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Abstract
Novel core-shell structured nano-assemblies are assembled by a β-cyclodextrin containing positively
charged host polymer and a hydrophobic guest polymer. The hydrophobic core of this type of
assemblies serves as a nano-container to load and release the hydrophobic drugs, while the positively
charged hydrophilic shell is able to condense the plasmid DNA and achieve its transfection/
expression in osteoblast cells. These assemblies may be used as a new generation of multi-functional
nano-carriers for simultaneous drug delivery and gene therapy.
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Multi-functionalized nanocarriers are attractive in pharmaceutics, medical imaging,
biomedical engineering, and gene therapy.1 For instance, drug delivery, cell targeting and/or
multi-modal imaging can be simultaneously achieved by multifunctional inorganic
nanoparticles or nanocrystals, inorganic-organic hybrid nanoparticles and polymeric
assemblies.2-9 Studies based on these versatile pharmaceutical nanocarriers have provided
profound insights on the intracellular or in vivo distribution, and valuable information on the
spatial and temporal interactions of delivery carriers with cells and tissues as well as their
intracellular interactions. In addition, multi-functional nanoparticles have also been employed
to implement the simultaneous gene delivery, drug delivery and imaging.6, 10-14 Using cyanine
dye (Cy5.5) labeled magnetic nanoparticles conjugated to a synthetic small interfering RNA
(siRNA) duplex, Moore and coworkers were able to achieve the in vivo transfer of siRNA and
the simultaneous imaging of its accumulation in tumors by high-resolution magnetic resonance
imaging and near-infrared in vivo optical imaging.15 Proton-sponge coated quantum dots were
employed by Nie and Gao et al. for siRNA delivery and intracellular imaging.16

While these nanocarriers allow the real-time tracking and ultrastructural localization of siRNA
delivery system, combining drug delivery and gene therapy in one particle has the potential to
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enhance the transfection efficiency or to achieve a synergistic/combined effect of drug and
gene therapies.17-20 By co-delivering inflammatory suppressors and plasmid DNA (pDNA)
through liposomes, Huang and coworkers developed a non-immunostimulatory gene vector
(safeplex), which can inhibit the inflammatory toxicity induced by cationic lipids and CpG
motif of pDNA.21 Using cationic core-shell nanoparticles self-assembled from an amphiphilic
copolymer, co-delivery of paclitaxel and pDNA/siRNA was achieved by Yang et al.22 Both
in vitro and in vivo studies demonstrated that these nanoparticles could suppress cancer growth
more efficiently compared with delivery system containing either drug or therapeutic gene
alone. Recently, polymeric micelles based on polyethyleneimine grafted poly(ε-caprolactone)
have also been employed as the dual carriers of an anticancer drug and gene to achieve the
synergistic effects.23 Although only a few studies regarding multifunctional pharmaceutical
nanocarriers based on polymers have been reported this far, such delivery systems already
showed great potentials to function as highly efficient and specialized carriers for drugs, genes,
and diagnostic agents.

On the other hand, due to its excellent biocompatibility, β-cyclodextrin (β-CD) has been widely
used as a host unit to construct delivery carriers.24 Camptothecin conjugated β-cyclodextrin-
based polymers have been synthesized to assemble into nanoparticles for tumor therapy by
Davis's group.25, 26 In addition, β-CD containing polycations were developed for siRNA
delivery.27, 28 Most importantly, both delivery systems have been successfully developed to
clinical trials. The aim of this contribution is to develop novel multifunctional polymeric nano-
assemblies for simultaneous drug and gene delivery. The core-shell structured nanocarriers
developed herein are assembled through a host-guest interaction by a β-cyclodextrin containing
cationic polymer and a hydrophobic polymer. The hydrophobic core serves as a nanocontainer
for lipophilic drugs, while the cationic shell can condense pDNA. Functioning as
multifunctional nano-vehicles, these polymeric assemblies can simultaneously deliver both
hydrophobic drugs and genes.

Results and Discussion
As a proof of concept, we selected a branched polyethyleneimine (PEI) as a scaffold polymer,
onto which β-CDs were conjugated as the host units that can complex with a guest hydrophobic
polymer to mediate the assembly process. By a nucleophilic substitution reaction between 6-
mono-tosyl β-CD and amino group of PEI, β-CD conjugated PEI (PEI-CD) was synthesized.
Figure S1b shows 1H NMR spectrum of PEI-CD. In addition to the chemical shift at 2.5-3.0
ppm, the appearance of signals at 3.4-4.0 and 5.1 ppm, which are characteristic signals of
protons from β-CD, suggested the successful conjugation of β-CD units. Moreover, as shown
in Figures S2a and b of FT-IR spectra of PEI and PEI-CD, absorption at 1033 cm-1 due to –
C–O– groups increased significantly compared with that of PEI, which also verified the
introduction of β-CD units onto PEI scaffold. Calculation based on 1H NMR spectrum
indicated that about 13 β-CD groups were conjugated onto each PEI chain. On the other hand,
poly(β-benzyl L-aspartate) (PBLA), a hydrophobic polymer with flanking benzyl groups was
selected as a model guest polymer. The molecular weight of PBLA synthesized by a ring-
opening polymerization was about 2000 as determined by a matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF) mass spectrometer.

By a modified dialysis procedure, assemblies based on PEI-CD/PBLA were prepared. A
preliminary FT-IR measurement was performed to confirm the incorporation of PBLA
component into the assemblies. As shown in Figure S2c, in addition to absorptions due to PEI-
CD, new peaks corresponding to PBLA appeared, especially that at 1735 cm-1, which is a
characteristic stretching vibration of carbonyl in PBLA. Accordingly, this result indicated the
presence of PBLA component in the obtained assemblies. Unless stated otherwise, all the
following studies were based on the assemblies prepared by the formulation with a weight ratio
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(PEI-CD to PBLA) of 10:3. The morphology of assemblies was characterized using
transmission electron microscopy (TEM), atomic force microscopy (AFM) and scanning
electron microscopy (SEM). As shown in Figure 1a of TEM image, spherical assemblies can
be observed. Statistical analysis based on TEM images suggested that the average size was 95
nm. The spherical morphology of assemblies was further demonstrated by AFM and SEM
images, which are illustrated in Figures 1c and d. The number-averaged size determined by
dynamic light scattering (DLS) was 90.6 nm (Figure 2), and this result was consistent with
TEM and SEM observation. The combination of TEM, AFM and SEM results pointed to the
conclusion that spherical nanoparticles can be assembled by PEI-CD in the presence of PBLA.
Thus obtained nano-assemblies were stable enough to be characterized by AFM and SEM. In
addition, by staining with phosphotungstic acid (PTA), we were able to directly observe the
core-shell structure of PEI-CD/PBLA assemblies. As shown in Figure 3, a dark shell can be
clearly observed. Since PTA preferentially stains hydrophilic micro-domains, this dark shell
should correspond to hydrophilic segments of PEI chains.

Fluorescence measurement was then employed to provide information on the core of
assemblies, and pyrene was used as a probe. Figure 4a shows the normalized emission spectra
of pyrene in the presence of PEI-CD/PBLA derived assemblies. The fluorescence band from
370 to 420 nm is the characteristic emission of excited pyrene monomer, while the broad band
extending from 420 to 600 nm is ascribed to the pyrene excimer. With the increase in
assemblies' concentration, a significant enhancement in excimer intensity can be observed.
Plots of concentration dependent changes in intensity ratios of I338/I333, I3/I1 and IE/IM are
shown in Figure 4b. Significant increase in the values of I338/I333, I3/I1 and IE/IM can be
observed for pyrene as the concentration of PEI-CD/PBLA assemblies increased to a certain
point. Based on I3/I1 data, a critical concentration of 0.04 mg/mL was obtained. No significant
changes in IE/IM, however, were found in the case of β-CD (Figure S3). Furthermore, the values
of I3/I1 for PEI-CD/PBLA assemblies are comparable with those of polymeric micelles based
on polyethylene glycol-block-poly(β-benzyl L-aspartate) (PEG-b-PBLA), which were
significantly larger than those for β-CD. These observations indicated that assemblies based
on PEI-CD/PBLA possessed a core similar to that of PEG-b-PBLA micelles. In other words,
the core of PEI-CD/PBLA assemblies might be mainly composed of hydrophobic PBLA.

Further information on the microviscosity of inner core of assemblies was provided by 1H
NMR and fluorescence anisotropy. As shown in Figure S1c, no proton signals corresponding
to PBLA can be observed for assemblies based on PEI-CD/PBLA in D2O. However, signals
at 7.3 and 5.0 ppm that are characteristic peaks of protons related to benzyl group, are evident
in DMSO-d6. This indicates that the cores of these assemblies are mainly comprised of PBLA
chains with limited mobility, and therefore this type of assemblies possesses a rigid core. In
the case of fluorescence depolarization study, 1, 6-diphenyl-1, 3, 5-hexatriene (DPH) was used
as a fluorophore. The magnitude of r measured for DPH in an aqueous solution of PEI-CD/
PBLA based assemblies was about 0.26, which was even larger than that for PEG-b-PBLA
based micelles (r=0.23 in this case). This result again suggested that the cores of assemblies
based on PEI-CD/PBLA are essentially rigid.

As a summary, above results suggested that core-shell structured nano-assemblies could be
formed by PEI-CD in the presence of PBLA. PBLA-rich micro-domain formed the
hydrophobic core, while positively charged PEI segments served as the hydrophilic shell. Since
there is an inclusion interaction between benzyl group and CD unit, which has been well
documented,29 this host-guest supramolecular interaction should contribute to the assembly of
PEI-CD/PBLA. The assembly process is schematically illustrated in Scheme 1. With the
introduction of PBLA into the aqueous solution of PEI-CD, the complexation interaction
between benzyl group and CD leads to the formation of pseudo-amphiphilic polymers which
are able to assemble into nanoparticles. Additional PBLA chains can also be incorporated
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considering the existence of hydrophobic interaction. In addition, as no peaks corresponding
to PEI-CD chains can be observed from DLS curve, almost all the PEI-CD macromolecules
might participate in the assembly process.

For assemblies to be used as drug/gene delivery carriers, the stability and dispersion behavior
after the reconstitution from a freeze-dried formulation are important issues.30 Frequently, the
freeze-drying process may result in the formation of large aggregates, which in turn influences
the therapeutic efficacy. As preliminary stability studies, the effect of freeze-drying/
reconstitution on the size and morphology of assemblies was evaluated. Figure 1b shows the
TEM image of PEI-CD/PBLA based assemblies after freeze-drying and reconstitution.
Spherical assemblies still can be observed when the freeze-dried samples were reconstituted
in an aqueous medium. In addition, size distribution of assemblies shown in Figure 2 revealed
that the freeze-drying and subsequent reconstitution had no significant effect on the particle
size. The mean size of assemblies after freeze-drying/reconstitution was 92.3 nm, which was
essentially identical to that before freeze-drying (90.6 nm). This result indicates that this type
of assemblies exhibit a good dispersion behavior after freeze-drying.

In order to address the capability of drug loading and release using PEI-CD/PBLA assemblies,
dexamethasone (DMS), a highly hydrophobic steroidal anti-inflammatory drug, was selected.
By a similar dialysis procedure, DMS-containing assemblies were prepared. According to UV
measurement, 5.8% DMS was loaded. The TEM image shown in Figure 1e suggested that the
incorporation of DMS almost had no effect on the morphology of assemblies. Similar to the
blank samples, a freeze-drying/reconstitution cycle had no significant impact on both particle
size and size distribution of DMS containing assemblies (Figure 2). The number-average size
before freeze-drying and after reconstitution was 74 and 78 nm, respectively. Figure 5 shows
the cumulative release profile of DMS. A two stage release behavior was observed: a rapid
release within the first two days followed by a sustained release phase. It was also found that
the release of DMS from PEI-CD/PBLA assemblies can be sustained for about one month.
This result suggests that the core of PEI-CD/PBLA assemblies offer a nano-container to load
and deliver hydrophobic drug.

A titration experiment was performed to determine the pKa values of both PEI-CD and PEI-
CD/PBLA based on pH dependent protonation curves. As shown in Figure S4, a similar two-
stage protonation curve was observed for both PEI-CD and PEI-CD/PBLA. From which the
pKa values of the primary and secondary amino groups were determined to be 10.5 and 6.5,
respectively. This result suggests that the presence of PBLA did not significantly affect the
protonation behavior of PEI-CD. In addition, zeta potential measurement revealed that the ξ-
potential was 38.3 mV for PEI-CD/PBLA assemblies, indicating the positively charged surface
of these nanoparticles. These results also support the core-shell structure of PEI-CD/PBLA
assemblies as mentioned above.

As well known, polyplexes, i.e. the nanoparticles formed by electrostatic complexation of
cationic polymers and DNA, have been widely employed as non-viral transfection vectors.
Herein, polyplex-like nano-vehicles were prepared by directly mixing pDNA with PEI-CD/
PBLA assemblies at various weight ratios. Polyplex solutions thus obtained remained stable
over a long-time storage, and no precipitate was observed over the entire range of weight ratios
examined. To demonstrate the condensation capability of PEI-CD/PBLA nano-assemblies to
pDNA, a gel retardation assay was performed. As shown in Figure 6a, the amount of migrating
free pDNA gradually decreased with an increase in the weight ratio, indicating the complex
formation between pDNA and PEI-CD/PBLA assemblies. Complete retardation of pDNA was
achieved when the weight ratio increased to above 0.6. This was further confirmed by ethidium
bromide (EtBr) exclusion assay. Whereas EtBr florescence intensity would be greatly enhanced
by forming an intercalating complex with double helical polynucleotides,31 the complexation
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between DNA and a cationic polymer would result in a quenching of EtBr fluorescence. This
characteristic of EtBr is frequently utilized to estimate the degree of pDNA condensation
through complexation with a cationic polymer or positively charged nanoparticles.32 As shown
in Figure 6b, the fluorescence intensity of EtBr decreased with an increase in the weight ratio,
which leveled off when the weight ratio was above 0.7. This decreased fluorescence is
consistent with the gradual complexation of PEI-CD/PBLA assemblies with pDNA, inhibiting
the intercalation of EtBr into pDNA as a result of coil-to-globule transition of pDNA.33 Note
that the apparent end point of the coil-to-globule transition, evaluated based on EtBr exclusion,
was consistent with the result of the gel retardation assay shown in Figure 6a.

According to the above results of gel retardation as well as EtBr exclusion assays, pDNA could
be essentially complexed with PEI-CD/PBLA assemblies to form a condensed structure when
the weight ratio was higher than 0.6. To gain insight into the physicochemical properties of
these complexes, DLS and ξ-potential measurements were then performed. As can be seen
from Figure 7, the introduction of pDNA resulted in an increase in particle size (compare with
Figure 2). However, increase in the weight ratio of PEI-CD/PBLA to pDNA led to a decrease
in particle size. When the weight ratio increased from 2 to 20, the mean size decreased from
150 to 116 nm. As suggested by previous studies, this phenomena was attributed to the
formation of nonstoichiometric complexes.33, 34 ξ-Potential was significantly increased with
the increase in the weight ratio of PEI-CD/PBLA to pDNA. For formulation with a weight
ratio of 20:1, ξ-potential was about 37, which was close to that of blank PEI-CD/PBLA
assemblies. A similar phenomenon was observed previously for polyion complex (PIC)
micelles based on oppositely charged polyelectrolytes.33, 35

In vitro transfection experiment was performed with MC3T3-E1 osteoblast cells using the
polyplexes prepared at various weight ratios. Although both the retardation and EtBr exclusion
assay suggested that a complete condensation of pDNA was achieved when the weight ratio
was above 0.6, effective transfection was not observed for formulations with a weight ratio
slightly higher than 0.6. An appreciable increase in the transfection efficiency in the region of
weight ratio≥4 was observed as shown in Figure 8a. This trend of increased gene transfection
with the weight ratio was correlated with the increase in ξ-potential of polyplexes as shown in
Figure 7. Nevertheless, further increase in weight ratio may lead to a decrease in transfection.
Luciferase activity reached a maximum at a weight ratio of 10. In this case, intense red
fluorescence can be observed for the cultured cells transfected with polyplexes based on PEI-
CD/PBLA assemblies, while almost no transfected cells were found for the control group
(Figure 8b), indicating the former to have transfected a significant number of cells and resulted
subsequent gene expression. However, it should be noted that the transfection efficiency of
our polyplexes was lower than that based on PEI alone at this moment. Further optimizing the
delivery system by tailoring PEI-CD structure as well as modulating the assemblies'
composition is necessary to increase the transfection activity while keep the lower cytotoxicity
at the same time. Polyplexes based on DMS containing assemblies (the weight ratio of
assemblies to pDNA was 10:10) were also prepared for transfection. Physicochemical
characterization indicated that the loading of DMS had no influence on the resultant polyplexes
compared with those based on the blank assemblies of the same formulation. A slight increase
in transfection efficiency was observed for DMS containing polyplexes compared to the
counterpart without DMS. This enhancement should be related to the DMS induced dilation
of nuclear pore complexes.36 The increased nuclear translocation of macromolecules and
nanopartilces by DMS has also been confirmed by other researchers.37, 38

The low cytotoxicity of vectors is a crucial aspect for successful nonviral gene delivery. In this
study, the cytotoxicity of polyplexes was evaluated by cell proliferation assay under the same
conditions used for gene transfection. As shown in Figure 9, in comparison with PEI-CD, PEI-
CD/PBLA assemblies showed low cytotoxicity. Interestingly, the cytotoxicity was drastically

Zhang et al. Page 5

ACS Nano. Author manuscript; available in PMC 2011 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



lowered for assemblies loaded with DMS. As an anti-inflammatory and immunosuppressive
drug, DMS can inhibit proinflammatory cytokines such as tumor necrosis factor α (TNF-α)
and antagonize the activation of the NF-κB pathway by direct and indirect mechanisms.39

Through this way, DMS has been reported to efficiently decrease the inflammatory toxicity of
lipoplexes.21 For the first time, our study demonstrated that DMS can also decrease the
cytotoxicity of nano-carriers based on PEI derivatives.

Conclusions
In summary, this study demonstrated the possibility of assembling nano-carriers based on a
β-CD containing polyelectrolyte and a hydrophobic polymer, a process mediated by host-guest
interaction between β-CD and the hydrophobic group. Assemblies formed through this protocol
exhibited a core-shell architecture. The hydrophobic core mainly composed of the hydrophobic
polymer, can serve as a nano-container to accommodate and sustain the release of hydrophobic
drugs. The hydrophilic shell of the positive segment can condense pDNA. Polyplexes thus
constructed can achieve the transfection and gene expression of a plasmid DNA. This type of
assemblies can simultaneously deliver both small molecular drugs and therapeutic
macromolecules including proteins, DNA and siRNA. Furthermore, due to the presence of
functionally active amine groups at the periphery, additional functionalities such as stealthy
and targeting capability can be conferred to these assemblies by further chemical decoration.

Experimental Section
Materials

L-Aspartic acid β-benzyl ester was purchased from Sigma (St. Louis, USA). Triphosgene was
obtained from Fisher (USA). β-Benzyl-L-aspartate N-carboxyanhydride (BLA-NCA) was
synthesized according to literature.40 Pyrene (≥99%) and β-cyclodextrin (β-CD, ≥98%) were
purchased from Sigma-Aldrich Co. (USA) and used as received. The method established by
Baussanne et al. was employed to synthesize mono-6-(p-tosyl)-β-CD.41 Dexamethasone
(DMS), 1, 6-Diphenyl-1, 3, 5-hexatriene (DPH) and branched polyethyleneimine (PEI) with
MW of 25, 000 were purchased from Sigma (St. Louis, USA).

Synthesis of β-Cyclodextrin Conjugated Polyethyleneimine (PEI-CD)
1.5 g of branched PEI was dissolved in 15 mL DMSO, into which 10 mL DMSO containing
1.5 g mono-6-(p-tosyl)-β-CD was added. The reaction was performed at 75°C for 5 days, and
then the polymer was purified by dialysis.

Synthesis of Poly(β-benzyl L-aspartate) (PBLA)
PBLA was synthesized according to a reference.42 Briefly, 1.5 g BLA-NCA was dissolved in
30 mL anhydrous dioxane at -30°C, into which appropriate amount of n-hexylamine was added
to achieve a molar ratio of monomer to initiator of 20:1. Polymerization was performed at room
temperature (22°C) for 5 days. After precipitated from diethyl ether, the polymer was dissolved
in dichloromethane and precipitated from diethyl ether again. The resultant powder was dried
under vacuum. The number-average molecular weight determined by Matrix Assisted Laser
Desorption/Ionization Time-of-Flight (MALDI-TOF) mass spectrometer is about 2000.

Polymer Characterization
1H NMR spectra were recorded on a Varian INOVA-400 spectrometer operating at 400 MHz.
The MALDI-TOF mass spectrum of PBLA was acquired with a Waters Micromass
TofSpec-2E run in a linear mode. Dithranol (purchased from Aldrich Chemical) was used as
a matrix, and tetrahydrofuran as a solvent for both matrix and polymer. The dried-droplet

Zhang et al. Page 6

ACS Nano. Author manuscript; available in PMC 2011 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



method was employed in sample preparation.43 FT-IR spectra were recorded on a Perkin-Elmer
FT-IR spectrometer (Spectrum GX).

Preparation of Assemblies Based on PEI-CD/PBLA
A modified dialysis procedure was used to prepare assemblies or DMS containing assemblies
based on PEI-CD and PBLA. In brief, 3.0 mg PBLA dissolved in 1.0 mL DMSO was gradually
added into 2.0 mL aqueous solution of PEI-CD (10.0 mg/mL) under sonication. The mixture
solution thus obtained was dialyzed against deionized water for 24 h at room temperature. The
outer aqueous solution was renewed every 2 hours. For the preparation of DMS-containing
assemblies, 3.0 mg PBLA and 3.0 mg DMS were dissolved in 1.0 mL DMSO, which was added
dropwise into 2.0 mL deionized water containing 20 mg PEI-CD under bath sonication, and
then dialysis was performed. For all the assemblies, characterization was performed after the
aqueous solution was filtered through a 0.45 μm syringe filter.

Fluorescence Measurements
Using pyrene as a fluorophore, steady-state fluorescence spectra were measured on JASCO
FP-6200 fluorescence spectrophotometer with a slit width of 5 nm for both excitation and
emission. All spectra were run on air-equilibrated solutions. For fluorescence emission spectra,
excitation wavelength was set at 339 nm, and for excitation spectra, the emission wavelength
was 390 nm. The scanning rate was set at 125 nm/min. All tests were carried out at 25°C.
Sample solutions were prepared as described previously.44 In brief, aqueous copolymer
solutions containing pyrene (6.0 ×10-7 M) were incubated at 50°C for 12 h and subsequently
allowed to cool overnight to room temperature.

Fluorescence anisotropy (r) was determined with a Fluoromax-2 fluorimeter equipped with an
auto-polarizer accessory. The monochromator slits were set at 5.0 nm. 1,6-Diphenyl-1,3,5-
hexatriene (DPH) was used as a fluorescence probe. The excitation wavelength was 360 nm,
while the emission wavelength was 430 nm. The fluorescence anisotropy was calculated
according to the relationship r=(IVV-GIVH)/(IVV+2GIVH), where G=IVH/IHH is an instrumental
correction factor and IVV, IVH, IHV, and IHH refer to the emission intensities polarized in the
vertical or horizontal detection planes (second subindex) upon excitation with either vertically
or horizontally polarized light (first subindex).45 To prepare sample solutions, a known amount
of DPH in methanol was added to 10.0 mL volumetric flasks and the methanol was evaporated.
To each flask was then added a stock sample solution, which was heated at 50°C for 12 h and
cooled overnight to room temperature. The DPH concentration was kept at 1.0×10-6 M. The
assemblies' concentration was 5 mg/ml.

Morphology Study
Transmission electron microscopy (TEM) observation was carried out on a JEOL-3011 high
resolution electron microscope operating at an acceleration voltage of 300 kV. Samples were
prepared at 25°C by dipping the grid into the aqueous solution of assemblies, and extra solution
was blotted with filter paper. After the water was evaporated at room temperature for several
days, samples were observed directly without any staining. Formvar coated copper grids,
stabilized with evaporated carbon film, were used. Atomic force microscopy (AFM)
observation was carried out on a NanoScope IIIa-Phase Atomic force microscope connected
to a NanoScope IIIa Controller using an EV scanner. Samples were prepared by drop-casting
the dilute solution onto freshly cleaved mica. All the images were acquired under a tapping
mode. Scanning electron microscopy (SEM) images were taken on a Field Emission Scanning
Electron Microscope (XL30 FEG, Phillips) after a gold layer was coated using a sputter coater
(Desk-II, Denton vacuum Inc., Moorstown, NJ) for 100 s. Samples were prepared by coating
aqueous solution of assemblies onto freshly cleaved mica, and water was evaporated at room
temperature under normal pressure.
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Potentiometric Titration
PEI-CD or PEI-CD/PBLA assemblies were dissolved in 20 mL 0.01 N HCl and titrated with
0.01 N NaOH. The pH values of the solution were determined by a pH meter (Orion 320,
Thermo Electron Corporation).

In vitro Release Study
5.0 mg of lyophilized samples of assemblies containing DMS was dissolved into 0.5 mL
deionized water, and placed into dialysis tubing, which was immerged into 30 mL PBS (0.1M,
pH 7.4). At predetermined time interval, 4.0 mL release medium was withdrawn, and fresh
PBS was added. DMS concentration in the release buffer was determined by UV at 265 nm.

Dynamic Light Scattering (DLS) and ξ-Potential Measurements
DLS and ξ-potential measurements for the assemblies and assemblies/pDNA based polyplexes
in aqueous solutions were performed with a Malvern Zetasizer Nano ZS instrument at 25°C.

Cells and Plasmid DNA (pDNA)
MC3T3-E1(clone 26) cells were cultured in alpha minimum essential medium (α-MEM)
supplemented with 10% bovine serum, 100 U/mL penicillin and 100 μg/mL streptomycin in
a humidified incubator at 37°C with 5% CO2.46 The pGL3-Control Vector (Promega, Madison,
WI), containing the luciferase gene driven by the SV40 promoter and enhancer, was grown in
DH5 α E. coli and purified using Qiagen Hispeed Plasmid Purification kit. The ratio of
absorbance at 260 and 280 nm was 1.8 or greater.

Gel Retardation Analysis
PEI-CD or assemblies sample was dissolved in 10 mM Tris-HCl (pH 7.4) buffer at 1.0 mg/
mL, which was then mixed with pDNA in 10 mM Tris-HCl (pH 7.4) (1.0 mg/mL) at varying
mass ratios. The mixed solution was diluted to 20 μg pDNA/mL by 10 mM Tris-HCl (pH 7.4),
followed by an overnight incubation at room temperature. 10 μL of each sample (200 ng pDNA)
was electrophoresed at 100 V for 0.5 h on a 0.8% agarose gel in 20 mM Tris-acetic acid buffer
containing 10 mM sodium acetic acid (pH 7.8). pDNA in the gel was visualized by EtBr(0.5
μg/mL) staining.

Dye Exclusion Assay
Dye exclusion experiment was performed according to literature.32 Polyplex solutions
prepared by mixing pDNA and PEI-CD/PBLA assemblies at different weight ratios, were
diluted to 10 μg/mL pDNA with ethidium bromide (EtBr, 4.0 μg/mL) in 10 mM Tris-HCl (pH
7.4) buffer. The sample solutions were incubated at room temperature overnight. The
fluorescence intensity of the samples at 590 nm (excitation at 510 nm) was measured using a
spectrofluorometer (Fluoromax-2 fluorimeter). The relative fluorescence intensity was
calculated as: Fr= (Fs-F0)/(Ff-F0), in which Fs, Ff, and F0 represent the fluorescence intensity
of the samples, free pDNA, and background, respectively.

Polyplexes Formation and Transfection
PEI-CD was dissolved in 20 mM HEPES with 150 mM NaCl (pH 7.3). Polyplexes were
prepared by adding 50 μL PEI-CD of varying concentrations to an equal volume of 1.0 μg
pDNA (in Tris-HCl buffer) to achieve the desired polymer/pDNA weight ratio. Polyplexes
were then incubated at room temperature for 20 min. Cells were plated in 24-well plates at
high density 24 h prior to transfection. Immediately before transfection, the growth medium
was replaced with serum-free medium (500 μL/well), and 50 μL polyplexes solution (1.0 μg
plasmid/well) was added to each well. Transfection medium was replaced with fresh growth
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medium 5 h post-transfection. Luciferase expression was quantified 48 h later using a Promega
luciferase assay system. Luciferase activity was measured in relative light units (RLU) using
luminometer. Results were normalized to total cell protein as determined using a Pierce Micro
BCA Protein Assay. All samples were run in triplicate and on three or more separate occasions.
By the similar protocol, polyplexes based on PEI-CD/PBLA assemblies and DMS containing
assemblies were evaluated.

Cytotoxicity Determination
The cytotoxicity of polyplexes was tested using a Promega CellTiter 96 AQueous One Solution
Cell Proliferation Assay. Briefly, cells were plated in 24-well plates at 1×105 cells/well and
cultured for 24 h. Polyplexes were then added to each well. After 24 h of incubation, the medium
was changed to fresh medium (400 μL/well) and 40 μL of MTS solution was added to each
well. The plates were then incubated in a 5% CO2 incubator at 37°C for 1 h. The absorbance
of the medium from each well was read at 490 nm with an ELISA plate reader. The experiment
was performed in triplicate.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
TEM images of assemblies based on PEI-CD/PBLA before (a) and after freeze-drying
reconstitution (b); (c) AFM images of assemblies; (d) SEM image; and (e) TEM image of
assemblies containing dexamethasone (DMS).
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Figure 2.
Size distribution of assemblies based on PEI-CD/PBLA with or without DMS.
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Figure 3.
TEM image of PEI-CD/PBLA assemblies after staining with phosphotungstic acid.
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Figure 4.
(a) Normalized emission spectra of pyrene in aqueous solutions containing various
concentrations of PEI-CD/PBLA; (b) Plots of I338/I333, I3/I1 and IE/IM as a function of PEI-
CD/PBLA concentration. I338/I333 -- the ratio of intensity at 338 nm to that at 333 nm in the
(0, 0) band of pyrene excitation spectrum; I3/I1 -- the intensity ratio between the third and first
vibrational bands in pyrene emission spectrum; IE/IM -- the intensity ratio of the excimer (475
nm) to monomer (371 nm) in emission spectrum. [Pyrene]=6.0×10-7 M.
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Figure 5.
In vitro DMS release profile from DMS-containing PEI-CD/PBLA assemblies.

Zhang et al. Page 16

ACS Nano. Author manuscript; available in PMC 2011 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Zhang et al. Page 17

ACS Nano. Author manuscript; available in PMC 2011 February 23.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
(a) Gel retardation assay of PEI-CD/PBLA assemblies and pDNA; (b) Relative fluorescence
intensity (Fr) of EtBr in solution with pDNA and PEI-CD/PBLA assemblies at various weight
ratios.
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Figure 7.
ξ-Potential and particle size of polyplexes based on PEI-CD/PBLA assemblies and pDNA with
various weight ratios.
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Figure 8.
(a) In vitro transfection of the luciferase gene into osteoblast cells by PEI-CD/PBLA nano-
assemblies. Luciferase activity (RLU) was quantified using luminometer 48 h after cells were
transfected. Results were normalized to total cell protein. All samples were run in triplicate
and on three or more separate occasions. (b) The transfected cells were viewed by a
fluorescence microscope (Nikon Eclipse 50i microscope) 48 h after transfection. Excitation
was performed with green light. Polyplexes with the weight ratio of PEI-CD/PBLA to pDNA
of 8 were employed. The scale bar represents 100 μm.
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Figure 9.
Cytotoxicity of PEI-CD/PBLA assemblies and DMS containing assemblies against osteoblast
cells. After incubation for 24 h with the solutions of different polyplexes, the cell viability was
detected using a Promega CellTiter 96 AQueous One Solution Cell Proliferation Assay. The
experiment was performed in triplicate.
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Scheme 1.
Illustration of the core-shell nano-assemblies based on PEI-CD/PBLA by host-guest
interaction.
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