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This study was done to prepare thymopentin (TP5)-loaded poly (butyl cyanoacrylate) nanoparticles
(TP5-PBCA-NPs) and evaluate thier efficacy for oral delivery. TP5-PBCA-NPs were prepared by emul-
sion polymerization, and the formulation was optimized based on Box—Behnken experimental design.
The physico-chemical characteristics of TP5-PBCA-NPs were evaluated using transmission electron
microscopy (TEM), malvern zetasizer, Fourier transform infra-red spectroscopy (FT-IR) and differential
scanning calorimetry (DSC). The encapsulation efficiency, enzymatic degradation and release behav-
ior of TP5-PBCA-NPs in various media were evaluated using a high-performance liquid chromatography
(HPLC) method. The pharmacodynamic studies on oral administration of TP5-PBCA-NPs were performed
in FACScan flow cytometry. An optimum formulation consisted of 0.7% poloxamer 188 (Pol), 0.6% dextran-
70 (Dex), 0.1% sodium metabisulfite (Sm), 0.1% TP5 and 1% (v/v) n-butyl cyanoacrylate. The particle
size and zeta potential of optimized TP5-PBCA-NPs was 212 nm and —22.6 mV respectively with 82.45%
encapsulation efficiency. TP5 was entrapped inside the nanoparticles in molecular dispersion form. The
release of TP5 from PBCA-NPs was pH dependent; the cumulative release percentage in 0.1 M HCI for
4 hours was less than 16% while it was more than 80% in pH6.8 PBS. The PBCA-NPs could efficiently
protect TP5 from enzymatic degradation; the remained percentage of TP5 encapsulated in PBCA-NPs
was 58.40% after incubated with trypsin in pH6.8 PBS for 4 h while it was only 32.29% for free drug. In the
oral administration study in vivo, the lowered T-lymphocyte subsets values were significantly increased and
the raised CD4+/CD8+ ratio was evidently reduced compared with that of TP5 solution (p<0.05), and the
improvement of bioavailability was dose-dependent. These results indicated that the PBCA nanoparticles
may be a promising carrier for oral delivery of TP5.

1. Introduction

Thymopentin (TPS5) is a synthetic pentapeptide (Arg-Lys-Asp-
Val-Tyr) corresponding to the 32-36 amino acid sequence of
the thymic hormone thymopoietin (TP). It has been shown to
have the biologic properties of TP both in vivo and in vitro,
affecting neuromuscular transmission, induction of early T cell
differentiation and immune regulation (Goldstein et al. 1979,
Goldstein et al. 1985). Clinical studies with TP5 have shown
efficacy in the therapy of various diseases including primary
and secondary immune deficiencies, autoimmunity, infections
and cancers (Singh et al. 1998). However, TP5 is not only
severely degraded in the gastrointestinal tract by luminal and
membrane-bound enzymes but also rapidly cleaved by plasma
proteases in humans (apparent ¢, = 30 s) (Heizmann et al. 1996;
Tischio et al. 1979). In clinical practice, TPS is delivered intra-
muscularly or intravenously. Although such injections benefit
from high bioavailability, they fail to provide sustained plasma
concentrations and suffer from poor patient compliance due to
the required frequency of injections. In order to increase the
therapeutic potential, chemical modifications have been tested
to obtain stabilized forms of TP5 and multiple drug-carriers
have been designed to protect TP5 from enzymatic hydrol-
ysis in the gastrointestinal tract (Chi et al. 2008; Pignatello
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et al. 2007; Heavner et al. 1986; Zheng et al. 2006; Yin et al.
2006).

Polymer nanoparticles have been extensively investigated to
improve oral bioavailability of peptides and protein because
nanoencapsulation of peptides and protein colloidal particles
protects them against the harsh environment of the gastroin-
testinal tract, and enhances their transmucosal transport (Des
et al. 2006). Various biodegradable polymers like poly-lactic
acid (PLA), poly(lactideco-glycolide acid) (PLGA), poly(butyl)
cyanoacrylate (PBCA), and chitosan have gained increasing
interest as nanocarrier materials. Being different from other
polymers, butyl cyanoacrylate has been used in surgical adhe-
sives (Avery and Ord 1982; Leahey et al. 1993). Besides the
biocompatibility and biodegradability of PBCA nanoparticles
(PBCA-NPs), other inherent advantages, i.e., the simple prepa-
ration process and particularly the entrapment of bioactives,
specifically proteins and peptides, have made it become the
promising drug delivery system (Graf et al. 2009). Human calci-
tonin and insulin trapped in PBCA nanocapsules showed slower
proteolytic degradation than the free peptides in solution, and the
plasma pharmacokinetic profiles were consistent with increased
survival time of the peptides in the intestine (Lowe and Temple
et al. 1994). Dalargin, a Leu-enkephalin analogue (Tyr-DAla-
Gly-Phe-Leu-Arg), being loaded in PBCA-NPs, can cross the
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Table 1: Box-Behnken experimental design with three independent variables

Batch Factors Responses

X1 X2 X3 n r r Yy
1 -1 —1 0 282.9 0.48 —44.7 47.61
2 1 —1 0 176.2 0.07 —35.8 68.94
3 -1 1 0 269.8 0.03 —16.2 85.3
4 1 1 0 171.4 0.11 —123 55.2
5 -1 0 -1 210.7 0.08 —-24 1.38
6 1 0 -1 162.3 0.03 -55 0.8
7 -1 0 1 424.5 0.33 —50.7 74.28
8 1 0 1 238.5 0.06 —384 62.2
9 0 —1 —1 217.1 0.14 —16.8 2.44
10 0 1 -1 181.5 0.03 —-1.6 9.38
11 0 -1 1 354.6 0.32 —61.9 64.24
12 0 1 1 337.8 0.03 -323 81.24
13 0 0 0 194.6 0.09 -27.1 72.26
14 0 0 0 213.7 0.06 —19.6 77.97
15 0 0 0 220.7 0.04 -20.3 74.70
16 0 0 0 207.9 0.05 —235 73.24
17 0 0 0 189.5 0.12 —19.2 76.51

Table 2: Summary of results of regression analysis for responses Y, Yo, Y3 and Y, for fitting to quadratic model

Quadratic model R? Adjusted R? Predicted R? SD % C.V.
Y, 0.9874 0.9798 0.9692 10.39 4.36
Y, 0.9788 0.9575 0.9202 0.027 22.05
Y; 0.9834 0.9735 0.9577 2.76 10.96
Y, 0.9984 0.9964 0.9957 1.84 3.37

Regression equations of the fitted quadratic model

Y| =206.55-54.94X,-8.79X, + 72.98X3-34.40X, X3 + 16.93X,% + 50.86X32

Y, =0.075-0.083X,-0.10X, + 0.057X; + 0.12X, X,—-0.057X, X3-0.044X,X; + 0.047X,2 + 0.051X,>
Y;=-2297+2.75X; +12.10X,—-19.63X; + 3.85X, X5 + 3.60X2X3—4.73X22

Y= +74.94-2.68X, +5.99X, + 33.49X3—12.86X, Xo—2.88X, X3 + 2.51X,X5-7.67X,2-3.01X,2~32.60X;>

40Only the terms with statistical significance are included (p <0.05)

blood-brain barrier and induce analgesia after oral application
(Schroeder et al. 1998).

In this study, PBCA was selected to design oral nano-carriers
for TPS. Because of its highly hydrophilic properties, to incor-
porate TP5 in hydrophobic nanoparticles is very challenging.
In our study, TP5-loaded PBCA-NPs (TP5-PBCA-NPs) with
high entrapment efficiency and loading capacity were developed
through three-level three-factorial Box—Behnken experimental
design. The characteristics of the nanoparticles such as particle
size, zeta potential, entrapment efficiency and release behavior
were examined. FT-IR and DSC studies assessed the molec-
ular events leading to drug immobilization in the polymer
matrix. The effect of protection against enzymatic hydroly-
sis was investigated in pH 6.8 PBS containing 1% (w/w)
trypsin. Using immune dysfunction rats as the pharmacody-
namic model, T lymphocyte subsets population as the efficacy
index, the immunomodulatory potency of orally administrated
TP5-PBCA-NPs was evaluated by FACScan flow cytometry.

2. Investigations, results and discussion
2.1. Formulation optimization of TP5-PBCA-NPs

A three-factor, three-level Box—Behnken statistical experimen-
tal design was used to optimize the formulation variables as the
response surface methodology requires 17 experiments. Polox-
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amer 188 and dextran-70, the concentration ranges of which
were 0-1.2% and 0-0.8% respectively, were selected as stabi-
lizers in the polymerization process based on previous reports
(Douglas et al. 1985). These stabilizers have significant effects
on particle size and polydispersion index. Sodium metabisulfite
was found to be a very important factor for TP5 loading based
on the results from preliminary experimentation, and the con-
centration for formulation optimization was chosen from 0 to
0.16%.

The independent variables and the responses for all 17 exper-
imental runs are given in Table 1. DEE was found to be
significantly higher (47.61-85.30 %) only when the sodium
metabisulfite was used at 0.08% or 0.16% concentration
level. The ranges of other responses, Y;, Y, and Y3 were
162.3-424.5 nm, 0.03-0.48 and —61.9-1.6 mv, respectively. All
the responses observed for the 17 formulations prepared were
simultaneously fitted to first order-, second order- and quadratic
models using Design Expert®. The best-fitted model was a
quadratic model and the comparative values of R?, SD and %
C.V. are given in Table 2 along with the regression equation
generated for each response which was simplified in a stepwise
manner (aj, =0.1, ooy =0.1).

A negative value in regression equation for responses Y, Y> and
Y3 represents an effect that favors the optimization according
to the constraints (Table 3), though a negative value indicates
an inverse relationship between the factor and the response. On
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Table 3: Variables in Box-Behnken design

Independent variables (Factors)

Level used

X, =Poloxamer 188 (% w/v) 0
X, =Dextran-70 (% w/v) 0
X3 = Sodium metabisulfite (% w/v) 0

Dependent variables (Responses)

Constraints

0.6 1.2
0.4 0.8
0.08 0.16

Y, =Particle size (nm)

Y, =Polydispersion index (P.I.)
Y3 =Zeta potential (mv)

Y, = Encapsulation efficiency (%)

Minimize and < 220 nm
Minimize and < 0.1

< -20 mv

Maximize and > 80%

the contrary, for Y4, a positive value represents an effect favor-
ing the optimization. From Table 2, it is evident that X; and X,
have negative effects on the response Y; and Y, while X3 has
the positive effect on Y; and Y,. These results indicated that as
stabilizers, poloxamer 188 and dextran-70 had a high capacity to
reduce the particle size and P.I. due to covering on the surface of
nanoparticles and avoiding nanoparticles aggregation. Increas-
ing the concentration of sodium metabisulfite would result in
larger particle size and higher P.I., which was probably because,
in aqueous acidic medium, sodium metabisulfite would exist
in the form of NaHSO; which partly dissociated to produce
SO;. Under high concentration conditions, SO, acts as a strong
polymerization inhibitor resulting in low molecular weight poly-
mers; however, it was supposed that stabilization by stabilizers
was only possible by the agglomeration of the oligomeric sub-
units in the form of larger nanoparticles (Lesciire et al. 1992).
Then, as a result, nanoparticles with larger size were obtained.
For the same reason, increasing stabilizers concentration could
lead to the formation of nanoparticles with smaller sizes. On the
contrary, response Y3 has inverse relationship with X3 while has
direct relationship with X; and X5, and the value of Y3 sharply
decreased as increasing X3 concentration. The decrease of zeta
potential may be related to HSO3 ~, and the reason is still unclear.
Response Y4 was also observed to be primarily affected by X3
which showed direct relationship with Y,. The reason for this
phenomenon could be attributed to absolute zeta potential value
increase with the addition of sodium metabisulfite, and the more
negative charges probably enhanced the incorporation of TP5 in
PBCA-NPs because TP5 molecules with isoelectric point value
of 8.59 carried positive charges under acidic conditions (Xin
et al. 2007). The effect of X5 on Y; was about 12.5-fold and
5.6-fold as compared to X; and X,, respectively.

Coefficients with higher order terms or more than one factor term
in the regression equation represent quadratic relationships or
interaction terms, respectively. It also shows that a non-linear
relationship exists between responses and factors. Used at dif-
ferent levels in a formulation or when more than one factor are
changed simultaneously, a factor can produce a different degree
of response. The interaction effect of X; and X3 was favorable for
response Y| and Y5, especially for Y}, whereas it was unfavorable
for response Y3 and Y. Highest and positive quadratic effects of
X, and X3 were observed for the response Y}, whereas the neg-
ative quadratic effects were seen for the responses Y4. Higher
and positive quadratic effects of X; and X, were observed for
the responses Y,. Quadratic effect of X, was negative for the
response Y3.

Two-dimensional contour plots and three-dimensional response
surface plots are presented in Figs. 1-6, which are very useful
to study the interaction effects of the factors on the response
Y,. These types of plots are useful to study of the effects of
two factors on the response at one time. In all the presented
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Fig. 1: Contour plot showing effect of poloxamer 188 concentration (X;) and
Dextran-70 concentration (X») on encapsulation efficiency (Y4)

figures, the third factor was kept constant. All the relationships
among the three variables are non-linear. Response surface plots
show the relationship between these factors even more clearly.
Figs. 4 and 6 show that the Y, increases with increasing con-
centration of sodium metabisulfite to about 0.12% at constant
concentration of X; and X,. In addition, the interaction effects
between X, X, and X3 were observed on Y, (Fig. 2).

Peyer’s patches are the primary induction sites for oral deliv-
ery of colloidal particulates, and 200 nm or lower is the optimal
particle diameter for particle uptake in Peyer’s patches (Jani

000 000

Fig. 2: Response surface plot showing effect of poloxamer 188 concentration (X;)
and Dextran-70 concentration (X;) on encapsulation efficiency (Y4)
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Fig. 3: Contour plot showing effect of poloxamer 188 concentration (X;) and sodium
metabisulfite (X3) on encapsulation efficiency (Y4)
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Fig. 5: Contour plot showing effect of Dextran-70 concentration (X>) and sodium
metabisulfite (X3) on encapsulation efficiency (Y4)

ST T,
A AR R
A R A R L
e A T Tty
et e S a5 2T S e o
TSR RI TRt S L AR A AT AMLY, AV
L e A R e
":»3‘::“:,1:“‘3‘s‘}\“;:‘\-\-'r‘ oo
o e A Y et h
o ﬂ“s“““‘\\ e
2 Cheness

Fig. 4: Response surface plot showing effect of poloxamer 188 concentration (X;)
and sodium metabisulfite (X3) on encapsulation efficiency (¥4)

et al. 1990; Desai et al. 1996). In our research, most of the
particle sizez (11 batches) were not more than 220 nm; hence
a, particle size of <220nm was selected as the constraint on
Y,. The constraint on Y, was minimizing the P.I., moreover,
PI. < 0.1; under this condition, the monodispersed particles
with narrow size distribution would be obtained in our study.
Previous research reported that PBCA-NPs with zeta potential
< —20mV had good stability (Mulik et al. 2009), and there-
fore this restriction was applied on Y3. For Y4, the value of
DEE should be attained as big as possible and not less than
80% which could be obtained at present study. The optimum
formulation of TP5-PBCA-NPs was selected based on the cri-
teria combining all constraints on Y), Y», Y3 and Y4 (Table 3).
Upon ‘trading of” various response variables and comprehen-
sive evaluation of feasibility search and exhaustive grid search,
the formulation composition with Pol 0.7%, Dex 0.6% and Sm

Fig. 6: Response surface plot showing effect of Dextran-70 concentration (X>) and
sodium metabisulfite (X3) on encapsulation efficiency (Y4)

0.1% was found to fulfill requisites of an optimum formulation.
To confirm the validity of the calculated optimal factors and pre-
dicted responses, three fresh batches with the optimized formula
were prepared and evaluated. As shown in Table 4, the observed
response values were very close to the predicted ones.

It is very challenging to incorporate a hydrophilic molecule
like TPS into hydrophobic nanoparticles. The incorporations
of TP5 in lipid nanoparticles prepared from O/W or W/O/W
microemulsion methods were 5.2% and 1.7%, respectively
(Morel et al. 1996). As for lectin-conjugated PLGA nanoparti-
cles, TP5 entrapment efficiency was below 33% (Yin etal. 2006).
For multilamellar and plurilamellar liposomes, the encapsula-
tion efficiency were above 75%, but the mass ratio of drug to
lipids was about 1.4%(w/w) (Panico et al. 1997). In the present
study, TPS encapsulation efficiency was significantly increased
and the drug loading amount was approximately 3.2% (w/w).

Table 4: Composition of checkpoint formulations, the predicted and experimental values of response variables

Optimized formulation composition (X :X5:X3) Response variable

Experimental value (mean & SD, n=3) Predicted value

0.7:0.6:0.1 Y1 (nm) 212.3+6.9 217.2
Y2 0.04 £0.015 0.04
Y3 (mV) -22.64+0.76 -21.9
Y4 (%) 82.45+2.31 81.98
342 Pharmazie 66 (2011)
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Fig. 7: Transmission electron micrograph of TP5-loaded PBCA nanoparticles
(TPS-PBCA-NPs)

2.2. Morphological characterization

The TEM of TP5-PBCA-NPs is shown in Fig. 7. The nanopar-
ticles were spherical in shape with smooth surface. The particle
size was observed to be near 200 nm supporting the results of par-
ticle size determination by Malvern Mastersizer using dynamic
light scattering method.

2.3. FT-IR spectroscopy

FT-IR studies were performed to confirm drug insertion into
the nanoparticles. In the FTIR spectrum of TP5 (Fig. 8), the
strong bands at 3400 ~ 3 100 cm™! are due to voy and vny, and
the strong band at 1651 cm~! is ascribed to the v; = o, Ve = N,
dnms*, or dnmpt (Liang et al. 2008). Comparing the FTIR spec-
trums of TP5-PBCA-NPs (Fig. 9) and PBCA-NPs (Fig. 10), it
is evident that all characteristic peaks of PBCA could be found
in FTIR spectrum of TP5-PBCA-NPs. The characteristic C=N
stretching mode of the polymer was observed at 2250 cm™!. The
prominent band at 1752 cm™! corresponds to the C = O stretch-
ing mode, while the features at 1258 and 1016 cm ™' correspond
to the asymmetric and symmetric C—O-C stretches, respectively.
The CC =N (v,) band was observed at 1167 cm™! (Simeonova
et al. 2009). However, in FTIR spectrums of TP5-PBCA-NPs
the peaks at 3400 ~ 3 100 cm™" and 1642 cm~! were enhanced,
which arose from characteristic peaks of TP5 and confirmed the
presence of drug molecules in the polymer matrix.

2.4. Differential scanning colorimetry (DSC)
of nanoparticles

DSC of n-BCA, PBCA-NPs, TP5-PBCA-NPs and pure TP5
was used to provide additional information on the polymer—drug
relationship. The DSC graphs of all the samples are shown in
Fig. 11. PBCA thermally degrades via a free radical unzipping
reaction with quantitative conversion to monomer (Birkinshaw
and Pepper 1986). It has been shown that the nature of the chain
end group determines the onset temperature of degradation and
therefore DSC should demonstrate if more than one type of chain
end or chain type is present (Sullivan et al. 2004). The onset tem-
perature of degradation of PBCA-NPs was 183.0 °C which was
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very close to that of TP5-PBCA-NPs, 185 °C. This indicates
that the same type of chain end groups are present in both, and
TP5-PBCA-NPs made of polymer were not initiated by TPS.
Compared with graph of n-BCA, it was evident that another
peak near 250 °C in graphs of PBCA-NPs and TP5-PBCA-NPs
attributed to the endothermic behaviour of n-BCA, which could
be supported by previous research (Mulik et al. 2009). As shown
in Fig. 9, the thermal behaviour of TP5 was complicated, and the
onset temperature of the maximal endothermic peak was found
to be 57.0 °C which was in accordance with a previous report
(Zheng et al. 2007). As no peak for TP5 was obtained from the
graph of TP5-PBCA-NPs, it was clear that TP5 was entrapped
inside the nanoparticles in molecular dispersion form; the shift
of endothermic peak and difference in AH compared to PBCA
also suggested the supposition.

2.5. Invitro drug release study

Figure 12 displayed the in vitro release profiles of TP5 from TP5-
PBCA-NPs at different pH values, and the results showed that
release behavior of TP5 was pH dependent. In 0.1 M HCI, amuch
lower release rate of TPS5 from NPs was observed (about 16%)
at first 4 h, which was mainly contributed from the free drugs in
the nanosuspension. However, at the same time point, the release
percentage in pH 5.0 PBS was 40.21%, while in pH 6.8 PBS it
was above 80%. The low release rate of TPS5 from NPs under
acidic conditions was probably due to the following reason: the
isoelectric point of TP5 is 8.59, and the amino groups of its
molecule will combine with more H* atlow pH values; then there
are strong electrostatic attractions between TP5 and negative
charged PBCA-NPs, which results in the release behavior of pH
dependent.

The results of in vitro drug release study suggested that most
of the drug could be entrapped stably in the nanoparticles in
stomach environment and then released in intestinal tract for
absorption.

2.6. Enzymatic degradation of TP5

The oral peptide administration is mainly precluded by enzy-
matic degradation of the peptides prior to and during the
absorption process. Therefore, it is necessary to evaluate the
enzymatic degradation of the TP5-loaded PBCA-NPs. In 0.1 M
HCI, there is little TP5 released from TP5-loaded PBCA-NPs,
moreover, previous literature reported that degradation of TP5
is not caused by chymotrypsin (Heizmann et al. 1996). For these
reasons, the degradation of TP5 was investigated in pH 6.8 PBS
containing trypsin. The results of the enzymatic degradation
of TPS5 in the trypsin are shown in Fig. 13. During the first
hours, TP5-loaded PBCA-NPs suspension shows a very simi-
lar degradation behavior with TP5 solution because of the free
drug not incorporated in nanoparticles, whereas in the follow-
ing hours the degradation of TP5 in solution is much faster than
that loaded in PBCA-NPs. After 4 h, the remained percentage
of TPS free or encapsulated in PBCA-NPs was 32.29% and
58.40%, respectively. It was clear that the degradation of TP5
by trypsin was inhibited due to incorporated in PBCA-NPs. In
addition, as supposed, TP5 or TPS-PBCA-NPs incubated with
trypsin inactivated by boiling did not show any degradation.

2.7. The effect of oral TP5-PBCA-NPs on immune
dysfunction rats

Cyclophosphamide, a known immunosuppressant, was exten-
sively used to establish immune dysfunction models of rats
(Doi et al. 1996; Muruganandan et al. 2005; Fen et al. 2007,
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Fig. 9: FTIR spectra recorded in KBr for TP5-PBCA-NPs

Gao et al. 2009). The changes of CD3*, CD4* and CD8" T
cell population and the CD4*/CD* ratios are generally rec-
ognized as the index of immune function. After the rats were
intraperitoneally primed with cyclophosphamide for 3 days, a
series of immune dysfunction symptom was observed (Group
2-6), such as upright hair, reduced appetite, slight diarrhea and
diminished activity. As shown in Table 5, the T-lymphocyte per-
centages of CD3*, CD4* and CDS8* of the pathological control

rats (Group 2) were significantly lowered, and the CD4*/CD8*
ratio was markedly increased, as compared with those of the
normal control rats (Group 1). These results indicated that the
T-lymphocyte level of the pathological rats was significantly
affected by the immunosuppressant and suggested the patho-
logical model was successfully established.

The level changes of CD3*, CD4* and CD8* T-lymphocyte
subsets in immune dysfunction rats following administrations
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Fig. 10: FTIR spectra recorded in KBr for PBCA-NPs
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Table 5: The CD3*, CD4* and CD8* lymphocyte subpopulation changes in immunosuppression rats following intravenous injec-
tion at a dose of 0.5mgkg!-d~! or oral administrations at a dose of 2mgkg~!-d~! and 4mgkg!.d~! TP5 with various

formulations for seven consecutive days, respectively.

Groups Treatment CD3* (%) CD4% (%) CD8" (%) CD4*/CD8*

1 Saline 64.74 +£3.52 4278 +1.94 23.54 +1.66 1.82+0.15
2 Saline 31.68 £2.45% 23.76 £2.43* 7.38+0.70* 3.22+0.22%
3 TP5 solution(2 mgkg~'-d™") 35.84 £3.37* 24.32 £2.75* 8.52+1.02* 2.87£0.30*
4 TP5-PBCA-NPs(2mgkg~'-d™!) 48.74 4 1.53b¢ 33.76 £1.328:b¢ 15.88 4 1.58%b¢ 2.1540.28%¢
5 TP5-PBCA-NPg(4 mgkg~'.d™") 56.18 £4.728b¢ 38.48 +3.25%0¢ 18.04 £2.07%b¢ 2.1440.18>¢
6 TP5, i.v. (0.5mgkg~'-d™") 68.06 £2.83%¢ 4570 £2.27°¢ 22.08 &£ 1.40°¢ 2.08 £0.15¢

Group 1 and Group 2 were the normal control and pathological control, respectively. Each value represents the mean £ S.D. (n=5);

4 p<0.05 vs. Group 1;
b p<0.05 vs Group 2;
¢ p<0.05 vs. Group 3

o

] /_/W—C
B

5 mw

A
L 2
50 100 150 200 250 °c
Fig. 11: Differential scanning colorimetry (DSC) study showing characteristic

exothermic peaks of TP5-loaded PBCA nanoparticles (A), blank PBCA
nanoparticles (B), n-BCA (C), and TP5 (D)
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Fig. 12: The cumulative release of TP5 from TP5-PBCA-NPs in vitro at different pH
value. (mean £ SD, n=3)
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Fig. 13: . Comparing degradation of TP5 from TP5-PBCA-NPs with TP5 solution in
PBS (pH 6.8, 0.05 M) containing 1% (w/w) trypsin

with various TP5 formulations and different doses for 7 days
(Group 3, 4, 5 and 6) are also shown in Table 5. Compared
with those of Group 2, the oral administration of TP5 solu-
tion (Group 3) was nearly ineffective, and the CD3*, CD4* and
CD8* percentages changed little. After intravenous administra-
tion of TP5 at a dose of 0.5mgkg~! once daily for 7 days to
the immunosuppression rats (Group 6), all the lowered CD3*,
CD4*, and CD8* values were significantly increased as com-
pared with Group 2, meanwhile, the increased CD4+/CD8" ratio
was evidently reduced to 2.08; moreover, all the pharmaco-
dynamic indexes were near the normal values (p>0.05). For
TP5-PBCA-NPs (Group 4 and Group 5), similar downtrends
of the CD4*/CD8* ratio and uptrend of CD3*, CD4* and CD8*
percentages were seen though all the pharmacodynamic indexes
were not restored to the normal level (p <0.05). However, to
Group 5, due to the increased oral doses, the percentage of T-
lymphocyte subsets were higher than Group 4 which means
the effect of oral administration TP5-PBCA-NPs was dose-
dependent. Interestingly, these results were consistent with the
in vitro evaluation of biological activity which indicated that
TP5-PBCA-NPs could stimulate T cell proliferation (data are
not given here).

TPS is the active sequence of the natural thymopoietin, which
enhances the production of thymic T cells and helps to restore
immunocompetence. The results indicate that the oral admin-
istration of TP5 loaded PBCA nanoparticles is effective for
improving the CD3*, CD4* and CD8* population and reversing
the irregular CD4*/CD8" ratio to the normal values. The uptake
of nanoparticles by Peyer’s patches and protecting incorporated
drug from enzymatic hydrolysis may be the major reasons for
the improvement of drug bioavailability (Vauthier et al. 2003).
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3. Experimental
3.1. Materials

o-Butyl cyanoacrylate monomer was kindly provided by Beijing Suncon
Medical Adhesive Co. (China). Poloxamer 188 (Pol) was kindly provided
by Beijing Fengli Jingqiu Commerce and Trade Co. (China). Dextran-70
(Dex) was obtained from Shanghai Jingchun Reagent Co. (China). Thy-
mopentin was purchased from Shanghai Soho-Yiming Pharmaceuticals Co.
(China). MTT and concanavalin A (Con A) were provided by Sigma (USA).
Cyclophosphamide was provided by Jiangsu Hengrui Medicine Co. (China).
Fluorescein isothiocyanate (FITC) antirat CD3, Phycoerythrin (PE) antirat
CD8a and hemolysin were supplied by eBioscience (USA). Allophyco-
cyanin (APC) antirat CD4 was supplied by Biolegend (USA). All other
chemicals were of analytical grade.

3.2. Preparation of TP5-PBCA-NPs

TP5-PBCA-NPs were prepared by emulsion polymerization method (Mulik
et al. 2009; Bootz et al. 2004; Behan and Birkinshaw 2001). Briefly,
under constant stirring, 50 wl BCA was dropped to 5 ml solution (pH2.0
by HCI) containing required amount of dextran-70, poloxamer 188 and
sodium metabisulfite. 20 min later, 5 mg TPS5 dissolved in 0.25 ml de-ionized
water was introduced. Keeping the polymerization for 4 h under stirring
at 800rpm, the reaction solution was neutralized to pH 4.5 and poly-
merized for another 1h. The resulting suspension was filtered to remove
agglomerates.

3.3. Experimental design

A three-level three-factorial Box—Behnken experimental design was
selected to optimize the formulation factors. This design is suitable for
exploring quadratic response surfaces and constructing second-order poly-
nomial models, and is characterized by set of points lying at the midpoint
of each edge and center point of the multidimensional cube. The non-linear
quadratic model generated by the design is given as

Y =bo+b1 X1 +b2Xy +b3X3 +b12X1 X2 +b3X2X3
+b13 X1 X3+ b]]X% + bsz% + b33X§

where Y represents the response associated with each factor level combina-
tion; by is an intercept; b; to b33 are regression coefficients computed from
the observed experimental values of Y (dependent variable); and X;, X»
and X3 are the coded levels of independent variables. In this study, amount
of dextran-70, poloxamer 188 and sodium metabisulfite were selected as
three independent variables based on the results of preliminary experiments;
particle size, zeta potential, polydispersion index and entrapment effi-
ciency (%) with respective constraints were selected as dependent variables
(Table 3).

3.4. Nanoparticle characterization
3.4.1. Morphology, Particle size and zeta potential

The morphology of PBCA-NPs was characterized with electronic trans-
mission microscope (TEM) (H-700; Hitachi, Japan) using negative-staining
method. The size distribution and zeta potential were determined by Zeta-
sizer (3000HS, Malvern Instruments, UK).

3.4.2. Assay of drug entrapment efficiency (DEE)

Nanoparticle suspension 0.2 ml was diluted with 0.8 ml demineralized water,
and was then centrifuged at 15,000 rpm for 30 min. The unloaded drug
amount in the supernatant was determined by HPLC (1100 LC, Agi-
lent, USA) at 275nm through RP CI8 column (150 x 6.0mm, 5 pum,
Shimpack, Japan). Mobile phase was consisted of PBS (0.02 mol/L, pH
7.0)-MeOH (87:13, v/v), and the flow rate was 1 ml/min. Instead of dem-
ineralized water, tetrahydrofuran was used to mix with the nanoparticles
suspension for the assay of total drug amount. DEE was calculated as
follows:

DEE% = (total drug amount — unloaded drug amount)/total drug amount

x100%

3.4.3. Fourier transform infra-red spectroscopy (FT-IR)

FT-IR spectra of the nanoparticles (with and without drug) or TP5 were
recorded in KBr pellets on a Perkin Elmer 1000 FTIR spectrometer with
resolution of 2cm™!. A total of 64 scans were used and data were recorded
over the range 4000-400 cm ™.
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3.4.4. Differential scanning colorimetry (DSC) of nanoparticles

Thermal analysis of n-BCA, PBCA-NPs, TP5-PBCA-NPs and pure TP5 was
used to provide additional information on the polymer—drug relationship and
the nature of formed nanoparticles. An automatic thermal analyzer system
(DSC 204, Netzsch, Germany) was used for characterization with a 5 mg
sample in hermetically sealed aluminium pans heated from 25 °C to 300 °C
at a constant rate of 10 °C/min. Inert atmosphere was maintained by nitrogen
purging at a flow rate of 20 ml/min (Mulik et al. 2009).

PBCA-NPs were prepared according to method 3.2 but without TPS and
Sm.

3.4.5. Invitro drug release studies

In vitro release studies of TPS from PBCA-NPs were performed as follows.
Nanoparticle suspension 2 ml or the drug solution containing 2.0 mg/ml of
TPS5 was transferred into a dialysis bag. The dialysis bags were then dipped
into 100 ml of 0.1 M HCI (pH 1.2), phosphate buffer solution (0.2M, pH
5.0), and phosphate buffer solution (0.05 M, pH 6.8), respectively. All the
solutions were incubated in water-bath shaker at 37 °C with constant orbital
mixing (60 rpm). At specified time intervals, 1 ml of release medium were
withdrawn for HPLC assay and 1 ml fresh media was added. The cumulative
release of TPS from the nanoparticles was calculated. All the operations were
performed in triplicate.

3.5. Enzymatic degradation of TP5

Trypsin 1:250 (100 mg, of > 1000 N.F.U/mG, EC 3.4.21.4, Amresco) was
suspended in 10 ml prewarmed (37 °C) PBS (0.05 M, pH 6.8). After a 30-min
activation period, TP5 was added into the solution at the final concentration
of 0.06 mM with the formulation of free or encapsulated in PBCA-NPs. At
specified time intervals after TP5 added, 200 w1 aliquots were taken from
the incubated solution and diluted with an equal volume of ice-cold 1 M per-
chloric acid to stop enzymatic degradation. TPS concentrations in aliquots
were determined as discribed in 3.4.2. Blanks were obtained by incubating
the TP5 or TP5-PBCA-NPs with trypsin 1:250 inactivated by boiling. The
degradation rate was indicated by remained percentage of TPS.

3.6. In vivo pharmacodynamic studies
3.6.1. Immunosuppression model rats

All animal experiments complied with the requirements of the National
Act on the use of experimental animals (China). 30 normal female
Sprague—Dawley rats (180-210 g, the experimental animal center of Zhe-
jiang province) were equally divided into six groups (five each) and fasted
but had free access to water for 12 h before the experiments. Group 1 as anor-
mal control was per orally given physiological saline once daily for 10 days.
Group 2 through Group 6 were intraperitoneally primed with cyclophos-
phamide in a dose of 35mgkg~!-d~! at the first 3 days for construction
of immunosuppression model (Li et al. 1996; Stin. et al. 2000). From the
fourth day, once daily for 7 days, Group 2 as an immunosuppression control
were given with physiological saline orally, and Group 3 through Group 5
received the following TP5 formulations: (1) TP5 solution, 2mgkg~'-d~!;
(2)TP5-PBCA-NPs, 2mgkg~!.d~!; (3) TP5-PBCA-NPs, 4mgkg~!.d~!.
The sixth group was primed with TP5 solution at a dose of 0.5 mgkg~!-d~!
intravenously. 200 pl blood of each rat was collected at the eleventh day via
the caudal vein placed into heparinized tubes, and stored at 4 °C until flow
cytometry analysis.

3.6.2. Flow cytometry analysis

Lymphocyte populations were determined by multiparameter flow cytome-
try with three-color analyses as follows (Yin et al. 2006; Wang et al. 2006).
Anticoagulant blood 100 .1, 2 wl CD3-FITC, 5 ul CD4-APC and 5 pl CD8a-
PE were added to test tube, mixed by vortex for 30 s and incubated at room
temperature and darkness for 20 min. Then 2 ml hemolysin was added and
incubated for another 10 min. After the red cells were lysed completely, the
specimens were centrifuged at 2000 rpm for 5 min. The sediment cells were
collected, washed with 2 ml physiological saline twice, fixed in 0.5 ml of
1% paraformaldehyde, and then the CD3*, CD4* and CD8* T-lymphocyte
subsets were measured within 4 h using FACSCalibur flow cytometer with
CELLQuest software (Becton Dickinson, USA) for acquisition and anal-
ysis. The values of CD3* T cell counts, CD4* T cell counts and CD8* T
cell counts, as well as the ratios of CD4% and CD8" were calculated for the
evaluation of immunocompetence.

3.6.3. Statistical analysis

Mean values and standard deviations (SD) of recorded parameters were
calculated. For comparison between the experimental groups and corre-
sponding controls, the analysis of variance ANOVA followed by post hoc
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Student-Newman-Keuls test (SPSS 13; SPSS Int., Chicago, IL, USA) was
applied. A value of p <0.05 was considered to be significant.
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