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Thymopentin-loaded phospholipid-based phase separation gel
with long-lasting immunomodulatory effects: in vitro and
in vivo studies
Ting Zhang1,2, Xian-yan Qin1, Xi Cao1, Wen-hao Li1, Tao Gong1 and Zhi-rong Zhang1

Thymopentin (TP5) is an effective immunomodulatory agent for autoimmune disease that has been used clinically for decades.
However, its application is greatly limited by its extremely short half-life in vivo, poor membrane permeability and extensive
metabolism in gastrointestinal tract, resulting in repeated injection and poor patient compliance. In the present study, we
developed a TP5-loaded, phospholipid-based phase separation gel (PPSG) to achieve sustained drug release profile and long-
lasting therapeutic effects. We firstly demonstrated the physiochemical characteristics of PPSG before and after phase transition by
examining the viscosity and morphology change caused by the phase transition. Moreover, the PPSG exerted a low cytotoxicity in
L929 cells and HUVECs, suggesting the biocompatibility of PPSG. A month-long drug release profile of TP5 PPSG was observed both
in vitro and in vivo, revealing its sustained and controlled drug release property. Most importantly, in cyclophosphamide-induced
immunosuppressive rats, a single dose of TP5 PPSG (15mg/kg, sc) injected could normalize their T-SOD levels and CD4+/CD8+
ratio; such an immunoregulatory effect was comparable to that produced by repeated injection of TP5 solution (0.6 mg/kg per day,
sc) for 14 consecutive days. Thus, TP5 PPSG has a great potential for sustained delivery of TP5 in clinical use because of its simple
manufacture process, good biocompatibility and long-lasting immunomodulatory efficacy, which could greatly improve patient
compliance.
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INTRODUCTION
Thymopentin (TP5) is a synthetic pentapeptide (Arg-Lys-AspVal-
Tyr, Mw= 679.77) corresponding to the sequence of thymic
hormone thymopoietin (residues 32–36) [1]. TP5 showed similar
immunomodulatory bioactivity to thymopoietin for treatment of
autoimmune diseases, including chronic lymphocytic leukemia [2],
rheumatoid arthritis [3], cancer immunodeficiency [4], acquired
immunodeficiency syndrome (AIDS) [5], and chronic heart failure
[6]. The mechanism that has been demonstrated is that TP5 can
promote the differentiation of thymocytes and affect the function
of mature T cells [7–9]. However, TP5 has a very short half-life
in vivo (less than 30 s), poor membrane permeability and
extensive metabolism in the gastrointestinal tract [10]. Therefore,
it is usually marketed as a freeze-dried powder for intramuscular
or hypodermic injection. Autoimmune diseases are generally
chronic and long-lasting, so patients would suffer the pains of
repeated injections for one to six months [11], which has greatly
reduced patient compliance and restricted the clinical application
of TP5. Moreover, it has been reported that the potency of TP5
in vivo can be increased by slow infusion [12].
Various novel drug delivery systems have been developed for

TP5 in previous studies. For example, orally administered

nanoparticles [13, 14] and inhalable microparticles [11] have been
prepared to avoid the pain of injection. Polymer nanoparticles
[15], implants [16], and hydrogels [17] have been prepared for
sustained TP5 delivery to reduce the injection frequency.
However, some problems still exist. Because of hydrophilicity,
TP5-loaded nanoparticles and hydrogels often showed a low
entrapment efficiency and a high burst release profile. Micro-
particles often require a complex preparation process and a high
cost. Moreover, the materials for novel drug vehicles are usually
non-commercial, expensive, or non-biodegradable. For example,
Wu et al. prepared polymer nanoparticles with a high loading
efficiency and improved pharmacokinetics and pharmacody-
namics properties. Nevertheless, the manufacturing operation
was complex, and the main material, PHBHHX, was non-
commercial, which greatly limited its clinical usage [15]. Recently,
Lin et al. developed a TP5-loaded dissolving microneedle array to
provide safe transdermal delivery. However, the preparation of
microneedle arrays needs a specialized model, and repeated daily
administration was also required [18]. Most importantly, a toxic
organic solution (e.g., chloroform and methylene chloride) is often
used in the manufacturing process and could not be completely
removed, which is a potential threat to a patient’s health [16].
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Therefore, a novel TP5-loaded sustained drug delivery system
that could be easily prepared with biodegradable, safe, and low-
cost materials is necessary. Phospholipid gels have been
previously studied as a sustained drug delivery system because
of the availability, non-toxicity and biocompatibility of phospho-
lipids. For example, Zhong et al. [19] prepared a vesicular
phospholipid gel for TP5 delivery. However, this system contained
excessive water and a small amount of phospholipid to produce a
low viscosity for injection, so its burst release could be relatively
high and its pharmaceutical effect was of relatively short duration
(i.e., a week). Recently, our group has developed a novel
phospholipid-based phase separation gel (PPSG) that was a
solvent-induced in situ forming gel and achieved a good long-
term drug delivery property [20]. This gel formulation is based on
high-content phospholipid, little anhydrous ethanol, and
injection-grade oil, and it could be prepared easily by a one-
step stirring method. PPSG is in solution initially, and upon
exposure to an aqueous environment, it transforms into a gel,
which serves as a drug depot for the long-term release of a drug
after injection with a hypodermic.
In the present study, for the first time, a TP5-loaded PPSG was

employed for sustained drug delivery and a long-lasting
immunoregulatory effect and was studied systematically both
in vitro and in vivo. The characteristics of PPSG before and after a
phase transition were first studied using viscosity determination,
atomic force microscopy (AFM), and differential scanning calori-
metry (DSC). The cellular toxicity of PPSG was also investigated in
the L929 and HUVEC cell lines. Moreover, the drug release
behavior of TP5-loaded PPSG was studied both in vitro and in vivo.
Finally, a pharmacodynamics study was carried out on a
cyclophosphamide-induced immunodepression rat model to
determine the long-term immunoregulatory effect of TP5-PPSG.

MATERIALS AND METHODS
Materials
TP5 and 5-FAM-TP5 were kindly given as gifts by the Chengdu
Kaijie Biotechnologies Co. Ltd. (Chengdu, China). Egg yolk lecithin
(E80) was provided by Lipoid Co. Ltd (Ludwigshafen, Germany),
and medium chain triglycerides (MCT) were purchased from Beiya
Medical Oil Co. Ltd. (Tieling, China). A total superoxide dismutase
(T-SOD) kit was bought from Nanjing Jiancheng Bioengineering
Institute (Najing, China). Anti-rat CD3-APC, anti-rat CD8b-PE, and
anti-rat CD4-FITC were purchased from BD Biosciences (New
Jersey, USA). All other reagents were of analytical grade or better.

Cells and animals
Healthy female Wistar rats (180–220 g) were purchased from the
Laboratory Animal Centre of Sichuan University (Chengdu, China).
All rats were housed in a specific pathogen-free, light-cycled and
temperature-controlled facility, and five animals were housed per
cage with free access to food and water. The rats were
acclimatized for one week prior to use in experiments. All the
animal experiments were approved by the Institutional Animal
Care and Ethic Committee of Sichuan University.
In addition, mouse fibroblasts (L929) and human umbilical vein

endothelial cells (HUVEC) were purchased from the Shanghai
Institutes for Biological Sciences (Shanghai, China) and cultured in
PRIM-1640 medium (HyClone, USA) containing penicillin (100 IU/
mL), streptomycin (100 µg/mL), and 10% fetal bovine serum (Fu
Meng Gene, Shanghai, China) in a humidified atmosphere
containing 5% CO2 at 37 °C. After being counted and passaged,
cells in logarithmic phase were used in this study.

Preparation of PPSG and TP5-PPSG
PPSG was prepared by a simple one-step stirring method
according to our previous study[20]. In brief, E80, absolute ethanol
and MCT in a weight ratio of 70:15:15 were mixed and agitated

vigorously for two hours at room temperature. Water bath
sonication was used to remove air bubbles when necessary,
resulting in a homogeneous PPSG. In addition, when loading the
TP5 into PPSG, ethanol was replaced by an acetate buffer (pH 6.0)-
ethanol (15/85, v/v) mixture to dissolve the TP5 and keep it stable,
and the TP5 concentration in PPSG was 5mg/mL.
Meanwhile, according to our preliminary in vivo study (data not

shown), the PPSG contained 51.1% E80, 48.7% PBS, 0.1% MCT and
0.1% ethanol after a steady phase transition. Based on this
composition, the phase-transformed PPSG (gelated PPSG) was
formulated by mixing these components.

Characterization of PPS
Viscosity. The viscosity of PPSG after the phase transition was
determined at room temperature with a method described in a
previous study (DV-C, Brookfield Engineering Laboratories, Inc.,
USA) [20].

Atomic force microscopy (AFM). The morphology of PPSG before
and after the phase transition was observed by AFM. The phase
transition process was induced in rats. First, 1 mL of PPSG was
injected subcutaneously into a rat and withdrawn after four hours,
and then, a frozen section (thickness, 50 µm) was prepared. The
section was adhered to a freshly exfoliated mica sheet. After
natural air drying overnight, the morphology was examined via
AFM (Model SPM9600, Shimadzu, Japan) using the phase imaging
mode [21].

Differential scanning calorimetry (DSC). All of the samples,
including E80, MCT, H2O, ethanol, PPSG- 70-(+), and gelated
PPSG, were placed into a hermetically sealed platinum crucible for
DSC, and thermograms were recorded from 0–300 °C at a heating
rate of 10 °C/min under a constant protective nitrogen atmo-
sphere (0.2 mL/min). This study employed a differential scanning
calorimeter (Mettler Toledo, USA), and 10mg was needed for each
sample.

Cytotoxicity assay of PPSG
A cytotoxicity assay for PPSG was conducted in L929 cells and
HUVECs using an extraction colony assay, which is usually used for
the toxicity evaluation of implants [22, 23]. Briefly, 1 mL of PPSG
and 6mL of PRIM-1640 culture medium were mixed and then
incubated at 37 °C for 24 h, following which the tube was
centrifuged and the supernatant containing the extracted PPSG
was retained for further study. After dilution with culture medium
and filtration through a 0.22 µm millipore filter, different
concentrations of PPSG extract (25, 50, 75, and 100%) were
obtained.
L929 cells or HUVECs in logarithmic phase were seeded in 96-

well plates at a density of 1 × 104 cells/well/0.1 mL. After 24 h of
incubation for cell attachment, the cells were exposed to cell
culture medium containing various concentrations of PPSG extract
(25, 50, 75, and 100%) for another 24 h of incubation. Cells
untreated with PPSG extract served as the control group. Finally,
the cell viability was determined by the MTT assay as previously
described [24].

In vitro release study
An in vitro release study was conducted by dynamic dialysis in
phosphate-buffered saline containing different concentrations of
ethanol (0, 10, and 20%) [25, 26]. Aliquots of 0.2 g of TP5-PPSG
(TP5 concentration= 5.0 mg/mL) or 1.0 mL of TP5 (TP5 concentra-
tion= 1.0 mg/mL) solution were added to the dialysis bags
(molecular weight cut-off= 8–14 kDa). After the ends were tied,
the dialysis bags were immersed in 4 mL of release medium (PBS
or ethanol-containing PBS, pH 7.4), followed by shaking on a
horizontal shaker (100 rpm, 37 ± 0.5 °C). At predetermined time
points, the release medium was collected and replaced with 4 mL
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of fresh medium. The collected release medium was diluted to
5mL with PBS containing 5% Triton X-100 and quantified by HPLC
(Agilent 1260 infinity, USA). Finally, cumulative release
percentage-time curves were drawn to compare the release
profile of free TP5 and TP5-PPSG. All measurements were carried
out in triplicate.
The HPLC conditions for TP5 detection are described below. A

volume of 50 μL of each sample was injected into the HPLC
system. A Kromasil-C18 reverse phase column (150mm× 4.6 mm,
5 µm) and a mobile phase consisting of phosphate buffer (0.05 M,
pH 7.0) and methanol (86/14, v/v) was used for TP5 separation.
The samples were eluted by the mobile phase at a flow rate of
1.0 mL/min at 35 °C and monitored at 276 nm. The peak area was
recorded for TP5 quantification using a validated standard curve.

In vivo pharmacokinetics study
Healthy female Wistar rats were randomly divided into two groups
(n= 5) and fasted for 12 h before the subcutaneous injection of a
5-FAM-TP5 solution and 5-FAM-TP5-PPSG at a dosage of 20 mg/kg
body weight. At pre-determined time points, 300 µL of blood was
collected from the eye socket into heparinized tubes, followed by
centrifugation (2500 × g for 5 min, 4 °C) to separate the plasma.
An aliquot of 100 µL of plasma was collected and stored at −80 °C
for analysis by fluorescence spectrophotometry. The plasma
samples were first preprocessed by precipitating the protein with
acetonitrile to eliminate interference from the serum and then
quantified on a fluorescence spectrophotometer (RF-5301 PC,
Shimadzu, Kyoto, Japan) [15], in which the excitation wavelength
and emission wavelengths were set to 502 and 539 nm,
respectively. To account for the variability of the fluorescence
quantification, a regression equation was established in every
quantification test, and the methodology was first validated as
meeting the quantitative requirements.

In vivo pharmacodynamics study
Healthy male Wistar rats were randomly divided into four groups
(n= 5), i.e., group 1 was the normal control, group 2 was the
immunosuppression control, group 3 was the TP5 solution group
and group 4 was the TP5-PPSG group. During the first three
consecutive days, rats in groups 2, 3, and 4 were intraperitoneally
injected with a cyclophosphamide solution at a dosage of 35mg/
kg per day to establish the immunosuppression model. During the
following two weeks, rats in group 2 were subcutaneously injected
with saline once daily, rats in group 3 were given a subcutaneous
injection of TP5 solution at a dosage of 0.6 mg/kg per day, and rats
in group 4 were subcutaneously injected with TP5-PPSG at a
dosage of 15 mg/kg on the fourth day only. During the entire test,
group 1 was normally fed without drug treatment, and all rats
were given free access to food and water. Two weeks after the TP5

injection, the immune status of all of the rats was determined. A
volume of 1 mL of blood sample was taken from the eye socket of
each rat into an anticoagulative tube for T-SOD activity and
T-lymphocyte subset analysis.

T-SOD activity determination. After sampling, the whole blood
was centrifuged (2500 × g for 5 min, 4 °C) to separate the plasma,
and an aliquot of 20 μL of plasma was collected and processed
according to the T-SOD kit instructions. Finally, ultraviolet
spectrophotometry (CARY100, Varian, Japan) at 550 nm was used
to determine the ultraviolet absorption of the samples, and T-SOD
values were calculated for each group.

T-lymphocyte subset analysis. The T-lymphocyte subsets were
determined using three-color flow cytometry. In brief, each 100 μL
anticoagulated blood sample was mixed with 30 μL of fluorescent
antibodies, which was first diluted 10:1 with PBS (containing
1.25 μL of anti-rat CD3-APC, 0.5 μL of anti-rat CD4-FITC, and 1.25 μL
of anti-rat CD8b-PE). After incubation for 15min at 70 rpm in the
dark, an aliquot of 1 mL of red blood cell lysis buffer was added to
each sample, and the mixture was incubated for another 20min in
the dark (25 °C). The red blood cells were removed by twice of cell
lysis and centrifugation (2000 × g for 5 min, 4 °C), after which the
cell sediments were washed twice with PBS. Blank blood samples
and samples labeled only with anti-rat CD3-APC or anti-rat CD4-
FITC or CD8b-PE were used as the blank control and fluorescent
compensation control, respectively. The cells were resuspended in
0.4 mL of PBS, followed by a flow cytometry analysis to determine
the T-lymphocyte subsets (Cytomics FC 500, Beckman Coulter,
USA). Finally, the CD4+/CD8+ ratios were calculated from the
amounts of CD3+/CD4+ T cell and CD3+/CD8+ T cell to
determine the therapeutic effect of each group on the immuno-
suppressed rats.

Data and statistical analysis
The results of all of the tests were expressed as the mean ± SD
(standard deviation). A two-tailed Student’s t-test was performed
for statistical analysis, in which P < 0.05 indicated that statistical
differences existed between two groups, and P < 0.01 was
considered statistically significant different. All tests were con-
ducted in triplicate.

RESULTS AND DISCUSSION
Characterization of PPSG
Viscosity. A low viscosity is essential for an injectable gel, while a
high viscosity is also important for a phase-transformed gel
implant that could serve as a drug depot for sustained drug
release. As shown in Fig. 1a, PPSG was transformed from a

Fig. 1 a Appearance and b viscosity of PPSG before and after the phase transition
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transparent solution into a gel after the occurrence of a phase
transition. The viscosity of the gelated PPSG was determined as
790467 cP, which was significantly higher than that of the initial
solution state (165 cP) (Fig. 1b). Consequently, the gel implants
could act as a barrier for the controlled release of a loaded drug.

AFM. AFM was conducted to study the morphology of PPSG.
Fig. 2a shows a homogeneous system image for PPSG, indicating
that the phospholipid in PPSG was completely dissolved.
Conversely, after the phase transformation, an image of solidified
PPSG clearly showed phospholipid sediment particles, which
could serve as a depot for sustained drug release after the PPSG
undergoes the phase transformation upon exposure to water.

Differential scanning calorimetry. DSC curves (Fig. 2b) showed an
endothermic peak at 33.89 °C for phospholipid E80, which could
be its melting point. The H2O and ethanol DSC curves showed
endothermic peaks at 99.76 °C and 76.37 °C that could be the
boiling points of H2O and ethanol, respectively. The DSC curve of
MCT was smooth and had no peaks, indicating that no phase
transformation occurred in this process. Similarly, PPSG showed a
smooth curve similar to MCT, demonstrating that this system was
stable as the temperature increased. In contrast, a wide and blunt
endothermic peak at 108.66 °C appeared in the DSC curve of
solidified PPSG, which could have been caused by the boiling of
H2O and the phase transformation of the gel to the liquid
crystalline state when the phospholipid non-polar hydrocarbon

chain melted and isomerized. It has been reported that the liquid
crystalline phase was always hexagonal and anisotropic [22, 27].
In a previous study [26], OCT PPSG (COCT= 5mg/mL) and blank

PPSG showed almost the same viscosity at the same temperature,
and OCT PPSG transformed into a gel upon exposure to water.
Both OCT (octapeptide, Mw= 1019.24) and TP5 (pentapeptide,
Mw= 679.77) are low molecular weight peptides, and the drug
concentrations in PPSG were relatively low (5 mg/mL). Therefore, it
could be inferred that TP5-loaded PPSG would show a similar
phase transformation behavior as PPSG in this study.

Cytotoxicity assay of PPSG
Fig. 3 shows the cytotoxicity caused by PPSG serial dilutions. Both
L929 cells and HUVECs showed no significant cellular toxicity, with
a cell viability higher than 80% when the PPSG extract
concentration was 25–75%. Moreover, at the highest extract
concentration of 100%, the average cell viabilities of L929 cells
and HUVECs were 93.59% and 65.73%, respectively, which could
be attributed to the different tolerances of the cell lines, indicating
the inhibition of HUVEC proliferation upon exposure to the PPSG
extracts in the first 24 h. An extract cytotoxicity assay is generally
conducted to determine the toxicity of solid implants in the body.
The primary toxicity of the PPSG extracts could be caused by the
small amount of ethanol in PPSG. However, upon exposed to body
fluid in vivo, the PPSG implant extract could be diluted over time
and the possible toxicity could be eliminated, which we
demonstrated in a previous study [20].

Fig. 2 a Atomic force microscopy (AFM) and b differential scanning calorimetry (DSC) determination of PPSG before and after the phase
transition
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In vitro release study of TP5-PPSG
Fig. 4 shows the release profiles of a TP5 solution and TP5-PPSG.
Fig. 4a shows that a large burst release was observed both in PBS
and ethanol-containing PBS medium for the TP5 solution, with a
cumulative release percentage above 50% during the first half
hour. Subsequently, the release percentage in all groups increased
with time and plateaued at approximately the 8th hour, and the
drug release was almost complete within 24 h. The release profile
could be divided into two phases, that is, the burst release during
the first 6 h with a high cumulative release percentage (approxi-
mately 90%) and a subsequent sustained drug release phase that
resulted in the nearly complete release of the drug. Fig. 4a also
indicates a rapid drug release of the TP5 solution regardless of the
ethanol concentration.
In contrast, the TP5 release from PPSG was much slower

(Fig. 4b) compared with the solution formulation. The cumulative
release percentages of TP5-PPSG within 912 h (38 d) in 0%, 10 and
20% ethanol-containing PBS were 52.3%, 71.5% and 75.8%,
respectively. As seen with the TP5 solution, the release profile
for TP5-PPSG also had two phases. In the initial burst release phase
(0–6 h), the cumulative drug release percentages in 0%, 10 and
20% ethanol-containing PBS were 15.9%, 20.1% and 30.5 %,
respectively, which were much slower than that for the

TP5 solution, which was approximately 90% in the first 6 h. This
indicated that PPSG could effectively reduce the burst release of
TP5. In the following sustained release phase, the drug release was
controlled and long-lasting. It could be concluded that the drug
release of TP5-PPSG was much slower than that of the
TP5 solution, and it was also positively related to the ethanol
content of the release medium. Phospholipid is highly soluble in
ethanol, so the rapid dissolution of phospholipid in a medium with
a higher ethanol concentration was accompanied by a more rapid
drug release. Moreover, the phospholipid dissolution in ethanol
could be used to simulate the in vivo degradation of phospholipid,
which was helpful in predicting the drug release behavior in the
body.
The release kinetics of TP5 from PPSG were subsequently fitted

to six classical mathematical models to explore the release
mechanism and evaluated based on the correlation coefficient
(R2) (Table 1). R2 was > 0.9 for the Higuchi model, the
Ritger−Peppas model and the Weibull model. The results
indicated that the drug release mechanism of PPSG could result
from a combination of gel erosion, drug diffusion and dissolution,
all of which contributed to the controlled and sustained drug
release from PPSG.

In vivo pharmacokinetics study of TP5-PPSG
Because of its very short half-life in vivo (less than 30 s) [28] and its
low concentration after administration at a low dosage, TP5 is
hard to quantify in a pharmacokinetics study. Therefore,
fluorescently labeled TP5, 5-FAM-TP5, was chosen to study the
pharmacokinetic behavior of TP5-loaded PPSG, and fluorescence
spectrophotometry was used because it has high sensitivity for
quantification. Drug concentration-time curves for 5-FAM-TP5
solution and PPSG formulations after subcutaneous injection in
rats were drawn and compared. Fig. 5 shows that, in the 5-FAM-
TP5 solution group, the drug concentration in the plasma
increased rapidly to approximately 14,000 ng/mL in the first half
hour after injection and then decreased sharply, and the drug
could not be detected at 24 h. Conversely, the plasma drug
concentration of the PPSG formulation increased slowly and
peaked within 4 h, followed by a gradual and stable decline from 4
to 720 h. In addition, the drug concentration at 24 h was still
almost as high as 200 ng/mL, much higher than that in the
solution group. Table 2 shows that both the half-life (t1/2) and the
mean retention time (MRT) of 5-FAM-TP5-PPSG were significantly
much longer than those of the free drug solution (P < 0.01),
demonstrating the favorable sustained release characteristics of

Fig. 3 Cell livability of L929 cells and HUVECs after incubated with
various concentrations of PPSG extraction (25, 50, 75, and 100%) for
24 h (n= 5)

Fig. 4 In vitro release profiles of TP5 solution (a) and TP5-loaded-PPSG (b) in release medium containing different concentrations of ethanol
(0, 10, and 20%) (n= 3)
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PPSG. Additionally, the area under the curve (AUC) for the PPSG
group was significantly higher than that for the drug solution
group, indicating the higher bioavailability of PPSG. The reason for
the increased AUC could be the prolonged elimination phase
(24–720 h), as well as the much higher 5-FAM-TP5 concentration
during the elimination phase of the PPSG group than that of the
solution group (5–720 h).
The above results clearly demonstrated that after loading into

PPSG, 5-FAM-TP5 could be released in a controlled and sustained
manner for as long as one month, which was largely due to the in
situ-formed PPSG implant containing a high phospholipid
concentration and having high viscosity as a drug release barrier.

In vivo pharmacodynamics assay
TP5 is an effective immunomodulatory agent that can improve an
unbalanced immune system, including affecting T-cell function
and improving SOD activity to a basal level [7, 18, 29]. Therefore,

according to previous studies [15, 30, 31], the T-SOD level and T-
lymphocyte subset CD4+/CD8+ ratios were determined in a
pharmacodynamics study to evaluate the therapeutic effect of
TP5-loaded PPSG on immunosuppressed rats.

T-SOD value measurement. The T-SOD activity of the plasma from
rats after various treatments is shown in Fig. 6. The T-SOD activity
of the immunosuppression group was significantly lower than that
of normal control rats (P < 0.001), indicating that the immunosup-
pressed animal model was established successfully and stably.
After treatment with the TP5 formulations, the T-SOD activity of
the immunosuppressed rats increased to the same level as normal
rats (P > 0.05) and to significantly higher than that of the
immunosuppressed group (P < 0.001), proving that both the
TP5 solution and TP5-PPSG treatment could restore the plasma
T-SOD activity of the immunosuppressed rats to normal levels. In
addition, no significant difference was observed for the T-SOD

Fig. 5 Pharmacokinetic profiles of 5-FAM-TP5 solution and 5-FAM-
TP5-PPSG after subcutaneous injection at the dosage of 20 mg/kg
body weight (n= 5)

Table 2. Pharmacokinetic parameters of 5-FAM-TP5 solution and
5-FAM-TP5-PPSG

Parameters 5-FAM-TP5 solution 5-FAM-TP5-PPSG PPSG/
solution

C max (ng/mL) 14387.45 ± 1316.72 636.595 ± 177.50 0.04

T max (h) 0.50 ± 0.00 4.00 ± 0.00 8.00

t1/2(h) 2.69 ± 2.58 114.00 ± 45.24** 42.32

AUC0→t (ng/
mL*h)

29,793.19 ± 4878.18 36,780.13 ± 2757.01* 1.23

AUC0→∞ (ng/
mL*h)

29,811.63 ± 4876.72 37,453.94 ± 2638.67* 1.26

MRT0→t(h) 1.503 ± 0.16 193.69 ± 22.63** 128.87

MRT0→∞(h) 1.52 ± 0.14 206.95 ± 22.99** 135.88

Data presented as mean ± SD (n= 5)
*P < 0.05
**P < 0.01 compared with 5-FAM-TP5 solution group

Table 1. Regression equations of TP5 release behaviors from PPSG in different media via mathematical modeling

Function Media Regression equation R2

Zero-order: y= a*t+ b PBS y= 0.04535t+ 20.858 0.79787

10% ethanol y= 0.06191t+ 26.043 0.83385

20% ethanol y= 0.05665t+ 35.292 0.69285

First-order: ln(1−y)= a*t + b PBS ln(1−y)=−0.0007t + 4.3702 0.85871

10% ethanol ln(1−y)=−0.06191t + 26.043 0.83385

20% ethanol ln(1−y)=−0.05665t+ 35.292 0.78588

Higuchi: y= a*t0.5+ b PBS y= 1.4805t0.5+ 13.241 0.9554

10% ethanol y= 1.9915t0.5+ 16.024 0.96959

20% ethanol y= 1.8498t0.5+ 25.772 0.9415

Ritger−Peppas: lny= a*lnt+ b PBS lny= 0.25912lnt+ 2.2377 0.99224

10% ethanol lny= 0.26671lnt+ 2.4422 0.99167

20% ethanol lny= 0.20469lnt+ 2.9443 0.97846

Weibull: lnln(1/(1−y))= a* lnt+ b PBS lnln(1/(1−y))= 0.30441lnt − 2.3648 0.99456

10% ethanol lnln(1/(1−y))= 0.33815lnt − 2.1829 0.99147

20% ethanol lnln(1/(1−y))= 0.27834lnt− 1.6307 0.98459

Hixson–Crowell:(1−y)1/3= a*t+ b PBS (1−y)1/3=−0.00094t+ 4.2921 0.83928

10% ethanol (1−y)1/3=−0.00148t+ 4.2033 0.90236

20% ethanol (1−y)1/3=−0.00148t+ 4.0156 0.86937
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values of the TP5 solution group and the TP5-PPSG group (P >
0.05).
SOD catalyzes the transformation of the superoxide free radical

(O2−) into hydrogen peroxide (H2O2) and elemental oxygen (O2)
by a disproportionation process, which effectively alleviates the
toxicity of superoxide free radicals [30]. Therefore, SOD is an
important antioxidase and is closely associated with digestive
diseases, kidney disease, cardiovascular disease, inflammation,
immunity, tumors, and blood disease [31]. Previous studies
showed that the T-SOD concentration in healthy rats was
approximately 200 U/mL, but it deceased when the rats were
immunosuppressed [15, 32], indicating that the T-SOD level could
indirectly reflect the immunity level. In this study, the T-SOD level
of rats treated with single dose of TP5-PPSG (15 mg/kg) was
similar to that of rats administered with a TP5 solution daily (0.6
mg/kg per day) in a 14-day test, implying that TP5-PPSG could
greatly reduce the dosing frequency without affecting the
immunoregulatory efficacy.

Analysis of lymphocyte subsets by flow cytometry. Table 3 shows
that the ratio of CD4+/CD8+ T cells in immunosuppressed rats
was significantly higher than that in normal rats (6.16 ± 0.84 versus
2.05 ± 0.46, P < 0.01), demonstrating the successful establishment
of an immunosuppression model. Furthermore, consistent with
the results of the T-SOD assay, no significant difference was seen
between the CD4+/CD8+ ratios of normal rats and those in the
TP5-PPSG group (P > 0.05), which demonstrated that TP5-loaded

PPSG could regulate dysfunctional T-lymphocytes to normal. Even
more exciting was that no significant difference was seen between
the results for the daily injected TP5 solution group and the single
administered TP5-PPSG group (P > 0.05), which demonstrated an
equivalent immune-modulating effect of these different treat-
ments for immunosuppression.
T-lymphocytes are divided into various subsets based on their

phenotype and function, and the different subsets express
different surface markers. CD3 is a common surface marker
expressed by all T-lymphocytes, while CD4 and CD8 are expressed
on the surface of inducer–helper T cells (Ti/Th) and suppressor-
cytotoxic T cells (Ts/Tc), respectively. CD4+ and CD8+ indicate
mature T-lymphocytes [30], and T-lymphocytes of normal humans
have been shown to have a stable CD4+/CD8+ ratio (1.5–2.0) [13],
which changes if an immune abnormality is present. Therefore,
the CD4+/CD8+ ratio could reflect the immune status of an
animal. However, cross expression of surface markers exists in
lymphocyte subtypes; for example, CD4 is expressed in mono-
cytes, and CD8 is expressed in NK cells, whereas CD3 is not
expressed on these two cell types. Therefore, we used CD3
labeling to distinguish various types of T-lymphocytes.
Both the T-SOD test and the T-lymphocyte CD4+/CD8+ ratio

assay in this study demonstrated that a single dose of TP5-PPSG
(15mg/kg, s.c.) had the same immune-modulating capacity as that
of a daily administered TP5 solution (0.6 mg/kg per day, s.c.),
effectively restoring the immunosuppressed rats to normal. The
results also demonstrated the sustained and long-lasting pharma-
cokinetic behavior of TP5-PPSG, which would benefit the clinical
use of TP5 by reducing the administration frequency and greatly
improving patient compliance. In addition, we previously demon-
strated that the inflammation response in rabbits caused by
PPSG after a subcutaneous injection was low and acceptable,
indicating the biocompatibility of the TP5 drug delivery system
[20].
In conclusion, we successfully developed a TP5 delivery system

with a sustained drug release profile and long-acting therapeutic
effect in this study. TP5-PPSG could be prepared by a simple one-
step stirring method, and the changes in its physicochemical
properties during a phase transition contributed to a sustained
drug release of as long as a month both in vitro and in vivo. As a
result, compared with a daily injected TP5 solution, a single dose
of TP5-PPSG showed a comparable effect of restoring the T-SOD
level and the CD4+/CD8+ ratio to normal in immunosuppressed
rats, indicated a long-lasting immunoregulatory effect of TP5-
PPSG. Therefore, patient compliance could be greatly improved by
reducing the administration frequency. In summary, TP5-PPSG has
great potential for the sustained delivery of TP5 in the clinic
because of its simple manufacturing process, good biocompat-
ibility and long-lasting immunoregulatory efficacy.
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