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T
he concept of controlling the release
of therapeutically active agents using
polymers is an established approach

that has been used in the clinic.1,2 Encapsu-
lation of medicinal drugs increases drug
efficacy, specificity, tolerability, and thera-
peutic index of corresponding drugs.3 Un-
derstanding the release mechanism is an
important requirement to design an opti-
mal release system. The active agents can
be dispersed within the polymer matrix or a
core encapsulated by a polymeric diffu-
sional barrier. A desirable zero-order drug
delivery system is one in which the active
agents are fully immobilized within a bio-
degradablematrix where diffusion is of little
consequence and bioerosion is confined to
the outer surface.
Thermoplastic aliphatic polyesters such

aspoly(D,L-lactic-co-glycolic acid) (PLGA) have
been widely used for controlled release de-
vices due to excellent biocompatibility and
biodegradability.4 The polyester PLGA under-
goes hydrolytic degradation to form the two
monomers, lactide (L) and glycolide (G),
which then enter the tricarboxylic acid cycle
and are easily metabolized.
Electrospinning is a simple, but versatile

process that produces continuous nano-
scale fibers through the action of an exter-
nal electric field imposed on a rich variety of
materials that include synthetic or natural
polymers, inorganic or organic compounds,
and blends. Combining its nano features
with the ability of incorporating electronic,
magnetic, optical, or biological functional-
ities, it has seen rapid development that
holds great promise in tissue engineering,
drug delivery, electronic and optical nanode-
vices, etc.5�9 Not surprisingly, the induced
resemblance of natural extracellular matrix
(ECM) nanostructure could intrinsically con-
tribute to the synergy of contact guidance

and biochemical signals to mediate and sup-
port cellular development in regenerative
medicine.10,11

RNA interference (RNAi)12 is a promising
strategy to interrupt gene expression. RNAi
involves double-stranded small interfering
RNA (siRNA) molecules 21�22 nucleotides
in length thatmediate sequence-specific enzy-
matic cleavage of target mRNA through com-
plementary base pairing. This allows specific
suppression of gene expression13 as a tool for
investigating cellular gene functions and as a
therapeutic drug. The therapeutic potential of
siRNA, however, is restricted by its susceptibility
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ABSTRACT

Composite nanofibers of biodegradable poly(D,L-lactic-co-glycolic acid) (PLGA) encapsulating

chitosan/siRNA nanoparticles (NPs) were prepared by electrospinning. Acidic/alkaline hydro-

lysis and a bulk/surface degradation mechanism were investigated in order to achieve an

optimized release profile for prolonged and efficient gene silencing. Thermo-controlled AFM

in situ imaging not only revealed the integrity of the encapsulated chitosan/siRNA polyplex but

also shed light on the decreasing Tg of PLGA on the fiber surfaces during release. A triphasic

release profile based on bulk erosion was obtained at pH 7.4, while a triphasic release profile

involving both surface erosion and bulk erosion was obtained at pH 5.5. A short alkaline

pretreatment provided a homogeneous hydrolysis and consequently a nearly zero-order

release profile. The interesting release profile was further investigated for siRNA transfection,

where the encapsulated chitosan/siRNA NPs exhibited up to 50% EGFP gene silencing activity

after 48 h post-transfection on H1299 cells.
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gene silencing
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to serum degradation, renal clearance, and poor
cellular uptake due to its polyanionic nature. Nano-
particles have been developed to improve pharmaco-
kinetics, cellular delivery, and intracellular trafficking of
siRNA.14 Nanoparticles formed by the electrostatic self-
assembly of siRNA with the polysaccaride chitosan are
a promising system to improve the efficiency of gene
silencing.15�18

siRNA release through electrospun nanofibers19,20

has been demonstrated successfully using poly-
(caprolactone) (PCL) and poly(ethylene glycol) (PEG)
mixtures,20 or copolymer of PCL and ethyl ethylene
phosphate (EEP),19 with or without MirusTKO as a
transfection agent during siRNA encapsulation in nano-
fibers. The mechanism of the release, however, has not
been fully investigated. It is suggested that the release is
based on diffusion, while a higher burst release is related
to enhanced hydrophilicity of the polymer matrix by
either mixing PEG20 or copolymerizing with EEP.19

In this work we describe the first study to elucidate
the releasemechanism of a delivery system combining
chitosan/siRNA NPs and PLGA nanofibers produced by
simple co-electrospinning. The release mechanism
based on acidic or alkaline hydrolysis of PLGA was
investigated using a release study combining scanning
electron microscopy (SEM) and atomic force micro-
scopy (AFM). The integrity of chitosan/siRNA NPs was
studied using gel electrophoresis, and its bioactivity
was investigated by enhanced green fluorescent pro-
tein (EGFP) knockdown experiments on H1299 cells.

RESULTS AND DISCUSSION

Encapsulation of Chitosan/siRNA Nanoparticles (NPs) in PLGA
Nanofibers. Chitosan/siRNA polyplex formation relies
on the electrostatic interaction between the ammo-
nium cations in chitosan and phosphate anions in
siRNA; therefore, the stability and net charge of the
polyplex are highly affected by the pH values of the
solution.21 The pKa values of phosphates are near 0;
therefore,more than 99%of phosphates are negatively
charged when the pH is above 2. The pKa of ammo-
nium cations in chitosan is 6.5; therefore, theoretically
∼91% of amines are protonated and positively
charged at pH 5.5. Thus, the preformed interpolyelec-
trolyte complexes at pH 5.5 using N/P 10 are highly
positively charged and facilitate cellular uptake. How-
ever, when they are released to biological conditions at
pH 7.4, theoretically only 11.2% of amines remain
protonated. Therefore N/P 10 was chosen in order
to have a relative excess of ammonium cations than
phosphate anions at pH 7.4 to allowmaximum loading
of siRNA.

Uniform composite fibers with 0.26 w/w % NPs
containing Cy5-labeled siRNA at 350�400 ng/mg con-
centrationwere produced by electrospinning. SEM and
fluorescence imaging shows that the NPs were effec-
tively encapsulated in electrospun fibers with a

diameter of 864 ( 350 nm (Figure 1). No surface
enrichment of the NPs was observed, which is consis-
tent with XPS analysis (Figure S1) showing surfaces
consisting of PLGA-derived carbon and oxygen. The
derived [N]/[C] ratio from thewide energy survey scans
is 3:2, close to the theoretical value of 11:8 from PLGA
(L:G = 3:1).

Although the blend solutions of PLGA and chitosan/
siRNA NPs inmiscible hexafluoro-2-isopropanol (HFIP)/
H2O is homogeneous before electrospinning, the pos-
sible phase separation during electrospinning has
previously been demonstrated.22 Drawing of the nano-
fibers with high surface area leads to a rapid solvent
evaporation rate at a time scale down to the millise-
cond range during the electrospinning process. The
rapid evaporation of solvents not only generally in-
creases the concentration of the solution, which leads
to solidification, but also in our system specifically
induces incompatibility of PLGA and chitosan/siRNA
NPs; due to the higher boiling point of water (100 �C)
compared to HFIP (58.2 �C), the ratio of HFIP to water in
the solution will decrease during evaporation. Consid-
ering the large difference of solubility of chitosan/
siRNA NPs and PLGA in water, the viscosity of PLGA
increases more rapidly than that of the polyplex aqu-
eous droplets; therefore phase separation is thermo-
dynamically favored. Kinetically, these differences
provide PLGA with high mobility to overcome the
viscous friction of the mixture to complete the coales-
cence process of phase separation prior to solidifica-
tion. The rapid elongation and stretching of the
nanofibers also destabilize the colloidal system, caus-
ing an inward movement of aqueous droplets. Conse-
quently, PLGA formed a skin layer at the surface.

PLGA Degradation. The hydrophilic chitosan/siRNA
NPs were released during degradation of PLGA. In
order to elucidate the release mechanism of chitosan
NPs, it is very important to understand the hydrolytic
degradation of PLGA.

Water uptake initially occurs when PLGA samples
are immersed in an aqueous environment. As the
number and size of water-filled pores in the polymer
increase, a porous connected network, allowing hydro-
philic drug release, is formed.

Hydrolysis of PLGA is generally catalyzed by weak
acids (a reversible reaction generating carboxylic acids
and alcohols) or by alkalines (a nonreversible reaction
generating carboxylates and alcohols).

Hydrolytic degradation in physiological medium
results from two critical phenomena. First, degradation
causes an increase in the number of carboxylic term-
inal chains, which are known to autocatalyze ester
hydrolysis. Second, only oligomers soluble in the sur-
rounding aqueous medium can escape from the ma-
trix. Over time, soluble oligomers that are close to the
surface can leach out before full degradation, whereas
those that are located well within the matrix remain
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entrapped and contribute totally to the autocatalytic
effect. The local autocatalytic phenomenon is known
to cause heterogeneous degradation inside, more
rapid at the center than at the surface.23 The resulting
difference in concentration of acidic groups leads to
the formation of a tube composed of less degraded
polymer. Therefore, it is possible that a significant part
of the total transport resistance occurs at the surface;
consequently, PLGA undergoes bulk erosion instead of
surface erosion.

Kinetics of hydrolysis depends onmany factors that
affect molecular mobility and accessibility of polymers
to water: (1) the composition of PLGA monomers: the
more lactide present, the more hydrophobic polymer
chains appear and eventually the slower the hydrolysis
becomes;4 (2) the molecular weight and Tg: the lower
Mw and Tg are, the more mobile polymeric chains
become, leading to faster hydrolysis; (3) morphology
of the materials: more surface area creates more
reactive sites exposed to facilitate the hydrolysis. How-
ever, those factors vary continuously during the hydro-
lysis and influence each other, which increases the
complexity and lowers the predictability of the system.
Since Tg decreases when Mw decreases, the increased
mobility of chains can lead to both pore connection
and closure due to polymer chain relaxation and
rearrangement.

Degradation under Physiological Conditions (pH

7.4). Morphological changes of the fibers upon auto-
catalyzed degradation in 0.01 M phosphate buffer at
pH 7.4 were monitored by SEM during the release
study. The fibers became swollen and welded after
10 days of degradation. After 20 days, complicated
pore closure and connection were observed. After
50 days the fibrous morphology was totally lost, and
the samples became brittle and crystalline (Figure 2).

In an attempt to shed further light on the surface
morphology, atomic forcemicroscopy studies allowing
imaging at the nanoscale were thus performed with
the fibers after a release study at pH 7.4 for 20 days. All
the maps are presented as bright images based on
quantitative values of measurable physical properties;
the brighter the pixel is, the higher the values are. The
topographies (Figure 3a, d), which can be directly
related to the actual surface morphologies, are not
sufficient to identify the surface composition. The

variations in stiffness (Figure 3b, e) and adhesion force
(Figure 3c, f) in different areas provide complementary
insight into the local surface physical and chemical
properties. Evidently, at 20 �C the PLGA molecules run
perpendicular to the fiber axis interrupted with chit-
osan/siRNA NPs, which corresponds to the relatively
more adhesive and stiffer areas, considering the polarity
of theNPs and the crystalline chitosanwith Tg≈ 204 �C24

(Figure 3a�c). This demonstrated the successful integra-
tion of the NPs in the fibers, which again proved that
interpolyelectrolyte systems can survive the electrospin-
ning process.25

Furthermore, an in situ temperature-controlled AFM
study demonstrated that when the temperature was
raised to 37 �C (Figure 3d�f), movement of the NPs
along with PLGA started on the surface, which can be
observed by the changes of both the texture of the
PLGA molecules and the positions of the NPs. In
general PLGA has a Tg ranging from 40 to 60 �C
depending on the G/L ratio and the Mw.

26 During
degradation, polymer Mw decreased and molecular
mobility became greater, leading to decreased Tg.
Therefore, this interesting phenomenon proved that
while polymer chains shortened upon degradation at
pH 7.4 for 20 days, the Tg of short PLGA (or oligo LGA) at
the surface had decreased to around 37 �C.

Degradation under Slightly Acidic Conditions. The
degradation in 0.01 M sodium acetate buffer at pH 5.5
introduced similar morphology changes: the fibers
became swollen andwelded, and the fibrous morphol-
ogy was gradually lost. Faster degradation was found,
suggesting both surface erosion and bulk erosionwere
involved with the aid of acidic catalysis (Figure S2).

Degradation under Slightly Alkaline Conditions. On
the other hand, hydrolysis under alkaline conditions is
generally rapid and nonreversible due to the synergy
of alkaline catalysis and the hydrophilic carboxylate
products, which encourage water contact. Simulta-
neoulsy, the device undergoes surface erosion result-
ing from the fast hydrolysis with a negative gradient
of diffussing OH� ions from the surface to the center.
The degradation of the PLGA fibers containing
chitosan/siRNA NPs under alkaline conditions in
10 μM NaOH showed typical features of surface ero-
sion. SEM images (Figure 4) showed that fiber diameter
decreased while the alkaline pretreatment time in-
creased. On the other hand, an increasing number of
NPs were exposed on the nanofiber surfaces.

siRNA Release Study and Proposed Mechanism. The cumu-
lative release profiles of siRNA release was monitored
for 50 days in vitro under three different buffer or
pretreatment conditions (Figure 5): (1) under neutral
conditions in 0.01 M phosphate buffer (pH 7.4), (2)
under slightly acidic conditions in 0.01 M sodium
acetate buffer (pH 5.5), and (3) under 0.01Mphosphate
buffer (pH 7.4) after pretreating fibers for 1 h in the
presence of 10 μM NaOH.

Figure 1. SEM (a) and fluorescence (b) images of the chit-
osan/siRNA-Cy5 NP-encapsulated PLGA fibers.
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Release under pH Neutral Conditions. To investigate
the release under physiological conditions while ex-
ploring the interesting autocatalytic nature of PLGA
degradation under physiological conditions, a release
study was conducted at pH 7.4.

When the fibers were incubated under neutral con-
ditions (pH 7.4 in 0.01 M phosphate buffer), a triphasic
profile was obtained; a low initial burst followed by a
sustained zero-order release and then a fast second
burst around day 20. According to the degradation
study, the initial burst is related to the diffusion of the
chitosan/siRNA NPs close to the surface, while the rest
of the release is dependent on the degradation. Con-
sidering the dominating autocatalysis phenomenon, it
is likely that a skin layer of polymer was formed by
slower degradation. In this case a second burst is often
seen as corresponding to the crack of the skin layer. On
the other hand, AFM analysis (Figure 3) shows at day 20
the surface PLGA Tg decreased to around physiological
temperature, 37 �C, indicating that the increased PLGA
mobility could be a synergic effect on accelerating the
release, corresponding to the second burst.

Release under Weak Acidic Conditions. Under acidic
conditions, although Hþ ions catalyze the hydrolysis,

earlier studies27 demonstrated a lower degradation
rate at pH e4 compared to at pH 7.4, probably due
to the reversibility of the reaction and the generation of
hydrophobic carboxylic acids (pKa ∼5, g91% proto-
nation), which repel water and kinetically slow the
reaction. Here we monitored a release based on acidic
hydrolysis using a medium solution of pH 5.5, where
theoretically 76% carboxylic acid would be deproto-
nated and hydrophilic, while 90% of chitosan amines
remained protonated for forming a positive interpo-
lyelectrolyte complex with siRNA.

Compared to the release at pH 7.4, a similar tripha-
sic profile was obtained at pH 5.5: faster initial burst
followed by a shorter zero-order release and then a
slower second burst with a, however, lower overall
release. Faster initial burst could be related to the acidic
catalysis surface degradation. The second burst again
proved the complexity of acidic hydrolysis, which is
consistent with the degradation study, where both

Figure 2. SEM images of the fibers after release study at pH
7.4 for 0 day (a), 10 days (b), 20 days (c), and 50 days (d).

Figure 3. In situ temperature-controlled AFM images (scale
bar 200 nm) of the fibers after a 20-day release study at pH
7.4: (a�c) 20 �C; (d�f) 37 �C.

Figure 4. SEM images of the fibers (scale bar 5 μm) after
10 μM NaOH pretreatment for 0.5 h (a), 1 h (b), 5 h (c), and
12 h (d).

Figure 5. Release profile of siRNA in buffer solution con-
taing (1) 0.01 M phosphate buffer (pH 7.4) (filled triangles),
(2) 0.01 M sodium acetate buffer (pH 5.5) (empty circles),
and (3) 0.01 M phosphate buffer (pH 7.4) after treating the
fibers 1 h in the presence of 10 μM NaOH (empty squares).
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surface erosion andbulk erosionwere found. The lower
overall release of chitosan/siRNA NPs is probably due
to the electrostatic forces between the carboxylate
degradation product and the NPs.

Release under Physiological Conditions Assisted by

Short Alkaline Catalysis. Although hydrolysis at alkaline
conditions is generally favorable, considering hydrolysis
of RNA might occur when pHg 9, a short pretreatment
of 10 μM NaOH for 1 h was conducted. Interestingly, a
near zero-order release profilewas observed. The release
profile suggests a nearly homogeneous degradationwas
obtained after the alkaline pretreatment, which may
open up the skin PLGA layer and increase the pore size
through the fiber. This could prevent autocatalysts

building up inside and consequently simplify the release
process.

siRNA Integrity and Bioactivity. siRNA integrity. North-
ern analysis was used to assess the integrity of siRNA
released from the electrospun fibers. As shown in
Figure S3, siRNAwas found essentially intact even from
samples collected at 8, 29, and 50 days.17,21

While the short alkaline pretreated nanofiber de-
monstrated the ideal, nearly zero-order release profile,
the alkaline effect on siRNA integrity and bioactivity of
chitosan-mediated siRNA delivery is still unknown. To
investigate the influence of alkaline treatment on the
siRNA integrity, siRNA was extracted from extended
alkaline-pretreated nanofibers, varing from 0.5 to 12 h.

Figure 6. (a) Silencing of EGFP gene expression in H1299 cells using nanofibers encapsulating chitosan/siEGFP NPs; (b) cell
viability of transfected H1299 cells. (a) After 48 h transfection with siEGFP or negative control siNC, cells from both the well
bottomand the nanofiber surfacewere harvested separately. Total RNAwas isolated, and real-time PCRwas performed. EGFP
mRNA expression levels were normalized against the level of internal control, GAPDH. Data were obtained from three
independent experiments andpresented asmean( SD (n=3). The knockdowneffectwas comparedwith the expression level
of nontreated cells (set to 1). ***, p < 0.001 and *, p < 0.05 evaluated by Student's t test, respectively. (b) MTT assay was
performed at 48 h post-transfection. The relative absorbance (A570) was measured and normalized to the level of the
nontreated control. Data were obtained from three independent experiments and presented as mean ( SD (n = 3).
Nontreated: H1299 cells without transfection; Chi/siEGFP: cells transfectedwith chitosan/siEGFP nanoparticles; Chi/siNC: cells
transfected with chitosan/siNC (negative control siRNA from Genepharm, Shanghai) nanoparticles; Fiber 0 h and Fiber 1 h:
PLGA fiber without and with 1 h alkaline pretreatment, respectively; F0 siNC and F1 siNC: cells transfected via nanofibers
encapsulated with chitosan/siNC without and with 1 h alkaline pretreatment, respectively; F0 siEGFP and F1 siEGFP: cells
transfected via nanofibers encapsulated with siEGFP without and with 1 h alkaline pretreatment, respectively.
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Intact siRNA was found for all the samples on a 6%
denaturing polyacrylamide gel, suggesting an interest-
ing protective milieu for siRNA from degradation that
the nanofibers might provide.

Furthermore, a native 2% agarose gel for the same
samples demonstrated a retardation of the samples
compared to the naked siRNA, matching themigration
of the chitosan/siRNA NP control, indicating that asso-
ciated chitosan/siRNANPs are present after the alkaline
treatment (Figure S4). As mentioned, the stability and
net charge of the chitosan/siRNA polyplex is highly
affected by the pH values of the solution. Considering
therewas less than 1%of amines in chitosan remaining
protonated during the short alkaline pretreatment,
dissociation of chitosan/siRNA NPs (N/P = 10) would
most likely occur. However, as chitosan is soluble in
water only when a certain amount of amines are
protonated, precipitation of chitosan together with
the siRNA may occur before their dissociation, as seen
in the SEM image in Figure 4.

Efficacy of Gene Silencing. The bioactivity of chito-
san/siRNA NPs after being encapsulated in the compo-
site fibers was investigated in a 48 h siRNA transfection
on H1299 cells. The release study illustrated that the
most interesting release profile was obtained using a
weak alkaline pretreatment. Accordingly, compared to
the chitosan/siEGFP NPs encapsulated fibers without
alkaline treatment, higher EGFP gene silencing (∼50%)
was obtained when the composite fibers were pre-
treated under alkaline conditions for 1 h, with statistical
significance compared with nontreated control, pure
PLGA fiber, and fiber-chitosan/siNC (p < 0.05 evaluated
by Student's t test), respectively (Figure 6a). Consider-
ing the positive knockdown that was observed, in
combination with the integrity study (Figure S4), it is
thus presumed that upon weak alkaline treatment, the

siRNA remained intact in its polyplex form with chit-
osan, which can be released into themedium at pH 7.4
as positive charged NPs ready for cellular uptake.

EGFP expression level was downregulated in both
cells from the well bottom and cells on the nanofibers.
The gene silencing effect on cells seeded on the
nanofibers was generally higher than that of the cells
on the well bottom. This is consistent with earlier
studies,19,20 where nanofibers assisting the transfection
of siRNA yielded enhanced knockdown. This suggests a
synergy of topographic induction of the nanofibers
with the bioactivities: the fibrous morphology assisted
local siRNA uptake or cell susceptibility to RNA
interference.

Cell Viability. The cell viability in the nanofiber-
mediated transfection is under the synergistic influ-
ence of the cytotoxicity caused by the transfection re-
agent and the surface chemistry of the nanofibers.19,20

To investigate the cell viability on the chitosan/siEGFP
NP-encapsulated fibers, an MTT assay was performed
at 48 h post-transfection with pure PLGA fibers or NP-
encapsulated fibers (Figure 6b). Compared to the non-
treated control, the viability of cells cultured with pure
nontreated PLGA fibers was ∼90%, which was similar
to the toxicity level observed for cells transfected with
chitosan/siRNANPs alone. The viability of cells cultured
on chitosan/siRNA NP-encapsulated fibers was ∼80%,
demonstrating the cumulative effect of both the fi-
brous carrier and the NP exposure. The alkaline hydro-
lytic pretreatment turned the hydrophobic surface
moderately hydrophilic, consequently favoring cell
adhesion.28 Accordingly, the cell viability increased
about 5�15%.

Effects of Alkaline Pretreatment Time on siRNA Trans-

fection Efficacy. Furthermore, in order to investigate
the impact of extended pretreating times on siRNA

Figure 7. Evaluation of gene silence efficacy via the siEGFP containing fibers with extended alkaline pretreatment.
Nontreated, Chi/siNC, and Chi/siEGFP were set up as described in Figure 6; F0.5 siEGFP, F1 siEGFP, F5 siEGFP, and F12 siEGFP
represent cells transfected via siEGFP containing fibers pretreated with alkaline for 0.5, 1, 5, and 12 h, respectively. Following
the same procedures of pretreatment with alkaline, pure PLGA fibers and fibers formulated with chi/siNC were included for
each time point as controls and represented as Fiber0.5 to Fiber12 and F0.5 siNC to F12 siNC, respectively. ***, p< 0.001 and *,
p < 0.05 evaluated by Student's t test.
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transfection efficacy, the fibers were pretreated with
the weak alkaline varing from 0.5 to 12 h before cell
seeding and fiber-mediated transfection. Both pure
PLGA fiber and fibers formulated with chitosan/siNC
controls were included for each time point. As seen in
Figure 7, both pretreatments for 1 and 0.5 h resulted in
significant down-regulation of EGFP level compared
with either pure PLGA fibers or fibers containing NC
control siRNA (fiber-chi/siNC control) (p < 0.05), while
the fibers with the extended alkaline pretreatment for
5 and 12 h demonstrated less EGFP knockdown, with
no statistically significant difference compared with
nontreated controls (p > 0.05). Quantification of the
siRNA that was extracted out from the 5 and 12 h
alkaline-treated fibers showed only a 5�10% diffu-
sional loss of siRNA during the prolonged alkaline
pretreatment. Therefore, the lower silencing efficiency
from the prolonged alkaline treatment is still unclear,
which is probably due to a lower release of chitosan/
siRNA NPs related to stronger electrostatic forces
between the larger amount of carboxylate product
from alkaline hydrolysis and the NPs.

Furthermore, a maintained silencing of EGFP was
observed using 1 h alkaline-treated fibers at day 10
(Figure S5), where in general gene knockdown from a
single transfection directly using chitosan/siRNA NPs
will not last more than a week, and stable gene
silencing is observed only up to 3 days.29 This indicates
that the chitosan NPs with structurally intact siRNA
with retained bioactivity were continuously released
from the fibers and conducted repeated transfection
on the cells. Hence, a simple pretreatment using 10 μM
NaOH for 1 h was found optimal for EGFP silencing,
demonstrating that the short, weak alkaline pretreatment
can increase the skin PLGA layer porosity with minimum
disturbance to the encapsulated bioactives.

CONCLUSIONS

We have presented the first and interesting release
mechanism study of chitosan/siRNANPs fromelectrospun
PLGA nanofibers. Composite fibers with siRNA dosages of
350�400ng/mgPLGAwereproducedbyelectrospinning.
The formation of a PLGA skin layer during electrospinning
is suggestedwithboth thermodynamic/kinetic factors and
field-driven effects considered.

The release mechanism based on PLGA degradation
was thoroughly investigated considering both acidic
and alkaline hydrolysis, where the pH values were care-
fully chosen considering both PLGA hydrolysis kinetics
and the challenge of chitosan/siRNA polyplex stability
in the system. Thermo-controlled AFM in situ imaging
not only revealed the integrity of the encapsulated
chitosan/siRNA polyplex but also shed light on the
decreasing Tg of PLGA on the fiber surfaces during
release, correlating to the second burst release. A
triphasic release profile based on PLGA bulk
erosion was obtained at pH 7.4; a triphasic release
profile involving both surface erosion and bulk
erosion of PLGA was obtained at pH 5.5, while a
short alkaline pretreatment provided a more homo-
geneous PLGA hydrolysis and a nearly zero-order
release profile.
Although siRNA is suspected under alkaline hydro-

lysis, the integrity study demonstrated nearly essen-
tially intact siRNA, suggesting PLGA nanofibers serve as
a protective milieu for siRNA from hydrolysis. The bio-
activity of chitosan/siRNANPswas found to be retained
and prolonged after being encapsulated in the com-
posite nanofibers; especially those with short alkaline
pretreatment exhibited up to 50% silencing efficacy
upon 48 h transfection with prolonged activity up to
10-days duration. Therefore, the short, weak alkaline
pretreatment can increase the skin PLGA layer porosity
with minimum disturbance to the encapsulated bioac-
tives, which leads to a nearly ideal, zero-order long-
term release profile.
Furthermore, the gene silencing effect was more

pronounced for cells seeded on the nanofibers than
those situated in the well, indicating a synergy of
topographic induction of the ECM mimic nanofibers
with the bioactivities: the fibrous morphology assisted
cell adhesion and local siRNA uptake.
This study again indicates electrospinning is an

extremely attractive nanomedicine fabrication
method due to its simplicity, robustness, and versa-
tility. We believe the combination of simple alkaline
pretreatment and straightforward electrospinning
technique could ensure the utility of PLGA nanofi-
bers as drug carriers for many other different types of
drugs.

EXPERIMENTAL SECTION

Materials. PLGA lactide:glycolide (75:25), Mw = 66 000�
107 000, and hexafluoro-2-isopropanol (HFIP) were purchased
from Sigma Aldrich. Chitosan (250 kDa, 100% deacetylation)
was produced by Bioneer A/S (Hbrsholm, Denmark). EGFP-
specific siRNA duplex was purchased from Ribotask, Odense,
Denmark, containing the sequences sense, 50-GACGUAAACG-
GCCACAAGUUC-30 , and antisense, 50-ACUUGUGGCCGUUUAC-
GUCGCU-30 , and the control siRNA duplex was chosen as a
negative control siRNA (siNC), provided by Genepharm,

Shanghai, China, containing the sequences sense, 50-UUCUCCGAAC-
GUGUCACGUTT-30 , and antisense, 50-ACGUGACACGUUCGGAG-
AATT-30 , both used for electrospinning and EGFP interference
work. siEGFP containing a fluorescent Cy5-labeled 50 sense strand
was used for fluorescence imaging and release experiment.

Preparation of Chitosan/siRNA NPs. The interpolyelectrolyte
complexes between siRNA duplexes (21-mers) and chitosan
(N:P = 10:1) were prepared as reported.30 Chitosan was dis-
solved in sodium acetate buffer (0.3 M sodium acetate, pH 5.5)
to obtain a 1 mg/mL solution. A 360 μL sample of the 1 mg/mL
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chitosan solution was added to 140 μL of sodium acetate buffer
(300 mM, pH = 5.5). During stirring, 60 μL (N:P = 10:1) of siRNA
(100 μM siEGFP or siNC) was added and left for 1 h.

Electrospinning. PLGA (85 mg) was added to 0.25 mL of HFIP
and stirred for 2 h. Then 0.25 mL of the freshly made chitosan/
siRNA NPs (siEGFP and siNC) in pH 5.5 acetate buffer was added,
and the solution was stirred for another 0.5 h. The homoge-
neous solutions were placed in a 1 mL syringe fitted with a
metallic needle of 0.6 mm inner diameter. The syringe was fixed
horizontally on the syringe pump (model KDS101, KD Scientific),
and an electrode of high-voltage power supply (Spellman High
Voltage Electronics Corporation, MP Series) was clamped to the
metal needle tip. The flow rate of polymer solution was 1 mL/h,
and the applied voltage was 18 kV. The tip-to-collector distance
was set to 12 cm, and a grounded stationary rectangular metal
collector (15 cm� 20 cm) covered by a piece of clean aluminum
foilwas used for the fiber collection. Pure PLGA fibers from17w/v%
solution in HFIP were also prepared.

Measurements and Characterization. The fiber morphology
was examined by high-resolution scanning electron micro-
scopy (FEI, Nova 600 NanoSEM) at 5 kV. The fibers were placed
directly into the SEM chamber without any metal sputtering or
coating.

X-ray photoelectron spectroscopy (XPS) was performed
using a Kratos Axis UltraDLD instrument equipped with a mono-
chromated Al KR X-ray source (hν = 1486.6 eV) operating at
15 kV and 15 mA (225 W). The fiber samples that were analyzed
were cut from the Al foil containing a thick layer of fibers. A
hybrid lens mode was employed during analysis (electrostatic
andmagnetic), with an analysis area of approximately 300 μm�
700 μm. For each sample, a takeoff angle of 0� (with respect to
the sample surface) was used, allowing a maximum probe
depth (10 nm). Wide energy survey scans were obtained over
the range 0�1200 eV binding energy (BE) at a pass energy of
160 eV and used to determine the surface elemental
composition.

Fluorescence imaging was conducted using a Zeiss Axiovert
200 M epifluorescence microscope (Carl Zeiss GmgH, Jena,
Germany) equipped with Zeiss Filterset 10.

AFM-Based Nanomechanical Mapping. AFM-based quantitative
nanomechanical mapping was performed by Multimode SPM
(Nanoscope V controller, Veeco Instruments). The samples were
placed on a commercially available controlled heating stage.
The cantilever was maintained at the same temperature as the
sample to maintain better imaging stabilities at each tempera-
ture. The cantilever is a HarmoniX probe (HMX-10) purchased
fromBruker AFMCompany. The cantilever for nanoscalematerial
propertymapping of standard samples is in the 10MPa to 15GPa
hardness range. The spring constant is 17 N/m. (The parameters:
Geometry is anisotropic, tip height is 4�10 μm, tip radius is
10 nm.) We imaged samples as in Figure 3 in tapping-mode AFM
with harmonic torsion mode under ambient conditions. The
effective elastic modulus was derived from these waveforms
using our previously described mathematical procedure. The
interactions between the tip and sample were determined by
the long-range electrostatic and van der Waals forces, and short-
range mechanical restoration forces. The topography, elastic
modulus, and adhesion maps were processed using SPIP soft-
ware (Image Metrology ApS, Lyngby, Denmark).

Release Study. A 5 mg amount of fibrous mesh was sus-
pended in 1.0 mL of 0.01 M sodium acetate buffer (pH 5.5) or
0.01Mphosphate buffer (pH 7.4) in a 1.5mL plastic vial (n= 3), in
order to study the release under weak acidic conditions and
physiological conditions. Then the suspension was placed in a
shaking bath at 40 rpm and 37 �C for 50 days. At preset intervals,
0.2 mL of the supernatant was drawn and replaced by the fresh
buffer accordingly.

The third release profile was obtained using short alkaline-
treated fibers: 5 mg of fibrous mesh was treated with 10 μM
NaOH for 1 h, followed by two PBSwashings. The solutions were
collected in order to check the diffusional loss of siRNA during
the alkaline pretreatment andwash, where no siRNAwas found.
Then samples were suspended in 0.01 M phosphate buffer
(pH 7.4) for the release study as described above.

All the samples after the 50-day release study were dis-
solved in 1mL of chloroform followed by extraction with 200 μL
of DEPC-treated TE buffer, in order to determine the siRNA
remaining inside the fibers.

The siRNA in the supernatants and extracted out after the
release studieswas determined by a Ribogreen RNAquantitive kit
andquantifiedbyaVictor X5Multilabel plate reader (PerkinElmer).

siRNA Integrity Study. siRNA Precipitation and Purification.
During the release study from nontreated fibers at pH 7.4, three
supernatants from day 8, 29, and 50 were concentrated in a
freeze dryer for 24 h. To samples with a volume of around
40�50 μL were added 1 μL of glycogen (Roche Diagnostics,
Indianapolis, IN, USA), 0.1 volume of 3 M sodium acetate (pH = 6),
and 2.5 volumes of 96% ethanol, and the solution was mixed
thoroughly. The mixtures were left on dry ice for 20 min and
centrifuged at full speed for 30 min. The supernatant was
removed, and the white pellet was washed by 75% ethanol four
times until the salt was washed out. The RNA pellet was dissolved
in 20 μL of RNase-free water.

For alkaline-pretreated fibers, we extracted siRNA by dissol-
ving 0.5 mg of fibers in 1 mL of chloroform followed by
extraction with 200 μL of DEPC-treated TE buffer.

Gel Electropheresis and Northern Blotting. The RNA was run
on 15% denaturing polyacrylamide gels, and 0.1 ng of naked
siEGFP was loaded as control. The gel was transferred onto a
Hybond-Nþ membrane (Amersham Biosciences). After UV
cross-linking, the membranes were probed with [γ-32P] ATP-
labeled sense strand LNAmodified siRNA according to standard
procedures of Northern blotting.31

To investigate the RNA integrity for the alkaline-pretreated
samples, the extracted RNA was run on 6% denaturing poly-
acrylamide gels in 1� SB buffer (NaOH10mM, boric acid 28mM,
pH = 8.0), 15W/45min. To investigate the NP association for the
alkaline-pretreated samples, the samples were run on 2%
agarose in 1� SB buffer, 12W/30 min. Gel was stained by SYBR
Green and visualized by a Typhoon scanner. To compare the
efficiency of extraction from the fibers, the siRNA duplex,
chitosan/siRNA NPs and the size ladder were included as
controls for both gels. The loading amount of siRNA and
chitosan/siRNA NPs was equal to 50 ng of siRNA

RNA Interference in EGFP-Expressing Human Cell Lines. Cell Lines
and Transfection. Nanoparticle-mediated knockdown of endo-
genous EGFP was assessed in H1299 human lung carcinoma cell
lines. This cell line, produced to express EGFP stably (EGFP half-life
2 h), was a gift fromDr. AnneChauchereau (CNRS, Villejuif, France).

In order to compare the gene silencing efficacy with or
without alkaline pretreatment, 9 groups (n = 3) were set up and
were either not transfected (nontreated control and pure PLGA
fibers) or transfected either directly by chitosan/siRNA NPs or
via chitosan/siRNA-encapasulated fibers with or without 1 h
pretreatment in 10 μM NaOH.

In order to evaluate the effect of extended alkaline pretreat-
ment, cells were transfected via fibers encapsulated with siEGFP
with 0.5, 1, 5, and 12 h alkaline pretreatment, respectively. The
solutions after alkaline pretreatment and washing were col-
lected in order to check the diffusional loss of the siRNA during
the process.

For nontreated control and cells transfected directly by
chitosan/siRNA NPs (siEGFP or siNC), cells were plated on
multiwell 24-well plates (105 cells/well) in 100 μL of complete
medium (containing 10% fetal bovine serum, 1% gentamysin)
3 h prior to transfection. For transfection, 400 μL of complete
medium was added together with 3 μL of the prepared
chitosan/siRNA (EGFP siRNA as positive control or NC siRNA as
negative control) NPs, to match the loading of siRNA in 1.0 mg
fibers with the final concentration at 64 nM.

Transfection through the fiber samples was conducted by
seeding cells (105 cells/well) in 100 μL of complete medium on
the fibers, which were prewetted with PBS pH 7.4 and placed on
the bottom of the multiwell 24-well plates. Then 400 μL of
complete mediumwas added after 3 h. Themediumwas totally
changed for all the samples after 20 h with 500 μL of fresh
complete medium.

The cells were harvested at 48 h post-transfection for qPCR
analysis. For 10 days post-transfection, cells on the fibers with

A
RTIC

LE



CHEN ET AL . VOL. 6 ’ NO. 6 ’ 4835–4844 ’ 2012

www.acsnano.org

4843

1 h alkaline treatment were further incubated for 8 days and
monitored by fluorescene microscopy.

Fluorescence Microscopy. Fluorescence microscopy (Olympus
TH4-200) was used to monitor the suppression of EGFP for living
cells before they were harvested. The downregulated EGFP expres-
sion could be observed according to fluoresecent signal intensity
and the numbers of EGFP expressing cells.

Quantitative Real-Time RT PCR (qPCR). Some cells migrated
on the bottomof thewell from the fibers; we therefore lysed the
cells from the well and cells on the fibers separately. Total RNA
was isolated using TRIzol reagent following the procedures
recommended by the manufacturer (Invitrogen, Copenhagen).
Reverse transcription was carried out using the SuperScript II
Reverse Transcriptase (RT) kit according to the manufacturer's
protocol (Invitrogen, Copenhagen). Quantitative real-time RT
PCR was performed as described previously32 on a Mx4000
Multiplex Quantitative PCR System (Stratagene, Copenhagen).
The comparative CT (threshold cycle) method described in the
manufacturer's protocol was used to quantitate the relative
EGFP mRNA expression level, comparing treated samples to
concordant nontreated controls. The glyceraldehydes 3-phos-
phate dehydrogenase (GAPDH) genemRNAwas amplified as an
internal control to normalize the data of the EGFP mRNA level.
The primer sequences for the EGFP gene are as follows: forward
50-AGAACGGCATCAAGGTGAAC-30 , reverse 50- TGCTCAGGTAG-
TGGTTGTCG-30 , with a product size of 135 bp. Primer sequences
for GAPDH gene are as follows: forward 50-GGTCGGAGTCAACG-
GATTT-30 and reverse 50-CCAGCATCGCCCCACTTGA-30 , with a
product size of 258 bp.32

Cell Viability Assay. The viability of transfected cells was
determined by the MTT assay. Cells were plated in a 48-well
plate for transfection. H1229 cells were seeded at densities of
5 � 104 cells/well, and the same transfection procedure was
implemented with proportionally reduced amounts of siRNA
and transfection reagent (n = 3). MTT reagent (5 mg/mL, Sigma,
Copenhagen) was then added to eachwell at 1:3 dilution at 48 h
post-transfection, after exchanging the medium. After incubat-
ing ∼0.5 to 1 h at 37 �C, the reaction was stopped by replacing
the DMSO while the color changes became visible. The relative
absorbance (A570) was measured using a Victor X5Multilabel
plate reader (PerkinElmer).

Statistical Analyses. Statistical significance was determined
by the paried Student's t test, to assess the significant differ-
ences of the gene silencing effect between nanofiber-mediated
transfection and controls.
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