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ABSTRACT: Smart drug carrier with function-oriented
adaptations is highly desired due to its unique properties in
medical applications. Herein, adaptive chitosan hollow micro-
spheres (CHM) are fabricated by employing interfacial Schiff-
base bonding reaction. Hydrophilic macromolecules of glycol
chitosan are fixed at the oil/water interface through numerous
hydrophobic small molecules of borneol 4-formylbenzoate,
forming the CHM with a positively charged surface and
lipophilic cavity. These CHM have an average size of 400−
1000 nm after passing through the 0.22 μm apertures of filter paper. This phenomenon combined with SEM measurements
demonstrates its remarkable shape-adaptive behavior. Furthermore, the CHM present a pH-dependence of structural stability.
When pH value reduces from 7.06 to 5.01, the CHM begin to lose their integrity. All those characteristics make the CHM an
intelligent drug carrier, especially for water-insoluble anticancer drugs, paclitaxel (PTX) in particular. Both cell uptake and cell
cytotoxicity assays suggest that the PTX-loaded CHM are highly efficient on HepG2 and A549 cells. Therefore, rather than most
of the traditional materials, these adaptive CHM show great potential as a novel drug carrier.

1. INTRODUCTION

A serious challenge is posed to lipophilic anticancer drugs.
Their well-known poor water solubility greatly limited their
efficacy when using those molecules to approach the nidus.1 In
addition, high toxicity of free drugs, low bioavailability and the
drug resistance are also problems.2,3 To address these issues, a
wide variety of drug carriers have been proposed.4−11 Till now,
numerous drug carrier systems, such as liposomes,6 polymeric
micelles,7 microspheres or microcapsules,8,9 nanoemulsions,10

and nanoparticles,11 have become popular types in biomedical
applications. Though each of them has unique characteristics,
most of them are traditional materials with fixed form.
Developing smart drug carrier especially with function-oriented
adaptability is thus highly desired.
In recent years, polymeric microspheres have emerged as one

promising drug carrier systems due to its obvious superiorities,
such as easy tailorability of chemical compositions, precisely
controlled size and surface properties, high efficiency, and low
cost.12−14 Their versatilities have successfully endowed
anticancer drugs with stable loading, targeting, controlled or
responsive release, and so on.15−17 Some hollow microspheres
(microcapsules) can even not only further increase drug-
loading efficiency, but also enhance stimuli-responsive ability.18

Therefore, many methods, including emulsion cross-linking,19

ionic gelation,20 complex coacervation,21 spray drying,22 and
self-assembly,23,24 have been developed to design and prepare

polymer-based hollow microspheres based on biocompatible
polymers and biomacromolecules.
Chitosan is a naturally alkaline polysaccharide with good

biocompatibility, biodegradability, nontoxic, and transmem-
brane ability.25 It has been widely used for many
pharmaceutical and medical applications, such as implant
surgeries,26 protein or gene delivery,27,28 and controlled release
systems.29,30 Chitosan can increase the permeability of cell
membranes; its cationic property allows it to adhere to cell
membranes more easily.31,32 Therefore, many drug carriers are
designed on the basis of chitosan and its derivatives.33−36 Lehr
et al.33 chose squalene to covalently bind chitosan, the obtained
amphiphilic polymer could spontaneously form particles by
self-assembly and encapsulate several drugs. Chu et al.34

developed core−shell chitosan microcapsules based on a cross-
linking reaction of double emulsion of chitosan and
terephthalaldehyde. The used microfluidic approach made
monodisperse microcapsules, which displayed an acid-triggered
burst release of hydrophobic drugs. All these cases demon-
strated that chitosan and its derivatives are good candidates for
drug carriers. And these works inspired us to construct smart
drug carriers using dynamic Schiff-base,35,36 because its
remarkable pH-responsive capability, stable under neutral
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conditions, and sensitive to hydrolysis under acidic conditions,
is closely related to the inherent difference of pH between
intracellular and extracellular environments or among different
internal environments of human body.37

Herein, we contribute a new strategy to fabricate chitosan
hollow microspheres (CHM) via an interfacial Schiff-base
bonding reaction, as shown in Scheme 1. We employ numerous

hydrophobic small molecules of borneol 4-formylbenzoate
(BF) to fix water-soluble hydrophilic macromolecules of glycol
chitosan (GC) at the oil/water interface. The resulted
interfacial complex is reversed to be insoluble in both water
and organic solvents due to the big hydrophobic pendants
(−NC−BF) on chitosan chains.38 Since the aqueous phase is
GC aqueous solution that form the shell of CHM, its outside
should still be hydrophilic as well as GC itself, making it a good
candidate for drug carrier. Remarkably, different to the cross-
linking structures,34 the bonding manner of the CHM endows
this carrier more flexible and sensitive to surrounding
environment, thus, indicating potential shape-adaptive and
pH-responsive abilities. Moreover, the introduced borneol
known as medical molecule has the physiological function to
increase permeability of cell membrane.39,40 Therefore, from
both macro- and microscales, the CHM is an easy fabricated
and smart carrier for tough anticancer drugs, with expected high
efficacy potentially in injection therapy.

2. EXPERIMENTAL SECTION
2.1. Reagents and Materials. Glycol chitosan (GC, WAKO, Mw

= 82 kDa up, degree of deacetylation: 85%), dichloromethane
(CH2Cl2, 99%), 4-formylbenzoic acid (99%), N,N-dicyclohexylcarbo-
diimide (DCC, 99%), 4-(dimethylamino) pyridine (DMAP, 99%),
paclitaxel (PTX, 99%), and 3-(4,5-dimethylazolyl-2)-2,5-diphenyl
tetrazolium bromide (MTT) were purchased from Tokyo Chemical
Industry (TCI). (−)-Borneol (99%), coumarin-6 (98%), and
tetrahydrofuran (THF, 99.9%) were purchased from J&K Scientific.
All the other reagents (AR grade) were used as received from
Sinopharm. The mouse fibroblast cells (L929), the human
hepatocarcinoma (HepG2) cells, and human nonsmall lung cancer
(A549) cells were purchased from Cell Resource Center, IBMS,
CAMS/PUMC, Beijing, China. Dulbecco’s modified Eagle’s medium
(DMEM), Roswell Park Memorial Institute (RPMI) 1640 medium,
fetal bovine serum (FBS), penicillin, and streptomycin were purchased
from Gibco BRL (Gaithersberg, MD, U.S.A.).

2.2. Synthesis and Characterization of BF. BF was synthesized
via a one-step esterification between borneol and 4-formylbenzoic acid,
where DMAP and DCC were used as catalyst (Figure S1). This typical
esterification results a yield of BF over 95%. BF was characterized by
FT-IR (Figure S2): 1725 cm−1 (−CO), 1180 cm−1 (−O−C−O);
and 1H NMR (400 MHz, DMSO, δ; Figure S3): 0.8−0.9 (s, 9H,
CH3), 1.0−2.3 (s, 7H, CH2CH), 8.08, 8.16 (d, 4H, Ph), 10.13 (s, 1H,
CHO); and the GC-MS (Figure S4): in GC image (top), 16.01 min
(single peak); in MS image (below), the fragments of the BF which
were broken according to different rules determined that BF has no
byproducts. All these results demonstrated that BF was synthesized
successfully.

2.3. Preparation and Characterization of the CHM. The CHM
was prepared via an interfacial Schiff-base bonding reaction at room
temperature, as shown in Scheme 1. In brief, GC solution (1 wt % in
deionized water) was used as water phase (W); oil phase (O) was
CH2Cl2 that contains BF (2.9 mg in 0.5 mL, 0.01 mmol). The volume
ratio of W/O was fixed at 5:1. The O and pure water (1.68 mL) were
first mixed under stirring at 1300 rpm for 6 h to obtain a primary
emulsion. Then, GC solution (0.82 mL) was added in above system
for another 2 h shirring at 1300 rpm. The final emulsion was obtained
after stirring overnight to remove CH2Cl2 completely. The CHM was
obtained after passing through 0.22 μm microporous membrane (Life
Science Acrodisc 25 mm Syringe Filter) and being freeze-dried.

Coumarin-6 or PTX-loaded CHM was prepared following the
procedure for the preparation of the CHM, where hydrophobic
coumarin-6 (8.33 μg) or PTX (0.5 mg) was added to the BF solution
(2.9 mg in CH2Cl2) before the interfacial Schiff-base bonding reaction.

Scanning electron microscopy (SEM, S-4700 Hitachi) was used to
observe the surface morphology and shape-adaptive transformation of
the CHM. The freeze-dried samples were directly coating on
conducting resin and treated by spray-gold. Transmission electron
microscope (TEM, H-800 Hitachi) was performed to study core−shell
interior structure of the CHM. The freeze-dried samples were
redispersed in deionized water, 100 μL of suspension was deposited
on the surface of copper grid. The acceleration voltage for the SEM
measurements was 15.0 kV. The acceleration voltage for the TEM
measurements was 200 kV. The coumarin-6 loaded CHM was
evaluated by fluorescence microscope that equipped with a CCD
camera (BDS200-FL, TS 62, Instec., U.S.A.) at an excitation of 480
nm. One drop of freshly prepared emulsion was dripped on glass slide
and observed immediately. Dynamic light scattering (DLS) and Zeta
potential measurements were measured by Zetasizer Nano-ZS
equipment (Malvern NanoSizer ZS2000). It is calculated from three
measurements. Each sample was repeated six times. Confocal laser
scanning microscopy (CLSM, Leica SP5, Germany) equipped with an
argon/neon laser and a 63× water immersion objective, was performed
to observe 3D distribution of dyes in the CHM, and the real-time
cellular uptake of the coumarin-6 loaded CHM. The measurement and
image analysis were performed with Zeiss Zen Black software.

A UV−vis spectrophotometer (UV-2450, Shimadzu) was used to
measure the drug loading efficiency (DLE), drug encapsulation
efficiency (DEE), and in vitro PTX release of PTX-loaded CHM. DLE
and DEE were calculated according to the following equations.41

=

− ×

DLE(wt%) (amt of loaded PTX)

/(amt of PTX loaded CHM) 100%

= ×DEE(wt%) (amt of loaded PTX)/(initial amt of PTX) 100%

Briefly, the freshly prepared PTX-loaded CHM was dialyzed in
deionized water for 24 h with a dialysis membrane (MWCO = 10
kDa) to remove the nonentrapped PTX. Then, 1 mL of sample was
added into 20 mL of methanol with incubation for 24 h at 37 °C,
following a sonication (2 h) and centrifugation progress (5000 rpm, 30
min) at room temperature, the concentration of PTX in solution was
determined by UV−vis at 227 nm. A standard curve was made by pure
PTX in methanol with different concentrations.

2.4. pH-Responsive Behavior of the CHM. The pH-responsive
behavior of the CHM was analyzed in a series of PBS solutions (pH

Scheme 1. Schematic Illustration of the Interfacial Schiff-
Base Bonding Reaction That Is Designed between GC and
BF Molecules in an Oil/Water Emulsiona

aHydrophobic drugs and dyes can be embedded in this CHM carrier.
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range from 5.01 to 6.03, further to 7.06), which were used to simulate
an internal biological environment.30−34 The freeze-dried CHM was
immersed in above-mentioned PBS solutions, respectively. The
changes of morphology of the CHM under various pH values were
recorded by optical microscope equipped with a CCD camera
(BDS200-FL, TS 62, Instec., U.S.A.). A total of 10 min were used for
this evaluation. In addition, the cryo-scanning electron microscope
(cryo-SEM, FEI Helios NanoLab 600i) was employed to further study
the stability of the CHM under various pH values at different time
point from 2 to 24 h.
2.5. In Vitro PTX Release. In vitro release studies of PTX were

conducted using a dialysis method. Briefly, 2 mL of PTX-CHM
solution was added into a dialysis bag (MWCO = 10 kDa) soaked in
30 mL of PBS (pH 5.01, 6.03 or 7.06) containing 0.1% Tween 80 and
incubated at 37 °C with gentle shaking.42 At a predetermined time
interval (from 0.5 to 48 h), 2 mL of samples in different pH medium
were withdrawn and replaced with an equivalent volume of the
corresponding fresh buffer solution, successively. The cumulative
amount of PTX released from PTX-CHM in each buffer was
quantified by its absorbance at 227 nm with a UV−vis spectropho-
tometer (UV-2450, Shimadzu) according to the standard curve.43 The
in vitro release experiments were carried out in triplicate.
2.6. In Vitro Biocompatibility and Cytotoxicity Evaluation.

The biocompatibility of BF, GC, and the CHM blank was investigated
with L929 cells. L929 cells were cultivated in RPMI 1640 that was
supplemented with 10% FBS, 100 units mL−1 penicillin and 100 μg
mL−1 streptomycin in humidified incubator of 95% air and 5% CO2 at
37 °C. Typically, L929 cells were seeded in 96-well plates at the
density of 5 × 103 cells per well in 100 μL of RPMI 1640 medium, and
then incubated at 37 °C for 24 h. Then equal volume fresh medium
containing serial dilutions of BF (29 and 58 μg mL−1), GC (82 and
164 μg mL−1) and the CHM blank (0.86 and 1.72 mg mL−1, with the
same GC or BF concentrations) to replace the solution in the plate (n
= 6). After 24 and 48 h of incubation, the cell viability was determined
by MTT colorimetric assays, where 20 μL of MTT solution (5 mg
mL−1) was added to every well and incubation for 4 h at 37 °C. After
removing the solution, the formazan crystals in each well were
dissolved by 150 μL of DMSO with gently shaking. The absorbance of
the solution was measured by Thermo Scientific Microplate Reade at
570 nm, and the relative cell viability was calculated according to the
formula as follows: viability (%) = (Abs570 sample − Abs570 control)/
(Abs570 cell − Abs570 control) × 100%.
Two different cell lines: HepG2 and A549 cells were employed for

assays of in vitro cytotoxicity of free PTX, the CHM blank and the
PTX-loaded CHM. Typically, HepG2 (A549) cells were seeded in 96-
well plates at the density of 5 × 103 cells per well in 100 μL of
corresponding complete medium (contains 90% DMEM/RPMI 1640
medium, 10% FBS, 100 units mL−1 penicillin and 100 μg mL−1

streptomycin), and then incubated in humidified incubator of 95% air
and 5% CO2 at 37 °C for 24 h. Subsequently, the medium was
replaced by fresh corresponding medium containing serial dilutions of
free PTX (5 and 10 μg mL−1; PTX was dissolved in DMSO and then
diluted by cells culture media; the concentration of DMSO was less
than 0.1%), the CHM blank and the PTX-loaded CHM (with the
same PTX concentrations). All the experiments were conducted in
duplicate with n = 6 per sample. After incubation with cells for another
24 and 48 h, the cell viability was determined by MTT colorimetric
assays.
2.7. Cell Uptake Analysis. The real-time cellular uptake of the

coumarin-6 loaded CHM were estimated on HepG2 cells by CLSM.
In this study, HepG2 cells were first seeded in 24-well plate at the
density of 1 × 105 cells per well in cell culture medium and incubated
with 10% FBS, 100 units mL−1 penicillin and 100 μg mL−1

streptomycin in humidified incubator of 95% air and 5% CO2 at 37
°C for 12 h to allow cells attachment. Then, the cell culture was
replaced with 1 mL fresh medium, containing free coumarin-6 (0.3 μg
mL−1), BF (58 μg mL−1), GC (164 μg mL−1), coumarin-6 combined
with BF or GC with same concentrations of BF or GC, the CHM
blank (1.72 mg mL−1), and the coumarin-6 loaded CHM with same
concentrations of coumarin-6, respectively. After incubation at 37 °C

for 12 h, the cells were washed three times with PBS (pH 7.4), then
analyzed with a fluorescence microscope. The excitation wavelength
value of coumarin-6 was 497 nm, while green fluorescence signals were
observed at 532 nm. To explore the mechanism of internalization, real-
time monitoring of cell uptake was carried out. HepG2 cells were
seeded in a special CLSM cell culture dish with the same conditions.
After 12 h of incubation, the cell culture was replaced with 1 mL fresh
medium containing of the coumarin-6 loaded CHM (0.3 μg mL−1 of
coumarin-6), and monitored with the CLSM to obtain real-time
fluorescence images and dynamic video immediately.

3. RESULTS AND DISCUSSIONS
3.1. Synthesis and Characterization of the CHM. The

CHM were fabricated by employing interfacial Schiff-base
bonding reaction based on a dichloromethance/water emulsion
(Scheme 1) of BF/GC. Different to the reported methods,19−24

the CHM were prepared by utilizing hydrophobic BF small-
molecules to fix macromolecules of hydrophilic GC at the O/W
interface. The Schiff-base reaction dose not creates cross-
linking structure as normal strategy.34,37,44−46 It is the
hydrophobic BF groups make an in situ precipitation of GC
chains. Therefore, the resulted CHM could disperse in water
very well owning to the exterior hydrophilic GC terminals.
Meanwhile, its interior hydrophobic cavity is very suitable for
loading lipophilic molecules or drugs.
Figure 1A shows the typical morphology of the obtained

CHM. The spherical microstructure with an average size of 500

nm was observed. The enlarged SEM image (Figure 1B)
exposes the hollow microstructure with an opening, which may
be caused by the treatment of removing organic solvent.
Another reason might come from self-assembly process that
usually create hollow microsphere with a hole.19,47,48 In order
to further confirm this phenomenon, TEM was used to check
above features. Figure 1C reveals the typical CHM with the
hole on each of those units. When zooming in to examine
single one CHM (Figure 1D), we found the characteristic hole
on the CHM. In addition, it has the distinct shell thickness of
approximately 30 nm, which should be fabricated via the
chemical bonds of Schiff base, thus demonstrating the
interfacial Schiff-base bonding reaction a successful method
on forming the CHM.

Figure 1. SEM (A, B) and TEM (C, D) images of the synthesized
CHM.
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3.2. Drug-Loading Capability of the CHM. Coumarin-6
was first used as a model of lipophilic drug,49,50 to study the
loading capability of the formed microstructures. Figure 2A
shows the optical image of the obtained microspheres. Their
drug-loading capability was confirmed by the fluorescence
microscopy (Figure 2B). After overlying these two images
(Figure 2C), all the microspheres showed green fluorescence,
demonstrating that coumarin-6 has been efficiently encapsu-
lated in the microspheres. However, beyond our expectation,
the size of these prepared microspheres displayed a relatively
big and wide range of distribution, having an average size of
400−1000 nm (Figure 2C, inset) based on the measurement of
DLS analysis. Although the size is agreeing with above SEM
measurements (Figure 1), this result is not consistent with the
theoretical size of below 220 nm, owning to the post-treatment
of passing through the 0.22 μm apertures of filter paper (see
section 2.3). As a supplementary data, the original microspheres
showed a size distribution from 100 to 2000 nm (see Figure S5
and Table S1 in Supporting Information). We thus suspected
that an adaptive transformation has been occurred in this CHM
system.
Before discussing the adaptive transformation, a 3D CLSM

examination was carried out to penetrate the Nile blue-loaded
CHM (Nile-blue is used as the second model of lipophilic
drug). In order to eliminate the solvent influence, the obtained
microspheres were treated with a vacuum freeze-dry technol-
ogy. Then, they were redispersed in deionized water for the
measurement. Figure 3A,A′ shows the 3D feature of the dye-
loaded CHM. The lighted microsphere confirmed that the Nile
blue was successfully entrapped in the CHM. Then, we drew
out the 2D layers (Figure 3B, total 29 layers) separately,

checking the orientational distribution of dye molecules. We
found that dye molecules got together in the core (Figure 3B,
from 11 to 27) rather than our previously expected around the
inner shell. This aggregation might come into being within the
drying treatment and confinement of GC chains. Nevertheless,
this insight not only proved the drug-loading capability but also
revealed the loading pattern within the CHM. Furthermore, the
quantitative studies showed that this kind CHM displayed a
high loading ability with a DLE of 37.5 ± 5.0% and a DEE of
75.0 ± 3.0% for the PTX, based on the standard curve as shown
in Figure S6.

3.3. Shape-Adaptive Transformation of the CHM. We
obtained above-mentioned CHM after passing through the 0.22
μm microporous membrane, which is a sterile pretreatment for
cell culture.51,52 Considering that numerous BF molecules
(having single bonding site beside the hydrophobic group) held
GC polymers, this microstructure might be somewhat soft and
flexible. We thus supposed that the CHM might go through a
smaller channel less than the size of itself (Figure 4A),
illustrating a shape-adaptive ability. On the basis of this
hypothesis, we carried out SEM measurements on the cross-
section of the employed microporous membrane before and
after the usage. Figure 4B shows the whole cross-section of the
membrane, where a gradient porous structure is exhibited. Fine
pores with a standard of 0.22 μm are loaded on the up layer,
while the base layer is large openings that act as supporting
basement. When zooming in to observe the microstructure of
the up layer, porous scaffold structure (Figure 4C) is exhibited.
After careful checking the used membrane, shape-adaptive
changing of the CHM could be observed (Figures 4D and S7).
Figure 4D1 and D2 display a distinct radial shrinkage of the

Figure 2. Characterization of the coumarin-6 loaded CHM: (A) the optical image; (B) the fluorescent image; and (C) the overlying image of A and
B; inset is a result of DLS analysis. These microspheres have passed through a 0.22 μm filter membrane. The scale bar is 25 μm.

Figure 3. (A) 3D CLSM image of the Nile blue-loaded CHM. (B) The selected 2D pictures. The number on the picture denotes the layer sequence.
The scale bar is (A) 3 μm and (B) 1 μm.
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passing through CHM in situ, which demonstrated our
hypothesis for the shape-adaptive capability of the CHM. The
shape changing is happened from circular microsphere to
elliptical microsphere, which may endow the CHM with
preferential cellular uptake, larger contact surface area, higher
targeting ability, and accumulation at the target site compared
to spheres.53−55

3.4. pH-Responsive Behavior of the CHM. Schiff-base is
known unstable in acidic condition. The acid-triggered
decomposition of the CHM was estimated in the pH range
from 7.06 to 5.01. Figure S8 represents the pH-responsive
behaviors of the prepared CHM. In neutral (pH 7.06) and
slight acidic medium (pH 6.03), the morphology of micro-
spheres did not change whether in the initial phase (Figure
S8A,B) or after 10 min treatment (Figure S8A′,B′). When the
pH value was 5.01, microspheres swelled first (Figure S8C) and
then started to decompose after 10 min (Figure S8C′).
In order to further confirm the stability of the prepared

CHM under different pH, a series of cryo-SEM measurements
(Figure 5) were carried out for a prolonged period of time (2

and 24 h). In neutral condition (pH 7.06), the morphology of
CHM did not change even after 24 h treatment (Figure 5A′).
This result is in agreement with the stability of some reported
Schiff-base microstructures.56,57 But in slight acidic medium
(pH 6.03), slight shrinkage was found when the treatment was
prolonged from 2 h (Figure 5B) to 24 h (Figure 5B′). When

pH 5.01 was employed, most of microspheres had decomposed
just after 2 h treatment (Figure 5C) due to hydrolysis of the
Schiff base bond. All these results demonstrated that the CHM
were relatively stable within neutral or weak-acid conditions,
compared with the reported Schiff-base system.44,58,59 In our
viewpoint, this phenomenon is owning to the bonding of those
big hydrophobic BF groups on the GC chains. The changing
wettability may limit the permeation of acidic solution, thus
making main contribution for their stability and above
responsiveness.

3.5. In Vitro PTX Release. The in vitro releasing capability
of PTX-loaded CHM in different pH medium was assessed by a
common-used dialysis procedure.60 The accumulated percen-
tages of PTX released from PTX-loaded CHM in 48 h were
studied in PBS solutions with pH 7.06, 6.03, or 5.01 (Figure 6).

In simulated physiological conditions (pH 7.06, red solid) and
slight acidic conditions (pH 6.03, blue triangle), the cumulative
release amounts of PTX were 10.0 ± 2.8% and 19.3 ± 3.0%
over 48 h from PTX-CHM, respectively. While PTX cumulative
release amount was significantly increased to approximately
76.8 ± 4.8% at pH 5.01 (black dot), going with a fast release
rate. These results consistent with above-mentioned images
(Figures 5 and S7). The cleavage of Schiff base linkage between
GC and BF plays the crucial rule, which can be accelerated at
lower pH condition.61,62

3.6. Efficacy of the PTX-Loaded CHM as Drug Carrier.
In evaluating efficacy of the PTX-loaded CHM, MTT
colorimetric assay is known as a general method.41 Cellular
cytotoxicity or biocompatibility of the CHM carrier can be also
evaluated. The BF, GC and the CHM blank exhibited little
cytotoxicity to L929 cells at different concentrations even after
48 h of incubation (Figure S9). It demonstrated that the
microspheres have excellent biocompatibility.
In evaluating efficacy of the CHM carrier, PTX was loaded in

the CHM and used as a basic drug model on two typical cell
lines: HepG2 and A549 cells. First, MTT assays showed that
free PTX exhibited detectable cytotoxicity on both HepG2 and
A549 cells at the tested PTX concentrations of 5 and 10 μg
mL−1 (Figure 7A). They all displayed an increasing cytotoxicity
with the increase of PTX concentration and the prolongation of
incubation time. It is consist with previous reports.63,64 Then,
we observed that the blank CHM were practically safe (cell
viability > 95%) on HepG2 and A549 cells after 24 h incubation
at the denoted CHM concentrations of 0.86 and 1.72 mg mL−1

(Figure 7B), respectively, meaning that the CHM is a more
biocompatible carrier than plain chitosan.65,66 HepG2 cells
were more sensitive to the CHM than A549 cells, since cell
viability on HepG2 rather than A549 decreased clearly after 48

Figure 4. (A) Schematic illustration of the shape-adaptive property of
the CHM. (B, C) Sectional view of the filter membrane (0.22 μm),
and (D) the shape-adaptive transformation of the CHM when passing
through the microporous membrane. Red arrows denote the
transformed CHM.

Figure 5. Cryo-SEM images of the CHM in various pH mediums after
2 h (A, B, and C) and 24 h (A′, B′, and C′) treatments: A, A′: pH
7.06; B, B′: pH 6.03; C, C′: pH 5.01. All scale bars are 1 μm.

Figure 6. In vitro drug release of PTX-loaded CHM in PBS at pH 7.06
(red solid), 6.03 (blue triangle), and 5.01 (black dot) at 37 °C (n = 3
for each pH value).

Biomacromolecules Article

DOI: 10.1021/acs.biomac.7b00592
Biomacromolecules 2017, 18, 2195−2204

2199

http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b00592/suppl_file/bm7b00592_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b00592/suppl_file/bm7b00592_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b00592/suppl_file/bm7b00592_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b00592/suppl_file/bm7b00592_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b00592/suppl_file/bm7b00592_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b00592/suppl_file/bm7b00592_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b00592/suppl_file/bm7b00592_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biomac.7b00592/suppl_file/bm7b00592_si_001.pdf
http://dx.doi.org/10.1021/acs.biomac.7b00592


h incubation at the higher concentration. According to the
MTT results, we employed the CHM concentration of 0.86 mg
mL−1 for efficacy testing of this carrier. When PTX
concentration was 5 μg mL−1, viabilities of the two cells
treated with the PTX-loaded CHM appeared some decrease at
initial 24 h (Figure 7C, light blue). This maybe depended on
the effective concentration of PTX itself.63 Significantly, when
PTX concentration was 10 μg mL−1, the PTX-loaded CHM
showed distinct cytotoxicity (Figure 7C, dark blue) compared
with free PTX in spite of using the same drug concentrations.
This improvement (t test, P < 0.05, also see Table S2 for data
details) can be attributed to the efficient load and release of
PTX molecules from the CHM carriers. It was further proved
by the prolongation of incubation time (Figure 7C, 48 h).

3.7. Cell Uptake Analysis. This synthesized CHM was
demonstrated to be a good drug carrier because of its advances,
such as hydrophilic chitosan surface, enough interior for
hydrophobic drugs, suitable size, shape-adaptive character, and
pH responsiveness. Although the chitosan surface is well-
known for its cell affinity, the novel design of this CHM still
makes it a smart drug carrier. For detecting the mechanism
details, the cellular uptake of coumarin-6 loaded CHM was
analyzed qualitatively on HepG2 cells by using fluorescence
microscope. HepG2 cells were incubated with different
coumarin-6 formulations including plain coumarin-6 and
coumarin-6 combined with GC, BF, and the CHM,
respectively. Figure 8 shows the intuitive display of the results
directly. All test groups (Figure 8A−H) present the normal
cells morphology (Figure 8A), indicating good metabolism of

Figure 7. MTT assays of (A) free PTX, (B) the CHM blank, and (C) the PTX-loaded CHM on HepG2 and A549 cells at denoted times. The
control (no treated cells) was taken as 100%. The data are presented as the mean plus or minus the standard deviation (n = 6 for each group).

Figure 8. In vitro evaluation of cellular uptake under different dose conditions. (A, A′) blank; (B, B′) coumarin-6; (C, C′) BF; (D, D′) coumarin-6
combined with BF; (E, E′) GC; (F, F′) coumarin-6 combined with GC; (G, G′) the blank CHM; (H, H′) the coumarin-6 loaded CHM; (A−H)
fluorescent images; (A′−H′) overlaying of fluorescent and optical images. The scale bar is 25 μm.
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all studied cells under test conditions. Cells incubated with
plain coumarin-6 (Figure 8B) or coumarin-6 combined with BF
(Figure 8D) showed the same slight fluorescence signal,
respectively. These phenomena proved that small hydrophobic
molecules usually played less effect on cell uptake. However,
coumarin-6 combined with GC group (Figure 8F) exhibited a
higher intracellular fluorescence density, because GC could
carry hydrophobic dyes into cells.67,68 But, we carried out the
MTT assays on both HepG2 and A549 cells using free PTX
mixed with GC, the results did not support plain GC a valuable
drug carrier for PTX (Figure S8 in Supporting Information).
When HepG2 cells were incubated with the coumarin-6 loaded
CHM (Figure 8H), the green fluorescence signal was more
intense than the plain GC group. This fluorescence was not
caused by dyes adhered on the surface of the cell membranes
because any dissociative CHM or free coumarin-6 have been
washed off with PBS. Meanwhile, we did not find that the
dimension of the prepared CHM (400−1000 nm, Figure 2C,
inset) had negative influence for cell uptake maybe due to its
shape-adaptive property.9,69 Combined with aforementioned
MTT assays, these recorded images well supported the high
efficacy of the CHM carrier.
In order to observe the mode of internalization, real-time

fluorescence detection was performed on this carrier system.
Figure 9A shows an observation that one HepG2 cell is

engulfing the coumarin-6 loaded CHM within 3 min (based on
a video of details that was recorded after 2 h coincubation with
coumarin-6 loaded CHM). The fluorescent CHM were
engulfed quickly and distinctly through the cell’s protrusions
(red arrow) rather than cell’s body (yellow arrow). Unlike
previous report that the internalization of cationic chitosan
microspheres appears to occur predominantly by adsorptive
endocytosis,70 this uptake process is more like a phagocytosis
that can be simply called cell eating. Anyway, the CHM were
enclosed from extracellular environment with high efficiency.
Furthermore, we luckily recorded a group of images (Figure

9B) that demonstrated the fast response of the CHM on entry

into a cell. Figure 9B, 0 s shows two HepG2 cells that are
connected with one filopodia (yellow arrow). After 30 s, a
coumarin-6 loaded CHM (red arrow) was found near the base
of the filopodia. Then, just in the next 90 s, the image (Figure
9B, 120 s) recorded that the filopodia was lightened with green
fluorescence (red arrows). And immediately, the lightened
green disappeared on the filopodia in situ within no more than
30 s (Figure 9B, 150 s). We thus speculated that this sudden
flash could be attributed to the fast release of the loaded
fluorescent molecules. In other words, it is reasonable to make
the judgment that the novel Schiff-base constructed CHM just
undergo a complete process from cargo carrying to entering the
cell and then to releasing coumarin-6 with in totally 90 s. These
phenomena not only let us know that the CHM is easy to enter
into cells but also show us its fast responsiveness in cells in situ.

4. CONCLUSION

In summary, we have designed and successfully prepared the
CHM as a new carrier for tough hydrophobic drugs. The
interfacial Schiff-base bonding between hydrophobic BF
molecules and biocompatible GC polymers is highlighted due
to it making the resulted microstructure a promising drug
carrier manner with smart capabilities and high efficiency.
Especially, its shape-adaptive and pH-responsive features play
the crucial rule in the whole process from fabrication to
utilization. The former makes the drug loading stable and
dilatation; the latter ensures the drug releasing fast and efficient.
In vitro cellular uptake analyses displayed for the first time the
real-time phagocytosis of the CHM and the in situ intracellular
release of the loaded fluorescent molecules. MTT assays further
demonstrated good efficacy of the PTX-loaded CHM.
Considering that shape adaptability may offer new oppor-
tunities in controlling long-circulation and transport across
biobarriers, the CHM carrier is prospective in controlled drug
delivery particularly. This work is now under investigation. The
deeper understanding of the phagocytosis mechanism is also
expected. Since this unique assembly strategy supplies
advantages such as facile fabrication, low cost but high
efficiency to form intelligent drug carrier, we believe this
CHM model would open a new avenue for tough drugs on
treating tumors.
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