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Abstract: In this work, an ultrasonic spray freeze-drying (USFD) technique was used to 
prepare a stable liposomal dry powder for transdermal delivery of recombinant human epithe-

lial growth factor (rhEGF). Morphology, particle size, entrapment efficiency, in vitro release, 

and skin permeability were systematically compared between rhEGF liposomal dry powder 

prepared using USFD and that prepared using a conventional lyophilization process. Porous 

and spherical particles with high specific area were produced under USFD conditions. USFD 

effectively avoided formation of ice crystals, disruption of the bilayer structure, and drug leakage 

during the liposome drying process, and maintained the stability of the rhEGF liposomal for-

mulation during storage. The reconstituted rhEGF liposomes prepared from USFD powder did 

not show significant changes in morphology, particle size, entrapment efficiency, or in vitro 

release characteristics compared with those of rhEGF liposomes before drying. Moreover, the 

rhEGF liposomal powder prepared with USFD exhibited excellent enhanced penetration in 

ex vivo mouse skin compared with that for powder prepared via conventional lyophilization. 

The results suggest that ultrasonic USFD is a promising technique for the production of stable 

protein-loaded liposomal dry powder for application to the skin.

Keywords: spray freeze-drying, recombinant human epithelial growth factor, liposomes, skin 

permeability, transdermal drug delivery

Introduction
Transdermal delivery of macromolecules is an attractive alternative route for drug 

administration because it bypasses the harsh environment of the gastrointestinal tract and 

improves patient compliance.1,2 Unfortunately, the barrier nature of skin presents difficul-

ties for drug delivery to pathological sites within the skin or into the systemic circulation 

through the various layers of the skin. The primary barrier for transdermal transport is 

the stratum corneum, which is typically 10–20 µm in thickness.3 Various approaches, 

including iontophoresis,4 sonophoresis,5 and incorporation of drug into vesicles,6 have 

been used to improve the transdermal delivery of macromolecular drugs.

Vesicular drug delivery systems such as liposomes, niosomes, and ethosomes 

provide alternatives for improved drug delivery to and through the skin.6,7 Vesicular 

entrapment provides a localized depot in the skin and protects therapeutic biomolecules 

against degradation in vitro and in vivo, modifies their release rate, improves biomem-

brane permeability, and offers alternative targeting approaches.8 However, its potential 

application is still hampered by the physical and chemical instabilities of aqueous 

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
http://creativecommons.org/licenses/by-nc/3.0/
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S59463
mailto:xinxinzhang@simm.ac.cn
mailto:yinfei918@sina.com


International Journal of Nanomedicine 2014:9submit your manuscript | www.dovepress.com

Dovepress 

Dovepress

1666

Yin et al

dispersions (eg, hydrolysis of phospholipids, encapsulated 

solute leakage, and liposome aggregation) in long-term 

storage, especially when loading labile biomacromolecules 

such as proteins and polypeptides.9 Protein is more stable in 

the solid state than in the liquid state, and solid liposomal 

products have better physical and chemical stability than 

liposomes in aqueous solution.10,11 Hence, a solid dosage 

form may be preferred for the loading of protein drugs into 

liposomes.

Currently, freeze-drying is the most commonly used 

technique for dehydration of pharmaceutical products. 

However, the stresses associated with freeze-drying can 

disrupt the bilayer structure of liposomes, resulting in 

drug leakage.12 Further, conventional lyophilization is a 

time-consuming process. Rapid cooling of aqueous solu-

tions is reported to minimize the formation of ice nuclei 

and crystalline water, which might prevent disruption of 

the liposomal structure and denaturation of proteins and 

peptides.13 The spray freeze-drying (SFD) technique may be 

superior for producing protein-loaded liposomal products, 

and is growing in popularity for the formulation of solid 

pharmaceuticals.

In the SFD process, an aqueous formulation containing 

bioactives is sprayed directly into a cryogenic medium such 

as liquid nitrogen, rapidly freezing the atomized droplets and 

forming microparticles. The frozen particles are collected 

and lyophilized, leaving behind dry particles.14,15 Because 

the entire SFD process is conducted under subambient 

conditions, it is particularly suited for drying heat-labile 

materials. However, few reports about the use of SFD with 

nanoparticles or liposomes have been published. The influ-

ence of the SFD process on the character of liposomes and 

its encapsulation efficiency remains unknown.

In this study, epithelial growth factor (EGF), a polypep-

tide with a molecular weight of 6,045 Da, was used as a 

model drug for encapsulation into liposomes. EGF-loaded 

liposomal dry powder was prepared using SFD to enhance 

transdermal delivery and increase long-term stability. EGF 

stimulates the proliferation and differentiation of all types 

of epithelial cells and promotes wound repair.16 However, 

topical application of EGF rarely leads to significant clini-

cal improvement in chronic wounds owing to premature 

inactivation in the wound environment and low permeation 

into epithelial cells.17,18 The horny layer typically provides a 

robust barrier to skin permeation of EFG and is unfavorable 

for repair of subcutaneous damage. Liposomes may be a 

promising carrier for EGF and could improve its therapeutic 

effect in local skin trauma.

In addition, we developed a novel ultrasonic two-fluid 

nozzle to improve the SFD technique and expand its appli-

cation in drug delivery. Ultrasonic nozzles using high-

frequency sound waves (up to 120 kHz) atomize liquids into 

smaller droplets and more uniform spray than those obtain-

able with conventional nozzles. The two-fluid feed allows for 

mixing at the nozzle orifice. The EGF-loaded liposomal dry 

powder was characterized with respect to morphology, drug 

entrapment efficiency (EE), stability, and in vitro release, and 

its skin permeability was evaluated ex vivo.

Materials and methods
Materials
Recombinant human epithelial growth factor (rhEGF) was 

purchased from Huamai Technology Co, Ltd (Sichuan, 

People’s Republic of China). Purified egg lecithin PC-98T 

was obtained from QP Corporation (Tokyo, Japan) and 

had a phosphatidylcholine content of more than 98%. 

Sucrose was purchased from Tianrun Co, Ltd (Guangzhou, 

People’s Republic of China). Fluorescein isothiocyanate 

(FITC) was purchased from Sigma-Aldrich (St Louis, MO, 

USA). All other chemicals and solvents were of analytical 

reagent grade, and deionized distilled water was used 

throughout the study.

Preparation of rhEGF liposomal 
dry powder
rhEGF-loaded liposomes were prepared using a f ilm 

evaporation method.19 Briefly, a thin lipid film was obtained 

via rotary evaporation of dichloromethane solution contain-

ing 2 g of PC-98T. The lipid film was flushed with nitrogen 

for at least 30 minutes and then hydrated with 23 mL of 

phosphate-buffered saline (20 mM, pH 6.5) containing 

6,000 IU rhEGF. The liposomes were then extruded through 

a 0.1 µm polycarbonate membrane filter (Whatman, Clifton, 

NJ, USA) using a filter extruder (Emulsiflex-C50, Avestin 

Inc., Ottawa, ON, Canada).

Ultrasonic spray freeze-drying (USFD) was used to 

produce the liposomal dry powder. A schematic diagram 

of the apparatus used in this study is shown in Figure 1. 

The rhEGF liposomes and sucrose solution were supplied 

to the spray nozzle (Sono-Tek Corporation, Milton, NY, 

USA) at a constant flow rate of 1 mL per minute each, 

and the liquids were atomized into fine mists with high-

frequency sound waves (100 kHz). In this USFD process, 

the mists were sprayed into liquid nitrogen in a stainless 

steel vessel (2 L volume). The sprayed mists trapped in 

liquid nitrogen were immediately frozen and dispersed 
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A BLiquid A

Liquid N2
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Liquid B

Sucrose solutionrhEGF liposomes

Figure 1 (A) Schematic diagram and (B) relief image photograph of the spray freeze-drying apparatus for the ultrasonic two-fluid nozzle technique. The ultrasonic two-fluid 
nozzle with high-frequency sound waves was obtained from Sono-Tek Corporation (Milton, NY, USA). The receiver is a stainless steel 2 L vessel. The freeze-drying process 
used a Lyo-0.2 lyophilizer (Tofflon Science and Technology Co, Ltd, Shanghai, People’s Republic of China).
Abbreviation: rhEGF, recombinant human epithelial growth factor.

using a magnetic stirrer. After most of the liquid nitrogen 

was evaporated at −80°C, the frozen particles were collected 

and lyophilized using a Lyo-0.2 lyophilizer (Tofflon Science 

and Technology Co, Ltd, Shanghai, People’s Republic 

of China).

As a reference, conventional lyophilization was used to 

dehydrate rhEGF liposomes using the Lyo-0.2 lyophilizer. 

rhEGF liposomes were mixed with sucrose solution and lyo-

philized using the following program: −45°C for 3 hours → 

2-hour ramp→ −32°C for 6 hours → 2-hour ramp → −25°C 

for 4 hours → 2-hour ramp → −20°C for 4 hours → 2-hour 

ramp → 0°C for 4 hours → 2-hour ramp → 25°C for 

6 hours. To investigate the effect of sucrose concentration 

on the characteristics of the product, we set the weight ratio 

of sucrose to phospholipid to 1:1, 2:1, 3:1, and 4:1 in the 

liposomes before USFD and lyophilization.

Morphological characterization
The morphologies of rhEGF liposomal dry powders prepared 

using USFD and conventional lyophilization were observed 

under a scanning electron microscope (XL30, Philips, 

Eindhoven, the Netherlands). The morphologies of rhEGF 

liposomes before drying and reconstituted rhEGF liposomes 

prepared using USFD and conventional lyophilization 

were examined using a transmission electron microscope 

(CM200-FEG, Philips). The samples were dispersed in 

distilled water, stained with 2% phosphotungstic acid, and 

placed on copper grids with film for viewing.

The particle size distributions of the rhEGF liposomal dry 

powders were determined with laser diffraction (Mastersizer 

3000, Malvern Instruments, Malvern, UK), and the particle 

size of the rhEGF liposomal colloid solution was measured 

using a 380 ZLS (Nicomp, Santa Barbara, CA, USA). 

The specific surface areas of the liposomal dry powders 

were measured with a Tristar 3000 analyzer (Micromeritics 

Inc., Norcross, GA, USA) using a nitrogen adsorption 

process.

X-ray powder diffraction analysis
X-ray powder diffraction analysis was performed with a 

D/max 2550V diffractometer (Rigaku, Tokyo, Japan) using 

CuKa radiation, a voltage of 40 kV, and a current of 150 mA. 

Dry powders prepared using USFD and conventional 

lyophilization were scanned over a 2θ range of 5°–50° at a 

rate of 5° per minute.

Determination of drug  
entrapment efficiency
The EE (%) of rhEGF in the liposomes was determined 

using ultracentrifugation. The liposomal colloid was 

ultracentrifuged at a speed of 50,000 × g for one hour at 

4°C. The amount of free rhEGF in the supernatant was 

determined using the human EGF enzyme-linked immuno-

sorbent assay (ELISA) kit (RayBiotech, Inc., Norcross, GA, 

USA). The amount of rhEGF in the liposomes was the dif-

ference between the amount in the liposomal colloid before 

ultracentrifugation (A) and the amount in the supernatant 

after ultracentrifugation (B). EE was then calculated using 

Equation (1).

	 EE = [(A − B)/A × 100]	  (1)

In vitro release study
The release of rhEGF from the liposomes was studied in 

phosphate-buffered saline (pH 7.4) using a dialysis method. 

Before drying or reconstitution, 5 mL of the rhEGF liposomal 

colloid solution (containing 240 IU/mL rhEGF) was placed 

into a dialysis bag with a cutoff of 12,000–14,000 Da. The 

bag was then immersed into 250 mL of phosphate-buffered 

saline at 37°C, and the rotation speed was set to 50 rpm. 
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At selected time intervals, 5 mL of medium was removed 

for analysis and the same amount of fresh medium was 

replenished. The samples were analyzed using the human 

EGF ELISA kit.

Stability study
rhEGF in phosphate-buffered saline (pH 7.4), rhEGF 

liposomal colloid solution, and rhEGF liposome-loaded dry 

powders prepared with USFD and conventional lyophilization 

were placed in glass vials and stored in a stability chamber 

(Binder, Tuttlingen, Germany) at 25°C±2°C and 60%±5% 

relative humidity for a 6-month accelerated test. rhEGF 

content, particle size distribution, and EE were determined 

to evaluate the stability of the formulations.

Skin permeability imaging
To investigate skin permeability, we prepared and separated 

FITC-labeled rhEGF (FITC-rhEGF) as follows: 300 µg of 

rhEGF was incubated with 12 µM FITC in 200 mM sodium 

bicarbonate in the dark at 25°C for 3 hours. The reaction mix-

ture was then applied to a Sephadex G-50 column (AMRESCO 

LLC., Solon, OH, USA) equilibrated with 20 mM HEPES/

Na, pH 7.8, and 50 mM NaCl to separate the protein from the 

unreacted probe. FITC-rhEGF liposome-loaded USFD powder 

was prepared using the methods described earlier.

BALB/cA nu/nu mice (mean weight 20±2 g) were 

obtained from the Shanghai Institute of Materia Medica 

(Shanghai, People’s Republic of China), and all experiments 

were approved by the Institutional Animal Care and Use 

Committee of the Shanghai Institute of Materia Medica. 

The animals were euthanized via excess urethane injection. 

The skin was excised, and subcutaneous fat was carefully 

removed. The skins were then washed with physiological 

saline, and their conductivities were measured as an indicator 

of skin integrity. The skin permeability experiment was started 

within 2 hours of skin excision. Skin was cut into pieces (15 

mm × 15 mm) and placed onto filter papers infiltrated with 

physiological phosphate-buffered saline (pH 7.4). The filter 

papers (10 mm × 10 mm) were soaked in 50 µL of FITC-

rhEGF solution and FITC-rhEGF liposome colloid solution 

(containing rhEGF 200 IU/mL) and placed on the skin. The 

filter paper was used to ensure sufficient contact with the 

stratum corneum and avoid solution outflow. FITC-rhEGF 

liposomal dry powders with the same rhEGF content prepared 

using USFD and lyophilization were uniformly spread on the 

skin. The experiment was performed at 37°C for 2 hours in a 

culture dish placed away from light. After the permeability 

experiment, the skin was washed with physiological saline 

and sectioned at 10 µm thickness on a cryostat (CM3050S, 

Leica, Wetzlar, Germany). Fluorescence photomicroscopes 

of the sections were obtained using an IX-70 microscope 

(Olympus, Tokyo, Japan).

ELISA for determining rhEGF  
concentration
To determine the rhEGF concentration, we performed ELISA 

using the standardized human EGF ELISA kit. Sandwich 

ELISA was carried out according to the supplier’s protocol, 

and optical densities were determined using a NOVOstar 

microplate reader (BMG Labtech, Ortenberg, Germany).

Results and discussion
Morphologies and particle sizes  
of liposomal dry powders
rhEGF liposomal dry powders were produced using USFD 

and lyophilization with sucrose-to-phospholipid ratios of 

1:1, 2:1, 3:1, and 4:1. The morphologies of the powders were 

visualized via scanning electron microscopy and are shown in 

Figure 2. The rhEGF bulk drug was found to consist of rod-

like crystals (Figure 2A) with a diameter of approximately 

2 µm. Porous and spherical particles were produced under 

USFD conditions (Figure 2B–E). Each USFD particle had 

numerous pores on both the surface and the inside. Such a fine 

porous internal structure is quite specific for USFD particles, 

as compared with the structure of conventional spray-dried 

particles, which usually have a smooth surface and fewer 

pores.20,21 The nanosized pores seem to be a vestige of the 

sublimation of ice crystals, because the sprayed droplets are 

instantaneously frozen after immersion in liquid nitrogen, 

and their shape and size are retained during subsequent 

drying. In addition, a structural difference was noticeable 

in USFD particles as the sucrose-to-phospholipid ratio 

increased. USFD particles with a higher sucrose concentra-

tion were larger and formed a more compact network surface. 

Liposomal powders formed via conventional lyophilization 

had a flake-like structure (Figure 2F–I). No significant 

difference was found in the morphology of the lyophilized 

dry powders with increased ratios of sucrose to lipid.

The particle size distribution curves and diameters of 

various liposomal dry powders are shown in Figure 3 and 

Table 1, respectively. The mean diameter of the USFD 

particles ranged from 2 µm to 8 µm, which was smaller 

than that of the lyophilized dry powder particles. With an 

increased sucrose ratio, the distribution curve shifted toward 

larger particles (Figure 3). This shift may be attributed to 

the increased viscosity of the spray solution as sucrose 

content increased, resulting in larger spray mists with a 

fixed ultrasonic frequency. Data on the specific surface area 
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Figure 2 Scanning electron micrographs of rhEGF bulk drug and dry powders prepared using USFD and lyophilization with various sucrose to phospholipid ratios. (A) rhEGF 
bulk drug, (B) sucrose to phospholipid ratio 1:1 (USFD), (C) sucrose to phospholipid ratio 2:1 (USFD), (D) sucrose to phospholipid ratio 3:1 (USFD), (E) sucrose to 
phospholipid ratio 4:1 (USFD), (F) sucrose to phospholipid ratio 1:1 (lyophilization), (G) sucrose to phospholipid ratio 2:1 (lyophilization), (H) sucrose to phospholipid ratio 
3:1 (lyophilization), and (I) sucrose to phospholipid ratio 4:1 (lyophilization).
Abbreviations: rhEGF, recombinant human epithelial growth factor; USFD, ultrasonic spray freeze-drying; Acc V, acceleration voltage; Magn, magnification; Det, detector; 
SE, quadratic equation; WD, working distance; Exp, exponent.
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Figure 3 Particle size distribution of recombinant human epithelial growth factor 
liposomal dry powders prepared using ultrasonic spray freeze-drying, with varying 
sucrose to phospholipid ratios.
Abbreviation: D, diameter.

Table 1 Particle size and specific surface area parameters for 
ultrasonic spray freeze-dried and lyophilized recombinant human 
epithelial growth factor liposomal dry powders (mean ± standard 
deviation; n=3)

Formulation  
process

Sucrose to  
phospholipid  
ratio

Mean  
particle 
size (μm)

Specific  
surface  
area (m2/g)

Ultrasonic  
spray freeze  
drying

1:1 3.37±0.41 72.5±4.87
2:1 2.39±0.47 108.7±7.34
3:1 5.88±0.86 54.2±4.26
4:1 8.10±1.02 43.5±3.22

Lyophilization 1:1 7.78±0.79 1.55±0.21
2:1 8.25±0.93 1.51±0.18
3:1 11.24±1.21 1.20±0.10
4:1 18.31±1.44 0.92±0.09

of the particles measured using a gas adsorption method 

are also shown in Table 1. The surface area of the USFD 

particles was much larger than that of the lyophilized 

particles. In particular, USFD particles with a sucrose-to-

phospholipid ratio of 2:1 were 72-fold larger than particles 

from conventional lyophilization. These results are consistent 

with the microporous appearance observed in the scanning 

electron micrographs (Figure 2).

Rapid and complete aqueous dissolution may be achieved 

due to the increased specific area of USFD liposomal dry pow-

der particles. The amount of water absorbed by the dry powder 

was determined after 15 minutes of storage at 60% relative 

humidity. The water content of USFD dry powder (sucrose to 

phospholipid ratio, 2:1) increased by 5.35%, and was a greater 

increase than that seen with lyophilized powder (3.14%). In 
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Figure 4 Scanning electron micrographs of recombinant human epithelial growth 
factor liposomal dry powders prepared by ultrasonic spray freeze-drying (A) and 
lyophilization (B) (sucrose to phospholipid ratio 2:1) after 15 minutes of storage at 
60% relative humidity.
Abbreviations: Acc V, acceleration voltage; Magn, magnification; Det, detector; SE, 
quadratic equation; WD, working distance; Exp, exponent.

addition, scanning electron microscopy performed after stor-

age provided direct visual evidence of dissolution of particle 

structure (Figure 4). The porous structure of USFD powder 

disappeared under high humidity (Figure 4A), whereas the 

flake-like structure of lyophilization powder remained, with 

some edges dissolved (Figure 4B). The high wettability of the 

USFD powders is likely due to the porous structure, increased 

surface area, and small size of the particles.

Solid-state analysis
The solid state of rhEGF liposomal dry powders prepared 

with USFD and conventional lyophilization was inves-

tigated using X-ray powder diffraction (Figure 5). X-ray 

powder diffraction is a direct method for obtaining basic 

information about the structure of a crystalline material. 

As seen in Figure 5A, the X-ray powder diffraction pattern 

of the physical mixture (ie, rhEGF, sucrose, and phospho-

lipid) and rhEGF showed distinct sharp diffraction peaks, 

indicating that the sucrose and raw drug are crystalline. 

After the USFD and conventional lyophilization processes, 

no sharp diffraction peak was observed, indicating that the 

rhEGF liposomes were trapped in an amorphous sucrose 

matrix. Little difference was observed in the X-ray powder 

diffraction patterns for powders prepared using USFD and 

lyophilization (Figure 5B), indicating similar molecular 

arrangements in these samples.

Morphology, particle size, and EE  
of reconstituted rhEGF liposomes
Transmission electron micrographs of rhEGF liposomes 

before dehydration and after reconstitution from USFD 

and conventional lyophilization dry powder are shown in 

Figure 6. Before drying, rhEGF liposomes showed a spheri-

cal morphology and an obvious “annualar ring” because of 

their multiple layers (Figure 6A). The liposomes were mostly 

uniform in size, with an average diameter of approximately 

100 nm. The appearance of rhEGF liposomes reconstituted 

from USFD powder showed no obvious change compared 

with that of liposomes before drying (Figure 6B). In 

contrast, liposomes after reconstitution from conventional 

lyophilization showed a nonuniform distribution with some 

disruption in the lipid bilayer (Figure 6C). This change can 

be explained by the fact that the conventional lyophilization 

and rehydration process may result in liposome disruption 

or aggregation. These results suggest that the USFD process 

has a lesser effect on the microstructure of rhEGF liposomes 

than conventional lyophilization.

The particle size distribution is summarized in Table 2. 

rhEGF liposomes had a mean diameter of 99.2±8.9 nm 

with a polydispersity index of 0.102±0.012 before the 

drying process. All samples tested after USFD and con-

ventional lyophilization were redispersed completely into 

the liposomes. The sucrose-to-lipid ratio had a significant 

effect on the particle size distribution of the reconstituted 

liposomes from both USFD and lyophilization samples. At 

a sucrose to phospholipid ratio of 1:1, values for the particle 

size and polydispersity index of the reconstituted liposomes 

were significantly higher than those obtained before drying 

(P,0.05). The mean particle size of the rhEGF liposomes 

increased from 99.2 nm to 185.1 nm after USFD and to 

167.9 nm after lyophilization. Similarly, the polydispersity 

index increased from 0.102 to 0.165 and 0.177, respectively. 

These results indicate that the lower sucrose/phospholipid 

mass ratio was insufficient to prevent leakage and fusion of 

the liposomes after drying and rehydration, resulting in a 

large diameter and high dispersity. This result is consistent 

with that reported in another study.22 Satisfactory preserva-

tion of liposomal structure was apparent when the sucrose 

to phospholipid ratios were 2:1, 3:1, and 4:1. The particle 

size distribution of the reconstituted liposomes showed no 

marked change compared with that before drying.

The effects of USFD and lyophilization on the EE of 

rhEGF in liposomes are presented in Table 2. The data show 

that a high EE was achieved when the rhEGF liposomes 

were treated using USFD, with a maximum value of 92.7%. 

However, conventional lyophilization yielded rhEGF 

liposomes with low EE (maximum value of 78.3%). These 

results suggest that the surface membrane properties of 

rhEGF liposomes were disturbed during conventional lyo-

philization. Constant particle size, high EE, and large surface 

area are favorable for drug delivery. The formulation with a 

sucrose to phospholipid ratio of 2:1 showed superior surface 

area, particle size distribution, and EE compared with the 

other formulations, and were used in the following studies.
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Figure 5 X-ray diffraction patterns of the physical mixture (rhEGF, sucrose, and phospholipid), rhEGF bulk drug, and rhEGF liposomal dry powder prepared using USFD 
(A) and lyophilization (B) with various sucrose to phospholipid ratios.
Abbreviations: rhEGF, recombinant human epithelial growth factor; USFD, ultrasonic spray freeze-drying.
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Figure 6 Transmission electron microscopic images of (A) recombinant human epithelial growth factor liposomes before drying, (B) reconstituted recombinant human 
epithelial growth factor liposomes prepared using ultrasonic spray freeze-drying, and (C) lyophilization with a sucrose to phospholipid ratio of 2:1.

As reported by Disalvo et al,23 sucrose seems to penetrate 

the phospholipid head groups during freezing and dehydra-

tion and form defects in the lipid membranes of liposomes. 

Sugar is also reported to promote defects in the lipid mem-

brane during freeze-drying, which may induce lipid-protein 

interactions.24 Conversely, after reconstitution of the lipo-

somes, sucrose might promote bilayer expansion, leading 

to leakage of proteins and thereby to low EE. The USFD 

process allows for rapid freezing of atomized droplets just 

after immersion in liquid nitrogen. The microstructure of 

protein-loaded liposomes is fixed immediately and without 

formation of ice crystals. Therefore, proteins are unlikely 

to penetrate the lipid membrane during water sublimation. 

In contrast, the freezing of liposomes is relatively slow in 

conventional lyophilization, which might result in formation 

of ice crystals and disruption of the bilayer structure of the 

liposomes. These results suggest that USFD is superior to 

conventional lyophilization in terms of preserving the geo-

metrical structure of liposomes during dehydration.

In vitro release of reconstituted  
rhEGF liposomes
The release properties of rhEGF from liposomes before and 

after drying were examined in phosphate-buffered saline 
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Table 2 Influence of formulations on the particle size distribution, entrapment efficiency, and drug content of reconstituted rhEGF 
liposomes from dry powder prepared with USFD or conventional lyophilization (mean ± standard deviation; n=3)

Samples Particle size  
(nm)

PI rhEGF content  
(%)

EE (%)

rhEGF liposomes before drying 99.2±8.9 0.102±0.012 99.1±1.2 94.3±2.8
USFD
 S ucrose:phospholipid =1:1 185.1±15.6* 0.165±0.023* 98.1±2.6 75.4±4.7
 S ucrose:phospholipid =2:1 101.6±9.3 0.104±0.011 98.4±1.9 91.7±3.2
 S ucrose:phospholipid =3:1 98.5±8.7 0.103±0.013 99.0±2.1 92.5±3.6
 S ucrose:phospholipid =4:1 95.7±7.2 0.098±0.009 98.8±1.7 92.7±2.7
Lyophilization
 S ucrose:phospholipid =1:1 167.9±18.4* 0.177±0.031* 95.4±2.0 68.7±6.9
 S ucrose:phospholipid =2:1 116.6±11.2 0.130±0.019 95.6±1.6 72.6±5.5
 S ucrose:phospholipid =3:1 105.7±10.8 0.117±0.017 95.9±1.9 76.1±4.9
 S ucrose:phospholipid =4:1 100.2±10.1 0.108±0.016 96.2±2.4 78.3±5.0

Note: *P,0.05 compared with liposomes before drying.
Abbreviations: rhEGF, recombinant human epithelial growth factor; EE, entrapment efficiency; PI, polydispersity index; USFD, ultrasonic spray freeze-drying.
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Figure 7 In vitro release profiles of rhEGF solution, rhEGF liposomes before drying, 
and reconstituted rhEGF liposomes prepared with ultrasonic spray freeze-drying 
and lyophilization.
Abbreviations: rhEGF, recombinant human epithelial growth factor; USFD, 
ultrasonic spray freeze-drying.

(pH 7.4) using a dialysis method. The dialysis rate of a 

substance is usually determined by the cutoff diameter of 

the dialysis bag, the molecular size of the substance, and the 

concentration difference for the substance between the inner 

and outer dialysis bags. As shown in Figure 7, approximately 

90% of the rhEGF was dialyzed out of the dialysis bag 

within one hour when the rhEGF solution was tested. rhEGF 

liposomes treated with conventional lyophilization exhibited 

burst release, ie, approximately 50% of rhEGF dialyzed 

out within the first 30 minutes. The release rates of rhEGF 

from liposomes before and after USFD were very similar, 

with characteristic sustained-release profiles. These results 

suggest that the USFD process might not disrupt the bilayer 

structure of rhEGF liposomes.

Burst release leads to premature inactivation of rhEGF 

in the wound environment. Encapsulation of rhEGF within 

liposomes may decrease the initial burst and improve pro-

tein stability. The burst release of liposomes observed after 

conventional lyophilization suggests that the process disturbs 

the liposomal structure, possibly because conventional 

freeze-drying promotes formation of defects in the membrane 

surface of liposomes. The entrapped protein might be interca-

lated into or leak from the lipid bilayer during the dehydration 

and rehydration processes. The protein was exposed on the 

external surface of liposome membranes, and the exposed 

hydrophilic drug was released readily from the dialysis bag. 

The rapid freezing of the atomized droplets in the USFD 

process preserved the structural and functional integrity of 

the lipid membrane, thus protecting the proteins. Therefore, 

rhEGF liposomes reconstituted from USFD powder retained 

sustained-release features. These results are consistent with 

the EE results.

Stability of rhEGF
For proteins, the preservation of a highly ordered structure, 

such as secondary, tertiary, and quaternary conformation, is 

critical for retaining biological activity. Proteins may undergo 

physical and chemical degradation, which presents specific 

difficulties in the formulation, production, and storage of 

protein pharmaceuticals.5 The biological activity of rhEGF 

was correlated with the protein content. In this study, the 

rhEGF content in phosphate-buffered saline, rhEGF lipo-

somes, and rhEGF liposome-loaded dry powders prepared 

with USFD or conventional lyophilization were determined 

during one month of storage. As shown in Figure 8, the 

rhEGF content in buffer solution decreased markedly after 
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Figure 8 Stability of rhEGF in phosphate-buffered saline (pH 7.4), rhEGF liposomes 
before drying, and rhEGF liposomal dry powders prepared by USFD and lyophilization 
after storage at 25°C and 60% relative humidity for one month.
Abbreviations: rhEGF, recombinant human epithelial growth factor; USFD, 
ultrasonic spray freeze-drying.

Table 3 Particle size distribution, entrapment efficiency, and drug content of reconstituted rhEGF liposomes (sucrose to phospholipid 
ratio, 2:1) from dry powder prepared by USFD or conventional lyophilization after storage for 6 months at 25°C and 60% relative 
humidity (mean ± standard deviation; n=3)

Samples Particle size 
(nm)

PI rhEGF content 
(%)

EE (%)

Drying method Month

USFD 0 101.6±9.3 0.104±0.011 98.4±1.9 91.7±3.2
1 102.1±10.7 0.105±0.020 98.6±2.5 90.8±4.3
2 103.0±8.9 0.105±0.018 98.1±2.1 90.7±2.9
3 105.6±11.5 0.107±0.023 97.9±1.4 89.6±3.7
6 107.4±14.6 0.110±0.043 97.3±2.0 89.3±4.1

Lyophilization 0 116.6±11.2 0.130±0.019 95.6±1.6 72.6±5.5
1 115.7±12.4 0.128±0.021 94.7±1.9 72.1±6.3
2 118.1±11.9 0.133±0.024 94.3±2.3 71.5±6.6
3 121.0±12.1 0.135±0.023 93.8±2.0 69.8±5.1
6 125.4±15.3 0.134±0.027 93.1±2.2 69.2±4.7

Abbreviations: rhEGF, recombinant human epithelial growth factor; EE, entrapment efficiency; PI, polydispersity index; USFD, ultrasonic spray freeze-drying.

one month of storage, with 9.7% of the rhEGF remaining. 

The liposome formulation increased the stability of protein. 

The amount of rhEGF left in the liposomal formulation after 

one month of storage was 39.2%. The rhEGF content in dry 

powders prepared with USFD or conventional lyophilization 

was almost constant during storage.

The stability of rhEGF liposome-loaded dry powders 

prepared with USFD and lyophilization was investigated 

after storage at 25°C and 60% relative humidity for 6 months. 

As shown in Table 3, the particle size distribution, EE, and 

rhEGF content of the reconstituted liposomes remained 

almost constant during storage. These results suggest that the 

solid rhEGF liposomal formulations were very stable under 

the experimental conditions tested. This stability might be 

attributed to the immobilization of molecules in the dry state, 

which substantially inhibits the effects of the surrounding 

environment on the protein content.9

Enhanced dermal delivery  
of FITC-rhEGF liposomes
Fluorescent observations of skin sections were used to 

monitor the penetration of free FITC-rhEGF, FITC-rhEGF 

liposomes, and FITC-rhEGF-loaded liposomal dry powders. 

Figure 9 shows optical section photographs of mouse skin 

after 2 hours of permeation by FITC-rhEGF solution, 

FTIC-rhEGF liposomes, and FTIC-rhEGF-loaded lipo-

somal dry powders prepared with USFD and conventional 

lyophilization. After 2 hours of diffusion, most of the FITC-

rhEGF from the phosphate-buffered saline was located in 

the stratum corneum layer (Figure 9B) compared with the 

visible light microscopy image (Figure 9A). In contrast, 

FITC-rhEGF liposomes before drying showed high FITC 

fluorescence intensity, and the fluorescence was homo-

geneously distributed in the skin (Figure 9C). This result 

indicates that a greater number of rhEGF molecules from 

liposomes can penetrate the skin. FITC-rhEGF liposomal 

dry powder prepared with USFD showed excellent enhanced 

dermal delivery similar to that seen with liposomes before 

drying (Figure 9D). FITC-rhEGF liposomal powder prepared 

via lyophilization showed low fluorescence intensity and 

revealed weak penetration of rhEGF compared with that of 

powder prepared using USFD (Figure 9E).

Proteins like rhEGF have difficulty penetrating the stra-

tum corneum layer of the skin owing to their large molecular 

size. When loaded into liposomes, the permeability of rhEGF 

seemed to increase, as shown in Figure 9C. Ultradeformable 

liposomes have been reported to invade the skin intact and 
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Figure 9 (A) Original microscopic image and (B–E) fluorescence images of mouse skin after a 2-hour diffusion of (B) free FITC-rhEGF, (C) FITC-rhEGF liposomes before 
drying, and FITC-rhEGF liposomal dry powders prepared with (D) USFD and (E) lyophilization.
Abbreviations: FITC, fluorescein isothiocyanate; rhEGF, recombinant human epithelial growth factor; USFD, ultrasonic spray freeze-drying.
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Figure 10 Flexible liposomes and their mechanism of action. The liposomes are 
believed to travel through lipidic regions (pores) in the stratum corneum until they 
reach the epidermis.

penetrate deep enough to be absorbed into the systemic 

circulation.25 The transdermal hydration gradient is said 

to produce a force sufficient to drive vesicles through the 

intact stratum corneum and into the epidermis. Phospholipid 

hydrophilicity leads to xerophobia (a tendency to avoid dry 

surroundings). Accordingly, to retain maximal swelling, the 

vesicles on the skin surface try to follow the local hydration 

gradient and move into the deeper skin strata.26 The stress of 

vesicle skin penetration is reported to develop after drying of 

the vesicles, which, being flexible, can follow the transdermal 

hydration gradient.

Notably, the transdermal efficacy of USFD liposomal 

powder was superior to that of lyophilized powder and can 

be attributed to the high hygroscopicity, structural integrity, 

and high EE of the USFD liposomal dry powder. Accord-

ing to the study above (Figure 4), the porous structure of 

USFD powder allows rapid dissolution owing to its high 

specific area. The exposed vesicles may adsorb to the stra-

tum corneum surface and form a hydration shell. The intact 

elastic vesicles can rapidly enter the stratum corneum via 

channel-like regions. The results suggest that the USFD 

technique was more efficient than conventional lyophiliza-

tion in maintaining drug loading and promoting the dermal 

penetration of liposomes.

The penetration of liposomes through the epidermis and 

the upper dermis appears to follow thread-like pathways. 

Similar results have been reported elsewhere27 and can be 

explained by the fact that the stratum corneum consists 

of densely packed lipids corresponding to the lipid matrix 

domain and contains “pores” and “pathways” that are very 

small relative to the vesicle diameter (Figure 10). Indeed, the 

diameter of the pores in the stratum corneum lipid matrix 

is smaller than the vesicle diameter; the pore diameter is 

approximately 50 nm or less.28 Elastic particles can penetrate 

a pore with a diameter three times smaller than their own.29 

Therefore, vesicles less than 150 nm are believed to penetrate 

the skin. This estimation is consistent with the particle size 

of the rhEGF liposomes in the present study.

Conclusion
The USFD technique was applied in this study to prepare 

a redispersible rhEGF liposomal dry powder for der-

mal delivery. The characteristics of the dry powder and 
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reconstituted liposomes produced with USFD were system-

atically compared with those of liposomes produced with 

conventional lyophilization. The USFD process showed a 

negligible effect on the morphology, particle size distribu-

tion, EE, release profile, and skin penetration of the rhEGF 

liposomes. By contrast, the conventional lyophilization 

procedure induced the formation of ice crystals and dis-

rupted the bilayer structure of liposomes. The particle size, 

EE, release profile, and skin penetration of reconstituted 

liposomes was significantly changed by rhEGF leakage. The 

structural integrity and steady drug EE of the reconstituted 

liposomes suggest that USFD is a promising technique for 

the production of protein-loaded liposomal dry powder for 

skin penetration.
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