each transfection represents the mean
of two separate experiments in which each sample was tested in triplicate. For com-
parison purposes, in each nanoparticle types, the levels of (3-gal expression were
adjusted to show relative expression by normalizing the 3-gal expression of the
Fu-Gene6 vector to 100%. Each point represents the mean + SD (bars) of replicates.
(b) Image of agarose gel electrophoresis of plasmid DNA, free and complexed with
HBPS nanoparticles. Lane 1: molecular weight marker, lane 2: HBPS-N/DNA, lane 3:
HBPS-CN10:90/DNA, lane 4: HBPS-CN30:70/DNA, lane 5: HBPS-C/DNA, lane 6: free
DNA. (c) Displays binding efficiency of DNA with HBPS at different DNA ratios (stud-
ied by agarose gel electrophoresis). Lane 1: DNA (40 ng/p.l), lane 2: HBPS-CN10:90
(200 wL)/DNA (4 L), lane 3: HBPS-CN10:90 (400 wL)/DNA (4 wL), lane 4: HBPS-
CN10:90 (800 wL)/DNA (4 L), lane 5: HBPS-CN30:70 (200 L)/DNA (4 p.L), lane 6:
HBPS-CN30:70 (400 wL)/DNA (4 nL), lane 7: HBPS-CN30:70 (800 p.L)/DNA (4 pL).
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Fig. 10. The schematic diagram for gene delivery using HBPS nanoparticles (a). Confocal fluorescence image of Cos-7 cells treated with HBPS nanoparticles previously incubate
with EGFP plasmid. Transfected images of Cos-7 cells with EGFP-encoding plasmid with different carriers (b) naked pDNA, (c) Fu-Gene6 transfection reagent, (d) complex

HBPS-CN30:70/EGFP plasmid, and (e) complex HBPS-N/EGFP plasmid.

indicate that the cationic variant of the HBPS nanoparticles (i.e.,
HBPS-CN30:70) exhibit better cellular-uptake efficiency.

3.3. Invitro gene delivery

As mentioned previously, surface-charge-tunable HBPS-based
nanoparticles possess a number of advantages that can be used in
the delivery of genetic molecules (e.g., plasmid DNA: pDNA). These
advantages include a strong attraction to the genetic molecules via
coulombic interactions in aqueous media as well as the effectively
release of genetic molecules inside targeted cells by buffering effect
(Xu and Szoka, 1996) or proton sponge effect (Boussif et al., 1995).
These properties of the nanoparticles make them highly appropri-
ate for use as nonviral gene delivery vectors. We performed agarose
gel electrophoresis studies to examine the binding efficiencies of
DNA molecules to these cationic HBPS nanoparticles (e.g., HBPS-
CN30:70). The results obtained for pDNA-both free and complexed
with different HBPS nanoparticles (namely, HBPS-C, HBPS-N, HBPS-
CN30:70 and HBPS-CN10:90) are shown in Fig. 9b. It can be seen
that with increasing amounts of quaternary ammonium groups
(positive charge) on the nanoparticles, the mobility of the com-
plexed DNA toward the positive terminal is retarded (see Fig. 9c).
This result suggests that the plasmid is no longer able to move freely,
because the resulting nanoparticle-DNA complex has a restricted
mobility in the gel. These observations indicate an excellent com-
plexing ability of the cationic HBPS nanoparticles with pDNA, which
is an important pre-requisite for its use as gene delivery vector.

The second requirement for use in gene delivery is an effi-
cient release of the functional genetic material inside the cell

cytoplasm, after facilitating the uptake of plasmid DNA into
the cells. To confirm that the delivered DNA is functional, we
studied the delivery of two different plasmid vectors encoding
enhanced green fluorescence protein (eGFP) and 3-galactosidase
(B-gal) using HBPS nanoparticles. The transfection efficiencies of
the encoded proteins after delivery were monitored using either
confocal microscopy (for eGFP) or spectrophotometric methods
(for B-gal).

As shown in Fig. 10, we observed that the cells were transfected
with plasmid encoding EGFP (pEGFP) for HBPS-N, HBPS-CN30:70,
and HBPS-CN10:90 nanoparticles as the delivery vector. The
observed green cellular fluorescence is from the expressed EGFP,
which has been confirmed by confocal fluorescence microscopy.
It is very well known that cationic materials can mediate gene
delivery. Thus, in addition to the transfection of Cos-7, we report
preliminary experiments to examine the transfection ability of the
HBPS-based vectors to other cell type such as MCF-7 (human breast
tumor cells). The resulting fluorescence microscopy images of the
EGFP transfected MCF-7 are shown in Fig. 11. For a given gene deliv-
ery system, the HBPS-CN30:70 shows better transfection efficiency
compared with HBPS-CN10:90 and HBPS-N. Behr and his cowork-
ers have investigated that the proton sponge effect is responsible
for the release of DNA into the cytoplasm by cationic polymers with
pKss below physiological pH (Boussif et al., 1995). A moderate pos-
itive charged HBPS nanoparticles, HBPS-CN30:70, are notable as a
proton sponge, leading to high transfection activity against highly
positive charged nanoparticle (HBPS-N).

Spectrophotometric methods were applied to monitor the
dependence of the in vitro gene transfection efficiency on the
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Fig. 11. Confocal fluorescence image of MCF-7 cells treated with HBPS nanoparticles previously incubated with EGFP plasmid. Transfected images of MCF-7 cells with EGFP-
encoding plasmid with different carriers (a) naked pDNA, (b) complex HBPS-CN30:70/EGFP plasmid, (c) complex HBPS-CN10:90/EGFP plasmid, and (d) complex HBPS-N/EGFP

plasmid.

nature of the carrier nanoparticles using the DNA-complexed
nanoparticles HBPS-C/[3-gal, HBPS-N/[3-gal, HBPS-CN30:70/3-gal,
and HBPS-CN10:90/3-gal. Note that the transfection efficiency with
Fu-Gene6 (a commercial gene delivery vector from Roche Applied
Biosystems) was considered to be 100%. Fu-Gene6 served as control
for the delivery of pEGFP-N1 (1 wg) into the cells. The best transfec-
tion was obtained using the HBPS-CN30:70/3-gal complex (~50%,
see Fig. 9a). For all the measured cell lines, it is worth noting that
the transfection efficiency of HBPS-C is always very low, below 5%,
due to the poor coulombic interactions between nanoparticle and
DNA. It is clear that the ratio of anion and cation, fully covering the
nanoparticle surface, plays a key role for the gene delivery as men-
tioned above. Thus, even though the cationic HBPS nanoparticles
provide genetic molecule delivery, HBPS-CN30:70 would be much
more applicable for in vitro studies where efficient gene transfection
is essential.

4. Conclusions

We synthesized novel HBPS materials and successfully prepared
nanoparticle formulations of these polymers by exploiting spe-
cific interactions between the hydrophilic end groups (e.g. -COOH
and -N*(CH3);17) and the aqueous medium. Efficient encapsula-
tion of the hydrophobic dyes inside these HBPS nanoparticles was
also achieved. Our experimental results demonstrate that the HBPS
nanoparticles are useful fluorescent nanoprobes for bioimaging
applications as well as suitable vehicles for nonviral gene delivery.
The importance of controlling the ¢ potential (surface charges) of
the nanoparticles for efficient cellular uptake was demonstrated
using different nanoparticle composites with widely varying ¢
potential values. The finely controlled cellular-uptake properties
of these nanoparticles (achieved by simply changing the terminal
groups in HBPS) were also confirmed. We demonstrated success-
ful in vitro delivery of pDNA-encoding proteins such as eGFP and
[3-gal (monitored either by confocal microscopy or by spectropho-
tometry) into tumor cell lines such as Cos-7 and MCF-7 using these
newly synthesized HBPS nanoparticles.
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