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Abstract

Aim: This work is aimed to study the feasibility of insulin nanoparticles for transdermal drug delivery (TDD)
using supercritical antisolvent (SAS) micronization process. Methods: The influences of various experimen-
tal factors on the mean particle size (MPS) of insulin nanoparticles were investigated. Moreover, the insulin
nanoparticles obtained were characterized by scanning electron microscopy (SEM), dynamic light scatter-
ing (DLS), Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), differential scanning
calorimetry (DSC), and thermogravimetric (TG) analyses. Results: Under optimum conditions, uniform
spherical insulin nanoparticles with a MPS of 68.2+10.8 nm were obtained. The Physicochemical charac-
terization results showed that SAS process has not induced degradation of insulin. Evaluation in vitro
showed that insulin nanoparticles were accorded with the Fick's first diffusion law and had a high perme-
ation rate. Conclusion: These results suggest that insulin nanoparticles can have a great potential in TDD

systems of diabetes chemotherapy.
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Introduction

It is understood that diabetes has become the third fatal
disease after cardiovascular-cerebrovascular diseases
and the cancer. Diabetes mellitus is caused by a
decreased ability to use insulin or by decreased produc-
tion of insulin, which results in decline of glucose
levels'. Therefore, insulin is the most commonly used
and the most important drug to treat diabetes mellitus
patients in clinics?.

Insulin is the only hormone protein that decreases
glucose levels in the body. In the present study, the
methods of drug delivery mostly include transdermal®,
nasal?, pulmonary5, buccal®, ocular’, and rectal®. However,
there are some limitations to the delivery of insulin,
such as short half-life, low permeation rates, and diges-
tion by various proteolytic enzymes®. Transdermal
delivery of insulin is an attractive method for the simple
reason that it controls the release of drug and avoids

possible enzymatic degradation resulting from gas-
trointestinal tract (GIT) of first-pass (gastric, intestinal,
and hepatic) effects'®. Nevertheless, the stratum cor-
neum (skin’s outermost layer) has a low permeability!.
Therefore many attempts have been explored to enhance
the permeation rates of insulin through skin, such as
weakening the barrier with skin absorption enhancers'?,
iontophoresisl3, ultrasound'®, and microneedles!®. One
such attempt is the micronization of drug particles.
Supercritical antisolvent (SAS) process is a new
micronization technology developing in the recent
years. It is suitable to prepare the micro- or nano-
particles because of low temperature and inertia'®. The
advantage of SAS process is that it is inexpensive, innoc-
uous, and pollution-free. So far, more than 20 materials
have successfully produced nanoparticles!”®. In this
study, insulin nanoparticles were prepared by a SAS
process. The insulin nanoparticles obtained were char-
acterized by scanning electron microscopy (SEM),
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dynamic light scattering (DLS), Fourier-transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD),
differential scanning calorimetry (DSC), thermogravi-
metric (TG) analyses and in vitro evaluation with the
purpose of developing a suitable drug-delivery system
of diabetes chemotherapy and transdermal drug
delivery (TDD) systems of insulin.

Materials and methods

Materials

Dimethyl sulfoxide (DMSO, purity > 99.5%) and insulin
(purity > 27 USP units/mg) made from bovine pancreas
were supplied by Sigma-Aldrich (St. Louis, MO, USA).
High purity CO, (purity > 99.99%) was supplied by
Liming Gas Company of Harbin (Harbin, PR China).
These chemicals were used without further purification.
Deionized pure water was prepared in our laboratory.

Methods

Apparatus and procedure

Figure 1 shows the schematic diagram of the SAS pro-
cess apparatus. The CO, is cooled with a cooler (4)
before being compressed by a liquid pump (8). The
pressure is controlled by a backpressure-regulating
valve. The CO, is then preheated in a heat exchanger
(13), after which it enters the precipitation chamber
(18). Simultaneously, the insulin DMSO solution is
pumped, heated, and fed to the 1000 mL precipitation
chamber through a stainless steel nozzle of 150 um (16).
A stainless steel frit vessel (17) of 200 nm is put into the
precipitation chamber to collect the insulin nanoparti-
cles and to let the SC-CO,/DMSO mixture pass through.

The flow rate of the mixture that leaves the precipitator
is controlled by a valve (21) located between the
precipitation chamber and the gas-liquid separation
chamber (22). The liquid pump (6) is stopped when the
fixed quantity of insulin DMSO solution is injected.
Delivery of supercritical CO, is continued for 30
minutes to wash the frit vessel of the residual content of
liquid solubilized in the supercritical antisolvent.
Finally, the samples of insulin nanoparticles are taken
from the frit vessel for further characterization analysis.

Optimization of SAS process

The orthogonal optimization experiment was carried
out with four factors and four levels, namely A (concen-
tration of insulin solution at 1.0, 1.5, 2.0, 2.5 mg/mL,
respectively), B (drug solution flow rate at 3.3, 6.6, 9.9,
13.2 mL/min, respectively), C (precipitation pressure at
10, 15, 20, 25 MPa, respectively), and D (precipitation
temperature at 40°C, 45°C, 50°C, 55°C, respectively).
The range of each factor level was based on the results
of preliminary experiments (Table 1). The mean parti-
cle size (MPS) (nm) of insulin nanoparticles was the
dependent variable. The data was analyzed using the
Design Expert 7.0 software. The significance level was
stated at 95%, with P-value 0.05.

Powder characterization

Scanning electronic microscopy. SEM micrographs were
taken using FEI Quanta 200 Environmental Scanning Elec-
tron Microscope (FEI Inc., Eindhoven, The Netherlands).
Samples were coated by gold before examination (cath-
ode dispersion).

Dynamic light scattering. The MPS of insulin nanopar-
ticles was determined by a DLS equipment (ZetaPAL/
90plus, Brookhaven Instruments, New York, NY, USA)
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Figure 1. Schematic diagram of the apparatus. 1. CO, cylinder; 2, 14, 15, 19, 21, 23, 24, 26, and 27. Valves; 3. Check valve; 4. CO, cooler; 5. Liquid
solution supply; 6. Liquid pump; 7 and 9. Flow meter; 8. CO, pump; 10, 13, and 20. Heat exchangers; 11, 12, and 25. Filters; 16. Nozzle; 17. Stain-
less steel frit vessel of 200 nm; 18. Precipitation chamber; 22. Gas-liquid separation chamber.
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Table 1. The factors and levels of the orthogonal array design.

A B C D
Concentration of
insulin solution Insulin solution flow Precipitation Precipitation
Factor (mg/mL) (mL/min) pressure (MPa) temperature (°C)
Levels
1 1.0 3.3 10 40
2 1.5 6.6 15 45
3 2.0 9.9 20 50
4 2.5 13.2 25 55

with a He-Ne laser (632.8 nm, 35 mW) as light source.
Nanosuspension in filtered pure water was made for
insulin particles. The water was pre-saturated with
insulin to avoid dissolution of the nanoparticles. All the
measurements were repeated three times. The MPS and
standard deviations obtained were used to fit the parti-
cle size distribution to a lognormal distribution.

Fourier transform infrared spectrum. Chemical analy-
ses of insulin samples were performed by FTIR
spectroscopy using a MAGNA-IR560 E.S.P (Nicolet,
Madison, WI, USA) instrument. The spectra were col-
lected in transmission mode at room temperature in
4000-400 cm™! range at a resolution of 2 cm™,

X-ray diffraction. Insulin particle crystallinity was ana-
lyzed using Xpert-Pro X-ray diffractometer (Philips;
Xpert-Pro, Almelo, The Netherlands), with Cu Kal radi-
ation generated at 30 mA and 50 kV. The XRD patterns
were obtained in 26 range of 3-80° using a 0.02° step
size and 5°/min scan speed.

Differential scanning calorimetry and thermogravimetric
analysis. The thermal property of proteins was ana-
lyzed with differential scanning calorimeter (DSC 204;
TA instruments, New Castle, DE, USA). A sample of
about 2 mg was sealed in an aluminum standard pan
and then heated at a fixed temperature increment of
5°C/min and a temperature range of 30-200°C. The
thermal stability of unprocessed and SAS-prepared
samples was tested with a thermogravimetric analyzer
(Diamond TG/DTA Perkin-Elmer, Waltham, MA, USA).
During the course of testing, the samples weighing 2-3
mg were heated at a fixed heating rate of 10°C/min from
20°C to 500°C under a nitrogen purge.

Ex vivo permeation studies. The ex vivo percutaneous
absorption experiments were performed on Wistar rat
skin with Franz diffusion cells. A female Wistar rat (200-
250 g) was sacrificed by excessive ether anesthesia and
the hair was removed from the dorsal portion using an
animal hair clipper. After harvesting the entire skin, the
fat adhering on the dermis side was removed using a
scalpel and 0.1% trypsin solution. Finally, the skin was
washed in physiological saline and stored at -20°C in
aluminum foil packing. The intactness of the skin was
tested with a 0.1% methylene blue solution on the dona-
tor site using a stereoscope. Rat skin was mounted on

cells with a surface area of 1.766 cm? and a receiver
compartment filled with 12 mL phosphate-buffered
saline (0.1 M; pH 7.4). The receiver fluid was continu-
ously stirred with a stirring speed of 1000 rpm and
maintained at 37 + 1°C. The water-dispersing solution
with concentration of 0.4 and 5 mg/mL (containing 5%
glycerol) of raw and insulin nanoparticles were applied
to the epidermal surface. The receiver fluid was
removed 3 mL at a time at 0.5, 1, 1.5, 2, 3, 4, 5, and 6
hours and supplied with the same volume of fresh
receiver solution. The concentrations of insulin in
receiver fluid samples were determined using a waters
HPLC system consisting of a pump (Model 1525), an
auto-sampler (Model 717 plus), UV detector (Waters
2487 Dual )\ Absorbance Detector) at 214 nm. The C18
column (Diamonsil, 5 um, 4.6 mm x 250 mm, Dikma
Technologies) was used at 25 °C. The mobile phase con-
sisted of 0.1 mol/L sodium phosphate-0.05 mol/L
sodium sulphate-acetonitrile (35:35:30, v/v/v) delivered
at 1.0 mL/min. The injection volume was 20 pL.

Results and discussion

Optimization study and morphology of insulin
nanoparticles

The results of the experiment and the collected data for
MPS of micronized insulin is shown in Table 2. The
results in Table 2 indicate that the maximum MPS of
insulin nanoparticles was 317.4 £ 20.9 nm, and the min-
imum was 81.5 + 4.7 nm and the influence on the MPS
of insulin nanoparticles decreases in the order:
A>C>B>D according to the R-values. So the minimum
MPS of insulin nanoparticles was obtained when con-
centration of insulin solution, drug solution flow rate,
precipitation pressure, and precipitation temperature
were A;B;C,D; (1.0 mg/mL, 9.9 mL/min, 25 MPa, and
40°C), respectively. Through a confirmatory test,
smaller micronized insulin was obtained, with a MPS of
68.2 = 10.8 nm. Figure 2 shows that raw insulin particles
are irregular lump crystals with length varying from 0.5
to 14.4 um. It can be seen from Figure 3 that insulin
nanoparticles are spherical.
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Table 2. Orthogonal array design OA, 4 (4)° and experimental results.

Trial no. A B C D CO, flow rate (kg/h) MPS(nm) + SD (n=3)
1 1 1 1 1 12.0 106.0 + 6.6
2 1 2 2 2 12.0 130.3+9.0
3 1 3 3 3 12.0 81.5+4.7
4 1 4 4 4 12.0 141.5+£5.3
5 2 1 2 3 12.0 228.91+7.6
6 2 2 1 4 12.0 275.2+21.3
7 2 3 4 1 12.0 132.8+6.3
8 2 4 3 2 12.0 240.9+9.0
9 3 1 3 4 12.0 195.4+10.1
10 3 2 4 3 12.0 169.0+ 8.3
11 3 3 1 2 12.0 262.8+13.4
12 3 4 2 1 12.0 281.5+8.8
13 4 1 4 2 12.0 247.8+17.4
14 4 2 3 1 12.0 218.5+15.7
15 4 3 2 4 12.0 291.1£20.3
16 4 4 1 3 12.0 317.4+20.9
K;? 114.8+6.4 194.5+10.4 240.4%15.6 184.7+9.4

K, 219.5+11.1 198.3+13.6 233.0+11.4 220.5+12.2

Ks 227.2+10.2 192.1+11.2 184.1+9.9 199.2+10.4

K, 268.7+18.6 245.3+11.0 172.8+£9.3 225.8+14.3

RP 153.9 53.3 67.6 41.1

Optimal level Ay B; Cy D,

3K = S(mean particle size at Ai)/4, the mean values of mean particle size for a certain factor at each level with standard deviation. "R = max

K -min KA.

Mag 1000x —20.0ym— Mag 20000x 20.0ym

Figure 2. SEM image of raw insulin. Figure 3. SEM images of nano insulin precipitated from DMSO
under optimum condition.

Effect of the process parameters ferent process parameters are shown in Figure 4. Table 3

In this study, ultra-fine insulin particles were prepared lists the data of the analysis of variance (ANOVA) table
with the SAS apparatus by using DMSO as a solvent and of this experiment. The influences of several process
carbon dioxide as an antisolvent. The relationships parameters on the MPS of the particulate products are

between the MPS of ultra-fine insulin particles and dif- discussed as followed.
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Figure 4. The effect of each parameter on the MPS of micronized insulin. Error bar shows standard deviations for n = 3. (a) Concentration of
insulin solution; (b) Insulin solution flow rate; (c) Precipitation pressure; (d) Precipitation temperature.

Table 3. ANOVA analysis of four parameters for SAS process of insulin.

Source Sum of squares (SS) Degrees of freedom (df) F-ratio Fyo5 Type of effect
(A) Concentration of insulin solution 51,455.992 3 29.143 9.280 Significant
(B) Insulin solution flow rate 7693.362 3 4.357 9.280

(C) Precipitation pressure 13,925.502 3 7.887 9.280

(D) Precipitation temperature 4365.267 3 2.472 9.280

Figure 4a shows the effect of the concentration of
insulin solution (1.0, 1.5, 2.0, and 2.5 mg/mL) on the
MPS of particulate products. As shown in the figure,
the MPS increased with increasing concentration.
According to the atomization and droplet broken
mechanism, the increase of insulin solution concen-
tration results in the increase of the viscosity and sur-
face tension of the mixture in the precipitation
chamber, which increases the thickness of the liquid
film and the drag coefficient between the droplet and
the gas phase. These factors would lead to an imper-
fect atomization and the droplet tends to turn into
disc-shaped objects. Based on the concept of ‘one
droplet one particle’'9, the large particles are formed
at high concentration of insulin solution. The concen-
tration of insulin solution was appraised as a signifi-
cant factor, based on ANOVA with 95% confidence.

Figure 4b shows the effect of drug solution flow rate
(3.3,6.6,9.9, and 13.2 mL/min) on the MPS of particu-
late products. As shown in the figure, the MPS
remained constant when the drug solution flow rate

increased from 3.3 to 9.9 mL/min, and increased signifi-
cantly from 9.9 to 13.2 mL/min. With the increase of the
drug solution flow rate the mass flow rate of the liquid
mixture increases, which leads to the increase in the
thickness of the liquid film. Therefore, the droplet
formed by the SAS process becomes large and the parti-
cles precipitated in the precipitator become large based
on the mechanism of ‘one droplet one particle’.

Figure 4c shows the effect of precipitation pressure (10,
15, 20, and 25 MPa) on the MPS of particulate products. As
shown in the figure, the MPS decreased with increasing
pressure. The explanation for this effect is related to the
enhancement in solvent power of SC-CO, with increas-
ing pressure that will reduce the solvation sphere of the
DMSO molecules and, consequently, decrease the pos-
sibility of interaction between DMSO and insulin. At the
same time, with the increase of the pressure in the pre-
cipitation chamber, the content of CO, in the liquid
solution increases rapidly, while the viscosity and the
surface tension of the mixture in the precipitation
chamber reduce. The atomization becomes more violent
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and the primary droplets formed become smaller,
which results in the precipitation of smaller particles.
Therefore, when the pressure increases, the MPS
becomes smaller. However precipitation pressure was
not identified as a significant factor for insulin microni-
zation, based on ANOVA.

Figure 4d shows the effect of precipitation tempera-
ture (40°C, 45°C, 50°C, and 55°C) on the MPS of
particulate products. In this study, the precipitation
temperature does not significantly affect the MPS. The
influence of the precipitation temperature on the pro-
cess is in two ways: one is that the viscosity of the mixture
in the precipitation chamber decreases with the increase
of the temperature, the other is that the increase of the
temperature results in decreasing of CO, content in the
liquid solution. These two opposite effects might offset
each other and weaken the effect of temperature on the
atomization of the liquid mixture in the precipitation
chamber and the formation of the particles to a certain
extent. Therefore, the influence of the precipitation tem-
perature on the MPS is not remarkable.

Physicochemical characterization

The molecular structures of raw and nano insulin were
examined with FTIR. FTIR spectra (see supplementary
Figure S1 available online at http://informahealth-
care.com/doi/suppl/[doinumber]) show the presence
of the following speaks: 3320, 2959, 1657, 1517, 1241,
and 617 cm™. No significant differences were observed
between the two samples.

XRD analyses of raw and nano insulin were
performed to evaluate the occurrence of eventual struc-
tural changes at the crystal level. Figure 5 shows that
raw insulin has two weak broad peaks (at 26 = 9.5° and

raw insulin

Intensity
I

nano insulin

0 20 40 60 80 100
20(%)
Figure 5. XRD patterns of raw and nano insulin (nano insulin is the

micronized insulin precipitated from DMSO under optimum
condition).
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Figure 6. TGA results of insulin powders. (a) Raw insulin; (b) Nano
insulin (nano insulin is the micronized insulin precipitated from
DMSO under optimum condition).

22.3°), revealing that the raw insulin samples have low
crystallinity. However, the XRD spectrum of nano
insulin shows only one broad peak (at 26 = 22.3°) com-
pared to raw insulin. The disappearance of diffraction
peak at 9.5° is attributed to the reduced particle crystal-
linity or the decrease in the particle size.

The TGA results, used to examine the thermal prop-
erty of nano insulin, are shown in Figure 6. Raw insulin
is observed to moderately lose weight from 20°C to
100°C, due to its water loss. Then its weight decreases
quickly from about 225°C, due to its strong vaporiza-
tion, followed by its decomposition. However, the TGA
result of nano insulin shows higher weight loss percent-
age compared to raw insulin at the same temperature. It
is possibly due to the fact that nano insulin with small
MPS has higher specific surface area and hence has
higher specific surface energy, which subsequently
leads to an easier vaporization and earlier decomposi-
tion energy. Similar results have been reported in other
papers®.

To further confirm the physical state of insulin sam-
ples, DSC test was preformed (Figure 7). The thermo-
gram of raw and nano insulin show one broad
endothermic peak around 72.93°C (the enthalpy
change of this peak was AH = 98.9174 J/g) and 63.11°C
(AH = 50.9765 ]/g), respectively, which is due to water
loss. It agrees with TG analysis. The difference observed
for thermogram may be due to lower crystallinity or
higher specific surface energy of nano insulin, which
subsequently leads to an easier water loss.

Percutaneous absorption of insulin nanoparticles

The ex vivo percutaneous absorption experiments were
performed on Wistar rat skin with Franz diffusion cells.
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Figure 7. DSC patterns of raw and nano insulin. (a) Raw insulin; (b) Nano insulin (nano insulin is the micronized insulin precipitated from

DMSO under optimum condition).

The intactness of the skin was tested with 0.1% methyl-
ene blue solution on the donator site using a stereo-
scope before the percutaneous experiment. Figure 8a-c
are the photographs of the original rat skin (undyed),
intact skin, and damaged skin. Two experimental
groups (concentration of 0.4 and 5 mg/mL) were
carried out with intact skin. The penetration of insulin
dispersion into phosphate-buffered saline (0.1 M; pH
7.4) through rat skin was investigated over 6 hours. Each
sample was analyzed in triplicate. Figure 9 shows the
penetration profile of raw and nano insulin suspension.
According to Figure 9, the process of percutaneous
absorption is a uniform acceleration release. There is a
linear relationship between accumulation penetration
count and time, the permeation coefficient of raw and
nano insulin are 0.52 and 14.47 ug/cm?/h (5 mg/mL),
1.26 and 10.79 pg/cm?/h (0.4 mg/mL), respectively.
Insulin nanoparticles were accorded with the Fick’s first

diffusion law and had a high permeation rate. Figure 10
shows the particle size distribution of insulin penetrat-
ing fluids accordingly. As can be seen from the figure,
the MPS of raw and nano insulin water-dispersing solu-
tion containing 5% glycerol are 4612.0 and 201.8 nm,
respectively. This fact indicates that the increase of per-
meance and penetration rate may be due to the
decrease of the MPS of nano insulin. These results sug-
gest that insulin nanoparticles can have a great poten-
tial in TDD systems of diabetes chemotherapy.

Conclusion

In conclusion, uniform spherical insulin nanoparticles
with a MPS of 68.2 + 10.8 nm were obtained by SAS pro-
cess. Moreover, insulin nanoparticles were characterized
by SEM, DLS, FTIR, XRD, DSC, and TG analyses. The

Figure 8. Photographs of the Wistar rat skin. (a) Original rat skin (undyed); (b) Intact skin (tested with 0.1% methylene blue solution); (c)

Damaged skin (tested with 0.1% methylene blue solution).
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Figure 10. Particle size distribution of penetrating fluids. (a) Raw insulin (water dispersing solution containing 5% glycerol); (b) nano insulin

(water dispersing solution containing 5% glycerol).

results showed that SAS process has not induced degra-
dation of insulin. Evaluation in vitro showed that insulin
nanoparticles were accorded with the Fick’s first diffu-
sion law and had a high permeation rate. These results
suggest that insulin nanoparticles can have a great
potential in TDD systems of diabetes chemotherapy.
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