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A B S T R A C T

Ferric citrate liposome (FAC-Lip) with good sustained-released property was prepared by the rotary-evaporated
film-ultrasonic method, and characterized by TEM, DLS, zeta potential and encapsulation efficiency (EE%). The
effects of membrane material ratios (mPC: mchol = 8:1, 10:1 and 12:1) and drug lipid ratios (mFAC: mPC = 1:4,
1:6.5 and 1:8) on the release of FAC-Lip were examined. The in vitro release kinetic models and mechanisms of
FAC-Lip in artificial gastric juice (SGF) and artificial intestinal juice (SIF) compared with free-FAC were de-
termined. The thermal degradation in PBS was also determined. The results showed that FAC-Lip with mem-
brane material ratio (10:1) and drug lipid ratio (1:6.5) had the optimal sustained-released property, unilamellar
vesicles with uniform size (178± 2.12 nm), negative charge (−56±3.51 mV) and high encapsulation effi-
ciency (72.77± 0.42%). The in vitro release kinetic models of FAC-Lip were two-phase kinetics model and the
release mechanisms were non-Fick diffusion both in SGF and SIF. The thermal degradation of FAC-Lip was an
endothermic and spontaneous reaction. The results may be helpful in optimizing drug-liposome design, appli-
cation in food and medicine industries, and furthermore, predicting and guiding medication in vivo.

1. Introduction

Iron is one of the essential trace elements in the human body and
plays an important role in the body's activities and metabolism. (Jonker
and Boele van Hensbroek, 2014) Iron deficiency can lead to iron defi-
ciency anemia (IDA). At present, there are more than two billion people
suffering from IDA in the world. The World Health Organization has
listed IDA as one of the major nutritional diseases in the world. (Lopez
et al., 2016) IDA is usually caused by insufficient intake of iron-con-
taining food or excessive iron consumption (Gupta et al., 2015). Cur-
rently, oral iron supplement or increasing iron content in food is the
best way to prevent iron deficiency (Powers and Buchanan, 2014). The
common iron supplement agent is small molecular organic iron salt,
represented by ferric citrate (FAC), which has the disadvantages of poor
taste, poor stability and low bioavailability (McCullough et al., 2018).
Liposomes are artificial bilayer membranes with non-toxic and non-
immunogenic properties and can be used as a carrier for drugs (Eloy
et al., 2014). Liposomes can be easily absorbed and degraded in vivo due
to having a similar structure to that of cellular membranes, and their
encapsulation also can reduce drug consumption, improve absorption
efficiency and lower toxicity. (Huang et al., 2016)

In recent years, researchers have been working to study the stability
of drug-loaded liposomes by studying related parameters, such as

release kinetics and degradation thermodynamics in vitro. The common
experiments in vitro release are to simulate the physiological environ-
ment in vivo, such as the artificial gastric juice (SGF) and artificial in-
testinal juice (SIF). (Hu et al., 2013) The data of in vitro release can be
used to predict the drug release in vivo, that contributes to understand
the biopharmaceutical characteristics of the formulation and provides a
basis for preparing a better sustained release formulation. (Preiss et al.,
2017) The optimal conditions of sustained release of ferric citrate li-
posome (FAC-Lip) have rarely been investigated. Particularly, the ef-
fects of membrane material ratios and drug lipid ratios in vitro release of
FAC-Lip have not been investigated.

In order to further study the in vitro release behaviors of drugs, re-
searchers have been working on fitting the drug release data with some
kinetic models to judge the drug release models and mechanisms.
Common release kinetic models include zero-order kinetic model, first-
order kinetic model, Weibull model, Higuchi model, Ritger-Peppas
model and two-phase kinetic model. (Jain and Jain, 2016) Ho Yub
Yoona et al. demonstrated that the in vitro release of docetaxel lipo-
somes belonged to first-order equation. (Yoon et al., 2017) Ajda Ota
et al. have reported that alginate microparticles and alginate micro-
particles loaded with liposomes followed Higuchi model, which sug-
gested that pantothenic acid release was mainly driven by a diffusion
controlled mechanism (Ota et al., 2018). M. Quilaqueo et al. confirmed
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that the released mechanism of quercetin liposome was agreed with
Fick diffusion, whereas the release mechanism of rutin liposome was
agreed with non-Fick diffusion (Silva-Weiss et al., 2018). In current, the
kinetic model and release mechanism of FAC-Lip have not been studied.

Moreover, degradation is one of the important factors to evaluate
drug-liposome stability, and also the main basis for determining the
validity period and storage condition. (Hirai et al., 2015) FAC-Lip is a
thermodynamically unstable system in which the particles are easy to
aggregate during storage, resulting in a larger size. Meanwhile, the
phospholipids contain unsaturated bonds, which are prone to hydro-
lysis and oxidation, (He et al., 2000) resulting in drugs leakage and
degradation, which seriously limited its application in pharmaceuticals
and foods. Currently, researchers have obtained the related parameters
such as degradation rate constant (k), activation energy (Ea), Gibbs free
energy change (ΔG), enthalpy change (ΔH) and entropy change (ΔS)
and degradation models through the thermodynamics and kinetics data
of degradation, and the effect of temperature on degradation. Alejandra
I. Pérez-Molina et al. reported that the ΔG of laminarinase in soya le-
cithin liposomes at 25 ℃ was negative, which confirmed that lami-
narinase transfer from aqueous media to an organic system was spon-
taneous and the ΔH of laminarinase was positive, which confirmed that
the process was endothermic. (Pérez-Molina et al., 2011) Xiaoyong
Wang et al. demonstrated that the release of curcumin liposomes fol-
lowed first order kinetic model (Niu et al., 2012). Chunyong Wu et al.
confirmed that the Ea of cabozantinib was 57.31 kJ/mol, which re-
presented the moderate sensitivity of the degradation process to tem-
perature in the range of 50–96 kJ/mol. (Wu et al., 2014) The effect of
temperature on the degradation of FAC-Lip has rarely been in-
vestigated, and the thermodynamic parameters have also not been in-
vestigated.

In previous work, we investigated the interaction between the drug
and the phospholipid membrane in FAC-Lip, mainly electrostatic in-
teraction and hydrogen bonding, and calculated the ΔG between drug
and liposome membrane. (Li et al., 2015) The influence of drug mole-
cular weight, structure, membrane interaction, and particle size of li-
posomes on drug release had also been discussed (Guo et al., 2017). We
also examined the therapeutic effect of FAC-Lip on anemia model mice,
the results showed that the ferric citrate encapsulated by liposome
could effectively increase the available iron content in the body and
significantly alleviate the symptoms of anemia. (Yuan et al., 2013)

In this study, we designed to prepare FAC-Lip with good sustained
release property by the rotary-evaporated film-ultrasonic method. We
explored the optimal ratios of sustained release property by studying
the effects of membrane material ratios and drug lipid ratios on release
of FAC-Lip in vitro. The physicochemical properties of the optimal
conditions of FAC-Lip were evaluated by measuring encapsulation ef-
ficiency, morphology, particle sizes and zeta potential. In addition, we
used six classical release kinetic models to study the release of FAC-Lip
compared with free-FAC in SGF and SIF. We also explored the effect of
temperature on the degradation of FAC-Lip and analyzed the thermo-
dynamic parameters, such as Ea, ΔH, ΔG and ΔS.

2. Materials and methods

2.1. Materials

Materials were used as obtained from commercial sources unless
otherwise noted. Ferric citrate (FAC, Grade: USP) was purchased from
Sigma-Aldrich (St. Louis, MO, USA). Soybean lecithin (> 75%) was
provided by Yuan Hua Mei Lecithin Sci-Tech Co., Ltd. (Beijing, China).
Cholesterol (Chol,> 95%) and dialysis bag (MWCO 3500) were ob-
tained from Yuanye Bio-Technology Co., Ltd (Shanghai, China). All
other chemicals and solvents used were of analytical grade, offered by
Bodi Chemical Co., Ltd. (Tianjin, China).

2.2. Preparation of FAC-Lip

FAC-Lip was prepared by the rotary-evaporated film-ultrasonic
method. (Li et al., 2017) Cholesterol and lecithin (mPC: mchol= 8:1,
10:1 and 12:1) were dissolved in an ethanol solution. The organic sol-
vent was removed by evaporation in a rotary evaporator at 45 °C under
vacuum over 30min. When the thin film was formed, hydrated with
FAC (mFAC: mPC=1:4, 1:6.5 and 1:8, respectively, dissolved in phos-
phate-buffered saline (PBS), pH=6.5) and glass beads (3–4mm dia-
meter) were added. The mixture was rotated for 40min until the lipid
film was hydrated and formed a suspension. The suspension was dis-
persed by ultrasonication for 20min (100W), and then dialyzed
(MWCO 3500), and the dialysate was changed every 6 h until the
amount of FAC was not detectable in the dialysate. The FAC-Lip was
stored in a brown bottle at 4 ℃. Based on the good sustained release
property of FAC-Lip, the optimum ratio of membrane material ratios
and drug lipid ratios were determined.

2.3. In vitro drug release study

Artificial gastric juice and artificial intestinal juice were prepared
according to the methods described in Chinese Pharmacopoeia. (Hu
et al., 2013) Artificial gastric juice (SGF) was prepared as follows: 3mL
HCl diluted solution, 100mg NaCl and 160mg pepsin were added to
50mL deionized water and mixed. Finally, the pH was adjusted to 1.3.
Artificial intestinal juice (SIF) was prepared as follows: 76mg NaOH,
340mg KH2PO4 and 500mg trypsin were added to 50mL deionized
water and mixed, Finally, the pH was adjusted to 7.5.

The in vitro release of FAC-Lip and free-FAC in artificial gastric juice
(SGF) and artificial intestinal juice (SIF) were determined using dialysis
diffusion technique, and explored the optimal sustained release ratios.
(Mahobia et al., 2018) In brief, 2 mL of FAC-Lip suspension (membrane
material ratios were 8:1, 10:1 and 12:1, drug lipid ratios were 1:4, 1:6.5
and 1:8) was transferred to a dialysis bag (MWCO 3500), and then
immersed in 80mL release medium, that was incubated at 37 °C and
shook at 60 rpm with protecting from light. At scheduled time intervals
(0, 0.5, 1, 2, 4, 6, 8, 10, 12, 15, 18, 21, 24, 28, 32 h, etc.), 1 mL solution
was taken from the dialysate and replaced with fresh medium to
maintain a constant volume (Machado et al., 2018). The release of free-
FAC in the same buffer was also tested for comparison. The release
amount of FAC was determined at 260 nm using ultraviolet spectro-
photometry (U3010, Hitachi, Japan), from which the cumulative drug
release versusof FAC-Lip was calculated using the following formula:
(Yuan et al., 2013; Gibis et al., 2016)

= ×MCumulative drug release versus (Q %)
M

100%t

T (1)

where, Mt represents the mass of FAC encapsulated in the dialysate at t
hours post-incubation, and MT represents the mass of FAC encapsulated
in the liposomes before incubation.

2.4. Characterization of FAC-Lip

Morphology of FAC-Lip was analyzed by transmission electron mi-
croscope (TEM). For TEM observation, FAC-Lip was diluted with dis-
tilled water and a drop of it was placed on a copper grid and was al-
lowed to adsorb. Further this was stained using a drop of 4% (w/v)
solution of phosphotungstic acid for 30 s. The excess solution was re-
moved by blotting with filter paper and the sample was allowed to dry
at room conditions. Images were captured using a JEM-100SX TEM
(Hitachi, Japan).

The size and zeta potential of FAC-Lip were determined using dy-
namic light scattering (DLS) with Nano-ZS (Malvern Instruments Ltd,
Malvern, UK). The sample was diluted with ultrapure water. All mea-
surements were carried out at room temperature.

The encapsulation efficiency of FAC-Lip was calculated using our
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previous method and the following equation: (Lu et al., 2011)

= ×mEncapsulation Efficiency (EE %) 1
m

100%t

T (2)

where, mT is the total amount of FAC initially addition and mt is the
amount of FAC in the liposome.

2.5. Kinetic models and mechanisms of in vitro release

Six classical release kinetic models were used to study the release
models and mechanisms of FAC-Lip in SGF and SIF. Zero order kinetic
models can be represented mathematically as:

= +tQ k A0 (3)

where, Q is the amount of drug released, A is the initial amount of drug
in solution (it is usually zero), and k0 is the zero order release rate
constant. This release kinetics can be used for transdermal drug de-
livery, ophthalmic drug delivery and low water solubility drug delivery.
(Nayak and Malakar, 2011) First order kinetic model was given by
Noyes and the integrated form is given as:

= tQ A (1 exp( k ))1 (4)

where, Q is the amount of drug released, and k1 is first order release
rate constant. First order kinetics model describes mainly the me-
chanism of dissolution in pharmaceutical dosage forms as water soluble
drug in porous matrices. Weibull model has the form of a stretched
exponential and used in drug release studies as well as in dissolution
studies and the integrated form is given as:

= t tQ A (1 exp( (k ( b)) )w
c (5)

where, kW is the release rate constant, and b is constants. This func-
tional form is derived as an approximation in the framework of fractal
kinetics (Papadopoulou et al., 2006). Higuchi model explains the re-
lease of drug through an insoluble matrix based on Fick diffusion model
which is given as:

= +tQ k AH
0.5 (6)

where, kH is the Higuchi dissolution constant, i.e.the release rate con-
stant for the Higuchi model. (Siepmann and Peppas, 2001) Ritger-
Peppas model gives simple relationship about diffusion related to the
drug release from a polymeric system. This model is mathematically
represented as:

= tQ kP
n (7)

where, Q is the amount of drug released, and kP is the release rate
constant and n is the release exponent. (Dash et al., 2010) Two-phase
kinetic model reflected that the percutaneous penetration of the drug is
an exponential attenuation model and the integrated form is given as:

= + +t tQ 1 Aexp(c ) Bexp(d ) (8)

where, Q is the amount of drug released, c and d are two release rate
constants of the formulation, respectively. (Beltran Osuna and
BoyacaMendivelso, 2010)

2.6. Release mechanism

The release mechanism was analyzed by Ritger-Peppas equation
(Q=kPtn). The value of n is the release index indicating the drug re-
lease mechanism, n<0.45 corresponds to Fick diffusion mechanism,
0.89≥n≥0.45 to non-Fick diffusion (drug diffusion and matrix dis-
solution), n> 0.89 to case II transport (skeleton dissolution). (Silva-
Weiss et al., 2018; Koutsoulas et al., 2014)

2.7. The thermal degradation of FAC-Lip

The thermal degradation of FAC-Lip was investigated in PBS

(pH=6.5) in the dark for 72 h at different temperatures (277, 298 or
310 K). The residual rate of FAC was calculated according to Eq. (9).
(Yang et al., 2018) In brief, took 0.5mL FAC-Lip and 2mL xylene were
added into a centrifuge tube for demulsification, centrifuged at
3500 gfor 20min, and then centrifuged at 4000 gfor 10min. The su-
pernatant was taken, diluted and measured the absorbance at A260. The
degradation of free-FAC in the same buffer was also tested for com-
parison.

= ×CResidual rate (%)
C

100%t

T (9)

where, Ct is the residual FAC mass concentration (mg/mL) at t time, and
CT is the initial addition of FAC mass concentration (mg/mL).

2.8. Thermodynamic parameters

The thermodynamic parameters of FAC-Lip were studied, including
the activation energy (Ea), Gibbs free energy change (ΔG), enthalpy
change (ΔH) and entropy change (ΔS). Ea, ΔG, ΔH and ΔS were calcu-
lated using the Arrhenius and Eyring equation:

=
T

lnk lnK E
R0

a
(10)

= TH E Ra (11)

= T
T

G R ln hk
kB (12)

=
T

S ( H G)
(13)

where, Ea is the activation energy (kJ/mol), R is the gas constant
((8.314 J·mol−1 K-−1 K−1)8.314 J·mol−1K−1), T is the absolute tem-
perature (K), kB is Boltzmann constant (1.3806×10-23J/K), h is the
Planck constant (6.6262×10-34 JJ/s), ΔH is the enthalpy change at
each temperature (kJ/mol), ΔG is the Gibbs free energy change (kJ/
mol), and ΔS is the entropy change (J·mol−1 ·K−1) (Pérez-Molina et al.,
2011; Rupar et al., 2018)

2.9. Statistical analysis

The data was fitted using Origin 8.0 software. All experiments were
performed at least in triplicate.

3. Results and discussion

3.1. The sustained-released properties

The sustained-released property of FAC-Lip with different mem-
brane material ratios (mPC: mchol = 8:1, 10:1 and 12:1) and drug lipid
ratios (mFAC:mPC=1:4, 1:6.5 and 1:8) was detected (Fig. 1). As shown
in Fig. 1a, the three FAC-Lip with different membrane material ratios
had sustained-released effect, and the maximum cumulative release
amount exceeded 90%. The release rates of the three FAC-Lip were fast
at the first 6 h, and then gradually slowed down with the continuous
reduction of the concentration difference between the inside and out-
side of the dialysis bag, without sudden release. However, with the
increase of membrane material ratio, the sustained release effect of
FAC-Lip increased first and then decreased, so it was considered that
the best membrane material ratio of FAC-Lip was 10:1.

Fig. 1b schematically showed the cumulative release profile of FAC
from FAC-Lip with different drug lipid ratios. The release rates of the
three FAC-Lip were fast during the first 6 h, and then gradually slowed
down and no sudden release occurred. By contrast, FAC-Lip with drug
lipid ratio 1: 6.5 had the optimal sustained release property. According
the sustained-released property, the optimization proportions were se-
lected (mPC: mchol= 10: 1 and mFAC: mPC=1: 6.5).
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3.2. Characterization of FAC-LIP

FAC-Lip was produced using standard thin film hydration and so-
nication method, and the physicochemical properties of FAC-Lip with
optimal sustained release ratio were evaluated by TEM, DLS, zeta po-
tentials and encapsulation efficiency(EE%).

The microstructure of FAC-Lip was observed by TEM image
(Fig. 2a). It showed well-formed spherical and the size range was about
100–200 nm. DLS showed the size distribution of FAC-Lip and the
average particle size was approximately 178 ± 2.12 nm (Fig. 2b). As a
carrier system, the size of liposomes had significant influence on the
efficacy in vivo (Limasale et al., 2015). Small particle sizes (< 200 nm)
could ensure to increase vascular permeability, lower level of re-
ticuloendothelial system uptake, and improve utilization ratio of en-
trapped compound. (Soni et al., 2008). Therefore, the size range of FAC-
Lip prepared was appropriate for in vivo delivery in this study.

The zeta potential charge is an important characteristic determining
liposome stability. It reflects the function of the lipid charge or any
adsorbed layer at the interface and the nature and composition of the
medium in which the liposomes are suspended. (Allison et al., 2007) In

general, liposomes are stable when the absolute value of the zeta po-
tential is greater than 30mV, as their charge inhibits coalescence and
enhances stability (Kandzija and Khutoryanskiy, 2017). In our study,
the zeta potentials of FAC-Lip were about −56 ± 3.51mV (Fig. 2c),
reflecting the high physical stability.

Encapsulation efficiency is a critical parameter in drug delivery
system. The ability to encapsulate a sufficient amount of therapeutic
agent is one of the most desirable properties for liposomes. In our ex-
periment, FAC-Lip (mPC: mchol= 10: 1 and mFAC:mPC=1: 6.5) had
high encapsulation efficiency, about 72.77 ± 0.42%.

3.3. Kinetic models and mechanisms of release of FAC-Lip in SGF and SIF

The release of FAC-Lip and free-FAC in SGF and SIF were shown in
Fig. 3, respectively, demonstrating that both FAC-Lip and free-FAC
could release 90% in SGF and SIF. Fig. 3a showed that free-FAC re-
leased more than 90% at about 20 h in SGF, while the release of FAC-
Lip reached equilibrium at about 140 h; Fig. 3b showed that free-FAC
released completely in SIF at about 15 h, while FAC-Lip at about 25 h. It
indicated that FAC-Lip has a significant sustained release capacity

Fig. 1. In vitro release of FAC-Lip with different membrane material radios (8: 1, 10: 1 and 12: 1) (a) and drug lipid ratios (1:4, 1:6.5 and 1:8) (b).

Fig. 2. TEM image (a), particle size distribution (b) and zeta potential (c) of FAC-Lip.
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compared to free-FAC. Generally, the gastric emptying time was usually
2–3 hours. (Shen et al., 2014) The amount of drug released from FAC-
Lip was very little during this period, indicating that the gastric en-
vironment has less effect on the stability of FAC-Lip and allows more
drugs to reach the intestinal tract, greatly improving the oral bioa-
vailability of FAC-Lip.These characteristics were consistent with our
design goal, that was, the more absorption of FAC-Lip in the intestine
and less loss in gastric juice.

3.4. Release kinetic models

In order to further study the release of FAC-Lip and free-FAC in the
two above medias, the release curves were fitted by Eq. (3)–(8) (Fig. 4
and 5). According to the fitting coefficient (R2), the best model was
determined, and the fitting results were shown in Table 1 and 2.

As can be seen from Table 1, the maximum R2 of FAC-Lip was 0.9955,
so the release of FAC-Lip in SGF was consistent with two-phase kinetic

Fig. 3. Release curves of FAC-Lip and free-FAC in SGF (a) and SIF (b).

Fig. 4. Release curves of FAC-Lip and free-FAC simulated with Zero order kinetic model(a), First order kinetic model (b), Weibull model (c), Higuchi model (d),
Ritger-Peppas model (e), two-phase kinetic model (f) in SGF.
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Fig. 5. Release curves of FAC-Lip and free-FAC simulated with Zero order kinetic model (a), First order kinetic model (b), Weibull model (c), Higuchi model (d),
Ritger-Peppas model (e), two-phase kinetic model (f) in SIF.

Table 1
Fitted equations by different release models in SGF (Q= cumulative release amount, k= release constant, t= time).

sample Model Equation R2

FAC-Lip Zero Order Q=0.17612+0.00679 t 0.8851
First order Q=0.87873(1-exp(-0.02577 t)) 0.9855
Weibull Q=1.04133(1-exp(-(0.01692(t+ 0.78756))0.81788)) 0.9905
Higuchi Q=0.08579 t0.5-0.026 0.9879
Ritger-Peppas Q=0.07636t0.5176 0.9859
two-phase Q=1-0.20105exp(-0.05481 t)-0.75906exp(-0.01421 t) 0.9955

free-FAC Zero Order Q=0.29593+0.04433 t 0.8202
First order Q=0.88235(1-exp(-0.30651 t)) 0.8685
Weibull Q=19.06124(1-exp(-(0.08756 (t+ 1.72034×10−8))0.34551)) 0.9796
Higuchi Q=0.21299t0.5+0.1174 0.9599
Ritger-Peppas Q=0.35449t0.33963 0.9843
two-phase Q=1-0.28115exp(-5.74853 t)-0.71894exp(-0.13093 t) 0.9813
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model, and that of free-FAC was 0.9843, which was suitable for Ritger-
Peppas model. Table 2 showed that the maximum R2 of FAC-Lip was
0.9923, so the release of FAC-Lip in SIF was consistent with two-phase
kinetic model, and that of free-FAC was 0.9855, which was most con-
sistent with Ritger-Peppas model. The results showed that FAC-Lip ac-
corded with two-phase kinetics model in both SGF and SIF, while free-
FAC belonged to Ritger-Peppas model, which showed that the en-
capsulation of FAC by liposome changed the release model of free FAC.

3.5. Release mechanisms

To study the release mechanisms of FAC-Lip and free-FAC, the re-
lease data were fitted with the Ritger-Peppas equation (Q= kPtn) to
calculate n (Table 3). It can be seen that the release mechanisms of FAC-
Lip in SGF and SIF belonged to non-Fick diffusion, indicating that the in
vitrorelease of FAC-Lip was mainly controlled by the drugs diffusion
mechanism. However, the release mechanism of free-FAC in SGF and
SIF belonged to Fick diffusion. It suggested that the drug release me-
chanism would be changed after FAC was encapsulated by liposome.

3.6. The thermal degradation of FAC-Lip

To study the storage stability of FAC-Lip, the effect of temperature
on degradation of FAC-Lip was investigated. As shown in Fig. 6 (a) (b),
the degradation trends of FAC-Lip and free-FAC were similar. They

gradually degraded with the extension of the time. In addition, the
degradation gradually increased with the temperature increasing,
which may be due to the high temperature accelerating the oxidation or
hydrolysis of FAC-Lip, so low temperature was suitable for FAC-Lip
storage (Fig. 6a).At the same temperature, the degradation of FAC-Lip
was slower than FAC, indicating that encapsulation of the liposomes
increased the stability of the FAC. Degradation data were fitted with
zero order kinetic model and first order kinetic model, respectively
(Table 4). The degradation of FAC-Lip and free-FAC were all consistent
with first-order kinetic model. However, the degradation rates of FAC-
Lip were slower, indicating that FAC-Lip had a longer shelf life and
better stability.

3.7. Thermodynamic parameters analysis

Thermodynamic parameters, such as Ea, ΔH, ΔG, and ΔS, char-
acterizing the degradation processes of FAC-Lip at different tempera-
tures, were calculated according to Eq. (10) – (13) and summarized in
Table 5. The data showed that the Ea of FAC-Lip was 26.727 kJ/mol, in
the range of 0–50 kJ/mol, which indicated that the degradation of FAC-
Lip was less sensitive to temperature. (Wu et al., 2014)

The ΔH represents the energy difference between the reactant and
the product, and is related to the strength of the chemical bond of the
reactant. The rupture and formation of chemical bond will absorb or
release energy during the reaction, which affects the difficulty of re-
action. As shown in Table 5, ΔH values were positive at different
temperatures, so the degradation of FAC-Lip was an endothermic pro-
cess, and the smaller ΔH, the more likely degradation. (Blokhina et al.,
2016)

The ΔS represents the chaotic change of molecules in the reaction
system, and relates to the number of molecules that can actually react.
At experiment temperatures, ΔS values were positive, which indicated
that the degradation was an entropy-driven process. With temperature
increasing, ΔS increased gradually, which indicating that the chaos of

Table 2
Fitted equations by different release models in SIF (Q= cumulative release amount, k= release constant, t= time).

sample Model Equation R2

FAC-Lip Zero Order Q=0.08448+0.0445 t 0.9632
First order Q=1.29643(1-exp(-0.06065 t)) 0.9919
Weibull Q=1.93922(1-exp(-(0.02948(t-0.30852))0.81971)) 0.9909
Higuchi Q=0.24095t0.5-0.17214 0.9907
Ritger-Peppas Q=0.10685t0.72404 0.9884
two-phase Q=1-9.14806×10-4exp(0.23121 t)-1.01253exp (-0.08771 t) 0.9923

free-FAC Zero Order Q=0.36539+0.04537 t 0.6978
First order Q=0.79527(1-exp(-0.99182 t)) 0.8512
Weibull Q=1.40555(1-exp(-(0.07277(t+ 1.6006×10-8))0.32819)) 0.9725
Higuchi Q=0.20541t0.5+ 0.20152 0.8831
Ritger-Peppas Q=0.48506t0.23631 0.9855
two-phase Q=1-0.44565exp(-4.23224 t)-0.55461exp(-0.12118 t) 0.9849

Table 3
Release mechanisms of FAC-Lip and free-FAC.

media sample release exponent (n) release mechanism

SGF FAC-Lip 0.5176 non-Fick
free-FAC 0.3396 Fick

SIF FAC-Lip 0.7240 non-Fick
free-FAC 0.2363 Fick

Fig. 6. The degradation curves of FAC-Lip (a) and free-FAC (b) at different temperatures (277 K, 298 K and 310 K).
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degradation product was higher than that of the reactants, that is, with
the temperature increasing, the chaos increased, which intensified the
collision between molecules and change the structure of liposome,
further accelerated the degradation of FAC-Lip. (Rupar et al., 2018)

In addition, ΔG is the difference between the energy and activation
state of a reactant and is often used as a criterion for process sponta-
neity. In our experiment, the values of ΔG were negative (Table 5),
indicating that FAC-Lip degradation was a spontaneous reaction.
Moreover, the higher temperature, the faster depredated of FAC-Lip.

4. Conclusions

In this study, FAC-Lip with good sustained-released property was
prepared by the rotary-evaporated film-ultrasonic method. FAC-Lip was
spherical vesicle, with average size about 178 ± 2.12 nm, negative
charge −56 ± 3.51mV and high encapsulation efficiency
72.77 ± 0.42% (mPC: mchol= 10: 1 and mFAC: mPC=1: 6.5).

We investigated the in vitrorelease kinetic models and mechanisms
of FAC-Lip in SGF and SIF compared with free-FAC. Results showed that
the release of FAC-Lip accorded with two-phase kinetic model and non-
Fick diffusion, while free-FAC belonged to Ritger-Peppas model and
Fick diffusion, which suggested that the encapsulate of FAC by liposome
changed the release model and mechanism of free FAC. The store sta-
bility of FAC-Lip at different temperatures was also studied and Ea, ΔH,
ΔG and ΔS were calculated. Results showed that the degradation of
FAC-Lip was an endothermic and spontaneous reaction, and low tem-
perature was suitable for storage.

The results may be helpful in optimizing drug-liposome design,
application in food and medicine industries, and furthermore, pre-
dicting and guiding medication in vivo.
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