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a b s t r a c t
To preserve bioactivity and achieve colon targeted release of phycocyanin (PC), the polysaccharides-based
electrospun ﬁber mat (EFM) containing PC and prebiotics was prepared and characterized. In vitro release
tests conﬁrmed the colon targeting behavior of PC, in particular, faster release of PC was achieved due to the addition of prebiotics. Ritger–Peppas model conﬁrmed that the release of PC in simulated colon ﬂuids follows a
mechanism of anomalous transport (non-Fickian). CCK-8 results showed that the combination of PC and prebiotics exerted a signiﬁcant anti-proliferative effect on HCT116 cells with an IC50 values of 22.31, 17.12 and
11.63 mg/mL after 24, 48, and 72 h, respectively. Furthermore, the cell cycle and apoptosis analysis revealed
that the inhibition activity on HCT116 cells was caused by arresting cell cycle at G0/G1 phase that is relevant
to the inhibition of cyclin D1 and CDK4 and the up-regulation of p21 expression, and inducing cell apoptosis
by mediating the mitochondrial pathway as well, in which the decrease of Bcl-2/Bax, activation of caspase 3
and release of cytochrome c were included. This study suggests that the PC-loaded EFM with GOS holds a great
potential as an effective formulation for colon cancer prevention.
© 2020 Elsevier B.V. All rights reserved.

1. Introduction
Colon cancer is the leading cause of cancer-related death. Although
much effort has been applied to conventional therapies (like surgery, intravenous, and radiation therapy) for treating colon cancer, poor patient
compliance and numerous side effects (including nausea, vomiting and
bloody stools, etc.) are associated with conventional therapy. Colon
targeted drug delivery is regarded as an attractive option as it possesses
high speciﬁcity, improved efﬁcacy and reduced adverse effects [1]. A
good approach for achieving colonic delivery involves the utilization
of carriers that can be degraded under the action of colonic microﬂora
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[2]. Polysaccharides have gained much attention in developing such
microﬂora-activated colon speciﬁc release systems, and many of
polysaccharides-based systems for colon-targeted delivery have been
reported [3,4]. Recently, prebiotics that are indigestible in the upper
gastro intestinal tract (GIT) are also becoming preferred substrates for
construction of colonic-targeted delivery, furthermore, the efﬁcacy of
prebiotics for the stimulation of microﬂora and the role in the treatment
of colon carcinogenesis have been demonstrated [5,6]. Hence, using
polysaccharides and prebiotics (such as galacto-oligosaccharide, GOS)
for colonic delivery holds promise.
Bioactive compounds have received special attention as anti-cancer
agents within the functional food and nutritional industries. Phycocyanin (PC), a water-soluble biliprotein, is of great interest as it exhibits
considerable in vitro and in vivo anticancer activity on a variety of cancer cell types [7]. In addition, administration of even high doses (from
0.25 to 5.0 g/kg body weight) of PC does not induce noticeable symptoms of toxicity nor mortality in animals [8], suggesting the therapeutic
potential of PC in cancer treatment. Unfortunately, PC exhibits poor stability and is sensitive to the harsh environment of upper GIT, and thus
the envisioned beneﬁts are severely compromised. Encapsulation and
targeted delivery of PC to the colon is desiderated to preserve its activity, enhance its bioavailability and enable localized treatment for colon
cancer.
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Recently, nanotechnology has emerged as an efﬁcient and promising
approach for targeted delivery of bioactive agents. Nano-encapsulation
based techniques have attracted tremendous attention for preserving
the activity of bioactive compounds against adverse conditions and for
enhancing the therapeutic efﬁcacy [9]. So far, various kinds of nano structured delivery systems, such as solid lipid nanoparticles, nanohydrogel, nano-liposomes, nanoparticles, nano-ﬁber and micelles have
been constructed [10,11], among which, nano-ﬁber is emerging as the
leading nano-encapsulation carriers in developing delivery systems.
Compared to other techniques (e.g., island-in-sea, self-assembly,
phase separation, etc.), electrospinning is generally regarded as the preferred technique for generating nano-ﬁbers from natural biopolymers
as it provides design ﬂexibility and high encapsulation efﬁciency
[12–14]. The versatility of electrospinning is further enhanced by
using coaxial electrospinning [15]/electrospraying [16], which can be
exploited to create solid core-sheath structured ﬁbers or core-shell
nanoparticles, functional nanocoating [17,18] and monolithic nanoﬁbers[19]/particles[20] as well. Thus, they can provide a series of strategies for encapsulating and protecting the fragile functional compounds
[21]. In addition, different dissolution and targeted release behavior
for compounds can be achieved by selecting the suitable core/shell materials [22,23]. For example, Rostami et al. developed resveratrol loaded
chitosan-gellan nanoﬁber as a novel gastrointestinal delivery system,
and the results revealed that the nanoﬁbers have almost the same cytotoxicity against HT29 cancer cells compared to free resveratrol [24]. In
another study, the core-shell structural nanocomposite for the colonspeciﬁc pulsatile release of diclofenac sodium (DS) was successfully
prepared by modiﬁed coaxial electrospinning using polyvinylpyrrolidone (PVP)–DS as core and shellac as shell [25]. Moreover, multicompartment systems for the controlled release of bioactive compounds have been prepared through coaxial electrospinning. Li et al.
[26] reported that the particular two-stage drug release behavior of
naproxen (NAP) could be achieved by embedding NAP-loaded liposomes in the core matrix of core-sheath nanoﬁbers made with a sodium
hyaluronate core and a cellulose acetate sheath. In this study, burst release of NAP was obtained for the ﬁrst 8 h followed by a sustained release behavior lasting for 12 days. Hence, electrospinning is now being
intensively studied in the food packaging, functional foods and pharmaceutical ﬁelds [27,28].
In our recent study, the incorporation of PC and hydrophobic molecule quercetin by polysaccharide-based electrospun ﬁbers was achieved
and its colon-speciﬁc performance was demonstrated [29,30]. However,
the feasibility of using prebiotics and polysaccharides for colon-speciﬁc
delivery of PC has not been investigated. There is a very limited understanding of the beneﬁts of PC-loaded electrospun ﬁber mat (PC-loaded
EFM) with GOS, such as its stimulation effect on probiotics, its enhanced
anti-cancer activity, and the possible mechanism of apoptosis induced
by short chain fatty acids (SCFAs, fermented from GOS) in combination
with PC on cancer cells in vitro. This study involves the fabrication of a
novel prebiotic and polysaccharide-based colon-speciﬁc delivery system for PC using coaxial electrospinning. The ability of this system to
minimize PC release in the upper GIT and to undergo enzymatic hydrolysis in colon was investigated. The prebiotic activity on probiotics was
assessed through evaluation of the bacterial population, pH changes
and the production of SCFAs. The synergistic inhibition and underlying
mechanism of action of PC-loaded EFM with GOS on the proliferation
of HCT116 were also explored.
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Biotech. Co. Ltd. (Weifang, China). β-Glucosidase, sodium alginate (SA,
viscosity 15–25 cps), polyoxyethylene (PEO, 100 kDa), polyvinyl alcohol
(PVA) and tripolyphosphate (TPP) were purchased from Sigma-Aldrich
Company (Shanghai, China). Antibodies were obtained from Cell
Signaling Technology (Danvers, MA, USA). Propidium iodide (PI),
dihydrochloride ﬂuoropure grade (DAPI) and annexin V-FITC/PI apoptosis detection kit were provided by Beyotime Biotechnology Co. Ltd.
(Shanghai, China). Biﬁdobacteria adolescentis (B. adolescentis) and Lactobacillus fermentum (L. fermentum) were provided by Professor Hanju
Sun (Hefei University of Technology).
2.2. Preparation and characterization of PC-loaded EFM with GOS
First, the PCNP was obtained according to the ionic-gelation method
based on preliminary tests. TPP solution (1 mg/mL) was added into the
CS (3 mg/mL, dissolved in 1% acetic acid, pH 5.3) solution that had been
previously mixed with PC (1.5 mg/mL) solution to achieve the mass
ratio of 5:1 for CS: TPP. The PCNP spontaneously formed and was collected by centrifugation at 18,000 rpm for 15 min at 10 °C. The interaction among the components was investigated by Fourier transform
infrared spectroscopy (FTIR) spectrophotometer. Antioxidant activity
of PCNP was investigated through its reducing power as previously described by Thangam et al. [31] with higher absorbance indicating the increased antioxidant capacity. OH• radical scavenging assay was
performed following the method of Wang et al. [32]. The PC-loaded
EFM was then prepared by co-axial electrospinning. The composition
of the electrospinning solution was as follows: the core solution was
composed of the PCNP and PVA (10% w/w) in a volume ratio of 2:1,
and the SA and PEO (total polymer 9%, 80:20, w/w) in water ethanol
(90:10, v/v) comprised the sheath polymer solution. For PC-loaded
EFM with GOS, 3% (g/mL) of GOS was also added into the core solution.
The sheath and core solutions were fed into a concentric spinneret at a
sheath and core ﬂuid ﬂow rate of 0.12 and 0.29 mL/h, respectively. The
core-sheath ﬁbers were produced from a voltage of 17.2 kV and a distance of 15.6 cm. The morphology of obtained ﬁlm was characterized
by scanning electron microscopy (SEM, Carl Zeiss Jena, Germany). The
core-sheath structure of the ﬁbers obtained was investigated by transmission electron microscope (TEM, JEM-Z300FSC, JEOL, Japan) and confocal laser scanning microscopy (CLSM, LSM 510 META, Carl Zeiss Inc.
USA) by labeling SA and CS with ﬂuorescein isothiocyanate and rhodamine, respectively [33].
2.3. Evaluation of prebiotic activity of the PC-loaded EFM with GOS
The prebiotic activity of the PC-loaded EFM with GOS was evaluated
by investigating its growth promotion effects on B. biﬁdum and
L. acidophilus, respectively. The MRS basal media for the strains was prepared according to previously reported methods [34]. MRS without any
carbon source was used as the negative control. Probiotics were cultured by adding 5 vol% bacterial suspension into culture solution and
then placing in a CO2 incubator at 37 °C for 48 h. Samples of the fermentation broths were withdrawn at different times, and the prebiotic activities of the ﬁlms were evaluated by determining OD600, ﬁnal pH values,
and the content of short chain fatty acids (SCFAs). All experiments were
carried out in duplicate.
2.4. In vitro release test

2. Materials and methods
2.1. Materials
PC with the purity ratio (A620/A280) of 2.04 was obtained from Taizhou Binmei Biotechnology Co., Ltd., Taizhou, China; GOS (C30H52O26)
was purchased from New Francisco Biotechnology Company (Guangdong, China); Chitosan (CS, DD was 87%) was purchased from Dacheng

The release proﬁle of PC from EFM containing GOS was examined in
simulated gastric ﬂuid (SGF, pH 1.2), simulated intestinal ﬂuid (SIF,
pH 6.8) and simulated colon ﬂuid (SCF, pH 7.4) according to previously
described methods [30]. A 5% of bacterial suspension was added in the
SCF. At scheduled time internals, the PC content was measured for absorbance by using a UV–Vis spectrophotometer. Data was obtained at
least in triplicate (n = 3), and was expressed as mean ± standard
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deviation (SD). The Ritger–Peppas model was also employed to ﬁt the
release data of PC to investigate the release mechanism:
Mt
n
Ritger-Peppas:
¼ kt
M∞
(where Mt/M∞ is the fractional PC release; k is a kinetic constant, and
n is the diffusional exponent that corresponds to transport mechanism)
2.5. CCK-8 assay
CCK-8 assay was used to investigate the inhibitory effect of PC-loaded
EFM with GOS on colon cancer HCT116 cells. Cells were cultured and
treated as the previously described [30]. Various amounts of ﬁlm were
then immersed into the following ﬂuids: SGF for 2 h, SIF for 4 h and SCF
for 16 h to obtain the released PC medium. Subsequently, 100 μL of the released PC medium from SCF was added into a 96-well plate, while the
same volume of fresh SCF medium was used as a control. After incubation
for a speciﬁed time, the IC50 (inhibitory concentration resulting in 50%
cell reduction) value was calculated. The inhibition effect of SCFAs was
performed as follows: ﬁrst, the digested PC-loaded EFM with GOS was
fermented by B. adolescentis for 24 h, then 100 μL of fermented culture
medium containing a range of concentrations of butyrate, propionate, acetate and lactic acid was added to the 96 well plates. Fermented culture
medium (100 μL) was added to the 96-well plates. After incubating for
24, 48, and 72 h at 37 °C in 5% CO2, cell viability by the SCFAs was also determined using CCK-8 assay. Thus, the effect of PC-loaded EFM with GOS
could be obtained by calculating the inhibition rate of released PC medium and the SCFAs from the digested sample.
2.6. Cell cycle and apoptosis analysis
To investigate the effect of PC-loaded EFM with GOS on HCT116 cells
cycle and apoptosis, ﬁrstly, 2 × 105 HCT116 was placed into the 24-well
plates and cultured for 24 h. Then, the released PC medium and the
fermented culture medium obtained as the steps described in
Section 2.5 were added into the plate. After 24 h incubation, the cells
were collected and washed twice with cold PBS for the cell cycle and apoptosis analysis. For cell cycle analysis, cells were ﬁrst ﬁxed gently with
80% ethanol at 4 °C for 2 h. Then, cells were centrifuged and treated with
PI and RNase A in a dark room for 20 min, and the percentage of cell
phase was analyzed using a ﬂow cytometer (Becton Dickinson, Mountain View, CA, USA). Regarding apoptosis, the cells were centrifuged to
remove supernatant followed by adding binding buffer to resuspend
the cells. Thereafter, the annexin V-FITC and PI were added and the samples were kept in the dark for 20 min at 4 °C.
2.7. Western blot analysis
Cells were treated with the released PC medium and the fermented
culture medium to detect the change in protein levels associated with
apoptosis and cells cycle arrest. Cells were collected and washed with
cold PBS. Proteins (30 μg/lane) were resolved on sodium dodecyl
sulfate–polyacrylamide gels (SDS–PAGE), and then transferred to
PVDF membranes. Afterwards, the blot was soaked in blocking buffer
(Tris buffered saline (TBS, 20 mM)-Tween 20 (0.1%, v/v) solution with
5% non-fat milk) for 2 h, followed by incubation with individual monoclonal antibodies in blocking buffer at 4 °C overnight. Then, a secondary
antibody horseradish peroxidase conjugate was added and detected by
enhanced chemiluminescence reagents. The intensity of β-actin signals
indicated the equal amounts of proteins and the gray-scale ratio of protein/β-actin were analyzed by Image J software.
2.8. Statistical analysis
Statistical analysis was performed by one-way analysis of variance
(ANOVA). P ≤ 0.05 means there is a signiﬁcant difference in different
groups.

3. Results and discussion
3.1. Characterization of PCNP and PC-loaded EFM with GOS
The morphology of the resulting PCNP and PC-loaded EFM with GOS
are shown in Fig. 1a and b. As shown in TEM image, the PCNP was of a
spherical shape with a particle size of around 50 nm. For ﬁber morphology, SEM image clearly indicates that the ﬁbers were uniform and
smooth and the TEM image veriﬁed the core–sheath structure of ﬁbers
obtained with the core being 220 nm and sheath layer being 370 nm in
diameter. CLSM was further performed to provide a direct evidence. As
shown in Fig. 1c, the image of ﬁber emitted both green and red ﬂuorescence, which revealed that the core layer of CS labeled with RhB was indeed encapsulated into the sheath layer of SA labeled with FITC. As
expected, a core–sheath structure was successfully constructed. The
physical and chemical bonds involved in interaction in the encapsulation process were investigated by FTIR (Fig. 1d). It can be used to examine the entrapment of bioactive compounds into chitosan nanoparticle
and the disappearance of characteristic peaks of encapsulated compounds indicates the interaction between the drug and the polymer
[35]. In this study, PC exhibited a broadband between 3600 and
3000 cm−1, which was related to O\\H stretching and N\\H stretching
vibration. Moreover, the characteristic peaks of PC at 1666 cm−1,
1535 cm−1 and 1455 cm−1 involving C_O stretching, N\\H stretching
and C\\N stretching, respectively [36], have been diminished or disappeared suggesting a possible complexation between PC and chitosan.
Previous studies have reported that drugs possessing an active hydrogen atom i.e. a hydrogen atom that has an extra electron in its outer
shell that gives it a negative charge can be interacted with chitosan by
hydrogen bonds or electrostatic interactions [37,38]. These ﬁndings
are considered as a proof of the encapsulation of PC in the nanoparticle.
Similarly, the disappearance of characteristic peaks of quercetin after
encapsulation was also observed in chitosan nanoparticles by other
studies [39]. Thus, we conclude that PC has been completely and successively encapsulated into the core of CS nanoparticles. Similar peaks for
encapsulated PC were also reported by Chen et al. [40].
The stability of a protein is of great importance for its function and
biological applications. Fig. 1(e) showed the UV–visible absorbance of
PC under different pH conditions. We observed that the highest absorbance at 620 nm was recorded at pH 6 and 7, suggesting that the conformational structure was stable. However, the absorbance was slightly
affected at pH 9.0, and the spectrum of the PC changed drastically at
the acidic pH of 3.0. The decreased absorbance observed at pH 3.0 was
attributed to the low solubility of PC around its isoelectric point, while
the change in absorbance observed at the highly alkaline pH of 9.0,
could be due to the electronic state of chromophore and direct affects
on PC conformation. Since the encapsulation of PC into CS nanoparticle
occurred at pH 5.3, we found that the spectrum of PC was nearly unchanged, indicating the stability of PC during the formation of PCNP.
Then, the antioxidant activity of the encapsulated PC was investigated
by reducing power and OH radical scavenging assays. Vitamin C (Vc)
was used as positive control. As shown in Fig. 1f, there was a linear correlation between the absorbance and PC concentration. The IC50 value
for scavenging OH· radicals was 592 μg/mL for PCNP, while the value
was 537 μg/mL for free PC (data not shown). Thus, the results indicates
that PC was effectively encapsulated into the CS nanoparticle.
3.2. Stimulation effects of PC-loaded EFM with GOS on the growth of
probiotics
Since the promotion effects of prebiotics on probiotics have been
demonstrated [41], two typical probiotics (B. adolescentis and
L. fermentum) were applied to evaluate the prebiotic activity of the functional PC-loaded EFM with GOS. As depicted in Fig. 2a and b, an increase
in OD600 and a decrease in pH value of the culture media were observed,
indicating the promotion effect of PC-loaded EFM with GOS on
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(b)

(d)

(e)
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(c)

(f)

Fig. 1. (a) SEM image of PC-loaded EFM containing GOS; (b) TEM image of obtained ﬁber and PCNP; (c) CLSM image of obtained ﬁber (d)FTIR spectra of different sample; (e) absorption
spectrum of PC under different pH; (f) antioxidant activity of different concentrations of PC-loaded EFM containing GOS.

probiotics. Since the decreased pH was caused by the fermentation of
GOS, changes in the levels of organic acids were also studied and the results are shown in Fig. 2c and d. Generally, lactic acid is an intermediary
product of during fermentation and can be converted into additional
SCFAs by other intestinal bacteria [42]. The major SCFAs are acetic
acid, propionic acid and butyric acid, which have important effects on
colon function and health. Acetate is the most abundant part of the
SCFAs and is primarily responsible for decreased pH. Propionic acid

mainly serves as a precursor for gluconeogenesis and also has positive
effect on the prevention of colon cancer. Butyric acid is also deemed to
have a favorable impact on the growth and differentiation of colonic epithelial cells. However, butyrate is not a common end-product from the
fermentation of Lactobacilli and Biﬁdobacteria, its production originates
from the fermentation by other intestinal ﬂora and a portion of the butyrate may be formed from acetate, as butyrate producing bacteria can
utilize acetate [43]. Fig. 2c and d showed that the lactic acid and SCFAs

Fig. 2. Effect of different concentrations of PC-loaded EFM containing GOS on the growth curve (a) and ﬁnal pH value (b) of B. biﬁdum and L. acidophilus; (c, d) the production of lactic acid
and short chain fatty acids (mM) by B. biﬁdum and L. acidophilus.
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concentration (especially for acetic acid) increased with incubation
time for all ﬁlms, and the concentration of lactic acid was higher than
that of other organic acids. Acetate is the most abundant SCFA, followed
by propionic acid and butyric acid. These results conﬁrmed that
probiotics were able to hydrolyze prebiotics-loaded EFM and to produce
beneﬁcial SCFAs.

3.3. In vitro release proﬁle of PC
The release behavior of PC from PC-loaded EFM with GOS in different
simulated ﬂuids was also investigated. From Fig. 3a, about 15% of PC was
released in SGF and SIF, while around 82% of PC could be released in SCF
over 20 h. The release proﬁle conﬁrmed the colon-targeted behavior of
PC. In particular, we discovered that a higher release rate of PC was obtained with the addition of prebiotics, as about 75% and 53% of PC were
released after 12 h for PC-loaded EFM with or without GOS, respectively
(Fig. 3b). This may be attributed to the production of organic acids by
the fermentation of GOS, as depicted in Fig. 2, leading to the decreased
pH that is also favorable for the dissolution of CS besides the degradation of CS carrier by β-glucosaccharase. These results indicate that the
presence of prebiotics leads to the enhanced colon-speciﬁc targeting
behavior.

(a)

Generally, the release mechanism could be classiﬁed as Fickian
that is afforded by swelling or through relaxation (non-Fickian),
which is related to anomalous transport. The mechanisms involved
in release are important for predicting the in vivo release behavior
of active compounds. Hence, the release kinetics were studied by
ﬁtting the release data with the Ritger–Peppas equation (at Mt /
M∞ b 0.6) to investigate the release mechanism of PC [44]. A value
of n ≤ 0.45 means a Fickian diffusion mechanism. For the n value between 0.5 and 1, it corresponds to an anomalous transport or nonFickian mechanism. In particular, the value of n equals to 1 indicating
the kinetic is zero-order release [45]. In an ideal release model, it is
desirable to have zero-order kinetics as this means the total release
of the encapsulated compounds [46]. The release data (in SCF) ﬁt
well to the Ritger–Peppas equation (Fig. 3a, small ﬁgure). Compared
to PC-loaded EFM, the higher n value (0.986 vs. 0.945) for PC-loaded
EFM with GOS suggests the release of PC follows a mechanism of
anomalous transport (non-Fickian), wherein its release is controlled
by the polymer erosion [45].
The morphology of ﬁlm after incubation in SGF, SIF and SCF over a
given time was observed by SEM to investigate the stability of the
electrospun ﬁbers in aqueous environment (Fig. 3c–f). We can see
that the ﬁlm showed no obvious change and the surface remained
smooth after 2 h in SGF (Fig. 3c and d). After the transferation of ﬁlm

(b)

Fig. 3. (a) Release proﬁle of PC from PC-loaded EFM containing GOS in different simulated digestive ﬂuids, in which, the small ﬁgure was the Riger-peppas model of PC release data;
(b) Release proﬁle of PC from different ﬁlm in SCF; (c-f) SEM images of PC-loaded EFM containing GOS: (c) and after exposure to the SGF for 2 h (d), SIF for 4 h (e), SCF for 10 h (f),
respectively.
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into SIF for the subsequent 4 h, the ﬁbers gradually expand and their
surface became rough (Fig. 3e). Finally, when the ﬁlm was transferred
into SCF, obvious changes were observed, as the ﬁbers became thinner
and more holes and cracks emerged (Fig. 3f). This was because at
pH 1.2 (SGF), the protonation of SA in the sheath layer reduced the solubility of ﬁlm, thus keeping the intact core-sheath structure. At higher
pH (pH 6.8), the carboxyl groups of SA were deprotonated and ionized,
favouring the solubilisation of sheath layer which would cause the
swelling or collapse of ﬁlm, despite that, the protonated amino groups
(-NH3+) on CS favoured a relative compact and stable core structure,
which hindered the PC release from the core layer. However, in SCF,
the CS core layer could be degraded by β-glucosidase or dissolved due
to the decreased pH that caused by SCFAs, thus triggering PC release
in SCF. The morphology change indicates that the obtained ﬁlm showed
resistance to the acid and digestive enzymes but was sensitive to be degraded in the colon, hence, is a promisting colon targeted delivery
system.

3.4. Inhibition effect of PC-loaded EFM with GOS on HCT 116 cells
PC has been extensively investigated for its anti-cancer activity.
SCFAs are the principal end products of prebiotic fermentation in the colonic lumen, which also exhibits beneﬁcial functions on the inhibition of
colon cancer cells. Dyer et al showed that butyrate was the most potent
inhibitor of cell proliferation, followed by propionate and then acetate
[47]. In this study, Fig. 2 showed that GOS can generates approximately
60 mM acetate, 9 mM propionate and 0.3 mM butyrate (Fig. 3). Hence,
the growth inhibitory effect of PC-loaded EFM with GOS on HCT116 cells
was determined using CCK-8 assay. From Fig. 4a, we can see that blank
EFM without PC and GOS did not exhibit cytotoxic activity toward
HCT116 cells, however, a signiﬁcant decrease (P b 0.05) in cell proliferation was observed for PC-loaded EFM with GOS. The data also demonstrated that the combination of PC and GOS resulted in a greater
inhibitory affects than treatment with PC or GOS alone on the growth
of HCT116 cells. After 48 h, the cell viability treated by PC-loaded EFM
alone, GOS alone and PC-loaded EFM with GOS were 68.7%, 81.5% and
58.9%, respectively. We can conclude that the combination of PC and
GOS exerted a signiﬁcant anti-proliferative effect on HCT116 cells
when compared with PC or GOS alone (P b 0.05). This effect was in a
dose- and time-dependent manner for PC-loaded EFM with GOS
(Fig. 4b), as the IC50 values were 22.31, 17.12 and 11.63 mg/mL after
24, 48 and 72 h, respectively. The current study clearly indicates that
the PC-loaded EFM with GOS exhibited enhanced inhibition effects on
HCT116 cells.
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3.5. Expression of proteins involved in regulation of cell cycle
Cell cycle regulation plays an important role in cell proliferation [48].
It had been reported that PC could induce G1 cell cycle arrest in colon
cancer HT-29 cells and breast cancer MDA-MB-231 cells [49,50], as
well as block G2/M cell cycle progression in pancreatic cancer PANC-1
cells [51]. SCFAs can also mediate the protective action by modulating
the expression of genes involved in cell cycle arrest [52]. Thus, the distribution of HCT116 cell phase after exposure to PC-loaded EFM with
GOS was examined. As shown in Fig. 5a, an accumulation of cells in
the G0/G1 phase (from 52.9% in control to 60.6% and 68.9%) was observed, while a proportional reduction in the S and G2/M phase fractions were occurred after the GOS-alone and PC-alone treatment,
respectively. These results revealed that PC-alone and GOS-alone individually induce G0/G1 phase arrest. When HCT116 cells were treated
with PC-loaded EFM with GOS for 48 h, the proportion of G1 phase
reached 74.8%, 14.4% of cells were found in S phase, and 10.8% in G2/
M phase. Compared to other groups, there was a signiﬁcant increase
in the G0/G1 phase in PC-loaded EFM with GOS treated cells, indicating
the synergistic effect of PC and GOS on cell cycle arrest in G0/G1 phase.
The levels of cell cycle regulatory genes involved in G0/G1 transition
were tested to further conﬁrm the above results. Cell cycle is controlled
by a family of cyclin-dependent kinases (CDKs), which are regulated positively by its activating partner cyclins and negatively by CDK inhibitors
(CDKIs), such as P21 [53]. The balance between CDK activation and inactivation determines whether cells proceed through G1 into S phase and
from G2 to M phase. Among the cyclins, cyclin D1, the G0/G1 checkpoint
regulator, is a rate limiting for cell cycle progression. Western blot analysis (Fig. 5b–d) revealed that PC-loaded EFM with GOS synergistically decreased the expression of cyclin D1 and its upstream kinase of CDK4 with
a concomitant up-regulation of the cell cycle inhibitors P21 in a dosedependent manner, supporting the observed G1 cell cycle arrest.
3.6. Apoptosis analysis and the expression of related proteins
It is known that the therapeutic effect of bioactive compounds is associated with cell cycle arrest, followed by initiation of apoptotic process. The apoptosis of HCT116 cells was analyzed by annexin-V/PI
double staining assay. Representative results are shown in Fig. 6a and
b. The control HCT116 cells were considered to be viable cells as they
were negative for Annexin or PI staining. Nevertheless, apoptosis was
induced in PC-loaded EFM with GOS treated cells, and the early and
late apoptotic cell numbers were 60.7% and 10.0% vs. 0.1% and 0.0% in
control, whereas the values were 21.8% and 3.9% for GOS only treated
cells, and 47.2% and 7.3% for PC only treated cells, respectively. The

Fig. 4. (a) Combined effect of PC and GOS on HCT116 cell growth. *P b 0.0.05 indicates statistically signiﬁcant differences from the PC treatment group and #P b 0.05 indicates statistically
signiﬁcant differences from the GOS treatment group; (b) Effect of different concentrations of PC-loaded EFM containing GOS on HCT116 cells proliferation at different times. Analysis
signiﬁcance was determined. Concentrations within the same treatment time not sharing same lowercase letters are signiﬁcantly different (P b 0.05). The different capital letter
represents a signiﬁcant difference (P b 0.05) among different incubation time at a speciﬁc concentration.
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(a)

(b)

(c)

(d)

Fig. 5. (a) Effect of different sample on cell cycle distribution; (b) Western blot analysis and the percentage (c) of cell-cycle regulatory proteins in HCT116 cells after treatment with
different ﬁlm and (d) different concentration of PC-loaded EFM containing GOS for 48 h.

data showed that there was a signiﬁcant increase in the proportion of
cells induced to undergo apoptosis in PC-loaded EFM with GOS treated
cells, indicating the synergistic effect by the combination of PC and GOS.
Fluorescence microscopy was also applied to characterize the morphology of apoptotic cell by PC-loaded EFM with GOS. We performed
DAPI staining and PI staining assays, as shown in Fig. 6c, control cells
showed homogeneous blue ﬂuorescence and an intact nuclear structure, while the cells under the treatment of PC-loaded EFM with GOS

(a)

exhibited typical characteristics of apoptosis, such as red ﬂuorescence
emission and condensed contents in the nucleolus. These observations
indicated that apoptosis is one of the major mechanisms behind the
anti-cancer activity of PC and GOS. Additionally, morphological analysis
demonstrated that the apoptosis was enhanced by the combination
treatment of PC and GOS than treatment with PC or GOS alone, suggesting that the above mentioned ﬁlm-reduced cell viability was related to
apoptosis. The results indicated that the combination of PC and GOS

(c)

(b)

Fig. 6. (a) analysis Induction of apoptosis of HCT116 cells by Annexin V-FITC/PI double staining assay and (b) the calculated apoptosis ratio; (c) Cells were stained with DAPI and PI dye and
observed using ﬂuorescent microscopy. Healthy cells emitted blue ﬂuorescence, and apoptotic cells emitted red ﬂuorescence. Original magniﬁcation, ×100.
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(b)

Fig. 7. (a) Western blot analysis and (b) the percentage for the relative expression of Bcl-2, Bax, Bcl-2/Bax ratio, caspase-3, C caspase-3 (cleaved caspase-3) and cytochrome C.

induced apoptosis along with the inhibition of cell cycle progression in
HCT116 colon cancer cells.
Although a combination treatment of PC and GOS increased cell apoptotic activity, the action mechanism of PC-loaded EFM with GOSinduced apoptosis remains unclear. Bax and Bcl-2, the pro-apoptotic
and anti-apoptotic proteins of Bcl-2 family, have been reported to be
important in regulating the mitochondrial pathway of apoptosis [54].
During apoptosis, the altered ratio of Bax and Bcl-2 causes the mitochondrial potential across the membrane to collapse, leading to the release of cytochrome c into the cytoplasm, and thus resulting in
apoptosis. Studies also showed that the Bcl gene family plays an important role in activating caspase 3 activity [55]. Given the particular importance of apoptosis regulatory proteins, herein we focused on the role of
the Bcl-2 family proteins and the mitochondrial pathway in PC-loaded
EFM with GOS -induced apoptosis.
As depicted in Fig. 7, an elevated level of Bax was observed, while
Bcl-2 was suppressed. The data showed that exposure to PC or GOSalone could down-regulate the ratio of Bcl-2 to Bax, which might be a
cause to the accelerated apoptosis. We found that the ability to induce
apoptosis in HCT 116 cells was further enhanced by co-incubation of
PC and GOS, and the expression levels of tested proteins presented a

dose-dependent effect treated by PC-loaded EFM with GOS. This may
be because PC can improve the regulation of these apoptosis-related
genes by GOS to make cells more susceptible to apoptosis. Damaged mitochondria can result in mitochondrial membrane release of several mitochondrial proteins, including cytochrome c, which are important for
the apoptotic pathway [56]. As expected, cytochrome c was observed
in the cytosol of PC-loaded EFM with GOS treated cells, indicating an involvement of the mitochondrial pathway in apoptosis. The translocation
of cytochrome-c from the mitochondria to the cytosol results in activation of the caspase cascade and execution of apoptosis [57]. PC-loaded
EFM with GOS treatment resulted in a decreased level of pro-caspase
3 and simultaneously increased the expression of the cleaved form of
Caspase3. It can be concluded that Caspase3 was activated, and thus
leading to apoptosis (Fig. 8). Hence, the results demonstrate apoptosis
induced by PC-loaded EFM with GOS was through increase of Bax/
Bcl2, activation of Caspase3 and release of cytochrome c.
4. Conclusions
In summary, the polysaccharides-based electrospun ﬁber mat (EFM)
encapsulating PC and prebiotics was successfully fabricated in this

Fig. 8. Effects of different concentrations of PC-loaded EFM containing GOS on the expression levels of different proteins.
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study. The presence of prebiotics leads to the enhanced colon-speciﬁc
targeting property of PC, as well as the improved inhibition effect on
the proliferation of human colon cancer HCT116 cells. The PC-loaded
EFM with GOS synergistically blocks cell cycle and induces apoptosis
in HCT116 cells. The decreased Bcl-2/Bax ratio along with the increase
of cleaved caspase-3, provides evidence that the ﬁlm-induced apoptosis
is mediated through the mitochondrial pathway, suggesting that PCloaded EFM with GOS is potentially a promising agent for the use in
chemopreventive or therapeutics against colon cancer. Further investigation in a mouse model is necessary to explore its activity toward cancer cells in vivo.
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