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Abstract. Commonly used separation techniques, such as ultracentrifugation, chromatog-
raphy, and membrane separation, have inherent drawbacks that limit their usage. Herein, we
introduced a new separation method, density-changing centrifugation (DCC), which is based
on trisodium citrate (TC) and ultracentrifugation. Paclitaxel-loaded cationic solid lipid
nanoparticles (SLNs/PTX) and doxorubicin-loaded PEGylated liposomes (Lipo/Dox) were
prepared as model drug delivery particulates. After optimizing TC concentration and
centrifugal conditions, DCC showed superior separation efficiency and accuracy over
common ultracentrifugation and ultrafiltration methods and displayed comparable or even
better separation efficiency compared with size-exclusion chromatography, as demonstrated
by the determination of encapsulation efficiency, Tyndall effect, transmittance, and drug
recovery. DCC was also proven to minimally impact the size distribution, surface
morphology, and thermal properties of the nanoparticles and liposomes, and moreover, it
did not affect the determination of drug concentrations. Together, DCC has been
demonstrated as a neat and effective method for the separation of free drugs from drug-
loaded SLNs and liposomes, which shall be of great benefit for the development of
particulate based delivery systems.
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INTRODUCTION

Particulate drug delivery systems including nanoparti-
cles, liposomes, emulsions, microspheres, and cell membrane-
derived particles are gaining increasing attentions among
pharmaceutical scientists and medical doctors. Particulate
drug delivery systems can be used in multiple fields, such as
tumor therapy (1,2), imaging and diagnostics (3,4), immuno-
regulation (5,6), and nutrition supplement (7). Bioactive
drugs or functional materials are most likely encapsulated in
nano- or microparticles or adsorbed onto the surface of
particulates to improve their pharmacokinetic profiles and
avoid nonspecific distribution of free drugs (8,9). Usually, the

encapsulation efficiency is one of the most important
parameters to evaluate the quality of particulate formula-
tions. However, the accurate determination of encapsulation
efficiency depends on the complete separation of the
entrapped drugs from the free drugs. Thus, the separation
method can dramatically influence the accuracy of encapsu-
lation efficiency determination, which may further impact the
determination of drug dosage, as well as the pharmacokinetic
profiles and pharmacological behavior in vivo (10,11).

The most commonly used separation technologies,
including ultracentrifugation (12), chromatography (13),
membrane separation (14), and magnetic separation method
(15), have unique advantages that endow them with high
separation effect; however, these methods suffer from inher-
ent drawbacks that more or less limit their application.
Ultracentrifugation has been developed into density gradient
ultracentrifugation, viscosity gradient ultracentrifugation, and
velocity gradient ultracentrifugation, which separate free
drugs from particulates by using the differences of weight,
density, or viscosity (16,17). Theoretically, ultracentrifugation
is suitable for the precipitation of all particles that have
different densities or viscosities than the liquid medium.
However, the usage of ultracentrifugation is largely restricted,
which requires expensive specialized centrifugal instrument
that supports ultra-high centrifugal force. Also, ultracentrifu-
gation needs a relatively long period of time that may lead to
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drug leakage. Therefore, ultracentrifugation often leads to
poor separation efficiency under generally acceptable opera-
tion conditions, especially when the density of particulates is
similar to the liquid medium (10,18). Size-exclusion chroma-
tography (SEC) is one of the most extensively used chroma-
tography methods for separation, and the principle of SEC
separation is based on the size differences between molecules
and particles (19,20). However, SEC requires long elution
time and large elution volume that may result in sample
dilution. Moreover, SEC was blamed for poor recovery of the
model drugs, and this might result in false measurement of
encapsulation efficiency (10,21). Membrane separation
methods, including ultrafiltration and dialysis, separate par-
ticulates of different sizes by the interception of the filter
membrane (22). Membrane separation is simple, convenient,
and practical, whereas the membrane is prone to adsorb
drugs and particulates, as well as it may lead to the leakage of
particulates into the filtrate (10). Therefore, alternative
separation methods need to be developed to meet the
requirements of various separation conditions.

In this study, we developed a rapid and convenient
separation method density-changing centrifugation (DCC),
which was inspired by density gradient ultracentrifugation, for
effective separation of particulates. To measure the feasibility
and effectiveness of DCC, solid lipid nanoparticles (SLNs)
and liposomes, which are important and widely used prepa-
rations in researches, were taken as model particulates. SLNs
were loaded with hydrophobic drug (paclitaxel, PTX), while
liposomes were loaded with hydrophilic drug (doxorubicin
hydrochloride, Dox). The separation efficiency was evaluated
by encapsulation efficiency and Tyndall effect; the integrity of
particulates was reflected by size distribution, surface charge,
morphology, and thermal properties; additionally, the influ-
ence of DCC on the detection of drugs was demonstrated by
the recovery of drugs in trisodium citrate (TC) solution. To
the best of our knowledge, this is the first report of a novel
separation method based on TC and centrifugation,

METHODS AND MATERIALS

Chemicals, Reagents, and Materials

Glyceryl monostearate (GMS) was purchased from
Taiwei Pharmaceutical Co., Ltd. (Shanghai, China). Soy
phosphatidylcholine (SPC, S100) and pegylated lipids
(DSPE-PEG20 0 0 ) were purchased f rom Lipo id
(Ludwigshafen, Germany). Dimethyldioctadecylammonium
bromide (DDAB) and cholesterol (Chol) were obtained from
Sigma-Aldrich (St. Louis, USA). Paclitaxel was obtained
from Haoxuanbio. Co., Ltd. (Xian, China). Dox was obtained
from Beijing HVSF United Chemical Materials Co., Ltd.
(Beijing, China). Trisodium citrate was obtained from Jinshan
Chemical Reagent Co., Ltd. (Chengdu, China). High-
performance liquid chromatography (HPLC) grade metha-
nol, acetonitrile, and triethylamine were obtained from
Kemiou Chemical Reagent Co., Ltd. (Tianjin, China).
Deionized water was acquired by an UPH water purification
system (ULUPURE Ultrapure Technology, Chengdu,
China). All other reagents were of analytical grade.

Preparation of PTX-loaded Nanoparticles and Dox-loaded
Liposomes

PTX-loaded solid lipid nanoparticles were prepared
using a film-ultrasonic method as previously described (23).
Briefly, GMS (15 mg), SPC (15 mg), Chol (10 mg), DDAB
(5 mg), and PTX (1 mg) were dissolved in chloroform and
evaporated to form a thin film, and SLNs/PTX were obtained
after sonication (80 W, 60 s) with 5 mL of deionized water.
Blank nanoparticles were prepared in the absence of PTX.

Dox-loaded liposomes were prepared using a transmem-
brane pH-gradient method with some modifications (24).
Briefly, SPC (60 mg), Chol (20 mg), and DSPE-PEG2000

(20 mg) were dissolved in chloroform and evaporated to form
a thin film, and the film was hydrated with 6 mL of pre-
warmed citrate buffer (100 mM, pH 3.6) at 37°C for 1 h. The
resulting liposomal suspension was homogenized by sonica-
tion (120 W, 60 s), followed by adjusting the pH to 7.4 by
adding sodium carbonate solution (240 mM, pH 11.4).
Subsequently, 0.4 mL of Dox solution (5 mg/mL) was mixed
with the liposome sample and incubated in the water bath at
60°C for 1 h. The Lipo/Dox was obtained after the mixture
cooled down. To prepare blank liposomes, 0.4 mL of
deionized water without Dox was used to mix with the
liposome sample.

Density-Changing Centrifugation

Firstly, the amount of TC added, the centrifugal time and
rotational speed should be screened to optimize the separa-
tion conditions. The prepared nanoparticles and liposomes
were mixed with different concentrations of TC solution
(pH 6.5 for SLNs/PTX and pH 7.2 for Lipo/Dox) to make the
final TC concentration from 0 to 20% (m/v). Afterwards, the
mixtures were centrifuged at 4°C for different centrifugal
time and at different rotational speed to separate free drugs
from nanoparticles. After centrifugation, the drug-loaded
nanoparticles or liposomes floated to the uppermost layer,
and the free drugs precipitated to the bottom or remained in
the middle liquid layer. Subsequently, the middle liquid layer
was extracted carefully by a syringe, and the absorbance (A)
at 550 nm was measured using a UV spectrophotometer
(Varian, USA). Transmittance (T%) was calculated to
determine the separation efficiency and to obtain the
optimized TC concentration and centrifugal conditions.

T% ¼ 10−A 550 nmð Þ � 100

For detection of encapsulation efficiency, 2 mL of freshly
prepared SLNs/PTX or Lipo/Dox was mixed with 2 mL of
optimized TC solution, followed by centrifuging at the
selected centrifugal conditions, and the drug-loaded particles
were collected from the upper solid layer and dissolved in the
elution solvent and subjected to HPLC analysis.

Ultracentrifugation

Common ultracentrifugation was used to separate free
drugs from encapsulated drugs (12). Two milliliter of freshly
prepared Lipo/Dox were mixed with 2 mL of citrate diluent
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(if it is not explained elsewhere, citrate diluent and the
external water phase of liposomes contained the same salt
concentration and pH value) or 2 mL of freshly prepared
SLNs/PTX were mixed with 2 mL of water, and the mixtures
were centrifuged at 40000 rpm at 4 °C for 40 min and 120 min
or at the optimized centrifugal conditions selected for DCC.
After centrifugation, the supernatant was collected carefully
for the measurement of Tyndall effect and transmittance
(550 nm), and the drug-loaded particles precipitated in the
bottom were dissolved in solvent for HPLC analysis.

Size-Exclusion Chromatography

Drug-loaded particles were separated from free drugs by
Sephadex G-50 chromatography (21). The activated gel in a
glass column was equilibrated by eluent (water for SLNs and
citrate diluent for liposomes), and then saturated with blank
liposomes or nanoparticles. After loading the particulate
samples, the eluents of purified particulates were collected
by monitoring the absorbance at 254 nm. After dissolved in
the elution solvent, the content of drugs encapsulated in
particulates was determined by HPLC.

Ultrafiltration

The non-entrapped drugs in the outer aqueous phase of
particulates were separated by the ultrafiltration method (10).
Lipo/Dox and SLNs/PTX were diluted twice with citrate
diluent and water respectively, and the diluted samples were
centrifuged at 3000×g for 30 min in ultrafiltration tubes (10
KD, Millipore, USA), and then the filtrates were collected for
the measurement of Tyndall effect and transmittance
(550 nm) or collected into volumetric flasks and dissolved in
the elution solvent for HPLC analysis.

Determination of Encapsulation Efficiency by HPLC

Free PTX, purified SLNs/PTX, and initial SLNs/PTX
were dissolved and disrupted in methanol and analyzed by an
Agilent 1200 HPLC system (Agilent, USA) (23). A Kromasil
ODS-1 C18 column (150 × 4.6 mm, 5 μm) was used, and the
mobile phase consisted of 55% (v/v) acetonitrile and 45% (v/
v) purified water. The flow rate was set at 1.0 mL/min, the
column temperature was maintained at 35 °C, and the
detection wavelength was 227 nm.

Free Dox and encapsulated Dox were dissolved in
ethanol containing 1% hydrochloric acid and analyzed by
Agilent 1200 HPLC system (Kromasil ODS-1 C18 column
(150 × 4.6 mm, 5 μm) (10). Thirty percent (v/v) acetonitrile
and 70% (v/v) purified water (containing 0.2% (v/v)
triethylamine, pH 4.0) were used as mobile phase. Flow rate,
1.0 mL/min; column temperature, 35°C; and wavelength,
253 nm.

For the method of DCC, common ultracentrifugation
and size exclusion chromatography, the encapsulation effi-
ciency (%) = weight of drug in SLNs or in liposomes/weight
of the feeding drug; and for the method of ultrafiltration,
encapsulation efficiency (%) = (weight of the feeding drug
−weight of drug in filtrate)/weight of the feeding drug.

Recovery of Drugs in TC Solution

The recovery of PTX in TC solution was measured by
adding known amounts of PTX stock solution into methanol
aqueous solution containing 10% (m/v) TC (pH 6.5), leading
to a theoretical PTX concentration of 3.65, 14.20, and
24.34 μg/mL. The recovery of Dox in TC solution was
conducted by mixing known amounts of Dox stock solution
with 20% TC solution (pH 7.2), and the final concentration of
Dox was adjusted to 3.86, 13.82, and 27.25 μg/mL by adding
ethanol containing 1% hydrochloric acid. The samples were
centrifuged at 5000 rpm for 10 min and the supernatant was
filtered through a 0.22 μm membrane and analyzed using
HPLC. The drug recovery (%) = measured drug
concentration/theoretical drug concentration.

Measurement of Physicochemical Characteristics

The physicochemical properties of SLNs/PTX and Lipo/
Dox under different conditions were characterized in terms of
size distribution, zeta potential, morphology, and thermal
properties. Conditions included the initial state, mixed state
(particulates mixed with a certain amount of TC), and
recovered state (particulates recovered from the upper solid
layer after the optimal DCC). The recovered SLNs/PTX was
obtained by dispersing the upper solid layer in water and
adding a few drops of 20% (m/v) citric acid to deflocculate,
followed by sonication (80 W, 60 s). The recovered Lipo/Dox
was acquired by dispersing the upper solid layer in citrate
diluent followed by sonication (80 W, 30 s).

The hydrodynamic size, polydispersity index (PDI), and
zeta potential of the SLNs/PTX and Lipo/Dox in the above
three states were measured in triplicate by photon correlation
spectroscopy (PCS) (Malvern Zetasizer Nano ZS90, UK).
SLNs/PTX was diluted by water, while Lipo/Dox was diluted
by citrate diluent.

The morphology of SLNs/PTX and Lipo/Dox in different
states was observed using an H-600 transmission electron
microscopy (TEM, Hitachi, Japan) after negative staining with
1% phosphotungstic acid (pH 6.5) as described previously (23).

Differential scanning calorimetry (DSC) was performed
on a DSC analyzer (Netzsch DSC 200 PC, Germany) to
investigate the thermal properties of the samples (23). SLNs/
PTX and Lipo/Dox in three states were lyophilized sepa-
rately, and the dried samples in addition to PTX, Dox and TC
were sealed individually in the aluminum crimp cell, and
heated from 0 to 300°C at a rate of 10°C/min under nitrogen
atmosphere.

Statistical Analysis

Statistical analyses were performed using GraphPad
Prism software (San Diego, CA, USA). Differences between
two groups were evaluated for significance using the unpaired
Student’s t test, while one-way ANOVA followed by Tukey’s
multiple comparisons test was used for multiple comparisons.
All quantitative data were expressed as the mean ± standard
deviation (SD). Levels of significant differences were
expressed as follows: *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001.
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RESULTS

Optimized Density-Changing Centrifugation

Common ultracentrifugation precipitates the particulates
by means of density differences between the particulates and
the liquid medium (18). However, the density of particulates
such as liposomes and nanoparticles is very close to the
dens i ty of l iqu id medium. Therefore , common
ultracentrifugation often drives the particulates incompletely
to the bottom of the centrifuge tube (10,18) (Fig. 1). In
contrast to common ultracentrifugation, SLNs/PTX and Lipo/
Dox flocculated after mixed with a certain amount of TC
solution, and the particle solution turned to three separated
layers after DCC: the lighter particulates floated to the
topside to form the upper solid layer, the soluble free drugs
(Dox) dissolved in TC solution, and remained in the middle
liquid layer while the insoluble drug crystals (PTX) precipi-
tated in the bottom (Fig. 1). On the other hand, no PTX
Bprecipitate^ was detected on the top of the liquid after PTX
suspension (1 mg of PTX powder was added into 3 mL of
water and dispersed by sonication) was mixed with 10% TC
and centrifuged at 40000 rpm for 40 min (data not shown),
indicating that the presence of free PTX would not interfere
with the separation effect of DCC.

Then, the transmittance of the middle liquid layer after
DCC was calculated to determine the separation efficiency,
and the higher transmittance showed the higher separation
efficiency. As shown in Fig. 2, the transmittance of the
supernatant of SLNs increased as the concentration of TC
solution increased (Fig. 2 a); however, the transmittance of
the supernatant of liposomes decreased when the concentra-
tion of TC solution reached to 5% and 10% as compared with
0% TC solution (Fig. 2 d). In order to figure out this
difference, we measured the density range of SLNs/PTX
and Lipo/Dox using density gradient centrifugation. In
sucrose density gradient centrifugation, liposomes were
mainly distributed in the range of 0–20% (1.0000–1.0813 g/
cm3) sucrose solutions (Fig. S1A), while in TC density
gradient centrifugation, liposomes were mainly distributed in

the layer of 5% TC solution (1.0302 g/cm3) (Fig. S1C),
indicating that the density of untreated liposomes was lower
than the density of 15% TC solution (1.0890 g/cm3), while it
was close to the density of 5% TC solution when contacted
with 5% TC. Therefore, when mixed with 0% TC (Fig. 2 d),
most liposomes precipitated after centrifugation due to their
higher density than the medium. However, the bulk lipo-
somes remained in the liquid after centrifugation when mixed
with 5% or 10% (1.0605 g/cm3) TC solution, probably
because that their density was close to the density of 5%
and 10% TC solutions, and liposomes were less flocculated in
low concentration of TC solution. Therefore, the
transmittance of the supernatant of liposomes in 5% and
10% TC solution was lower than that in 0% TC solution.
Nevertheless, when the concentration of TC solution
increased to 15% or 20% (1.1168 g/cm3), liposomes
flocculated more heavily, and the density difference between
the liposomes and TC solution increased, resulting in the rise
of liposomes and the increase of transmittance of middle
liquid layer after centrifugation. On the other hand, SLNs
were mainly distributed in the range of 0–10% (1.0000–
1.0367 g/cm3) sucrose solutions (Fig. S1B), while in TC
gradient centrifugation, they could be flocculated in large
quantities and distributed above the 5% TC solution (Fig.
S1D), indicating that flocculation could improve the centrif-
ugal separation effect. Therefore, when mixed with 5% TC,
most SLNs got flocculated and floated upwards due to their
lower density than the medium, leading to improved trans-
mittance than the group of 0% TC (Fig. 2 a). Moreover, when
mixed with 10% TC, almost all the SLNs floated to the
topside after centrifugation and the transmittance of the
middle liquid layer was nearly to 100% (Fig. 2 a), probably
due to the increased density difference between the severely
flocculated SLNs and the TC solution. In summary, for the
separation of cationic SLNs/PTX, the optimal final concen-
tration of TC was 10% (m/v) (Fig. 2 a), the optimal
centrifugal time was 20 min (Fig. 2 b), and rotational speed
was 20,000 rpm (Fig. 2 c); for the separation of Lipo/Dox, the
optimal final concentration of TC was 20% (m/v) (Fig. 2 d),
centrifugal time was 10 min (Fig. 2 e), and rotational speed
was 20,000 rpm (Fig. 2 f). These optimal separation condi-
tions for DCC were used in the following sections, unless
otherwise noted.

Comparison of the Separation Effect

In order to evaluate the separation effect of DCC,
encapsulation efficiency of the particulates was measured by
HPLC, and the Tyndall effect and transmittance of the liquid
after separation were compared respectively.

As shown in Fig. 3 a–b, in group of DCC, the free drugs
were easily separated from the particulates after centrifuga-
tion at low rotational speed and short time, and the
encapsulation efficiency of SLNs/PTX (Fig. 3 a) and Lipo/
Dox (Fig. 3 b) was 96.50 ± 3.52% and 95.26 ± 0.70%, respec-
tively. However, the common ultracentrifugation groups were
failed to efficiently separate drug-loaded particles from
preparations and resulted in low encapsulation efficiency,
even in intense centrifugal conditions (40,000 rpm and
120 min). These results indicated that DCC had excellent

Fig. 1. Schematic diagram of common ultracentrifugation (a) and
DCC (b). During DCC, particulates (SLNs/PTX and Lipo/Dox)
flocculated when mixed with a certain concentration of TC solution,
and by means of the density difference with TC solution, particles
floated upwards to form the upper solid layer after centrifugation
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separation effect, saved a great deal of time and reduced
centrifugal costs.

SEC is regarded as the most widely used method for the
purification of nanoparticles and liposomes (13,19,20,25), thus
the Sephadex G-50 chromatography was used as the positive
control for separation. As shown in Fig. 3 a–b, the encapsu-
lation efficiency of SLNs/PTX in DCC group was significantly
higher than that of Sephadex G-50 group, while the encap-
sulation efficiency of Lipo/Dox in two groups had no
significant difference. In order to figure out whether SLNs
were suspected of adsorbing PTX, we mixed free PTX with
freshly prepared blank SLNs (1 mg PTX in 5 mL solution),
and all the separated layers (the upper solid layer, middle
liquid layer, and precipitation) after DCC were collected for
the detection of adsorbed PTX. This result showed that the
upper solid layer contained 8.14 ± 0.22% of total PTX, and no
drug was detectable in the middle liquid layer, while 86.47 ±
1.37% of total PTX was found in precipitation. Therefore, we
concluded that SLNs would adsorb very small amount of
PTX, and the vast majority PTX would precipitate to the
bottom after DCC. In a word, DCC had comparable
separation effect with SEC for the separation of liposomes,
and it was much more suitable for the separation of cationic
solid lipid nanoparticles.

Ultrafiltration is suitable for the separation of water-
soluble drugs from drug-loaded particles. However, the free
drugs are easily adsorbed and retained on the ultrafiltration
membrane (26), resulting in reduced concentration of filtered

free drugs and false positive value of encapsulation efficiency.
As shown in Fig. 3 a, the encapsulation efficiency of SLNs/
PTX in the groups of DCC (96.50 ± 3.52%) and ultrafiltration
(100.54 ± 0.64%) had no significant difference, probably
because the encapsulation efficiency was too high to show
the difference. However, the recovery of PTX solution
filtrated by ultrafiltration was nearly 0% (Supplementary
Table I). Therefore, ultrafiltration is not suitable for the
separation of hydrophobic PTX, because the insoluble PTX
crystals tend to be trapped by the filter membrane, resulting
in false encapsulation efficiency. As shown in Fig. 3 b, the
encapsulation efficiency of Lipo/Dox in ultrafiltration group
was significantly higher than that of DCC group, implying
that most free Dox was adsorbed by ultrafiltration membrane,
and this adsorption was further proved by the low recovery of
Dox solution filtrated by ultrafiltration (Supplementary
Table II). Therefore, DCC was superior to ultrafiltration for
the separation of free drugs from PTX-loaded SLNs and Dox-
loaded liposomes.

Tyndall effect was used to display the separation effect of
DCC more intuitively, and the transmittances of Bfree drug
solution^ separated by different methods were measured to
further compare the separation effects. As shown in Fig. 3 c–d,
different states of SLNs/PTX (Fig. 3 c) and Lipo/Dox (Fig. 3 d)
displayed different light effects after irradiated by a red laser.
Both of the freshly prepared particulates (Fig. 3 c1, d1) and
particulates after common ultracentrifugation (40,000 rpm,
40 min, Fig. 3 c3, d3) showed an obvious light beam, and the

Fig. 2. Optimal separation conditions of DCC. Samples were mixed with different concentrations of TC, followed by centrifuging at different
centrifugal conditions, and the absorbance (550 nm) of the middle liquid layer was measured by UV spectrophotometer to calculate the
transmittance. (a–c) Influence of TC (a, 40000 rpm, 90 min), centrifugal time (b, 10% TC, 40000 rpm), and rotational speed (c, 10% TC,
20 min) on the separation of SLNs/PTX. d–f Influence of TC (d, 40000 rpm, 90 min), centrifugal time (e, 20% TC, 20000 rpm), and rotational
speed (f, 20% TC, 10 min) on the separation of Lipo/Dox. Fifteen percent TC solution (a), 20% TC solution (d), and water (a and d) were
negative controls without SLNs/PTX or Lipo/Dox. Data are shown as mean ± SD (n = 3), *p < 0.05, ****p < 0.0001; ns, not significant
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transmittances of these samples were significantly lower than that
of the DCC group (Fig. 3 e–f), indicating that the common
ultracentrifugation was failed to precipitate the particulates
completely and there still existed a large number of particulates
in the supernatant.When particulates weremixed with TC (Fig. 3
c2, d2, e2, and f2), the scattered light in the turbid dispersion
system and the extremely low transmittance reflected the
aggregation of particulates. However, after optimal DCC (Fig.
3, c4, d4, e4, and f4), the particulates floated to the topside, and
the missing light beam in the middle liquid layer and the high
transmittance indicated that the separation was quite complete
and few particulates remained in the liquid. Although the filtrates
of ultrafiltration (Fig. 3, c5, d5) showed no obvious light beams in
the tubes, and the transmittance was significantly higher than that
of the DCC group (Fig. 3 e–f), these results might also be false
positive results that caused by the adsorption or interception of
free drugs by the ultrafiltration membrane.

To sum up, DCC was proven to have excellent separa-
tion efficiency. The drug-loaded particles and free drugs
showed varying behaviors after DCC: the former floated to
the top, while the latter remained in the liquid or precipitated
to the bottom of the centrifuge tube.

Recovery of Drugs in TC Solution

In order to evaluate the influence of TC on the detection
of drugs, Dox and PTX were mixed with a certain amount of
TC, and the recovery of drugs was measured by HPLC. The
recovery rates of PTX (Table I) and Dox (Table II) in low,
middle, and high concentrations were higher than or equal to
95%, and the RSD values were less than 1.86% (n = 3). These
results indicated that the Bdensity changer^ (TC) was
harmless to the quantitative detection of PTX and Dox.

Fig. 3. DCC separated the free drugs and particulates efficiently. a–b Encapsulation efficiency of PTX in
SLNs (a) and Dox in liposomes (b) was determined by HPLC. Free drugs were separated from
particulates by different methods: common ultracentrifugation, DCC (10% TC, 20000 rpm, 20 min for
SLNs/PTX; 20% TC, 20000 rpm, 10 min for Lipo/Dox), Sephadex G-50 chromatography and
ultrafiltration. c–f Tyndall effect of SLNs/PTX (c) and Lipo/Dox (d) and transmittance (A550nm) of
SLNs/PTX (e) and Lipo/Dox (f) before and after common ultracentrifugation, DCC and ultrafiltration:
1, freshly prepared particulates; 2, particulates mixed with TC; 3, samples after common ultracentrifu-
gation (40,000 rpm, 40 min); 4, samples after the optimal DCC; 5, filtrates after ultrafiltration. Data are
shown as mean ± SD (n = 3), *p < 0.05, ****p < 0.0001; ns, not significant
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Size and Surface Morphology

To investigate the integrity of particulates after DCC, the
size distribution, surface charge, and morphology of particu-
lates in different states were measured. As shown in Fig. 4,
the size and PDI of nanoparticles were increased sharply after
mixing with 10% TC, showing an obvious aggregation
according to TEM; however, the zeta potential of nanopar-
ticles in the mixed state was dramatically decreased from
55.37 ± 0.70 mV to 8.91 ± 0.54 mV, resulting in the reduction
of repelling forces between particulates, therefore leading to
aggregation. After optimized DCC, the nanoparticles were
dispersed again by Bdeflocculant^ (citrate) and short sonica-
tion: the size, zeta potential, and morphology of nanoparticles
(SLNs/PTX after DCC) recovered to the levels of initial state,
while PDI decreased from 0.26 ± 0.02 to 0.17 ± 0.02, probably
due to the final sonication and deflocculant. These results
indicated that the integrity of nanoparticles was intact after
DCC that was suitable for the separation of cationic SLNs.

Characterizations of Lipo/Dox were shown in Fig. 5.
Similar to the changes of SLNs/PTX, the aggregated lipo-
somes resulted in increased size and PDI after mixed with
20% TC, and then the size, PDI, and morphology of
liposomes restored to the initial levels after DCC and
sonication. However, zeta potential of liposomes remained
stable under all circumstances. These results indicated that
the integrity of Lipo/Dox was unaffected after DCC, and the
aggregation of liposomes did not rely on the changes of zeta
potential.

Overall, DCC is proven to separate the cationic SLNs
and PEGylated liposomes efficiently without impairing the
integrity of particulates. Moreover, the size distribution,
surface charge, and morphology could return to the original
states.

Differential Scanning Calorimetry Analysis

Differential scanning calorimetry (DSC) is used as a
useful tool to study the thermal properties of nanoparticles
and liposomes, which provides detailed information on the
stability and relevant physicochemical properties of the drugs
within particulate formulations (23,27). As shown in Fig. 6 a,

in the temperature range of 200 to 250°C, the endothermic
peak and exothermic peak in the thermogram of PTX were
absent in the thermogram of SLNs/PTX, indicating that the
PTX was likely to be dispersed molecularly in the lipid
matrix. Due to the low percentage of SLNs/PTX as compared
with TC, the thermogram of the mixture (SLNs/PTX mix
10% TC) overlapped with the thermogram of TC. However,
the thermogram of recovered SLNs/PTX after optimal DCC
(SLNs/PTX after DCC) was consistent with the thermogram
of SLNs/PTX, indicating that the PTX-loaded SLNs were
stable and remained intact during the process of DCC.
Similar to the changes of SLNs/PTX, the thermograms in
Fig. 6 b showed that Dox was dispersed molecularly in the
liposomes and the Dox-loaded liposomes remained undam-
aged after DCC.

Based on the results of DSC, size distribution, and
surface morphology, DCC had no impact on the physico-
chemical properties of nanoparticles and liposomes, and this
novel separation method might be suitable for the separation
of other particulate formulations from free drugs.

DISCUSSION

Ultracentrifugation separates free drugs from particu-
lates by using the differences of weight, density, or viscosity
(16,17). However, the density of particulates such as lipo-
somes and nanoparticles is very close to the density of liquid
medium, resulting in inadequate separation and a waste of
time (10,18). Moreover, common ultracentrifugation precipi-
tates the particulates and insoluble drug crystals together,
thus it cannot tell the difference between the encapsulated
drugs and insoluble free drugs, leading to wrong result of
encapsulation efficiency. In contrast to common ultracentri-
fugation, DCC is performed by dissolving a certain amount of
TC in the liquid to sharply increase the density of liquid
medium, as demonstrated by the comparison of the density
difference between particulates and TC solutions (Fig. S1),
thus the particulates turn to be much lighter than the liquid.
In this condition, the particulates and free drugs would
experience different destinies after DCC: the lighter particu-
lates floated to the topside of the centrifuge tube, while the
free drugs remained in the liquid (the free hydrophilic Dox
dissolved in the liquid) or precipitated in the bottom (the
unencapsulated poorly soluble PTX could precipitate after
ultracentrifugation) (Fig. 1). Therefore, the reversed and
increased density difference between the particulates and
liquid medium is the main reason for the high separation
efficiency of DCC.

DCC method depends on the combination of TC and
ultracentrifugation, and therefore the concentration of TC
and the centrifugal conditions should be optimized first to
achieve the best separation performance. The transmittance
of colloidal solution is usually low due to the large quantity of
particulates, and the transmittance will increase if the
particulates are removed by centrifugation. Therefore, trans-
mittance was used to reflect the separation efficiency of DCC.
For the particulates with different surface properties and
densities, the separation conditions should be optimized
individually, because the lower concentration of TC or lower
centrifugal time and speed could lead to incomplete

Table I. Recovery of PTX in 10% TC Solution (n = 3)

Cadded (μg/mL) Cmeasured (μg/mL) Recovery (%) RSD (%)

3.65 3.76 ± 0.06 103.01 ± 1.63 1.59
14.20 13.49 ± 0.21 94.98 ± 1.55 1.61
24.34 24.25 ± 0.05 99.62 ± 0.18 0.18

Table II. Recovery of Dox in 20% TC Solution (n = 3)

Cadded (μg/mL) Cmeasured (μg/mL) Recovery (%) RSD (%)

3.86 3.82 ± 0.02 99.11 ± 0.46 0.47
13.82 13.87 ± 0.22 100.37 ± 1.63 1.62
27.25 27.88 ± 0.52 102.33 ± 1.91 1.86
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separation and incompact particle layer, while the higher
separation conditions would result in waste and even drug
leakage.

The separation of free drugs and drug-loaded particles
plays a crucial part in the accurate detection of encapsulation
efficiency. In other words, inaccurate encapsulation efficiency
caused by poor separation may misguide the screening of
formulations and even lead to wrong drug dosage (10,11).
Then, we compared the separation effect of DCC with three
other commonly used separation methods (common ultra-
centrifugation, SEC, and ultrafiltration) by measuring the
encapsulation efficiency, Tyndall effect, and the transmit-
tance. All the results in Fig. 3 displayed much better
separation efficiency of DCC than that of common ultracen-
trifugation. These results further confirmed that the reversed
and widened density difference between the particulates and
liquid medium could greatly benefit the separation efficiency
of DCC. The ultrafiltration membrane may adsorb free drugs
(Dox) and particulates (26), and it could also trap the
insoluble free PTX, resulting in low drug recovery and
inflated value of encapsulation efficiency. Therefore, DCC
was also superior to ultrafiltration for the separation of free
drugs from Dox-loaded liposomes and PTX-loaded SLNs.
However, as compared with SEC, DCC showed comparable
encapsulation efficiency for the detection of Lipo/Dox, while
it showed much higher encapsulation efficiency for the
detection of SLNs/PTX. We first excluded the possibility that

cationic SLNs could adsorb partial free PTX to compromise
the accuracy of encapsulation efficiency measurement. There-
fore, the problem might lay in the Sephadex G-50 chroma-
tography. It was reported that SEC exhibited good
separation, but it also suffered from low recovery (10,21).
There was a great possibility that the separation mechanism
of Sephadex G-50 for the separation of PTX and SLNs
consisted of two patterns: adsorption and molecular sieve
(28). Therefore, a part of cationic SLNs could be adsorbed
and retained on the Sephadex gel filler, leading to low
encapsulation efficiency. While DCC did not encumber the
floating of SLNs, thus the encapsulation efficiency was much
closer to the true value.

The most crucial part that impacts the practicability of
DCC is the influence of additives on the detection of drugs.
The recovery assays of Dox and PTX in TC solution indicated
that the Bdensity changer^ (TC) did not affect the determi-
nation of drug concentrations. It is very important to note
that the pH of TC aqueous solution is slightly alkaline, while
some drugs (such as PTX) are unstable in such alkaline
environment (29), thus, the pH of TC solution should be
adjusted to the most suitable pH of drug to prevent drug
degradation or precipitation.

Furthermore, maintaining the integrity of particles is
another important prerequisite for a good separation method.
However, both the turbidity of particulate solutions after
mixing with TC and the agglomerate of particulates after

Fig. 4. Characterizations of SLNs/PTX in different states. The size (a), PDI (b), and zeta potential (c) of samples were measured by dynamic
light scattering, and the surface morphology (d) of samples was visualized by TEM. SLNs/PTX: freshly prepared PTX-loaded SLNs; SLNs/PTX
mix 10% TC: the mixture of SLNs/PTX and 10% (m/v) TC; SLNs/PTX after DCC: the recovered SLNs/PTX from the upper solid layer after
optimal DCC (10% TC; 20,000 rpm; 20 min). Data are shown as mean ± SD (n = 3), ***p < 0.001, ****p < 0.0001; ns, not significant
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centrifugation probably meant the disruption of particulates.
Fortunately, according to the results of size distribution,
surface morphology, and DSC analysis (Figs. 4, 5, and 6),
DCC had minimal impact on the physicochemical properties
of particulates. Moreover, the size distribution, surface
charge, and morphology could return to the original states
after proper treatment. For example, after DCC, SLNs/PTX

could be restored to the original states by adding some citrate
and short sonication. Therefore, the citrate played a dual role
in the flocculation and dispersion of SLNs. In the beginning,
the TC neutralized the surface charge of nanoparticles and
reduced the repelling force between particulates, resulting in
the flocculation of nanoparticles; after DCC, the addition of
citrate could adhere to the particulates and increase the zeta

Fig. 5. Characterizations of Lipo/Dox in different states. The integrity of Lipo/Dox was determined by measuring the size (a), PDI (b), zeta
potential (c), and the surface morphology (d). Lipo/Dox: freshly prepared Dox-loaded liposomes; Lipo/Dox mix 20% TC: the mixture of Lipo/
Dox and 20% (m/v) TC; Lipo/Dox after DCC: the recovered Lipo/Dox from the upper solid layer after optimal DCC (20% TC; 20,000 rpm;
10 min). Data are shown as mean ± SD (n = 3), ****p < 0.0001; ns, not significant

Fig. 6. DSC thermograms of samples. a DSC thermograms of PTX, TC, initial SLNs/PTX, SLNs/PTX mixed with 10% TC, and the recovered
SLNs/PTX after optimal DCC (SLNs/PTX after DCC). b DSC thermograms of Dox, TC, original Lipo/Dox, Lipo/Dox mixed with 20% TC,
and the recovered Lipo/Dox after optimal DCC (Lipo/Dox after DCC)
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potential, thereby leading to the re-dispersion of nanoparti-
cles. On the other hand, the high concentration of TC might
compress the surface PEG hydration layer of liposomes,
leading to reduced steric hindrance that further caused the
aggregation of Lipo/Dox. However, the exact mechanism for
the flocculation of PEGylated liposomes and cationic SLNs
needs to be explored further.

Agents (citrate, tartrate, phosphate, etc.) that can reverse
the charge to cause flocculation can theoretically be used to
separate the particulates. However, if the agents only cause
flocculation without inversely increasing the density differ-
ence, the flocculated nanoparticles will still precipitate to the
bottom of the centrifuge tube, making it impossible to
distinguish the encapsulated drug from the precipitated free
drug. Moreover, if the agents can only increase the density
difference without causing flocculation, then more severe
centrifugation conditions are required to achieve satisfied
separation effect. Therefore, DCC separated the SLNs/PTX
and Lipo/Dox efficiently from free drugs by two main
mechanisms: inversely increasing the density difference
between particulates and liquid medium, and causing revers-
ible flocculation of particulates. However, for other particu-
lates, such as normal Dox-loaded liposomes (phospholipid:
cholesterol = 4: 1, without PEG layer), no flocculation was
observed when the liposomes were mixed with TC, and more
intense centrifugal conditions (40,000 rpm and 90 min) were
needed to achieve efficient separation, thus the separation
mechanism might only contain increased density difference.
Therefore, the separation mechanism of DCC for different
drug-loaded particulates may be varied and the inherent and
detailed mechanisms for the efficient separation of DCC
should be explored in greater depth.

Although DCC showed superior separation effect for
cationic SLN/PTX and PEGylated Lipo/Dox, the following
possible limitations of DCC should be noticed. DCC may be
not suitable for the separation of drugs that are electrostat-
ically adsorbed on the surface of the particulates, because the
high concentration of TC may change the surface charge of
particulates, thereby resulting in dissociation of drugs and
particulates. Moreover, the addition of high concentration of
TC may increase the osmolarity of solution, leading to
structural changes of some particulates, especially for the
liposomes. In this article, even if the concentration of TC was
up to 20%, there was no obvious drug leakage during DCC
and the structure of liposomes was intact, which was
demonstrated by the high encapsulation efficiency of Lipo/
Dox determined by DCC method and the recoverable size,
PDI, and morphology of liposomes after DCC. However, the
impact of higher concentration of TC on the integrity of
liposomes needs to be further investigated. Furthermore, the
optimization processes of DCC should be performed sepa-
rately for each specific nanodelivery system. Especially for
the particulates that cannot cause flocculation when mixed
with TC, intense centrifugal conditions are also required to
achieve satisfactory separation effect. Finally, in addition to
SLNs/PTX and Lipo/Dox, more particulate formulations
(such as emulsions, micelles, polymeric nanoparticles, inor-
ganic nanoparticles, and albumin nanoparticles) and more
kinds of drugs (such as proteins, peptides, and nucleic acid
drugs) should be investigated to verify the feasibility of DCC.

CONCLUSION

A simple and efficient separation method based on TC
and ultracentrifugation was developed and validated for the
rapid separation of free drugs from PTX-loaded SLNs and
Dox-loaded liposomes. By means of reversed density differ-
ence and reversible flocculation, DCC can separate the drug-
loaded particles efficiently without impairing the integrity of
particulates. Together, our results highlighted the feasibility
and potential of using DCC for the rapid separation of either
hydrophilic or hydrophobic drugs from nanoparticles and
liposomes, which may show applicability in the pharmaceuti-
cal industry.
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