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Abstract pH-sensitive, interpenetrating polymer network
hydrogels were synthesized based on pachyman and its
carboxymethylated derivatives (CMP) by the confunctional
crosslinker agent epichlorohydrin. The structure and morphol-
ogy of pachyman/CMP (CPCS) hydrogels were characterized.
In the swelling assays, the composite hydrogels maintained
remarkable swelling capacity and significant good pH sensitiv-
ity. The swelling behavior was much improved by the incorpo-
ration of CMP than the pure pachyman hydrogels. While in-
creasing the content of CMP in the hydrogels, the equilibrium
swelling time was more reduced and the swelling ratio in-
creased obviously due to the better water solubility of CMP.
In the drug release study, the results indicated that CPCS
hydrogels demonstrate better pH-resistant sustained drug re-
lease for bovine serum albumin, and the adjustment of the pro-
portion of pachyman to CMP results in improved drug release
behavior, which suggests that the CPCS hydrogels are promis-
ing candidates for sustained drug delivery system.

Keywords Hydrogels . Pachyman . Carboxymethyl
pachyman . Drug delivery

Introduction

In recent years, the development of sustained and controlled
release drug delivery systems of therapeutic agents remains a

great interest [1–3]. Among various self-regulating delivery
systems, hydrogels have played a important role [4].
Hydrogels contain a highly hydrated, three-dimensional net-
work and are known for their biocompatibility and biodegrad-
ability as well as security [5, 6], which is gaining increased
attention because of their great potential in drug delivery sys-
tems, tissue engineering applications, wound healing,
bioseparation, and so on [7–11]. Moreover, hydrogels with
environmental sensitivity could respond to surrounding
changes such as pH, temperature, ionic strength, and electric
current [12–15]. In designing hydrogels for controlled drug
release, pH sensitivity is an important factor in the gastroin-
testinal tract [16, 17]. This kind of hydrogel could not only
protect the therapeutic agents from enzymatic hydrolysis or
acid destruction in the upper gastrointestinal tract, but also
enhance drug release at the colon by means of self-
regulating to pH change [18, 19].

Trying to employ various natural polymers into drug deliv-
ery systems is a continuous subject of great interest [20–24].
Pachyman, a fungal polysaccharide, is a naturally occurring
linear polysaccharide extracted from sclerotia of Poria coco
[25], which have gained great application in China and many
other Asian countries. Many derivatives of pachyman have
been prepared and developed for pharmaceutical and biomed-
ical applications [26–28].

In our previous investigations, we fabricated two kinds of
novel hydrogels based on pachyman and its derivatives (i.e.
EPCS for ECH crosslinked pachyman hydrogels, and EHEP
for ECH crosslinked hydroxyethyl pachyman hydrogels) by
using a simple crosslinking reaction [27]. They have demon-
strated pH-sensitive characteristics in response to external pH
changes, especially for EHEP hydrogels. Nevertheless, EPCS
hydrogels possessed unsatisfying swelling behavior in the
gastrointestinal tract due to the weak solubility of pachyman
as well as the limitation of its macroporous structure in hydro-
gel, which may lead to burst release of solutes and low
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entrapment efficiency. The carboxymethylated derivative of
pachyman (CMP) with good water solubility is commonly
required to improve the function of pachyman. The incorpo-
ration of CMP into pachyman hydrogels may overcome the
disadvantage of EPCS hydrogels in swelling and mechanical
properties as well as improve the pH sensitivity due to the
ionization of the COOH group in response to external pH
changes [29, 30].

Moreover, multicomponent networks such as semi- or in-
terpenetrating polymer networks (IPN) have often been devel-
oped in order to improve the mechanical properties as well as
the biodegradability and the diffusion of core substance
through hydrogels [31–34]. In this study, CMP was blended
with pachyman to construct a matrix of an interpenetrating
network as a pH-sensitive composite hydrogel for oral drug
delivery. The inherent biocompatibility of pachyman and
CMP makes the hydrogel materials particularly attractive for
biomedical applications in drug delivery. Furthermore, bovine
serum albumin (BSA) was chosen as a model protein drug to
assess the potential of pachyman and CMP composite
hydrogels as carriers of a pH controlled release system. The
morphology of the hydrogels, the swelling characteristics and
release profiles of the model drug from these carriers in sim-
ulated gastrointestinal fluids were investigated.

Experimental

Materials

Pachyman (Mw 2.2×105) was extracted from the sclerotia of
Poria cocos [35]. Epichlorohydrin and chloroacetic acid were
purchased from Sinopharm Chemical Reagent Co., Ltd.
(Shanghai, China). Bovine serum albumin (BSA) was sup-
plied by Sigma Chemical Company (St. Louis, MO, USA).
All other chemical reagents with analytical grade were obtain-
ed from commercial sources.

Preparation of carboxymethylated pachyman (CMP)

According to the method previously reported, pachyman was
carboxymethylated using chloroacetic acid [26, 36, 37]. Brief-
ly, a suspension of pachyman in a mixture of NaOH and
isopropanol was stirred and dispersed in an ice bath. Then, a

mixture of chloroacetic acid dissolved in NaOH and
isopropanol was slowly added under stirring. The reaction
was carried out at room temperature for 3 h and then at
50 °C for 3 h. After the solution was cooled to room temper-
ature, dilute HCl was added to neutralize the solution which
was then dialyzed. Finally, CMP was lyophilized to produce
the product. The sample was identified using a Fourier trans-
form infrared spectrophotometer (FTIR, Spectrum One,
Perkin Elmer, USA), and a Bruker DPX 400 MHz spectrom-
eter, and the degree of substitution (DS) was 0.9 units of
carboxymethyl group per glucose.

Preparation of pachyman/CMP (CPCS) composite
hydrogels

Synthesis of pachyman/CMP composite hydrogels was car-
ried out by an intermolecular side-chain reaction of hydroxyl
groups of polymers with confunctional crosslinking agent,
epichlorohydrin, in alkaline solution [38, 39]. CPCS
hydrogels with pachyman-to-CMP weight ratios of 1:1, 2:1,
3:1, 4:1 were fabricated as follows. In a typical experiment,
pachyman solution (5 %, w/v) and CMP solution (10 %, w/v)
were prepared by dissolving 5 g pachyman or 10 g CMP in
100 mL of 2 % (w/v) NaOH at room temperature for 2 h to
obtain a transparent solution. Subsequently, the two solutions
were poured together as the aforementioned feed ratios and
stirred for 1 h at 50 °C to get a homogeneously blended solu-
tion. After sonication, the crosslinking agent epichlorohydrin
(ECH) was added to the air bubble-free pachyman-CMP so-
lution and allowed to crosslink under constant magnetic
blending at room temperature. The molar ratios of ECH to
every glucose unit of polysaccharide and CMP in four differ-
ent formulations were kept at 1:1. After stirring at room tem-
perature for 30 min, the crosslinking reaction continued at
50 °C for another 3 h. Then, the hydrogels obtained were
taken out and immersed in distilled water for 3 days in order
to get rid of the impurities (salts and/or crosslinkers). The
different feed ratios of the hydrogel samples were coded as
1CPCS, 2CPCS, 3CPCS, 4CPCS for ECH crosslinked
pachyman-CMP hydrogels with compositions of 1:1, 2:1,
3:1, 4:1, respectively. Finally, the washed hydrogels were
dried in a vacuum oven under room temperature and then
preserved for further use. The designed formulations are listed
in Table 1.

Table 1 Formulae design of
CPCS hydrogels Formulation Weight of Pachyman Weight of CMP Volume of 2 % NaOH Volume of ECH

g g mL mL

1CPCS 1.0 1.0 30 0.63

2CPCS 1.2 0.6 30 0.60

3CPCS 1.2 0.4 28 0.54

4CPCS 1.6 0.4 36 0.69
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Characterization of the hydrogels by FTIR

The FTIR analysis was studied to identify the chemical
structure of the composite hydrogels. The four vacuum-
dried samples were mixed with KBr powder and pressed
into tablets under vacuum. The spectra was carried out
on a Fourier transform infrared spectrophotometer
(FTIR, Spectrum One, Perkin Elmer, USA) at a wave-
length range of 400–4000 cm−1.

Morphological study of CPCS hydrogels

Scanning electron microscopy was performed on
hydrogels to gain information of their inner structure.
The samples to be investigated were freeze-dried first
to maintain the porous structure without any collapse.
Then the hydrogels were carefully fractured to expose
the interior and mounted onto the base plate and then
covered with gold layer. The interior morphology of the
swollen CPCS hydrogels at room temperature was ob-
tained using a scanning electron microscope (SEM,
JEOL JSM-6700 F, Japan).

Swelling measurement of CPCS hydrogels

The swelling characteristics of test hydrogels were determined
by immersing dried samples to swell in aqueous solutions
with different pH values in sealed containers. At appropriate
time intervals, the swollen hydrogels were removed from the
medium. When the excess water on the surface was wiped
with filter paper, the hydrogels were weighed immediately
on a sensitive balance. The media of different pH at 25 °C
for the swelling studies were simulated gastric fluid (SGF,
pH 1.2), simulated intestinal fluid (SIF, pH 7.4), or 0.1 M
NaOH (pH 12.5).

The swelling ratios (SR) of hydrogels were calculated by
using the following expression:

SR ¼ Ws–Wdð Þ=Wd � 100%

where Wd and Ws are the weight of the dry and swollen
hydrogels, respectively.

The above procedure was kept until no weight in-
crease was observed. Constant weight was the indication
that the gel had reached equilibrium swelling state.
Their equilibrium water content (EWC) was calculated
from the following equation:

EWC ¼ Ws−Wdð Þ=Wd � 100%

Where Ws and Wd are the weight of swollen and dry state
hydrogels, respectively.

Measurement of in vitro drug release

BSA was loaded into hydrogels by incubation, since
BSA was hydrolyzed in the basic condition during the
chemical preparation of hydrogels. The CPCS hydrogel
disks were carefully weighed and then immersed in a
10 % (w/w) BSA solution for 3 days to ensure total
swelling of the gel and maximum equilibrium of thera-
peutic agents. Then the swollen hydrogels with BSA
were taken out and dried to a constant weight in a
vacuum oven at room temperature. For the drug release
test, each weighed hydrogel disk was immersed in
50 mL of dissolution medium shaken in a rotary water
bath shaker at 100 rpm at 37 °C. At an appropriate
interval, 3 mL of drug solution was withdrawn and im-
mediately replaced with an equal volume of fresh buffer
in order to maintain the sink condition. Using a UV
spectrophotometer (UV-VIS Spectrophotometer; Lambda
35, Perkin-Elmer, Norwalk, CT, USA), the amount of

Fig. 1 FTIR spectra of I
pachyman, II CMP, and III
1CPCS hydrogel
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BSA released was determined at 280 nm. By establish-
ing the standard calibration curves, the percentage of the
cumulative amount of BSA was determined and plotted
against time. The drug release of BSA was calculated
from the following equation:

Cumulativeamount released wt%ð Þ ¼ Mt=M∞ � 100%

whereMt is the weight of BSA released from the hydrogels
at time t and M∞ is the total weight loaded in the hydrogels.

Results and discussions

Hydrogel synthesis

In our previous research, we found that EPCS hydrogels ex-
hibited weak swelling ability due to the low solubility of
pachyman in the gastrointestinal tract, which could only dis-
solve in alkaline media [27]. In order to improve the perfor-
mance of the pachyman hydrogels in aqueous solution, CMP
was introduced due to its high hydrophilicity compared to
pachyman. The preparation process of CMP was carried out
easily using chloroacetic acid as reaction agent as reported
[35].

In this work, hydrogels based on pachyman and its deriv-
atives can be easily prepared by ECH because ECH is a con-
venient, base-catalyzed crosslinking agent in polysaccharide
chemistry [40–42]. Once the pachyman and CMP samples
were completely dissolved in the alkaline solution, this bi-
functional agent could easily crosslink with the hydroxyl
group in the polysaccharide molecules. In addition, the effect
of crosslinking time and temperature on the extent of gelation
of the CPCS hydrogel was studied. It indicated that the

crosslinking reaction maintained for 3 h at 50 °C was suffi-
cient for complete gelation. However, before crosslinking it is
necessary to remove air bubbles from the polymer solution.

Under acidic conditions, the swelling of the polymer was
much slower because the carboxyl groups in CMP were in the
undissociated state. However, in the neutral and alkaline en-
vironment, the repulsive interactions between the anionic
groups increased due to the carboxyl groups changing into
COO-, hence the swelling of hydrogels in this environment
increased. According to this mechanism, four formulations
based on different proportions of pachyman to CMP were
employed in order to get the optimal feed ratio for drug deliv-
ery research.

IR characterization

FTIR is an effective tool for confirming the chemical reaction
in the polymer structure. Figure 1 presents the FTIR spectra of
pachyman, CMP, and the hydrogel product CPCS based on
ECH crosslinking. All the FTIR spectra exhibited broad peaks
around 3,000–4,000 cm−1 corresponding to O-H stretching
vibration modes. In the IR spectra of CPCS, the peak at 2,
800–3,000 cm−1 signed to C-H stretching and 1,158 cm−1

corresponding to the C-O-C stretching displayed an obviously
increase in their intensity compared with the spectra of

Fig. 2 FTIR spectra of I 1CPCS,
II 2CPCS, III 3CPCS, and IV
4CPCS hydrogels

Fig. 3 Macroscopic photos of 1CPCS hydrogels
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pachyman and CMP, which indicated that the crosslinking
reaction occurred between the hydroxyl groups of the glucose
unit and crosslinking agent ECH.

The FTIR spectra of CPCS hydrogels with different
pachyman and CMP composition ratios were shown in Fig. 2.
Compared with four spectra of CPCS, the peaks at 890.04 cm−1

assigned to the characteristic absorption peak of β pyranose
gradually increased with the increasing ratio of pachyman in
CPCS and the strong peaks at 1,620–1,580 cm−1 moved to high
wave number owning to the crosslinking reaction. Additionally,
in the four spectra, the strength of the peaks at 1,200–1,
000 cm−1 assigned to the characteristic absorption peak of the

C-O-C stretching did not significantly change due to the same
crosslinking ratio in four hydrogels.

Morphological studies

The hydrogels based on pachyman and CMP were fully trans-
parent in appearance (Fig. 3). SEM images with different
magnification were obtained to characterize the microstruc-
ture of the freeze-dried 1CPCS, 3CPCS, and 4CPCS gels,
and are presented in Fig. 4. According to cross-sectional
SEM images, it should be highlighted that these hydrogels
had a continuously regular and porous structure which was

1CPCS

2CPCS

4CPCS

Fig. 4 SEM images of 1CPCS hydrogels with different magnification
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the result of crystal formation in the freeze-drying step. As
shown in the figures, the pores with diameters in the range
of 30–40 μm appeared regularly and obviously in the
hydrogels, which facilitated the diffusion of the solutes into
the hydrogel network. The three-dimensional interconnection
between pores confirmed the network formed by cross-linking
with epichlorohydrin.

In addition, comparing the three composite hydrogels in
the figures, there were some differences in microstructure.
Because of the large content of CMP, the skeletal structure
of 1CPCS hydrogels was loose, and the gap between the pores
was larger and more collapsed. While in the 3CPCS and
4CPCS hydrogels, due to the large content of pachyman, the
three-dimensional structure with smaller holes seemed more
solid, and the connecting parts between the holes were more
rigid, which may be the reason why the 4CPCS hydrogel
swells slower than other samples.

Effect of pH on the swelling properties of the hydrogels

The swelling profile has a great relationship with the diffusion
and release behavior of drugs through the gels. In order to gain
insight into the solution and solutes transport process through
CPCS hydrogels, the effects of pH values of the swelling
medium and feed ratio of pachyman to CMP on the swelling
behavior of hydrogels were studied.

Swelling behaviors of the CPCS hydrogels with dif-
ferent feed ratio were studied in SGF, SIF, and in alka-
line media, respectively, as plotted in Fig. 5. The same
swelling procedures were kept for all samples. As seen
here, these hydrogels swelled rapidly in water during
the first few hours and then gradually steadied up to
the equilibrium swelling in approximately 10 h or more.
Moreover, as shown in Fig. 5, the swelling behavior of
the CPCS in different pH buffers exhibited obviously
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Fig. 5 Swelling behaviour of four hydrogels at different pHs at 25 °C. (a:1CPCS; b:2CPCS; c:3CPCS; d:4CPCS)
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pH sensitivity. It was noted that the SR degree in-
creased with the help of increasing pH, especially in
basic medium. A probable explanation is that on the
basis of the good solubility of pachyman in basic solu-
tion, the CPCS hydrogels also demonstrated better
swelling behavior in basic medium. Therefore, in
pH 12.5, all the CPCS hydrogels exhibited their biggest
swelling ratios than for other pH values.

Compared with these four hydrogels, it can be found
that the content of CMP also has certain influence on
the pH sensitivity. In the 1CPCS hydrogel, due to the
larger content of CMP, the equilibrium swelling ratio
under neutral conditions was 1.8 times more than the
swelling in the acidic condition. With the decrease of
CMP content, the difference of swelling behavior in
neutral and in acidic conditions gradually reduced, but
the difference between neutral and alkaline conditions
increased. For example, for 4CPCS hydrogels under al-
kaline conditions, the equilibrium swelling ratio was 1.7
times more than that under neutral conditions. But for
the 1CPCS hydrogel, the swelling ratio in alkaline con-
ditions was only 1.3 times more than that under neutral
conditions.

In addition, in the different pH environments, the CPCS
hydrogels exhibited significantly different swelling profiles.
The swelling ratio for each gel was the biggest in alkaline
conditions while it was second-largest in neutral conditions.
The minimum rate of swelling was observed in acidic medi-
um. These observations indicate a good pH-sensitive swelling
behavior.

Effect of feed ratio of pachyman to CMP on the swelling
properties of the gel

As shown in Fig. 6a, the equilibrium swelling ratio of four
hydrogels did all not exceed 1,000 and all the CPCS hydrogels
achieved their swelling equilibrium after 10 h of the test,
which was much shorter than 50 h for the pure pachyman
hydrogels. Compared with the swelling behavior of four
hydrogels in acidic medium, it was noted that the swelling
ratio decreased accompanied by the increasing pachyman ra-
tio. Because of the smaller content of CMP in 4CPCS, the
hydrogels yielded less swelling properties than the other three
hydrogels in acidic medium. However, 1CPCS with more
CMP content swelled slightly larger than the other three due
to the better solubility and hydrophilicity of the polymer net-
work. Therefore, the lowest EWC value of ∼913 was for
4CPCS hydrogels.

Figure 6b shows the swelling curves of four hydrogels in
neutral conditions. In this buffer, it was found that the swelling
tendencies of these four hydrogels were obviously different.
With increasing pachyman content, the swelling ratio of the
hybrid hydrogels decreased. Therefore, in the figure, the
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Fig. 6 Swelling behaviour of four hydrogels at different pHs at 25 °C. (a,
pH 1.2; b, pH 7.4; c, pH 12.5)
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swelling ratios are in the following order: 1CPCS>2CPCS>
3CPCS>4CPCS. The results strongly demonstrated that CMP
contributed to the swelling of the CPCS hydrogels. Because of
the large content of CMP, the equilibrium swelling ratio of
1CPCS can reach up to 1,900.

Figure 6c is a swelling curve of four hydrogels in alkaline
medium. It was found that the swelling performances of the
four hydrogels were very close to each other in this medium.
Their equilibrium swelling ratio was around 2,500. Moreover,
the content of CMP did not greatly affect the swelling behav-
iors of these hydrogels.

Figure 7 shows the two-step swelling behaviors of four
hydrogels. In the first 2 h, all the hydrogels swelled slowly.
But the biggest degree of swelling appeared in 1CPCS. The
swelling ratios for four hydrogels all enhanced drastically with
the increasing pH values. In neutral conditions, the EWC val-
ue of ∼1,700 was for 1CPCS hydrogels, and 1,500 for both
2CPCS and 3CPCS. The smallest value was for 4CPCS due to
the largest content of pachyman in the hydrogels, which
displayed similar swelling rates in the two distinct swelling
mediums.

Drug incorporation and in vitro release

In order to investigate the drug release behavior in the gastro-
intestinal tract, the hydrogels with different feed ratio were
immersed in the simulated gastric conditions (SGF) and in
the intestinal conditions (SIF) by only changing the dissolu-
tion medium.

Figure 8 shows the BSA release profiles from hydrogels
with different feed ratios. Figure 8 a and b demonstrate the

cumulative release profiles of 2CPCS in SIF simply and in
simulated oral administration from the stomach into the intes-
tines within 10 h, respectively. The maximum release amount
in SIF was about 88 %, as seen in the chart. But in stimulated
gastrointestinal tract conditions, the maximum release amount
was approximately 79 %, which was less than that in the
pH 7.4 medium. The results revealed that the release medium
was responsible for the different release profiles of BSA at
different time points. A faster release in SIF was due to the
good swelling of CPCS hydrogels in neutral conditions.

The cumulative release profiles of 3CPCS in SIF only and
simulated oral administration from the stomach into the intes-
tines are shown in Fig. 8. Themaximum release amount in SIF
maintained at 70 %, as seen in the chart. But in stimulated
gastrointestinal tract conditions, the maximum release amount
was nearly 59 %, which was less than that in SIF only. In
comparison with 2CPCS, a faster release in SIF was also seen
in 3CPCS. Because of the pH sensitivity of CPCS hydrogels,
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Fig. 8 BSA release profile of 2CPCS and 3CPCS hydrogels at different
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the drug release in the neutral was higher than in the acidic
conditions.

Figure 8b shows the cumulative release profiles of
BSA from SGF to SIF in 10 h. From the profiles, it
can be seen that both two investigated hydrogels
showed the burst release of drugs to some extent in
SGF in the first 2 h. The cumulative release amount
of BSA from 2CPCS and 3CPCS were about 79 and
59 %, respectively. Compared to 3CPCS, the drug re-
lease from 2CPCS was slightly higher. The main reason
for this behavior was because 2CPCS with higher con-
tent of CMP swelled much greater than 3CPCS.

As shown in the profiles, it can be seen that both the
2CPCS and 3CPCS exhibited sustained and controlled
release for BSA. However, for the 3CPCS hydrogel, the
burst release of the protein drug was depressed much
more than 2CPCS in the harsh acidic environment. In
addition, a statistically significant release in 3CPCS was
observed in SIF than in SGF solutions. Therefore, the
results suggest that the 3CPCS with the typical pH sen-
sitive characteristic will be a good candidate for site-
specific protein drug delivery in the intestine.

Conclusions

pH-sensitive interpenetrating network hydrogels based on
pachyman and its derivatives (CMP) were successfully pre-
pared by chemical crosslinking. These hydrogels displayed
remarkable swelling capacity and stability in a wide range of
pH values by the incorporation of CMP compared to pure
pachyman hydrogels. In vitro release profiles showed that
the release of BSA in SIF (pH 7.4) was much higher compared
to SGF (pH 1.2) and decreased with increasing pachyman
content. Therefore, CPCS hydrogels fabricated in this work
is an interesting and pH-sensitive device for a sustained and
controlled release drug delivery systems. Moreover, this re-
search opens up another interesting perspective space for
pachyman developing, which may have great potential appli-
cation in the pharmaceutical or biochemical fields.
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