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Abstract. The present study aimed to investigate the effects 
of glycerol on the physical properties and release of an 
insulin‑loaded polyvinyl alcohol (PVA) hydrogel film. The 
insulin‑loaded hydrogel composite film was produced using the 
freeze‑thawing method, after which the in vitro swelling ratio, 
transmittance and insulin release, and the in vivo pharmacody-
namics, of hydrogels containing various volumes of glycerol 
were investigated. The results demonstrated that the addition 
of glycerol reduced the swelling ratio and increased the soft-
ness of the PVA hydrogel film. An analysis of insulin release 
in vitro and of the hypoglycemic effects in rats demonstrated 
that the PVA hydrogel film had a sustained release of insulin 
and long‑acting effect over 10 days. The results of the present 
study suggested that, as a hydrophilic plasticizer, glycerol was 
able to enhance the release of insulin in the early stage of 
release profile by enhancing the formation of water channels, 
although the total swelling ratio was decreased. Therefore, the 
insulin‑loaded glycerol/PVA hydrogel film may be a promising 
sustained‑release preparation for the treatment of diabetes.

Introduction

Hydrogels have a three‑dimensional network that consists of 
hydrophilic polymers that are able to absorb a large volume of 
water and swell, instead of undergoing dissolution (1). Hydrogels 
are soft and able to maintain a certain shape. All water‑soluble 

or hydrophilic polymers are able to form a hydrogel via 
chemical or physical cross‑linking (2). Due to their unique 
physicochemical properties and biocompatibility, hydrogels are 
widely used in multiple fields, including cellular immobiliza-
tion, tissue engineering and regenerative medicine, diagnostics, 
separation of biomolecules or cells and wound dressing (3‑7). 
It has been reported that insulin is able to accelerate wound 
healing by reducing inflammation and increasing collagen 
deposition (8,9). Furthermore, hydrogels have been extensively 
investigated as drug delivery systems for sustained release (10).

Wichterle and Lim (11) first reported the potential for using 
hydrogels in medical research in 1960. Since then, research 
into the design and preparation of polymer hydrogels has 
increased (11). Polyvinyl alcohol (PVA) is frequently employed 
due to its biocompatibility and biodegradability (12‑14). In addi-
tion, PVA hydrogels have a high water content and high strength, 
and are easily produced (15,16). In order to prepare hydrogels, 
various cross‑linking strategies are used, including chemical 
and physical cross‑linking. However, chemical cross‑linking 
requires initiators, such as glutaraldehyde, diisocyanates or acyl 
azide, whose inherent cytotoxicity may reduce the biocompat-
ibility of the hydrogel (16). Furthermore, cross‑linking agents 
may lead to further challenges in the purification of the final 
product  (17). In the present study, the simple and physical 
freeze‑thawing method was used to produce PVA hydrogels, in 
order to avoid detrimental factors that have been associated with 
chemical cross‑linking.

Glycerol, which is generated by the hydrolysis of triglycer-
ides, is predominantly produced in the process of saponification 
or biodiesel production  (18). It occurs as a clear, colorless, 
odorless, viscous and hygroscopic liquid with a sweet taste (19). 
Glycerol has become increasingly attractive due to its wide range 
of applications in the food industry (plasticizer, stabilizer and 
emulsifier) and as a humectant in cosmetic formulations (20‑23). 
In addition, it has been shown to have an important role as a plas-
ticizer for the generation of hyper‑branched structures (24‑26). 
However, few previous studies have investigated the use of glyc-
erol as a cross‑linking agent to adjust the density of a polymeric 
network in order to achieve sustained release behavior.

The present study aimed to investigate the effects of glycerol 
on the in vitro and in vivo properties of a PVA hydrogel film, 
in particular on its in vitro mechanical, swelling, transmittance 
and release properties, and in vivo hypoglycemic activity.
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Materials and methods

Animals and reagents. Insulin (28 IU/mg) was purchased from 
Gan & Lee Pharmaceutical (Beijing, China). Analytically 
pure PVA (110 kDa, 98% hydrolyzed), ethanolamine, glycerol, 
phosphoric acid, urethane and disodium hydrogen phosphate 
were purchased from Sinopharm Chemical Reagent Co., Ltd. 
(Shanghai, China). A total of 25 male Wistar diabetic rats 
weighing 200±20 g and aged 4 weeks were purchased from 
Xinhua Hospital Affiliated to Shanghai Jiao Tong University 
School of Medicine (Shanghai, China). Protocols involving the 
rats were approved by the Institutional Review Board of Xinhua 
Hospital and were performed according to the guidelines 
outlined by the National Institutes of Health for the Care and 
Use of Laboratory Animals.

Preparation of the PVA hydrogel film. PVA (18% w/w) was 
weighed and dissolved in boiling water with constant stirring to 
form a solution. The solution was cooled to room temperature, 
after which a certain amount of insulin (14.2 mg, 1% of PVA 
weight) was added under vortex. Various amounts of glycerol 
(0, 50, 100, 150 and 200 µl) were subsequently added and 
mixed, followed by loading of the solution onto a glass plate and 
pressing with another glass plate. Plates were frozen at ‑20˚C for 
2 h, and subsequently defrosted at 4˚C for 1 h. The freeze‑thaw 
cycle was repeated various times to obtain hydrogels with 
different mechanical properties, as described previously (27). 
Hydrogel films were dried in a vacuum dryer at room tempera-
ture for 24 h. Fig. 1 shows the respective chemical structures of 
PVA and glycerol.

Swelling ratio. PVA hydrogel films of 1‑mm thickness were cut 
into discs with a diameter of 12 mm and subsequently weighed. 
Samples were immersed in distilled water at room temperature, 
prior to drying and weighing every 30 min until a constant 
weight was achieved. The swelling ratio was defined using the 
following equation:

Swelling ratio (%) = 

Where m0 is the original weight (g) and m1 is the weight (g) 
following immersion.

Transmittance. PVA hydrogel films of 1‑mm thickness were 
cut into rectangular shapes (5x20 mm) and attached to the 
surface of cuvettes. Absorbance was read at 500 nm using a 
spectrophotometer and the transmittance was calculated by 
comparing with the cuvette‑only group, as described previ-
ously (28).

Insulin release in vitro. Dry films were cut into discs with a 
diameter of 12 mm. Phosphate‑buffered saline (PBS) solution 
containing 8.5 g sodium chloride, 5.8 g disodium hydrogen 
phosphate dodecahydrate, 0.6 g sodium dihydrogen phosphate 
and 1 l H2O (pH 7.4) was prepared for use as the release medium 
buffer. A 6‑well plate was used as the container, and hydrogel 
films released insulin into a water bath at 37˚C. To ensure only 
one side of the film was in contact with the PBS, wire meshes 
were used to separate the hydrogel film from the PBS. For each 

well, 5 ml PBS was added and covered with a wire mesh, after 
which PVA hydrogel films were placed onto the wire mesh. At 
certain time points (0.5, 1, 2, 4, 6, 8, 10, 24, 36, 48 and 60 h), 
the PBS solutions were replaced with fresh PBS solution of the 
same volume. Following 60 h, 5 ml phosphoric acid (5 mol/l) 
was added and the plates were incubated at 37˚C overnight to 
dissolve all the remaining insulin.

The amount of insulin in the respective solutions was 
measured by high performance liquid chromatography (Agilent 
Technologies, Inc., Santa Clara, CA, USA). For preparation of 
the mobile phase, 21.06 g sodium sulfate, 2 ml phosphoric acid 
and 222 µl ethanolamine were dissolved in 740 ml distilled 
water. The stationary phase consisted of a carbon‑18 250‑mm 
column. A flow rate of 1 ml/min, an injection volume of 80 µl 
and a detection wavelength of 214 nm were used, as described 
previously (29).

Hypoglycemic effect in rats. Hydrogel films containing 12 IU 
insulin were prepared by six freeze‑thaw cycles and cut into 
discs with a diameter of 12 mm. A total of 25 male Wistar rats 
(5 weeks old) were used throughout the study. The animals 
were raised in rooms controlled at 23±1˚C and 55±5% relative 
humidity with a 12‑h light/dark cycle. They received standard 
laboratory chow diet and tap water during acclimatization. Rats 
were anaesthetized by injection with 5 ml (20% w/v) urethane 
aqueous solution, after which insulin‑loaded or blank PVA 
hydrogel films, or insulin‑loaded PVA hydrogel films containing 
50, 100, 150 or 200 µl glycerol, were implanted under the dorsal 
skin of the rats. Blood samples (200 µl) were collected from 
the rat tail veins at various time intervals (4, 10, 20, 30, 40, 50, 
60, 70, 120, 150, 200 and 240 h) for blood glucose assays. The 
concentration of blood glucose was determined using a glucom-
eter (Roche Diagnostics, GmbH, Mannheim, Germany). Rats 
were sacrificed by cervical dislocation under mild anesthesia 
using pentobarbital (50 mg/kg) after this experiment.

Statistical analysis. The data from different groups were 
presented as the mean ± standard deviation. Differences between 
groups were analyzed using Student's test by Excel 2010 and 
statistical significance was set at P<0.05.

Results and Discussion

Transmittance. Table I shows the transmittance of the PVA 
hydrogels containing various quantities of glycerol. The crystal-
linity of PVA is an important physical property for measuring 
the degree of cross‑linking (30). PVA crystalline regions are 
able to scatter and reflect light, thereby lowering the opacity 
of the hydrogel (31,32). The present study indirectly measured 
the degree of crystallinity of the hydrogels by investigating the 
transmittance. Transmittance of the PVA hydrogel decreased 

Figure 1. Chemical structures of (A) polyvinyl alcohol and (B) glycerol.

  A   B
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as the concentration of glycerol increased. A transmittance of 
69.2% was attained with 3% (v/v; 200 µl) glycerol. 

Hydrogels prepared by irradiation have a higher transpar-
ency, as compared with those prepared by freeze‑thawing; 
however, irradiation‑prepared hydrogels typically have a poor 
mechanical strength due to the lack of physical cross‑linking in 
crystallites that are introduced by freeze‑thawing (33). However, 
the addition of glycerol should decrease the crystallinity of PVA 
molecules, since it is able to insert into the polymeric chains 
and disturb the order of chains, resulting in a higher transmit-
tance (32). Therefore, the relatively high transmittance observed 
in the present study may be attributed to the formation of 
new crosslinks between the PVA and glycerol molecules. The 
formulation containing 200 µl glycerol was considered to be the 
optimum, since it showed higher crosslinking degree indicated 
by the transmittance and improved softness.

Swelling ratio. Swelling behavior is an important parameter that 
is indicative of the water absorbing capacity of a hydrogel (34). 
The films began to swell immediately upon immersion, and 
the swelling speed increased markedly from 10‑60 min. After 
60 min, the swelling rate decreased and swelling finally termi-
nated after 180 min. Microscopic observations demonstrated 
the appearance of pores on the film following immersion, which 
served as the channels for water and drug release (Fig. 2). Fig. 3 
shows the swelling ratio of hydrofilms containing various glyc-
erol amounts. The swelling ratio was shown to decrease as the 
glycerol content increased, although the difference between the 
various glycerol contents was not significant (Fig. 3).

Glycerol molecules are able to occupy the space surrounding 
the hydroxyl groups of PVA and may form crosslinks between 
PVA molecules; thus they may restrict the number of contacts 
made between PVA and water molecules. Since water acts as a 
channel for drug diffusion, an increased sustained‑release effect 
may be obtained by reducing the swelling ratio (33,35,36).

Insulin release in vitro. Fig. 4 shows the release curves for 
PVA hydrogels that underwent various freeze‑thaw cycles. The 
freeze‑thaw method is a physical method used to crosslink 
the polymers, and the number of cycles may have a significant 
effect on the release behavior of the hydrogel (37). A previous 
study reported that the cross‑linking characteristics and drug 
release properties of hydrogels may be optimized by controlling 
the number of cycles and duration of freeze/thawing (38). As 

is shown in Fig. 4, the number of freeze‑thaw repetitions had a 
marked effect on the release rate and total release amount. The 
total release amount decreased from 66 to 38% as the number 
of freeze‑thaw repetitions increased. Since freeze‑thawing 
is a physical cross‑linking method, the density of crystalline 
regions is increased as the number of freeze‑thaw cycles is 
increased (30,39). The release of insulin is matrix‑controlled, 

Figure 3. Swelling ratio of polyvinyl alcohol hydrogels containing various 
amounts of glycerol. Data are presented as the mean ± standard deviation 
(n=3).

Figure 2. Microscopic observation of the holes on the surface of the polyvinyl 
alcohol membrane structure (magnification, x40).

Table I. Transmittance of PVA hydrogel containing various 
amounts of glycerol. 

Glycerol (µl)	 Transmittance (%)

0	 77.1
50	 75.9
100	 74.2
150	 73.6
200	 69.2

The hydrogel formulation consisted of 1.426  g PVA dissolved in 
6.56 ml water and various volumes of glycerol. PVA, polyvinyl alcohol.
 

Figure 4. In vitro release curves of polyvinyl alcohol hydrogels that under-
went 3‑7 freeze‑thaw cycles. Data are presented as the mean ± standard 
deviation, n=3.
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therefore insulin is not released until the polymer is sufficiently 
degraded (40). Hence, a highly crosslinked structure is associ-
ated with a slower release, and drugs may not be released 
completely (40). Furthermore, our unpublished study demon-
strated that the release of insulin was too fast when the hydrogel 
film was totally immersed in water. Considering that only one 
side of the hydrogel would be in contact with body fluid in vivo, 
a mesh was used in the present study to ensure that only one side 
was in contact with the release medium.

As is shown in Fig. 5, glycerol was able to enhance the release 
of insulin in vitro. Fig. 5 shows the in vitro release curves for 
PVA hydrogels containing various amounts of glycerol. Higher 
volumes of glycerol accelerated the release of insulin and 
increased the total release amount, as compared with the control 
group. Accumulative release was increased from 41.1 to 49.7% 
and the release was increased from 23.3 to 35.1% in the initial 
10 h. Although glycerol may form physical crosslinks with PVA 
molecules and decrease the absorption of water, we hypothesize 
that the hydrophilic property of glycerol may compensate 
for the slow release due to less water. It may be that glycerol 
was able to insert into the PVA chains and enlarge the chan-
nels for insulin release when combined with water. However, 
although higher volumes of glycerol were able to increase the 
total release, the mechanical properties of hydrogels with higher 
glycerol contents were unacceptable. Hydrogels that are too soft 
do not maintain their shape and the resulting leakage of glycerol 
and drugs poses potential risks, e.g., the unexpected drug burst 
release induce overdose risk.

Hypoglycemic effect. Fig.  6 shows the blood glucose 
concentration in diabetic rats implanted with insulin‑loaded 
or blank PVA hydrogel films. The blood glucose concentration 
of the blank control group was normal and stable; it fluctuated 
within a narrow range of 23‑28 mmol/l. The experimental group 
treated with 12 IU insulin exhibited a rapid decrease in blood 
glucose concentration, which lasted for 10 days. Following 
administration, the most obvious difference was observed 
between days 0 and 6, in which the mean blood glucose level 
reduced by >50%. After 6 days, the experimental group main-
tained a marginally lower blood glucose level, as compared with 
the control group, thus suggesting that insulin was still being 
released at a low rate. These results suggested that the release of 
insulin had changed from the swelling‑controlled release in the 
early stage to matrix‑controlled release in the later stage.

The hypoglycemic effect lasted longer, as compared with 
the release period in vitro. This may have been due to the PVA 
hydrogel not swelling as completely and as quickly in vivo, 
as compared with the PBS solution in vitro. The absorption 
of water is an important factor that regulates the early stage 
release, and has a marked influence on the pore‑opening and 
channel‑forming processes (41). A previous study demonstrated 
that the release of insulin from the hydrogel was dependent on 
diffusion through the water hydrating the polymer network (42). 
In the present study, if the film had not been implanted under 
the dorsal skin, but instead used to cover the wound as one of 
the applications of insulin (9), the release may have been even 
slower.

As is shown in Fig. 5, the release of insulin was also affected 
by the amount of glycerol, which was consistent with the in vitro 
data. Fig. 7 shows the blood glucose concentrations of rats 

implanted with PVA hydrogels containing various amounts of 
glycerol. Notably, the higher the glycerol content, the quicker 
the insulin was released and the more rapid the decrease in 
blood glucose concentration. In the initial 6 h, the blood glucose 
concentration was rapidly decreased, after which it began to 

Figure 5. In vitro release curves of polyvinyl alcohol hydrogels containing 
various amounts of glycerol. Data are presented as the mean ± standard 
deviation, n=3.

Figure 6. Blood glucose concentrations of diabetic rats implanted with 
insulin‑loaded or blank polyvinyl alcohol (PVA) hydrogel films. The experi-
mental group was implanted with a PVA hydrogel film that contained 12 IU 
insulin and 200 µl glycerol. After 6 h, an injection of 2 ml glucose solution 
(5%) was administered to prevent death due to hypoglycemia. Data are pre-
sented as the mean ± standard deviation, n=5 (*P<0.05).

Figure 7. Blood glucose concentrations of diabetic rats implanted with poly-
vinyl alcohol hydrogel films containing various amounts of glycerol. Data are 
presented as the mean ± standard deviation, n=5. In this experiment, the rats 
did not receive a glucose supply and succumbed to hypoglycemia after 8 h.
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recover. Although the present data does not include time points 
after 8 h, the correlation between the in vitro and in vivo data and 
influence of glycerol were clearly demonstrated. These results 
suggested that blood glucose concentrations were decreased to 
a greater extent with higher amounts of glycerol.

In the present study, glycerol was used to adjust the 
mechanical property and release behavior of a PVA hydrogel. In 
addition, the transmittance, swelling ratio, release in vitro and 
in vivo hypoglycemic effect of PVA hydogel films containing 
various amount of glycerol were investigated. The results 
demonstrated that the addition of glycerol reduced the swelling 
ratio and hardness of the hydrogel, and enhanced the release of 
insulin in vitro and in vivo. Although the early phase of release 
was shown to be swelling‑controlled and glycerol was shown 
to lower the swelling ratio, as a hydrophilic plasticizer, glycerol 
was able to accelerate the release in the early stage, potentially 
due to its enhanced ability of forming channels for water, as 
compared with PVA. The insulin‑loaded PVA hydrogel film 
exhibited a hypoglycemic effect in diabetic rats over 10 days.

In conclusion, the results of the present study suggested 
that glycerol was able to disrupt the crystallite structure of 
PVA molecules while forming crosslinked structures between 
them, thereby promoting insulin release. The improved physical 
properties and verified long‑acting effect demonstrated the 
efficacy of using glycerol in PVA hydrogels for the management 
of diabetes. Further research is required in order to validate the 
wound healing effect in animal models and elucidate specific 
mechanical parameters (43). This study indicated the potential 
for using glycerol contained PVA hydrogel as the sustained 
release matrix for diabetes treatment, as it enhanced the insulin 
release and has a smooth release profile.
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