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ABSTRACT: Generally, silk fibroin nanoparticles (SFNPs) are great candidates to deliver drugs or other bioactive substances in
vivo. However, their further applications are largely limited by the low colloidal stability of SFNPs, as they tend to aggregate in
biological media. To address this issue, SFNP composite materials with a core−shell structure (CS-SFNPs) were fabricated by
coating SFNPs with four different selected cationic polymers, glycol chitosan, N,N,N-trimethyl chitosan, polyethylenimine, and
PEGylated polyethylenimine, through electrostatic interaction. According to the DLS and NTA results, compared with the bare
SFNPs, the CS-SFNPs showed much higher colloidal stability in biological media. When treated with human cervical carcinoma
(HeLa) cells, the CS-SFNPs were efficiently internalized and accumulated in lysosome; and when loaded with an anticancer drug,
DOX, the CS-SFNPs also showed higher cytotoxicity against HeLa cells. Our results suggest that the fabricated CS-SFNPs with
desirable colloidal stability in biological media have the potential to be employed as drug carriers for the anticancer drug delivery
system.
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1. INTRODUCTION

Nanoparticles have attracted increasing attention in recent
years since they have shown great potential for a wide variety of
applications in many fields, such as electronics, catalytic
chemistry, biology, medicine, etc.1−3 With the rapid develop-
ment of nanotechnology and nanomedicine, nanosized
materials are playing increasingly important roles in the field
of biological medicine. However, the more comprehensive
application of nanoparticles in biological medicine is still
subject to certain difficulties, one of which is the colloidal
stability of nanoparticles in biological systems.4,5 When
nanoparticles are transferred into biological media (e.g.,
Dulbecco’s modified Eagle’s medium (DMEM) or 0.01 mol/
L phosphate buffered saline (PBS)), their intrinsic properties,
such as size, surface charges, aggregation state, etc., could
significantly change in response to the physicochemical
properties of the solution (e.g., ionic strength, pH, temperature
and components).6,7 The ionic strength in biological media is
often around 150 mmol/L, meaning that the electrostatic forces
are most likely to be screened within a few nanometers of the

surface, thereby leading to the formation of aggregation.8 Most
nanoparticles have a tendency to aggregate in biological
media,4,5,7,8 which may result in precipitation. Precipitation
would be deleterious and perilous if these particles are injected
intravenously. On the other hand, since the minimum diameter
of capillaries in the body is 4 μm, microsized particles and/or
aggregations of nanoparticles may be trapped, causing emboli in
the capillary bed.5,9 Therefore, agglomeration of nanoparticles
in biological media must be avoided.
The current state-of-the-art methods of stabilizing nano-

particles against aggregation in biological media are mainly
focused on the modification or functionalization of the surfaces
of nanoparticles with natural or synthetic polymers. Natural
polymers, such as chitosan, alginate, dextran, etc., have been
employed to coat magnetic (Fe3O4) nanoparticles and carbon
nanotubes; and the fabricated composites have shown colloidal
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stability in water for a wide range of pH, as well in commonly
used biological buffers.7,9−11 As for synthetic polymers,
hydrophilic poly(ethylene glycol) (PEG) has been regarded
as an effective coating materials for nanoparticles because of its
ability to resist protein fouling and to provide steric hindrance
to prevent the aggregation of nanoparticles.12,13 Furthermore,
PEGylation of nanoparticles shows favorable effect on reducing
the reticuloendothelial system clearance and prolonging their
lifetime in blood circulation, which contributes to the chance of
their accumulation in tumors.14 Though certain improvements
have been made by these studies, developing a reasonably
stable polymeric coating that could endow nanoparticles with
desirable colloidal stability in biological media still remains
challenging.
In the past decades, silk fibroin (SF), a protein derived from

the domestic silkworm (Bombxy mori) or wild silkworm (A.
pernyi) silk, has been widely investigated in biomedical and
pharmaceutical fields because of its remarkable mechanical
properties, good biocompatibility, controllable biodegradability
and low immunogenicity.15−18 Recently, various SF-based
biomaterials, including films, scaffolds, hydrogels, fibers, etc.,19

have been prepared under mild processing and chemical
modification free conditions, suggesting that SF is an ideal
candidate to be applied in biomedicine. To date, many efforts,
such as phase separation,20 salting out,21 and spray-drying22

have been employed to develop silk particles as drug delivery
carrier. Particularly, some water-miscible organic solvents can
induce the aggregation of SF to produce submicrometer
particles,23−25 which are considered to be beneficial for the
cellular and tissue uptake. To the best of our knowledge,
though a number of studies have reported the therapeutic
promise of SFNPs in vitro,25−28 few reports have been
published on the in vivo experiment of SFNPs for anticancer
drug delivery. Physicochemical properties of SFNPs could be
significantly changed by the complex microenvironment in vivo
before SFNPs being taken by cells. Comprehensive inves-
tigation of the colloidal stability, surface charge, and aggregation
state of SFNPs as well as their interaction with cells is essential
for in-depth understanding of the cellular uptake mechanism.
Regarding the application of SFNPs in biomedicines, a major

problem lies in their tendency to aggregate, especially in
biological media with high ionic strength. To tackle this
problem, this study is designed to develop SFNP composites
with desirable colloidal stability in biological media via surface
modification. Four different cationic polymers, including
natural and synthetic polymers: glycol chitosan (GCS),
N,N,N-trimethyl chitosan (TMC), polyethylenimine (PEI)
and PEGylated polyethylenimine (PEG−PEI), were coated
onto the SFNPs through electrostatic interaction, respectively.
Colloidal stabilities of these modified SFNPs in water,
biological standard buffers (e.g., PBS) and cell culture media
(e.g., DMEM) were examined by dynamic light scattering
(DLS) and nanoparticle tracking analysis (NTA). Cytotoxicity
of two kinds of doxorubicin (DOX)-loaded modified SFNPs
was investigated using HeLa cells by the Cell Counting Kit-8
(CCK-8) assay.

2. MATERIALS AND METHODS
2.1. Materials. The cocoons of Bombyx mori silkworm were

obtained from Jiangsu Province, China. GCS (degree of polymer-
ization ≥400), PEI (branched, Mw = 25 000, Mn = 10 000) and mPEG
(Mn = 2000) were purchased from Sigma-Alderich Co. LLC (USA).
Methoxy polyethylene glycol amine (mPEG-NH2), Rhodamine B

isothiocyanate (RITC) and Fluorescein isothiocyanate (FITC) were
purchased from Aladdin. PBS was purchased from Hangzhou Genom
Biotech Co., Ltd. (China). DOX was obtained from Beijing Huafeng
United Technology Co., Ltd. (China). CCK-8 was purchased from
Dojindo Laboratorise, Japan. Gibco fetal bovine serum (FBS), Gibco
DMEM and LysoTracker Probes labeling kit were supplied by
Invitrogen (Waltham, MA, USA). The other chemicals were all
purchased and used as received without further purification if not
specified. All nanoparticle stock solutions were prepared using pure
deionized water (resistivity >18 MΩ cm).

2.2. Synthesis of TMC and PEG−PEI. TMC was synthesized and
characterized following our established procedures.29 Details about the
synthesis of PEG−PEI are described in the Supporting Information.

2.3. Preparation of Regenerated SF Solution. Degumming of
Bombyx mori silk and the preparation of regenerated SF solutions were
conducted according to the established procedures.30 Briefly, the
silkworm cocoons were cut into small pieces and boiled in 0.5%
Na2CO3 solution for 60 min, and then rinsed with abundant deionized
water to remove the sericin. The resulting degummed silk fiber was
dissolved in a ternary system (CaCl2/ethanol/H2O at 1:2:8 mol ratio)
at 90 °C for 2 h. The SF-salts solution was filtered to remove the
impurities, and then dialyzed continuously for 3 days against running
deionized water using a cellulose semipermeable membrane
(molecular weight cutoff (MWCO), 12−14 kDa). The resulting
regenerated SF solution was stored at 4 °C.

2.4. Preparation of SFNPs. The preparation of SFNPs was carried
out mainly based on the method previously reported23 with a slight
modification. Briefly, the regenerated SF solution with 4.0 wt % of SF
was rapidly introduced into at least 90% (v/v) of the final mixture
volume of water-miscible acetone using a sample pipet at room
temperature. Milk-like SFNPs were formed upon addition, and the
resulting SFNP suspension was stirred at room temperature to remove
acetone. The as-prepared SFNP suspension was stored at 4 °C.

2.5. Fabrication of Polymer/SFNPs Composites. SFNP
suspension was mixed with the cationic polymer solutions (GCS,
TMC, PEI, and PEG−PEI), respectively, at different mass ratios. For
example, 1 mL GCS (10 μg/mL) solution was added to 1 mL SFNPs
(100 μg/mL) suspension, which means the mass ratio of GCS to
SFNPs was 0.1. In this paper, the products are referred to as SFNP@
GCS, SFNP@TMC, SFNP@PEI, and SFNP@(PEG−PEI), respec-
tively.

2.6. Particle Size and Zeta-Potential Analysis. The particle
sizes and zeta-potentials of SFNPs and polymer/SFNP composites
were measured at 25 °C with a Zetasizer Nano instrument (Malvern
Inst. Ltd., UK) equipped with DLS (He−Ne laser, 633 nm
wavelength) and a standard capillary electrophoresis cell, respectively.
The concentration of SFNP was 10 μg/mL and the total volume was 1
mL. The Stokes−Einstein relationship and Smoluchowski model were
used for the analysis of particle size and zeta-potential, respectively.
Transmission electron microscopy (TEM) examination was performed
with a FEI Tecnai G2 instrument at 200 kV. For sample preparation,
diluted suspension was dropped on a copper grid and allowed to dry
slowly.

2.7. Stability Tests in Water and in Various Biological Media.
To test the stability of SFNPs and polymer/SFNP composites in
various culture media, we respectively added 200 μL suspension of
SFNPs or polymer/SFNP composites (containing 10 μg SFNPs) to
800 μL of water, serum-free DMEM, and PBS (0.01 mol/L pH 7.4),
and then incubated it at 37 °C for 24 h. The particle sizes and zeta-
potentials of SFNPs and their composites were measured as described
above. Data were obtained by measuring three independent sample
batches.

2.8. Preparation of DOX-Loaded SFNPs. DOX was dissolved in
water and then added to the as-prepared SFNPs (62.5 μg/mg),
followed by an adsorption period of 20 h at room temperature under
dynamic conditions. The particles were collected by centrifugation at
20 000 × g for 40 min. The amount of drug remaining in the solution
was determined by Hitachi UV 2910 UV−vis spectrometer. Drug
loading and the efficiency of encapsulation were calculated as follows
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where WD represents the weight of the DOX in SFNPs, WS is the
weight of the SFNPs, and WF is the weight of the feeding DOX.
After that, cationic polymers were added in the suspension to

produce polymer/SFNP composites that encapsulated DOX. To
investigate the redispersion ability of the drug loaded composites in
the media, we lyophilized the obtained suspension.
2.9. In Vitro Release of DOX-Loaded Polymer/SFNP

Composites. The free DOX, lyophilized (SFNP/DOX)@GCS and
(SFNP/DOX)@(PEG−PEI) were dispersed in 0.5 mL PBS (0.01
mol/L, pH 7.4), respectively. The suspension was placed in a dialysis
tube (MWCO = 12−14 kDa) and immerged into 1 mL PBS (0.01
mol/L, pH 7.4) at 37 °C in a constant temperature shaker for 6 days.
At predetermined time points, the DOX concentration in the released
medium was determined by UV absorption; and fresh PBS was added,
ensuring that sink conditions were maintained unchanged throughout
the experiment.
2.10. Cell Culture. HeLa cells were purchased from the cell bank

of Chinese Academy of Science (Shanghai, China). The cells were
cultured in DMEM, supplemented with 10% FBS, 100 U/mL
penicillin, and 100 μg/mL streptomycin at 37 °C using a humidified
5% CO2 incubator.
2.11. Colocalization by LSCM. SFNP@GCS was selected to be a

representative polymer/SFNP composite for the further analysis of the
colocalization of SFNPs with the cationic polymer. Briefly, SFNPs and
GCS were labeled by RITC and FITC, respectively.31 HeLa cells were
seeded on a 35 mm glass bottom culture dish at 2 × 105 cells/well with
DMEM supplemented with 10% FBS (DMEM-FBS). At ∼ 50% cell
confluence, the media were removed and the cells were rinsed twice
with serum-free DMEM; and then the cells were replenished with 2
mL DMEM-FBS containing RITC-labeled SFNP and (RITC-labeled
SFNP)@(FITC-labeled GCS) (5 μg (RITC-labeled SFNP)/well).
After different incubation times, the media were removed and washed
several times by PBS, followed by refilling the wells with 2 mL of PBS.
Finally, the cells were imaged using laser scanning confocal microscope
(LSCM, Olympus Fluoview FV 1000). For colocalization of (RITC-
labeled SFNP)@GCS with lysosome, (RITC-labeled SFNP)@GCS
was incubated with the cells for 12 h, the media were removed and
washed several times by PBS, and then lysotracker was added
according to the protocol. Afterward, the cells were imaged using
LSCM.
2.12. In Vitro Cytotoxicity Studies. The cytotoxicity of SFNPs

and polymer/SFNPs composites with or without DOX against HeLa
cells was determined by CCK-8. The cells were seeded in 96-well
plates (1 × 104 cells/well) with DMEM-FBS and incubated at 37 °C
with 5% CO2 for 24 h. After removing the medium, 200 μL of
DMEM-FBS containing various concentration of SFNP, SFNP@GCS,
SFNP@(PEG−PEI), free DOX, SFNP/DOX, (SFNP/DOX)@GCS

and (SFNP/DOX)@(PEG−PEI) were added, respectively, and
further incubated for different periods of time. Then, the culture
medium was replaced with fresh serum-free DMEM; and CCK-8 was
added in dark according to the protocol and the absorbance of the
solution at 450 nm was tested using an Elx 800 instrument (Biotek,
USA) after incubation for 2 h. The relative cell viability (%) was
calculated as follows

= ×
A

A
cell viability (%)

[ ]
[ ]

100%test

control

where [A]test is the absorbance of the test sample and [A]control is the
absorbance of the control sample without material.

2.13. Data Analysis. Differences between the means were
investigated using one-way ANOVA analysis and Tukey’s test.
Differences between the group means were considered significant at
p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***); NS, no significant
difference, p > 0.05.

3. RESULTS AND DISCUSSION
3.1. Characterization of SFNPs. The preparation of

SFNPs followed a one-step desolvation procedure. With the
rapid introduction of the regenerated SF solution into excessive
acetone, the milk-like suspension of SFNPs was formed
immediately. As shown in the TEM images in Figure 1a, the
SFNPs presented spherical geometry without obvious
aggregation. The observed particle sizes of SFNPs were around
100 nm, much smaller than that measured by DLS (168 ± 7
nm). This was mainly due to the dehydration process which led
to the shrinkage of the particles in the preparation of TEM
samples. The PDI of SFNPs was 0.129 and the zeta-potential
was −20.0 ± 5.0 mV.
To the best of our knowledge, a significant challenge in the

application of nanoparticles is to retain their stability in the
environment of concern. In most cases, SFNPs to be employed
in biomedicine will be suspended in biological media, such as
DMEM and PBS. In the previous reports, the particle size and
aggregation state of SFNPs were only examined in water by
DLS.20,25 However, the properties of the nanoparticles in
biological media will change and be different from the initial
state.4 As shown in Figure 1b, the particle sizes of SFNPs
prepared with the assistance of different water-miscible organic
solvents, such as acetone23 and ethanol,24 increased over time
as a result of aggregation in serum-free DMEM or in 0.01 mol/
L PBS within a few minutes. SF, a biopolymer containing both
hydrophobic and hydrophilic blocks, self-assembled in the
aqueous solution into a structure with two “phases”: the
crystalline phase is the well-order “core”; and the amorphous

Figure 1. Characterization of SFNPs. (a) TEM images of SFNPs. The insets showed the SFNP in higher magnification and the size distribution of
SFNPs measured by DLS. (b) Particle sizes of SFNPs prepared with acetone or ethanol as a function of time in serum-free DMEM or 0.01 mol/L
PBS. (1) SFNPs prepared with acetone in serum-free DMEM; (2) SFNPs prepared with acetone in 0.01 mol/L PBS; (3) SFNPs prepared with
ethanol in serum-free DMEM; and (4) SFNPs prepared with ethanol in 0.01 mol/L PBS.
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phase is the poor-ordered “shell”. The intrusion of hydrophilic
segments into the solution results in a coarse sphere surface.24

The loosely packed structures and the coarse sphere surface of
SFNPs will be greatly affected by the environment. On the
other hand, after the SFNPs are transferred into the biological
media, the higher ionic strength of the solution could reduce
the electrostatic repulsive forces between the particle surfaces,
and consequently lead to aggregation. Therefore, improving the
colloidal stability of SFNPs in biological media is a key point for
their wider application in the biological field.
3.2. Characterization of Polymer/SFNPs Composites.

Given that the surfaces of SFNPs are negatively charged, our
design is to modify the surfaces with positively charged natural

or synthetic polymers to stabilize SFNPs against aggregation in
biological media. Chitosan, a naturally derived polysaccharide,
is a promising polycation that has drawn growing attention as
drug32 or gene carrier33 because of its favorable biocompati-
bility, biodegradability, and biological activities. However,
chitosan manifests acid-solubility and is normally insoluble
where the pH of the solution is above 6. Therefore, much effort
has been made to modify chitosan to improve its solubility.
Among the different chitosan derivatives with improved
hydrophilicity, GCS34 and TMC,29 have captured much
attention as novel carriers for drugs and genes because of the
good solubility in a broad range of pH and the favorable
biocompatibility. Besides the natural polymers, two synthetic

Figure 2. TEM images of SFNPs coated with cationic polymer. (a) SFNP@GCS (the mass ratio of GCS to SFNPs was 0.1); (b) SFNP@TMC (the
mass ratio of TMC to SFNPs was 1.5); (c) SFNP@PEI (the mass ratio of PEI to SFNPs was 1); (d) SFNP@(PEG−PEI) (the mass ratio of PEG−
PEI to SFNPs was 2). The same scale bar is applied for a−d.

Figure 3. Zeta potentials and particle sizes of SFNPs coated with cationic polymers (GCS or PEG−PEI) at different mass ratios, incubated in water,
serum-free DMEM or 0.01 mol/L PBS at 37 °C for 24 h.
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polymers, PEI and PEG−PEI, have also been investigated.
Cationic PEI is considered to be one of the most efficient
candidates to deliver genes and often serves as a “golden
standard”.35 PEG−PEI, prepared by the covalent attachment of
PEG segments to PEI molecules, has considerably reduced
adverse effects on cell viability, compared with PEI; and shows
a longer circulation time in vivo because of the reduced
nonspecific interactions with serum albumin and cellular
components in the bloodstream.36 In this work, these four
different cationic polymers were successfully coated onto the
surfaces of SFNPs through electrostatic interaction. It can be
seen in Figure 2 that the products (polymer/SFNPs
composites) presented a core−shell structure: the cationic
polymer shell is coated on the SFNP core. In the following
discussion, the polymer/SFNPs composites are referred to as
CS-SFNPs. Particle sizes of CS-SFNPs measured by DLS were
180−200 nm; and the zeta potentials were presented from
negative to positive (Figure 3 and Figure S1).
3.3. Stability of SFNP and CS-SFNPs in Water and in

Various Biological Media. As shown in Figure 3 and Figure
S1, the SFNPs were stable and dispersed well in water for a
relatively long period of time. In fact, the suspension can be
stored at 4 °C for at least 1 month without obvious aggregation.
In contrast, agglomeration was observed in biological media.
This is probably because the attraction force between the
SFNPs becomes higher than the repulsive force as the ionic
strength of the media increases. By comparison, no evident
increase of the particle sizes of the CS-SFNPs was observed
under the same conditions, indicating the significantly
enhanced stability of the CS-SFNPs in biological media. In
serum-free DMEM, SFNP@GCS, SFNP@TMC, SFNP@PEI,
and SFNP@(PEG−PEI) became stable when the critical ratios
of polycations to SFNP reached 0.06, 1.5, 1, and 2, respectively.
In 0.01 mol/L PBS, those critical ratios were 0.5, 1.5, 1, and 2,
respectively. In this paper, the critical ratio refers to the
minimum mass ratio required to keep the particles stable
(against aggregation) in media. If the SFNPs are coated with
TMC at a ratio below the critical ratios (e.g., 0.1 and 0.5), the
SFNPs cannot be sufficiently covered, shown in Figure S2. The
incomplete coating is not able to prevent the aggregation of the
nanoparticles in the biological environment. When the amount
of TMC increases to the critical ratio of 1.5, the SFNPs are
covered by a relatively perfect shell of a tightly bound polymer
layer; and a stable dispersal system is formed (Figure 2b and
Figure 3). It should be noted that not all polycations present
the same result. In a previous report, Yu et al.26 improved the
uniformity of the redispersed silk nanospheres in water by
adding mPEG-NH2. However, even when the mass ratio of
mPEG-NH2 to SFNP reached 4, the particle size and zeta-
potential of SFNP@(mPEG-NH2) (i.e., 178 ± 5 nm and −22.0
± 1.1 mV) were still close to those of the SFNPs; and the
modified nanoparticles were still unstable in biological media
(Figure S3). This may resulted from the lack of positive charges
(which play an essential role in the formation of a core−shell
structure via electrostatic interaction) in the polymer chain:
only one amino group and long PEG tail (considering the steric
hindrance) in one PEG molecular chain.
Biological media are commonly used to mimic the pH,

osmomolarity, and saline conditions in blood. Nevertheless,
there are proteins and other biomolecules present in blood; and
therefore, performance of the nanoparticles in blood is not
always the same as that in serum-free biological media.
Accordingly, the colloidal stability of the nanoparticles in the

presence of serum-supplemented growth media should be
investigated. As in known, the major component of FBS is the
globular protein bovine serum albumin (BSA). Particle size of
BSA is normally several tens of nanometers. In this study,
colloidal stabilities of SFNPs and CS-SFNPs systems were
examined by DLS; and results were shown and interpreted in
the form of hydrodynamic diameters. In DMEM with 10% FBS
and no nanoparticles, DLS results showed a Z-average
hydrodynamic diameter of 36.5 nm. Meanwhile, several other
peaks were observed, which may be attributed to different-sized
agglomerates of BSA. Similar results were found in previous
reports.37,38 It was worth noting that there was a major peak at
184 nm (Figure S4), similar size to those of the SFNPs and CS-
SFNPs (Figure 1a). Therefore, it is difficult to discriminate the
data of the samples from the media background. In other
words, hydrodynamic diameters of the particles in DMEM-FBS
determined by the use of DLS are not perfectly reliable.
NTA, first commercialized in 2006, is a powerful character-

ization technique complementary to DLS; and is particularly
useful for analyzing nanosized particles or particle aggregates in
polydisperse suspensions.39 More importantly, this technique
enables the visualization and recording of nanoparticles in
liquids. According to the results of NTA (Figure S5), when
incubated in DMEM-FBS, the SFNPs tended to aggregate and
form large clusters; and the SFNPs with a size <1 μm only
accounts for a small proportion. By contrast, when the SFNPs
were coated with GCS or PEG−PEI, more desirable particle
dispersion was observed as the mass ratio of GCS or PEG−PEI
to SFNP increased. This phenomenon was more evident when
the ratio was higher than the critical ratio, at which the CS-
SFNPs nearly displayed monodisperse and almost all the
particles were about 200 nm. Based on the NTA and the DLS
results, the CS-SFNPs showed superior colloidal stability,
compared with the SFNPs, both in serum-free and serum-
containing DMEM, which could be attributed to the ability of
the cationic polymers (i.e., GCS and PEG−PEI) to resist
protein fouling.40,13,14

In water, the zeta potentials of CS-SFNPs changed from
negative to positive upon coating (Figure 3 and Figure S1). In
contrast, in biological media, the zeta potentials of CS-SFNPs
were remarkably reduced due to the interactions between the
particles and the negatively charged components.29 For
example, when the SFNP@(PEG−PEI)s with different mass
ratios were incubated in 0.01 mol/L PBS, the surface charges
were determined to be 5 to 6.2 mV. When they were incubated
in serum-free DMEM, the particles exhibited negative charges
between −2.9 to −0.5 mV. It can be seen that the media have a
significant impact on particle net charge, which remains to be
an issue to be addressed.41 Moreover, the absolute value of the
zeta-potentials of SFNP@(PEG−PEI) both in 0.01 mol/L PBS
and in serum-free DMEM were lower than those of the bare
SFNPs under the same conditions (−10.2 ± 0.9 and −11.4 ±
1.1 mV, respectively). This could be ascribed to the shielding
effect of the PEG chains on the surface charge of the
SFNP@(PEG−PEI). Recently, with an effort to stabilize the
nanoparticles in the biological environment, PEGylation has
been generally applied to introduce hydrophilic noncharge
layers to the particle surface. In this way, particle aggregation
and nonspecific interactions in the biological environment
could be reduced under the influences of steric hindrance and
shielding effect.13,14,42 In this study, a similar result can be
interestingly found in the case of SFNP@GCS. As one of the
chitosan derivatives, GCS is emerging as a novel drug carrier
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because of its biocompatibility and water solubility.34 In a
previous report,40 GCS based nanoparticles also displayed long-
term circulation in the blood-stream and considerable
accumulation in tumor cells. Since GCS and PEG showed
similar functions in this context, it is indicated that the −CH2−
CH2−O- groups, which both GCS and PEG have in common,
are most likely to play the role of “shields”. On the basis of the
results discussed above, we can conclude that it is the steric
repulsion of the polymer chains that significantly contribute to
the stability of CS-SFNPs in biological media, rather than the
electrostatic repulsion between the nanoparticles.
3.4. Cellular Uptake of SFNPs and CS-SFNPs. To further

investigate the interactions between SFNP and cationic
polymers and the cell trafficking of SFNP and CS-SFNPs,
SFNP@GCS with a mass ratio of 0.1, which was stable in
DMEM, was selected to be a representative CS-SFNP
composite for further analysis. The HeLa cells with different
periods of postincubation time were imaged using LSCM.
SFNP and GCS were labeled by RITC and FITC, respectively.
Figure 4a showed that most of the RITC-labeled SFNPs were
colocalized with the FITC-labeled GCS, and could be
internalized by and accumulated in the cells. This result
confirmed that the cationic polymer was successfully coated

onto the SFNPs. However, with the same period of incubation
time, much more (RITC-labeled SFNP)@(FITC-labeled GCS)
were internalized by the HeLa cells than the RITC-labeled
SFNPs. As discussed above, SFNP@GCS demonstrated
superior stability in DMEM. On the other hand, the weaker
negative charge of SFNP@GCS (−5.6 ± 0.6 mV), compared
with that of the SFNP (−11.4 ± 1.1 mV) in serum-free DMEM
(Figure 3), may result in weakened electrostatic repulsion
forces between the nanoparticles and the cell membranes.43

Further colocalization between the (RITC-labeled SFNP)@
GCS and lysosome showed that most of these nanoparticles
accumulated in this organelle (Figure 4b), indicating SFNP@
GCS could be trapped in lysosome. On the basis of these
results, the CS-SFNPs may be more favorable for further
application. Although the differences in cellular uptake
efficiency remain to be fully elucidated, to the best of our
knowledge, it probably involves nanoparticle stability in cell
culture media (i.e., the actual size and surface charge of the
internalized nanoparticles including aggregates).

3.5. In Vitro Release of DOX-Loaded SFNP@GCS and
SFNP@(PEG−PEI). DOX is one of the most commonly used
chemotherapeutic drugs, which interacts with DNA by the
intercalation and inhibition of macromolecular biosynthesis.44

Figure 4. (a) LSCM images of SFNP and SFNP@GCS in HeLa cells at 37 °C under an atmosphere of 5% CO2. The cells were imaged at 2 or 12 h
postincubation. Red, RITC-labeled SFNP; and green, FITC-labeled GCS. (b) LSCM images of SFNP@GCS in HeLa cells imaged at 12 h
postincubation. Red, RITC-labeled SFNP; and green, lysotracker-labeled lysosome. Scale bar, 20 μm, applied for both a and b.

Table 1. Particle Sizes and Zeta Potentials of SFNPs, DOX-Loaded SFNPs, SFNP@GCS, and SFNP@(PEG−PEI)

SFNP SFNP/DOX (SFNP/DOX) @GCS (SFNP/DOX) @(PEG−PEI)

size (nm) 168 ± 7 178 ± 10 201 ± 10 196 ± 4
PDI 0.129 0.192 0.267 0.224
zeta-potential (mV) −20.0 ± 5.0 −13.2 ± 3.1 5.0 ± 2.6 14.7 ± 2.9
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In our study, after loading DOX into the SFNPs, the drug
loading and encapsulation efficiency were determined to be 5.9
± 0.1% and 93.6 ± 0.6%, respectively. As listed in Table 1, the
particle size of SFNP/DOX was slightly larger than that of
SFNP. The aggregation of the bare SFNPs and SFNP/DOX
significantly limits their practical applications in the biological
environment. Fortunately, the drug-loaded particles still
presented negative charges; and therefore can be coated with
cationic GCS or PEG−PEI through electrostatic interaction.
In Figure 5, the inset picture shows the redispersion of

SFNP/DOX, (SFNP/DOX)@GCS (at the critical ratio of 0.5)

and (SFNP/DOX)@(PEG−PEI) (at the critical ratio of 2) in
0.01 mol/L PBS after lyophilization. Unlike SFNP/DOX,
which tended to aggregate and precipitate, (SFNP/DOX)@
GCS and (SFNP/DOX)@(PEG−PEI) showed desirable
redispersibility after lyophilization. Besides, no pronounced
changes were observed in the particle sizes and zeta potentials
of these samples.
The potential of these CS-SFNPs to be used as drug carriers

was further investigated. As a control, free DOX showed a large
burst release (Figure S6), and 79.9 ± 0.3% of DOX was
released in the first 12 h. By contrast, only about 30% of DOX
loaded in CS-SFNPs was released within the same period of
time (Figure 5). The results suggested that DOX release
profiles were subject to the release from CS-SFNPs instead of
diffusion kinetics through the dialysis tube. A more steady
release rate was monitored in a release period of 6 days. It was
interesting to find that DOX-release curves of (SFNP/DOX)@
GCS and (SFNP/DOX)@(PEG−PEI) were quite similar
throughout the whole release period. Besides, both followed a
zero-order release after the first day. On the basis of these
results, the CS-SFNPs have the potential to be used as drug
carriers.
3.6. In Vitro Cytotoxicity Studies. The in vitro

cytotoxicity of both free DOX and DOX-loaded particles
(SFNP, SFNP@GCS and SFNP@(PEG−PEI)) against HeLa
cells were determined by the CCK-8 assay. As shown in Figure
6a1, compared with SFNP/DOX, free DOX and the two kinds
of DOX-loaded CS-SFNPs exhibited higher cytotoxicity to
HeLa cells at the same dose of DOX (4 μg/mL) after incubated
for 6 and 12 h. As a small molecular, free DOX can be quickly
transported into cells and enter the active site (nuclei) by
passive diffusion. On the other hand, compared with SFNP/

DOX, more (SFNP/DOX)@GCS or (SFNP/DOX)@(PEG−
PEI) can be internalized in cells. Higher cytotoxicity of (SFNP/
DOX)@(PEG−PEI) can be identified in Figure 6a1 than those
of the other samples when the incubation time increased to 18
h. Meanwhile, blank samples, SFNP, SFNP@GCS and
SFNP@(PEG−PEI) without DOX, showed considerably low
cytotoxicity which remained fairly constant with the increase of
incubation time, as shown in Figure 6a2. This indicates that the
cytotoxicity of the drug-loaded particles mainly resulted from
the DOX component rather than the carriers. A similar trend
was also observed when the concentration of DOX decreased
to 1 μg/mL (Figure 6b1 and b2). Based on the discussion in
the previous sections, it was the enhanced colloidal stability of
the CS-SFNPs that contributed to the higher cytotoxicity,
which makes the CS-SFNPs promising carriers for the
anticancer drug delivery system.

4. CONCLUSIONS
In this study, we fabricated the polymer/SFNP composites with
a core−shell structure by coating the SFNPs with four different
cationic polymers, GCS, TMC, PEI and PEG−PEI. The
polymeric coatings significantly enhanced the colloidal stability
of SFNPs in biological media. Such enhancement is most likely
to result from the steric repulsion of the polymer chains in the
shell . Furthermore, DOX-loaded SFNP@GCS and
SFNP@(PEG−PEI) showed better redispersibility after
lyophilization, which makes possible the wider practical
applications of these composite materials. According to the in
vitro cell studies, compared with the DOX-loaded SFNP, DOX-
loaded SFNP@GCS and SFNP@(PEG−PEI) showed higher
cytotoxicity against HeLa cells. Based on our results, CS-SFNPs
with desirable colloidal stability in biological media could
potentially be more widely applied in vivo; and particularly,
they are promising carriers for the anticancer drug delivery
system.
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Figure 5. In vitro drug-release curves of DOX-loaded SFNP@GCS
and SFNP@(PEG−PEI). The picture inserted showed the redis-
persion of (A) SFNP/DOX, (B) (SFNP/DOX)@GCS, and (C)
(SFNP/DOX)@(PEG−PEI) in 0.01 mol/L PBS after lyophilization.

Figure 6. In vitro cytotoxicity studies of SFNP, SFNP@GCS, and
SFNP@(PEG−PEI) (a1, b1) with and (a2, b2) without DOX. Cell
viabilities of free DOX, SFNP/DOX, (SFNP/DOX)@GCS, and
(SFNP/DOX)@(PEG−PEI) at different DOX concentrations (a1, 4
μg/mL; b1, 1 μg/mL) and their blanks (a2 and b2) were examined as
a function of incubation time via CCK-8 assay. The X axis is the same
for a1 and a2, and the X axis of b1 and b2 is the same.
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Synthesis of PEG−PEI; nanoparticle tracking analysis;
stability test of SFNP@TMC and SFNP@PEI in water
and in various biological media; TEM images of SFNP@
TMC with the mass ratios of 0.1 and 0.5; stability test of
SFNP@(mPEG-NH2) in various biological media; size
distribution of DMEM-FBS measured by DLS; colloidal
stability of SFNP, SFNP@GCS, and SFNP@(PEG−
PEI) in DMEM-FBS measured by NTA. In vitro drug
release curve of free DOX (PDF)
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