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Introduction

Amifostine is an organic thiophosphate prodrug that 
serves as a cytoprotective agent in cancer chemotherapy 
and radiotherapy1. After dephosphorylation by alkaline 
phosphatase, amifostine forms an activated free thiol 
metabolite WR1065, which has been shown to prevent 
both radiation-induced cell death and mutagenesis while 
facilitating the normal cell repair2. So it exerts a protec-
tor to the healthy tissues through free-radical scaveng-
ing, hydrogen donation, and direct binding to the active 
species of alkylating and platinum agents3–7. Moreover, 
amifostine can induce antioxidant enzymatic activities 
in normal tissues. So it can offer an additional poten-
tial for overall radiation protection8. For these reasons, 
amifostine has been approved by the US Food and Drug 
Administration and acts as a protector for the normal 

tissue against the damaging effects of ionizing radiation 
and chemotherapy.

Although amifostine is used to improve the quality 
of life of cancer patients, it is associated with various 
adverse effects, which lead to discontinuation of amifos-
tine treatment and sometimes delays of radiotherapy9–11. 
Amifostine in its present available formulation is not 
effective when administered orally, so it must be admin-
istered intravenously12,13. Unfortunately, amifostine does 
not cross the blood-brain barrier even when administered 
systemically14 and will be rapidly cleared from the body 
with a very short distribution half-life of 15-min intrave-
nous (IV) infusion in serum15,16. Furthermore, amifostine 
has dose-limiting toxicities including hypotension, nau-
sea, and vomiting, which are significantly augmented 
upon IV route of administration17,18. All of the above 
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mentioned barriers are likely to remain severely limited 
to amifostine clinical use and might be overcome by uti-
lizing alternative route of administration or formulation 
strategies based on drug delivery system (DDS).

In an attempt to search for an alternative route of 
administration, Cassatt and his coworker investigated 
the effect of different amifostine administration route to 
prevent xerostomia in patients receiving radiotherapy for 
head-and-neck cancer19. They found the effect of amifos-
tine treated by subcutaneous (SC) administration was at 
least as effective as that by IV administration, whereas 
some others found that SC administration provided a 
more effect than that of IV administration16,20–22.

In addition to finding the different route for amifostine 
administration, attempts had also been made to develop 
various formulations of amifostine including microen-
capsulation using biodegradable polymers, such as the 
aliphatic polyesters copolymer (polylactide-co-glycolide 
[PLGA]) based on lactic acid and glycolic acid. Pamujula 
et  al. used solvent evaporation technique to prepare 
PLGA microcapsules of amifostine and found 24–96 h 
sustained release of amifostine from microcapsules23–25. 
They thought that this slow release would provide long-
term amifostine concentration to the specific organs. 
They also prepared amifostine-loaded hybrid microcap-
sules using PLGA and chitosan26. For the incorporation 
of chitosan into inner of hybrid microcapsules, the drug 
release increased significantly and it was found that 45% 
amifostine released in 24 h and almost 100% released in 
11 days. Mandal prepared amifostine PLGA (50:50) micro-
capsules by solvent evaporation technique and found 
approximately 50% amifostine was released during the 
first 6 h in vitro release study23,24. All of the above research 
work hoped to obtain the orally active controlled-release 
formulation of amifostine, but they did not investigate 
the oral activity of amifostine microcapsules in vivo. 
Srinivasan prepared biodegradable pellet of amifostine 
by a patented procedure involving incorporation of ami-
fostine in a proprietary matrix and evaluated the use of 
a subcutaneously implantable for the radioprotector in 
mouse exposed to cobalt-60 γ-radiation14. Compared 
with the conventional SC administration, SC implanta-
tion was effective for administration of amifostine as a 
radioprotector.

In this paper, we aim to develop the microsphere 
formulation of amifostine and investigate its irradiation 
protective in mouse exposed to cobalt-60 γ-radiation 
through oral administration. The irradiation protective 
of oral PLGA microsphere in mouse was recorded by 
comparing its effects with those of free amifostine via 
oral route and intraperitoneal administration, respec-
tively. The results might answer whether oral adminis-
tration of PLGA microsphere is as effective in making 
the drug available as giving the drug via intraperitoneal 
injection or it had more irradiation protective in mouse 
than that of free amifostine through the same oral 
administration.

Materials and methods

Materials
Amifostine was obtained from Sigma Aldrich (St Louis, 
MO). The copolymer poly(DL-lactic/glycolic acid) 
(PLGA 75:50; inherent viscosity 0.4 dL/g, MW 50,000, 
polydispersity 2.0) was obtained from Sichuan Zhuoxin 
Biomaterials Co. (Chengdu, China). Egg phosphati-
dylcholine (EPC) with the purity of 98% was supplied 
by Xi’an Libang Pharmaceutical Technology Company 
(Xi’an, China). Dichloromethane (DCM) and polyvinyl 
alcohol (PVA, MW 30,000–70,000, 98–99% hydrolyzed) 
were obtained from Tianjin Kemiou Chemical Regent 
Co. (Tianjin, China). Fluorescamine was obtained from 
Beijing Aoboxing Biotechnology Co. Acetonitrile was high 
performance liquid chromatography (HPLC) grade and 
purchased from Sigma Corp. All other general chemicals 
and reagents were obtained commercially at analytical 
grade. Male Chinese Kunming mouse, 3-month-old and 
weighing approximately 20 ± 2 g, were supplied from the 
Experimental Animal Centre of Fourth Military Medical 
University (Xi’an, China).

Preparation of PLGA microspheres
Amifostine was formulated using a modified double 
emulsion-solvent evaporation technique (w/o/w solvent 
extraction process) as previously reported27 (Figure  1). 
Briefly, 20 mg amifostine powder was dissolved in 0.5 mL 
deionized water and formed the internal water phase 
(w

1
). 100 mg PLGA was dissolved in 3 mL DCM solu-

tion and formed oil phase (o). In addition, the oil phase 
contained 0.1% EPC, which acted as an emulsifier. Then, 
0.5 mL amifostine solution (w

1
) was fed into 3.0 mL PLGA 

solution (o) and emulsified by ultrasonic homogeniza-
tion to form the primary emulsion (w

1
/o). 2% PVA aque-

ous phase was used as the external water phase (w
2
). 

The primary emulsion (w
1
/o) was injected using a glass 

syringe with a 21.5 G needle into PVA aqueous solution 
(w

2
) to produce a double (w

1
/o/w

2
) emulsion. This emul-

sion was homogenized for 30 min using the ultrasonic at 
constant room temperature. Then, DCM was evaporated 
at room temperature for 6 h under a stirring with a rate 
of 1000 rpm. After that, the microsphere solution was 
centrifuged at a rate of 6000 rpm for 30 min at 4°C. The 
precipitated microsphere was washed three times with 
deionized water. Then, the microspheres were vacuum-
dried overnight and stored at 4°C. For control, the blank 
microsphere without amifostine contained was also pre-
pared using the above similar methods.

Particle size and morphology
The size of microsphere was determined by Malvern Zeta 
Sizer Nano2s (MS 2000, UK). Samples were prepared 
by diluting the microsphere suspension with deionized 
water and sonicated for 30 s to ensure the homogeneous. 
Three measurements were carried out for each sample 
and the average values were recorded.
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The surface morphology of microspheres was observed 
by Scanning Fiber-optic Microscope (FEI Quanta 200, 
USA). Microspheres were mounted onto metal stubs 
using double-sided adhesive tape. After being vacuum-
coated with a thin layer (100~150) of gold, the micro-
spheres were examined by SEM at high vaccum 10-6 Torr, 
3.0 nm at 30 kV.

Amifostine content in microsphere
For each formulation, 10 mg sample was dissolved in 
1 mL DCM. Ten milliliter of 0.15% Tween 80 was added 
to the solution and the resultant precipitate was removed 
by ultracentrifugation (30,000 rpm at 8°C) for 1 h. The 
supernatant fluid was imbibed and filtered through 0.22 
µm microporous film. The amifostine concentration was 
determined by HPLC.

HPLC analysis of amifostine
The amount of amifostine contained in microsphere 
was determined by pre-column derivatization HPLC 
using Water ALLIANCE 2695 series HPLC system with 
a fluorescence detector (U-3310).The excitation and 
emission wavelengths were 395 and 480 nm, respec-
tively. The Agilent HC-C

18
 (250 mm × 4.6 mm, Agilent 

Technologies Inc., California) column was used at 
ambient temperature. The derivatization reagent was 
prepared by dissolving 1.0 mg fluorescamine in 10.0 mL 
acetonitrile, adjusted to pH 9.0 by 0.2 M borate saline 
buffer. The solution was stored in brown glass bottles 
and kept at 4°C. The mobile phase was an aqueous 
mixture solution of acetonitrile, H

2
O, and 10% H

3
PO

4
 

aqueous solution (25:75:1, v:v:v). The flow rate was 
1.0 mL/min and 10 µL of sample was injected. Standard 
calibration curves (r2 > 0.99) for amifostine in the range 
0.125–8.000 µg/mL concentrations were prepared. 
The concentration of amifostine in each sample was 

determined by intrapolating the peak height to the 
amifostine standard curve. Each sample was analyzed 
in triplicate. The chromatographic control system, data 
acquisition, and analysis were performed using Water 
empower software.

Measurement of stability of microsphere
Stability studies of PLGA microspheres were performed 
by measuring the surface morphology change through 
SEM at a predetermined sampling time of 0, 7, 14, 21 
days. The 50 mg PLGA microsphere was incubated into 
phosphate-buffered saline (PBS) medium and kept 
at 37°C. The surface morphology of microsphere was 
observed at time intervals.

In vitro release kinetics of amifostine
The in vitro release of amifostine from microspheres 
was determined by incubating 50 mg amifostine-loaded 
microspheres (after separation of unencapsulated ami-
fostine) in 50 mL PBS buffer containing 0.02% Tween 
80, 0.02% Tween 20, and 0.01% sodium azide. The PBS 
buffer was in a glass beaker and put in a shaking (con-
stant, 150 oscillations/min) water bath at 37°C. Then the 
samples were hold in dialysis, both ends were fastened, 
and put into PBS buffer. The sample was analyzed in 
triplicate. At time intervals of 0, 2, 4, 8, 12, 24, 48, and 
96 h, 5 mL of releasing PBS buffer was withdrawn and 
the same amount of fresh PBS buffer was replaced 
and it was made sure the releasing PBS buffer volume 
was 50 mL during the whole experiment period. The 
amount of amifostine released from microsphere was 
determined by HPLC.

Animals
All the animal studies were conducted in accordance 
with the internationally accepted “Guide for the Care 

Figure 1.  The processing to form the microsphere formulation of amifostine.
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and Use of Laboratory Animals” published by the US 
National Institutes of Health (NIH Publication No. 80–23, 
revised 1996) and approved by the local ethics commit-
tees for animal experimentation. Forty male Chinese 
Kunming mice were randomized by body weight to five 
groups and each group had eight mice. Five groups were 
different depending on different amifostine admin-
istration route used. The mouse in the normal control 
(NC) group had free access to food without radiation 
exposure and drug given. In the radiation control (RC) 
group, the mouse was exposed to radiation but without 
any drug given. The mouse in intraperitoneal amifos-
tine (IPA) group was given amifostine aqueous solu-
tion intraperitoneally. The mice in oral amifostine (OA) 
group and oral amifostine microsphere (OMA) group 
were orally given free amifostine and amifostine micro-
sphere, respectively. The drug dosage of mouse in every 
group was 500 mg/kg and was given 1 h before exposure 
to radiation.

Radiation experiment
The cobalt-60 (60Co) γ-irradiation was supported by 
Northwestern Nuclear Technique Institute (Xi’an, 
China) and a radiation dose level of 6.0 Gy, which was 
far lower than the lethal dose (8.5 Gy) for mouse, was 
selected. Mouse was kept in a well-ventilated perspex 
covered box and exposed to whole body γ-irradiation 
at a dose rate of 1.0 Gy/min at a source-to-animal 
distance of 80 cm. After the irradiation exposure, the 
mouse exposed to 6.0 Gy was killed 3 days later. Eyeball 
blood was collected and the red blood cell (RBC), white 
blood cell (WBC), platelet, and lymphocyte counts 
were monitored. The spleen and thymus were removed 
and weighed using the electronic balance (MP6001, 
quantity sensitive: 0.1 g, China) after absorbing water 
and tissue fluid on the surface of tissue using drying 
paper. The spleen and thymus indices were the ratio 
of organ weight to body weight. The activity of super-
oxidase dismutase (SOD) and the level of malondialde-
hyde (MDA) in testicular tissue were also determined 
following the previous reports28. Testicular tissue was 
removed and washed three times in cold isotonic saline 
(0.9%). Tissues were homogenized with cold PBS buffer 
(pH 7.4) and 10% homogenate obtained (w/v), which 
was centrifuged (4000 rpm, 4°C) for 15 min. The clear 
supernatant was obtained to determine SOD activity 
and MDA content.

Statistical analysis
Data were analyzed using the SPSS statistical package 
(V.10; Chicago, IL) by one-way analysis of variance 
(ANOVA). Statistically significant differences (p < 0.05) 
were found between or within the experimental groups 
by ANOVA; individual differences were assessed by 
post hoc analyses (Tukey’s test). Data are expressed as 
mean ± standard deviation (SD) in the text and tables 
and as mean ± standard error of the mean (SEM) in the 
figures.

Results and discussions

Microsphere characteristics
Particle size and morphology
The particles were between 0.8 and 10.0 µm, with a mean 
diameter of 2.8 ± 0.1 µm (Figure 2). Surface SEM photo 
showed that PLGA microsphere was spherical and some 
accumulation of smaller microcapsules on the surface of 
the larger particles (Figure 3). Still there was some small 
pitting on few of the particle surfaces, which might be due 
to the evaporation of the trapped organic solvent during 
the drying process.

Stability of microsphere
The stability of PLGA microspheres was tested over a 
21-day period at 25°C and the particle surface SEM mor-
phology was monitored at weekly intervals (Figure 4). We 
could see the intact spherical structure of PLGA micro-
sphere at the beginning (a, 0 day). After 7 days storage, a 
number of pores were seen scattered over the surface of 
microspheres (b, 7 days). The pore size increased obvi-
ously with the elapsed time and some of the fragments 
could be observed (c, 14 days). During the following 7 
days, only porous remnants of microspheres remained 
(d, 28 days). The increased permeability of PLGA micro-
sphere with elapsed time would be the good reason for 
the surface morphology change of PLGA microsphere.

In vitro release kinetics
Release data of amifostine from PLGA microsphere was 
shown as cumulative percent released over 144-h study 
periods (Figure 5). The results showed that the release 

Figure 2.  Particle size distribution of amifostine polylactide-co-
glycolide (PLGA) microsphere.

Figure 3.  Scanning electron photomicrographs of surface of 
amifostine polylactide-co-glycolide (PLGA) microsphere.
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profile of amifostine microsphere was biphasic, showing 
a relatively large burst effect over the first 6 h and almost 
50% diffusion, followed by a slower release phase, which 
reached 80% after 48 h. Then the release of amifostine 
from microsphere was slow and there was almost 100% 
diffusion till 144 h.

In terms of drug release model, three of the most com-
mon kinetic profiles, zero-order, first-order, and Higuchi 
equations, were applied and the correlation coefficient R2 
was used as the mark to determine the releasing mecha-
nism of amifostine from microsphere. Higher correlation 
coefficients (R2 = 0.9725) were obtained for the Higuchi 
equation, indicating a diffusion-controlled release model 
of amifostine PLGA microsphere.

Irradiation protective of PLGA microsphere to mouse
Blood cells concentration
The radiation dose of 6.0 Gy was far below the lethal dose 
(8.5 Gy) and could monitor the radiation effects in mice. 
Compared with the mice in NC group, the mice in four 
radiation groups (RC, IPA, OA, OMA) all had the decreas-
ing concentration of blood cells, such as RBC, WBC, and 
lymphocytes, and platelet, which indicated radiation did 
have some effects on the hematological system in mouse 
(Figure 6). The platelet concentration had the minimal 
decline for its insensitive response to irradiation. When 
compared with mice in RC group, the mice in three ami-
fostine administration groups (IPA, OA, OMA) had the 
improved condition and the results were different with 
different amifostine administration route. The mice in 
OMA and IPA groups all had significant increase in RBC 

and lymphocyte concentration and there was no statis-
tical significant difference between them. The mice in 
OMA group all had the higher blood cell concentration 
than that in OA group.

Tissue level
The mice in NC group had an average testicular SOD 
activity of 80 U/mgprot, whereas the mice in four radia-
tion groups (RC, IPA, OA, OMA) all had low SOD activity 
value (Figure 7). Compared with mice in RC group, the 
mice in IPA group had an improved SOD activity, which 
was almost the same value as that in NC group. Moreover, 
the mice with the amifostine microsphere orally given 

Figure 4.  Surface standard error of the mean (SEM) morphology of polylactide-co-glycolide (PLGA) microspheres at different time.

Figure 5.  Amifostine release profile of polylactide-co-glycolide 
(PLGA) microsphere in PBS.
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made increased SOD activity and reached almost 70 U/
mgprot, whereas SOD activity had almost no change in 
OA group with oral free amifostine given.

For MDA level, mice in all radiation groups (RC, IPA, 
OA, OMA) had the higher MDA concentration than that 
in RC group, which indicated the product of lipid per-
oxidation resulted from irradiation exposure. The mice 
in OA group expressed the highest MDA level, which 
showed free amifostine given orally had no inhibition to 

MDA level. While comparing with RC group, the mice in 
OMA and IPA groups all had lower value of MDA level.

Spleen and thymus were the important immunity and 
hematopoietic organs, so the spleen index and thymic 
index could reflect the radiation damage to the immune 
system. Similarly, the mice in all radiation groups had sig-
nificant decrease in spleen and thymic indices (Figure 7). 
Free amifostine given orally had no effect on spleen index 
or thymic index. Still, amifostine PLGA microsphere 

Figure 6.  The blood cell concentration of mouse exposed to 6.0 Gy radiation dose.

Figure 7.  Tissue level of rat exposure to 6.0 Gy radiation dose.
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orally or free amifostine via IP injection all showed sig-
nificant improvement in these two indices.

Oral administration was a convenient drug admin-
istration route. The goal of our study was to form the 
sustain-released amifostine PLGA microsphere and 
confirm its radiation protective to mouse via oral admin-
istration and eventually to determine whether oral 
administration of amifostine PLGA microsphere is as 
effective as free amofistine given via IP injection.

Exposure to the radiation dose (6.0 Gy) had some 
damage to the hematological system of mouse, which 
was the decrease in blood cells concentration, such as 
RBC, WBC, and lymphocytes, and platelet. It also did 
damage to organs and made some tissue-level change, 
such as low testicular SOD activity and high MDA level. 
The irradiation damage to immune system expressed 
with the low spleen index and thymic index. Amifostine 
administrated 1 h before irradiation exposure could 
reduce the damage to some degree, which depended on 
the administration route of amifostine. In general, the 
amifostine PLGA microsphere orally resulted in increase 
in blood cells concentration, high testicular SOD activ-
ity and spleen and thymic indices but low MDA level. 
The same protective results could be obtained with 
amifostine IP injection but could not be obtained with 
free amifostine given orally. So our research indicated 
that amifostine PLGA microsphere orally was (i) almost 
as effective as giving free amifostine via intraperitoneal 
injection and (ii) more radiation protective to mouse 
than that of oral free amifostine.

It was well known that microspheres ensure a physical 
barrier between the internal and the external compart-
ments and thus protect encapsulated drug molecules, 
which would provide reasonable assurance that most 
amifostine will be absorbed through the gastrointestinal 
tract. In addition, from the release protocol, the amifos-
tine microsphere was able to provide sustained release 
of amifostine, as a result there would be more constant 
blood levels as compared with free amifostine when 
given by the same route. Moreover, the steroid structure 
of PLGA would protect amifostine and prolong its effect 
to irradiation. We thought all of the above reasons made 
amifostine PLGA microsphere have better results than 
that of free amifostine, when using the same oral route.

Conclusion

Amifostine PLGA microsphere was successfully prepared 
by a modified double emulsion-solvent evaporation tech-
nique. Amifostine release behavior in vitro displayed that 
this formulation could realize a sustained release and 
showed a biphasic release profile, a relatively large burst 
effect over the first 6 h, followed by a slower release phase. 
The irradiation protective to mouse was investigated 
through oral administration 1 h before exposure to 60Co 
γ-radiation. The animal experiment showed that ami-
fostine in biodegradable PLGA microsphere orally was 
effective, which would be convenient and promising as 

an oral administration formulation to protect the normal 
tissue against the damaging effects of ionizing radiation 
and chemotherapy. However, it was only a preliminary 
study for the application of PLGA microspheres to ami-
fostine oral delivery. The in vivo amifostine absorption 
mechanism would be investigated in detail in the future 
work.
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