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Abstract

Background: Superoxide dismutase (SOD), which inhibits lipid peroxidation and scavengers oxygen radicals, is an effective enzyme
for treatment of skin ulcer lesion especially due to burns. Superoxide Dismutase is a hydrophilic compound with high molecular
weight and low affinity for partitioning into skin. Moreover, another important limitation for its use in medicine is thermal denat-
uration and inactivation.
Objectives: We developed solid lipid nanoparticles (SLN) dispersions for enhancing superoxide dismutase penetration across
burned rat skin and enzyme protection against environmental degradation.
Methods: Solid lipid nanoparticles were prepared with cold homogenization method because SOD is a thermo sensitive compound.
The characteristics of SLNs such as particle size, entrapment efficiency and enzyme release pattern and permeability through burned
rat skin were evaluated.
Results: Solid lipid nanoparticles showed more than 90% entrapment efficiency and particle size lower than 102 nm. In vitro re-
lease study demonstrated SOD burst and sustained release characters in this manner with maximum of 65% of enzyme released
after 48 hours. The SOD activity was measured and results indicated that SLN could protect activity of the enzyme. Differential scan-
ning calorimetry of SLNs showed low crystalinity index percentage that is a reason for high entrapment efficiency and burst release
character.
Conclusions: The results indicated that SOD-loaded in SLN was delivered into deep burned skin layer and induced high enzyme
activity through the skin. Low particle size, application of lecithin as surfactant and low crystallinity index (CI) percentage were
important factors for increasing SOD penetration through the burned rat skin. Percentage of activity by SLN dispersions through
rat skin was 13 folds more than the control.
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1. Background

Burn is a post-traumatic inflammatory disease asso-
ciated with many local and distant effects resulting in
intense inflammation, tissue damage and infection. In-
creased histamine activity, enhanced by the catalytic prop-
erties of xanthine oxidase, causes progressive local in-
creases in vascular permeability. Toxic by-products of xan-
thine oxidize, including hydrogen peroxide and hydroxyl
radical, cause direct damage in dermal structures. Burn
initiates systemic inflammatory reactions by producing
toxic mediators such as reactive oxygen species (ROS), al-
most in every tissue directly or indirectly (1). Oxygen rad-
icals are involved in the inflammatory process following
thermal injury. Oxygen radicals participate in some patho-

physiological processes such as formation of edema into
zone of stasis. Three zones of burns are: coagulation, sta-
sis and hyperaemia. Any additional results such as oedema
can convert stasis zone into an area of complete tissue
loss that leads to wound deepening (2). Clinical response
to burn is dependent on the balance between production
of free radicals and its detoxification. Production of ROS
is physiologically regulated in cells (1). Normally, to pre-
vent the destructive potential of oxygen radicals, cells are
able to defend by preventing or limiting oxidative injury.
These cyto-protective mechanisms, known as antioxidant
defenses, include several enzyme systems designed to scav-
enge oxygen radicals and detoxify them. They exist in both
the aqueous and membrane compartments of cells and
can be either enzymatic or non-enzymatic antioxidants (3).

Copyright © 2016, School of Pharmacy, Ahvaz Jundishapur University of Medical Sciences. This is an open-access article distributed under the terms of the Creative
Commons Attribution-NonCommercial 4.0 International License (http://creativecommons.org/licenses/by-nc/4.0/) which permits copy and redistribute the material just in
noncommercial usages, provided the original work is properly cited.

http://jjnpp.com/
http://dx.doi.org/10.17795/jjnpp-33968


Karami MA et al.

One of the enzymatic defenses against ROS is superoxide
dismutase (SOD), which converts the superoxide radical
to less bioactive hydrogen peroxide and oxygen molecules
and plays an important role in self-defense mechanisms of
cells against oxidative stress. The delicate balance between
antioxidants and oxidant production during burns and
many pathophysiological conditions may be disrupted by
either deficient antioxidants or excess oxidants. Exoge-
nously taking antioxidants such as SOD can partly decrease
burn injury (1).

Superoxide dismutase is a metalloenzyme, which is
found at high levels in eukaryotic aerobic cells under nor-
mal physiological conditions (4). Some clinical uses of this
enzyme include rheumatoid arthritis, aging, cancer and
respiratory distress syndrome (5). Superoxide dismutase
has been investigated for use in the treatment of several
diseases in which the superoxide radical is involved (6).
Treatment using SOD appears to be a promising alternative
to conventional therapy. Various studies have attempted to
use it in the treatment of oxidative stress-related diseases
such as burns (7). These studies were mainly based on sys-
temic application of SOD. However, because of its short bi-
ological half-life, relatively high molecular weight and hy-
drophilic nature, the tissue protecting effect of systemi-
cally administered SOD has been reported minimum, and
hence repeated administration for achieving the therapeu-
tic effect is required (8). Additionally, the SOD becomes in-
activated by its own reaction product, hydrogen peroxide,
also generating very toxic radical species in the organism
(9).

Major approaches have been attempted to avoid these
problems with the clinical application of SOD. One in-
volves improving SOD properties by chemical modifica-
tion through covalent linkage to hydrophilic molecules
(9). The other is by increase in therapeutic effectiveness
of enzymes through using controlled-release systems com-
posed of hydrophilic polymer hydrogels of proven bio-
compatibility (9). Topical and transdermal drug delivery
such as liposomal formulation was also used for SOD deliv-
ery (6).

Solid lipid nanoparticles (SLNs), a new nanoparticle-
based drug delivery system with range in diameter from
10 to 1000 nm has attracted significant attention. The ad-
vantages of SLNs compared to conventional drug delivery
systems include improved efficacy, reduced toxicity, pro-
tected active compounds and enhanced biocompatibility
(10).

Solid lipid nanoparticles are very attractive colloidal
carrier systems for skin applications due to their various
desirable effects on skin besides the characteristics of a col-
loidal carrier system. They are well intended for use on
damaged or inflamed skin because they are prepared us-

ing non-irritant and non-toxic lipids (11). General features
of SLN are their composition of physiological compounds,
possible routes of administration such as intravenous, oral
and topical, and the relatively low costs of excipients. The
other advantage is easy large-scale production (12).

It has been reported that under optimized condi-
tions they can be used to incorporate hydrophobic or hy-
drophilic drugs. Formulation in SLN improves protein sta-
bility, avoids proteolytic degradation, as well as sustained
release of the incorporated molecules (11).

2. Objectives

Considering the features mentioned above, in order
to deliver SOD topically and enhance permeation through
burned rat skin as well as protecting it from environmen-
tal degradation, it was aimed to prepare SLN loaded with
SOD.

3. Methods

Superoxide dismutase (S 2515, 15000 U, Lot 068K 23654
from bovine Erythrocytes, 2500 - 7000 Unit/mg Proteins),
SOD assay Kit (19160-1KT-F, Lot N. BCBF6457), and Brad-
ford Reagent were purchased from Sigma-Aldrich; Com-
pritol®888 ATO (Glycerylbehenate) was a gift from Gat-
tefosse Pharmaceuticals (France), Soybean Lecithin from
Serva Feinbiomedica (Heidelberg/ New York, USA), Span 20
and Tween 80 from Daejung Chemicals and Metals Co. (Ko-
rea). Oleic acid, propylene glycol and polyethylene glycol
300 were provided from Merck. Deionized double distilled
(DDD) water was used wherever required.

3.1. Factorial Experimental Design

Eight formulations were prepared using factorial de-
sign with different amounts of ingredients. Table 1 shows
the variables with their levels. The levels were based on pre-
formulation studies.

Table 1. Variables and Their Levels in Factorial Design

Variable Up Level Low Level

Lipid phase percent 90% 70%

Liquid lipid/solid lipid 15: 85 5: 95

Surfactant Tween 80 + Span 20 (1: 1) Lecithin
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3.2. Preparation of Solid Lipid Nanoparticles Containing Super-
oxide Dismutase

Cold homogenization technique was applied to pre-
pare solid lipid nanoparticles loaded with SOD. Solid lipid
(Compritol) was indirectly heated (up to 65°C) to be melted
and then liquid lipid (oleic acid) was added and mixed.
Next, surfactant either lecithin or mixture of Tween 80 and
Span 20 in proportion of 1: 1 and SOD was dissolved in wa-
ter and was added to melted lipid phase and stirred until a
homogenous mixture was formed, and was then sonicated
(ELMA, S 30H, Elmasonic, Germany) at 90 w and 37°C for
two minutes, and congealed by adding a mixture of water
and propylene glycol at 4°C (in proportion of 4: 1) to reach
60 mL of volume. The mixture was contemporaneously ho-
mogenized using high speed homogenizer (IKA® T25 dig-
ital ULTRA-TORRAX®, Germany) at 12000 RPM for 20 min-
utes (11, 13).

3.3. Enzyme Assay Method

Activity of SOD was determined with a kit based on abil-
ity of enzyme to convert superoxide radicals, produced by
xanthine/xanthine oxidase, to hydrogen peroxide and to
inhibit indicator oxidation and color formation (6, 7, 14).

In order to calculate the entrapment efficiency and
drug release profiles, protein concentration was deter-
mined using the Bradford Method, a general method for
quantification of total protein using BSA as a standard pro-
tein.

3.4. Measurement of Particle Size

After diluting formulations, the size and size distribu-
tion of particles were analyzed using Particle Size Analyzer
instrument (Scatteroscope 1 Qudix, Korea). Each sample
was assessed three times and the average of results was cal-
culated (15).

3.5. Differential Scanning Calorimetry (DSC) Studies

To study the behavior of nanoparticles under thermal
stress, differential scanning calorimetry (Mettler Toledo,
Switzerland) was used. The effect of independent vari-
ables on phase transitional temperature, enthalpy of each
peak, interaction between ingredients and SOD were stud-
ied through heating and cooling programs. An empty alu-
minum pan was used as the reference (10).

3.6. Determination of Entrapment Efficiency

To calculate the entrapment efficiency (EE %) of parti-
cles, 2 mL of each formulation was centrifuged (Vision, Sci-
entific Co. LTD, Korea) at speed of 30000 RPM for 25 min-
utes at 4°C to separate the unloaded drug. The particles
were rinsed twice with water and added to the supernatant

to separate the unloaded drug completely. This part was
used to determine the un-entrapped drug using the follow-
ing equation:

EE% = (Total drug-un entrapped drug) × 100 / Total
drug

On the other hand, the SLN-encapsulated SOD activ-
ity and amount of protein were measured after SLNs were
treated with Triton X-100, as detergent with concentration
of 0.5% (w/v). The effect of Triton X-100 on SOD activity
was evaluated by using SOD-standard dissolved in the de-
tergent solution (6).

3.7. In Vitro Release of SOD

Apparatus No. 2 USP of dissolution was used for the
drug release study. For each formulation, 10 mL was
centrifuged at speed of 30000 RPM for 25 minutes at
4[U+0366] C to separate particles. The particles were
washed twice with water and then suspended in 50 mL of
phosphate buffer, pH = 7.4. The suspension was poured
in apparatus vessel and speed and temperature were ad-
justed on 50RPM and 37°C, respectively. At intervals of
0.5, 1, 2, 3, 4,6, 8, 12, 24, 36 and 48 hours from the begin-
ning of the experiment, sampling was carried out by with-
drawal of 2 mL of each formulation and replaced with 2
mL of fresh phosphate buffer to maintain the volume con-
stant. The cumulative percentage of drug released was il-
lustrated against time.

3.8. Study of Permeation of Solid Lipid Nanoparticles Through
Burned Rat Skin

Eight male Vistar rats with average weight of 226 ±
22.1g were kept for seven days of acclimatization, and
given a standard diet and water. Water and food were re-
moved one hour before experimental trauma. The ani-
mals were anaesthetized by intraperitoneal injection of ke-
tamine/xylazine, shaved, and burned dorsally by a smooth
metal surface preheated to 100°C by electrical power for
15 seconds to produce a uniform deep second-degree burn
with a size of 4 cm in diameter. Afterwards, the animals
were killed with excess dose of ketamine, and burned skin
was removed and after cleaning the additive lipids using
acetone, mounted on static Franz cell between donor and
receiver compartments. The donor medium was 2.5 mL of
SLN loaded SOD and a SOD solution in buffer phosphate
(pH 7.4) with the same concentration as control and the re-
ceiver contained phosphate buffer (pH = 7.4). The tempera-
ture and stirring of medium were adjusted to 37°C and 200
RPM, respectively. Sampling at intervals of 0.5, 1, 2, 3, 4, 6, 8,
12, 24, 36, 48, and 72 hours was carried out by withdrawal
of 2 mL from receiver part and replacement with 2 mL of
buffer. The amount of drug permeated was determined
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and the cumulated amount of drug was plotted against
time (8). The animals were treated according to the prin-
cipal for care and use of laboratory animals and approved
by the ethical committee of Ahvaz Jundishapur University
of Medical Sciences.

3.9. Study of Solid Lipid Nanoparticles Stability

All formulations were stored at 2 - 8°C for six months
and particle size, drug content, appearance and drug re-
lease were assessed. The results were correspondingly
compared with the values of freshly prepared samples (11).

3.10. Statistical Methods

The one-way analysis of variance (ANOVA) statistical
test and paired T-test were used to compare formulations.
In addition, to study the relationship between variables
and responses, concurrent multiple regressions were car-
ried out. P value of 0.05 and less was considered as signifi-
cant correlation when needed.

4. Results

4.1. Solid Lipid Nanoparticles Characterization

The characteristics of SLNs prepared by cold homoge-
nization method and based on factorial experimental de-
sign is shown in Table 2.

4.1.1. Particle Size

Table 2 shows particle size of formulations and as seen,
the smallest and largest sizes for freshly prepared samples
belong to formulation No 2 and No 8, respectively. Formu-
lation No. 2 contained high level of lipid and LL/SL pro-
portion, yet formulation No. 8 consisted of low level of
total lipid, and low level of LL/SL ratio. All formulations,
except one, had a size less than 100 nm. Regression anal-
ysis of results showed no significant correlation between
independent variables and particle size (P > 0.05). In con-
trary to our findings, Shi et al. (10), reported smaller SLN
with higher amount of lipid, surfactant/lipid ratio and
high pressure hot homogenization preparation method,
for frankincense and myrrh essential oils as lipophilic
compounds. It seems that combination of compensating
factors and hydrophilic nature of SOD causes no signifi-
cant correlation in this study. Therefore, to reach a signif-
icant correlation between variables and particle size, the
levels of variables should be modified. In contrast, a nar-
row particle size distribution was observed in all formula-
tions. The particle size growth was seen after six months
that may be due to high content of solid lipid and low con-
centration of surfactant.

4.1.2. Entrapment Efficiency (EE)

Solid lipid nanoparticles demonstrated enzyme load-
ing between 68 and 93% that is the optimum value for hy-
drophilic compounds such as SOD. Loading amount was
affected by LL/SL ratio (P = 0.04) and type of surfactant
(P = 0.041). Both independent variables showed signifi-
cant and indirect correlation with entrapment efficiency.
Therefore, higher amount of liquid lipid and using of
lecithin as surfactant caused higher enzyme entrapment
that is in accordance with the hydrophilic nature of SOD.
Although percentage of lipid didn’t show any significant
correlation with EE, yet using a suitable amount of liq-
uid oil and surfactant especially lecithin increased enzyme
loading. Different vehicles such as Poly (DL-Lactide-Co-
Glycolide) (PLGA) microsphere (16, 17), alginate-chitosan
microsphere (16), cationic liposome (18) and mucoadhe-
sive chitosan-coated liposome (7) have been used as SOD
drug delivery systems. The highest and lowest SOD entrap-
ment efficiency were 92% and 17%, which were provided
by alginate-chitosan microspheres and cationic liposomes,
respectively. Entrapment efficiency in chitosan-coated li-
posome (64%) was more than cationic liposomes (17%).
It seems that solubility, particle size and SOD-excipients
interaction play critical roles in the amount of entrap-
ment efficiency. In the present study, SLNs demonstrated
EE equal to alginate-chitosan microspheres and chitosan-
coated liposomes. Therefore, oleic acid and lecithin used
as liquid oil and surfactant solublized SOD and produced
high EE percentage. On the other hand, SLNs with low
particle size caused high area and high enzyme loading.
Solid lipid nanoparticles that were produced in the present
study had smaller particle size than other delivery systems
mentioned above.

4.1.3. Activity

Solid lipid nanoparticles are activated immediately af-
ter preparation, as illustrated in Table 2. Highest and low-
est activities were 61.5% and 24.8% that were produced by
formulation 2 and 8, respectively. Although there is no sig-
nificant correlation between EE percentage and activity yet
it can be considered that high EE percentage is the reason
for low activity immediately after SLN preparation. Like-
wise, no significant correlation was found between activ-
ity and independent variables. This means that activity is
an independent variable and shows interaction between
enzyme and substrate. This result is in agreement with
other findings that reported SOD loading on chitosan mi-
crospheres (6) and liposome (18). In order to determine
the effect of preparation method on enzyme activity, a re-
covery test was performed. The recovered SOD activity was
85.3% of initial SOD activity that is lower than that reported
in literature (7). Therefore, it can be concluded that there
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Table 2. Composition of Different Solid Lipid Nanoparticles Formulation’s Composition Based on Factorial Experimental Design and Their Characteristics (Mean ± SD, n = 3)

Formulation
No.

Factorial State Percentage
Lipid Phase

Percentage
Surfactant

SOD Solution, 5
KU/mL, mL

Mean Diameter,
nm

Percentage
Entrapment

Efficiency

Percentage
Activity, (%)

1 +++ 90 5 0.2 37.1 ± 5.20 85.40 ± 9.33 28.5 ± 3.35

2 ++- 90 5 0.2 17.98 ± 5.47 68.20 ± 5.12 61.5 ± 4.18

3 +-+ 90 5 0.2 21.3 ± 0.80 92.70 ± 6.82 41.8 ± 4.53

4 +– 90 5 0.2 18.4 ± 2.00 79.17 ± 5.35 28.2 ± 1.55

5 -++ 70 5 0.2 34.05 ± 17.15 89.70 ± 9.11 27.1 ± 2.1

6 -+- 70 5 0.2 70.22 ± 16.88 73.43 ± 6.63 36.3 ± 2.24

7 –+ 70 5 0.2 29.05 ± 14.55 90.10 ± 7.76 54.5 ± 3.44

8 – 70 5 0.2 102.2 ± 4.8 78.05 ± 8.25 24.8± 1.95

was little activity loss during the production procedure.
The effect of Triton X-100 on SOD activity was evaluated and
results showed that Triton decreased enzyme activity to
less that 5%. Therefore in conclusion, preparation method
and Triton X-100 decreased lower %15 that implies enzyme
protection.

4.2 Differential Scanning Calorimetry Analysis

Differential scanning calorimetry can be used to deter-
mine thermodynamic differences related to morpholog-
ical changes and crystallinity, because each lipid has its
own melting point and melting enthalpy. In this research,
DSC was performed to study the melting and crystalliza-
tion behavior of the lipid matrices to determine whether
these characteristics were changed by other ingredients
and SLN’s properties. Figure 1 represents thermal curves
for all formulations of SOD-loaded SLNs, SOD alone as the
active ingredient, and SLN without SOD as control, through
heat scanning program.

Temperature and enthalpy of transitions that ap-
peared in heating thermo grams are shown in Table 3.
Three transitions appeared with the first and third transi-
tions describing water melting and boiling points, respec-
tively. The second transition indicates lipid melting point.
Comperitol demonstrated that the melting point at 72°C
was the same as that reported by Aburahma et al. (19). The
control SLNs and SOD loaded SLNs presented a lower melt-
ing point and enthalpy. This reduction is due to Nano crys-
talline size of lipid in SLN dispersions (20). The SOD didn’t
present transition in this temperature. The crystallinity in-
dex percentage (CI %) of SLNs was calculated by the follow-
ing Equation 1 (21):

A high value of the melting enthalpy describes a high
level of organization in the crystal lattice. Therefore, a less
ordered structure was obtained by SLN formation. All for-
mulations demonstrated CI% below 30%. Hence, low value

SOD  
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Figure 1. Differential Scanning Calorimetry Heating Thermo Grams of all formula-
tions, Superoxide Dismutase and Compritol

of CI% leads to slower drug release and means that lower
energy is required to melt the crystal lipids (22). There-
fore, low amount of CI% is sufficiently low to ensure the
sustained release of SOD, yet isn’t sufficiently high to make
sure SLN stability. In this study, the significant and direct
correlation between CI% and particle size were seen.

4.3. Release Profile

Amounts of SOD released from all formulations within
different times are presented in Table 4. As seen, the min-
imum amounts belonged to formulation No. 1 except on
the 48th hour. F8 represented the maximum amounts at
all-time points.

The percentage of SOD released after 1 (R-H1%) and 48
hours (R-H48%) was selected as a sign of fast and delayed
release. Regression analysis of results showed a significant
correlation between independent factors L & S% and R- H1%
with p values of 0.034 and 0.027, respectively. Increase

Jundishapur J Nat Pharm Prod. 2016; 11(4):e33968. 5

http://jjnpp.com/


Karami MA et al.

Table 3. Transition Characterization of Solid Lipid Nanoparticles Formulations, Superoxide Dismutase and Blank Formulation in Heating Program

Formulation Heating

Peak 1 Peak 2 Peak 3

T ([U+1D52]C) ∆H T (°C) ∆H T (°C) ∆H

F1 -4 ± 0.5 -31.7 ± 1.25 — — 88 ± 5 -346.59 ± 25.4

F2 -3 ± 0.2 -40.44 ± 2.37 — — 91 ± 6 -360.24 ± 33.51

F3 0 ± 0.1 -194.45 ± 10.19 68 ± 3 -1.4±0.3 102 ± 4 -9.89 ± 2.63

F4 -2 ± 0.2 -130.74 ± 8.35 69.5 ± 4.4 -1.9±0.5 109 ± 7 -1098.3 ± 41.21

F5 -5 ± 0.3 -90.79 ± 5.62 67 ± 5 -0.65±0.15 117 ± 9 —

F6 0 ± 0.2 -164.2 ± 12.38 67 ± 4 -0.73±0.22 115 ± 4 -1458.8 ± 64.47

F7 -5 ± 0.3 -105.4 68 -2.52± 120 —

F8 -6 ± 0.2 -115.59 ± 7.81 69 ± 5 -1.8±0.55 125 ± 14 —

(1)CI% =
melting enthalpy (SLN dispersion)mj mg − 1

melting enthalpy (bulking lipid)× concentration of lipid phase (%)

Table 4. Percentage of Superoxide Dismutase Released From Solid Lipid Nanoparticles Formulations, Mean ± SD (n = 5)

Time (H) % SOD Released

F1 F2 F3 F4 F5 F6 F7 F8

1 11.20 ± 0.9 24.15 ± 2.2 15.53 ± 1.4 17.63 ± 1.1 23.47 ± 1.6 38.45 ± 1.4 16.30 40.95

2 16.68 ± 1.1 25.93 ± 1.6 18.56 ± 1.3 20.74 ± 0.8 24.05 ± 2.3 39.55 ± 2.2 17.78 ± 1.3 43.284.5

4 18.58 ± 1.3 26.77 ± 1.1 20.28 ± 0.9 22.25 ± 1.9 27.75 ± 1.3 42.98 ± 3.9 18.95 ± 1.7 47.12 ± 5.1

6 19.79 ± 0.9 28.93 ± 2.3 22.64 ± 2.1 24.76 ± 1.2 29.82 ± 2.2 45.69 ± 2.7 22.73 ± 1.5 51.33 ± 3.7

8 22.57 ± 1.5 31.82 ± 2.1 24.91 ± 1.8 27.11 ± 2.4 32.56 ± 1.1 49.34 ± 2.5 26.10 ± .5 54.42 ± 4.1

24 26.97 ± 1.9 36.79 ± 3.2 28.36 ± 1.3 31.18 ± 1.8 35.42 ± 1.5 56.17 ± 4.3 30.21 ± 2.7 60.92 ± 4.9

48 31.47 ± 2.6 41.95 ± 2.3 30.75 ± 2.5 35.24 ± 1.5 38.88 ± 2.5 59.55 ± 3.6 34.83 ± 3.2 65.18 ± 2.9

in the L% and changing the surfactant from “Tween80 +
Span20” to Lecithin reduced the percentage release. The
correlation between R-H1% and independent variables is il-
lustrated in Figure 2.

Furthermore, L & S% had a significant and indirect ef-
fect on R-H48% that is shown in figure 3. Release pattern
suggests burst release with all formulation especially No.
8, which means SOD loaded on the surface of SLNs that is
11% - 41% of total loaded enzyme released fast . However,
some parts of SOD that were incorporated in the core have
sustained release. This finding indicated core-shell incor-
poration model for SOD loaded in SLNs. This model pro-
vides good property for fast and sustained SOD delivery
through burnt skin. Different mathematical models used
for 60% of data aim to determine the kinetic of SOD re-
lease from SLNs. We found that first order Higuchi and

Hixson were the best models for SOD release data. This
means that diffusion or dissolution controls the SOD re-
lease rate and geometrical shape keeps constant during
the release experiment (23). However, validity of first or-
der and higuchi models indicated SOD was dispersed uni-
formly in this manner that there is a concentration gra-
dient from shell towards core. This incorporation model
is in accordance with aqueous solubility of SOD. Low en-
zyme released after two days suggests SOD suspended in
the SLN and its solubility in SLN limited percentage release.
Celik et al. (6) reported SOD burst release from chitosan
microspheres; 70-80% of enzyme was released from micro-
spheres within first day and release was completed during
four to eight days. The SOD burst release from PLGA and
chitosan-alginate microspheres was 18% and 50% after 24
hours (16).
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Figure 2. Main Effect of Independent Variables on R-H1 Percentage for All Formulations

4.4. Superoxide Dismutase Activity in the Release Experiment

Percentage activity of enzyme at 1, 8 and 24 hours in re-
lease medium was assessed. The results are shown in Table
5. These times were selected as a sign of fast, intermediate
and sustained enzyme release and their activity in release
medium.

Table 5. Percentage Activity for Superoxide Dismutase Released From SLNs After
One, Eight and Twenty-Four Hours (mean ± SD, n = 5)

Formulation Percentage Activity

H1 H8 H24

F1 25.3 ± 2.33 55.74 ± 3.94 60.79 ± 5.33

F2 29.83 ± 3.12 60.67 ± 4.71 64.73 ± 4.84

F3 26.96 ± 1.86 62.39 ± 5.43 68.45

F4 21.84 ± 1.55 48.93 ± 4.60 59.17 ± 4.74

F5 12.42 ± 1.1 37.52 ± 2.29 51.54 ± 5.36

F6 20.96 ± 1.77 46.55 ± 1.94 57.50 ± 5.23

F7 18.75 ± 2.16 45.28 ± 3.82 58.82 ± 4.79

F8 15.30 ± 1.24 39.95 ± 4.05 50.77 ± 3.51

There was a significant and direct correlation between
percentage lipid and percentage activity at one (P = 0.039)
and eight (P = 0.024) hours and no significant relationship
with percentage activity after 24 hours. The highest and
lowest percentage activity were presented by formulation
No. 2 and 5, respectively. This finding indicated the same
pattern in percentage activity at all times that activity was
measured. Based on these results we can conclude that per-
centage of enzyme released and activity were mainly con-
trolled by percentage L.

However, there were no significant correlations be-
tween independent factors and percentage activity at 24
hours.

4.5. Superoxide Dismutase Permeation Through Burned Rat
Skin

The cumulative percentage activity of SOD that was
measured after permeation through burned rat skin was
shown in Figure 4. Percentage activity of enzyme at 1, 8, and
72 hours after permeation through burned rat skin a sign
as fast, intermediate and sustained enzyme permeated and
their activities was assessed.
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Figure 3. Main Effect of Independent Variables on R-H48% for all Formulations

Figure 4. Cumulative Activity Percentage of Superoxide Dismutase After Perme-
ation Through Burn Rat Skin

Based on these results, percentage activity after one
hour was between 15 and 44% and was 5 to 13 folds more

than the control. Analysis of regression proved signifi-
cant (P = 0.04) and direct correlation between indepen-
dent variables and percentage activity after one hour (H1).
Therefore, higher H1 was provided by a formulation in-
cluding tween and span as a surfactant blend. Likewise,
significant (P = 0.028) but indirect correlation was found
about percentage activity after 72 hours (H72). This means
lecithin as a surfactant increased H72. At other times no sig-
nificant correlation was seen between percentage activity
and surfactant type and other independent variables. We
are facing surfactant binary behavior. In the initial hours
of skin permeation, SOD permeated through burned rat
skin, increased when SLN was made by tween and span,
and after 36 hours higher SOD permeation was provided
by SLN including lecithin. It seems that lecithin caused
more SLN fusion in the skin that brings about higher en-
zyme release and permeation through rat skin. Therefore,
it may be that this effect of lecithin needs time more than
36 hours. In conclusion all formulations induced high en-
zyme activity in burned skin during 72 hours after topi-
cal application, mostly when lecithin is applied as surfac-

8 Jundishapur J Nat Pharm Prod. 2016; 11(4):e33968.
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tant in SLNs. After 72 hours, percentage activity provided
by SLNs dispersion was 5 - 6.5 folds more than the control.
This finding suggests SLN improved SOD partitioning into
skin and increased SOD solubility in skin as a lipophilic
biological membrane. Kigasawa et al. (18) developed a
non-invasive Trans follicular delivery for SOD with a com-
bination of cationic liposomes and iontophoresis. They re-
ported that SOD-liposome could not penetrate at the skin
and hair follicles. They believed that penetration of lipo-
somes with a diameter greater than 100 nm through the
stratum corneum is difficult due to the narrow intracellu-
lar space. The same results were reported about insulin-
encapsulated liposomes (24). Also Lasch et al. (25) indi-
cated fluorescent-labeled lipid of liposomes applied over
the stratum corneum and didn’t penetrate in the skin after
24 hours. In comparison with liposome SLNs that were pre-
pared in the present study, penetration into the skin was
found due to particle size smaller than 100 nm. Therefore,
SLN dispersion can be a proper vehicle to pass SOD through
burn rat skin. The SLN corrected SOD properties and in-
creased its partitioning into the skin and then diffusion
through intracellular space. Moreover, SLN protected SOD
and induced high percentage of activity of enzyme across
the burned skin.

4.6. Stability

Particle size, drug content and dispersion appearance
were evaluated after six months as signs of stability. Re-
sults showed after six months particle size increased from
20 - 120 nm to 100 - 150 nm. This means that particle size
increased more than two folds. Particle size increase indi-
cates that there is a risk of particles aggregation due to low
CI percentage and a less ordered structure that appeared
during storage. However, after six months, enzyme con-
tent and activity and dispersion appearance didn’t change.
Therefore, particle size increase didn’t cause instability.

5. Discussion

In this study, SOD encapsulated into SLNs with 60%
- 90% entrapment efficiency. Beside high percentage of
lipid, using of lecithin as a surfactant increased SOD load-
ing. Low lipid crystallinity index and low crystal lattice en-
ergy helped greater SOD entrapping into the SLNs. Proper
selection of lipids and other excipients and their amounts
increased SOD loading and enzyme protection against en-
vironmental degradation. The results indicated that SOD-
encapsulated in SLN could be delivered into the deep
burned skin layer and induce high enzyme activity every-
where on the skin. Low particle size, application of lecithin
as surfactant, and low CI percentage, were important fac-
tors for increasing SOD penetration through the burned

rat skin. A small particle size growth occurred during stor-
age, which didn’t change SLN dispersion appearance and
stability.

Acknowledgments

This study was carried out under financial support pro-
vided by Ahvaz Jundishapur University of Medical Sciences,
so here we thank the vice chancellor for research and tech-
nology of AJUMS. The authors are thankful of Iranian rep-
resentation for Gattefosse pharmaceuticals (Faratin Com-
pany).

Footnote

Authors’ Contribution: Behzad Sharif Makhmal Zadeh
precipitated in idea and design of the study, data analy-
sis and drafting. Masoud Ali Karami was involved in per-
forming the study and experiments, acquisition of data
and Maryam Koochak and Eskandar Mogimipur had part-
nership in the design.

References

1. Parihar A, Parihar MS, Milner S, Bhat S. Oxidative stress and anti-
oxidative mobilization in burn injury. Burns. 2008;34(1):6–17. doi:
10.1016/j.burns.2007.04.009. [PubMed: 17905515].

2. Hettiaratchy S, Dziewulski P. ABC of burns: pathophysiol-
ogy and types of burns. BMJ. 2004;328(7453):1427–9. doi:
10.1136/bmj.328.7453.1427. [PubMed: 15191982].

3. Latha B, Babu M. The involvement of free radicals in burn injury: a
review. Burns. 2001;27(4):309–17. [PubMed: 11348738].

4. Santos FX, Arroyo C, Garcia I, Blasco R, Obispo JM, Hamann C. Role of
mast cells in the pathogenesis of postburn inflammatory response:
reactive oxygen species as mast cell stimulators. Burns. 2000;26:145–
7. doi: 10.1016/S0305-4179(99)00021-2.

5. Jadot G, Vaille A, Maldonado J, Vanelle P. Clinical pharmacokinet-
ics and delivery of bovine superoxide dismutase. Clin Pharmacokinet.
1995;28(1):17–25. doi: 10.2165/00003088-199528010-00003. [PubMed:
7712659].

6. Celik O, Akbuga J. Preparation of superoxide dismutase loaded chi-
tosan microspheres: characterization and release studies. Eur J Pharm
Biopharm. 2007;66(1):42–7. doi: 10.1016/j.ejpb.2006.08.016. [PubMed:
17055712].

7. Galovic Rengel R, Barisic K, Pavelic Z, Zanic Grubisic T, Cepelak I,
Filipovic-Grcic J. High efficiency entrapment of superoxide dismu-
tase into mucoadhesive chitosan-coated liposomes. Eur J Pharm Sci.
2002;15(5):441–8. [PubMed: 12036721].

8. KarolaVorauer U, Eckhard F, Wagner A, Ferko B, Katinger H. Topically
applied liposome encapsulated superoxide dismutase reduces post-
burn wound size and edema formation. EurJ Pharm Sci. 2001;14:63–7.
doi: 10.1016/S0928-0987(01)00149-X.

9. Domínguez A. Modifying superoxide dismutase for improved bio-
pharmaceutical properties. Biotecnologia Aplicada. 2006;23:17–21.

10. Shi F, Zhao JH, Liu Y, Wang Z, Zhang YT, Feng NP. Preparation
and characterization of solid lipid nanoparticles loaded with frank-
incense and myrrh oil. Int J Nanomedicine. 2012;7:2033–43. doi:
10.2147/IJN.S30085. [PubMed: 22619540].

Jundishapur J Nat Pharm Prod. 2016; 11(4):e33968. 9

http://dx.doi.org/10.1016/j.burns.2007.04.009
http://www.ncbi.nlm.nih.gov/pubmed/17905515
http://dx.doi.org/10.1136/bmj.328.7453.1427
http://www.ncbi.nlm.nih.gov/pubmed/15191982
http://www.ncbi.nlm.nih.gov/pubmed/11348738
http://dx.doi.org/10.1016/S0305-4179(99)00021-2
http://dx.doi.org/10.2165/00003088-199528010-00003
http://www.ncbi.nlm.nih.gov/pubmed/7712659
http://dx.doi.org/10.1016/j.ejpb.2006.08.016
http://www.ncbi.nlm.nih.gov/pubmed/17055712
http://www.ncbi.nlm.nih.gov/pubmed/12036721
http://dx.doi.org/10.1016/S0928-0987(01)00149-X
http://dx.doi.org/10.2147/IJN.S30085
http://www.ncbi.nlm.nih.gov/pubmed/22619540
http://jjnpp.com/


Karami MA et al.

11. Ekambaram PA, Sathali A, Priyanka K. Solid Lipid Nanoparticles: A re-
view. Sci Revs Chem Commun. 2012;2(1):80–102.

12. JS Khazi MI, Sharma NK, Hiremath SP, Makandi VG. Solid Lipid
Nanoparticles: Methods of Preparation. Indian J Novel Drug Del.
2011;3(3):170–5.

13. Almeida AJ, Souto E. Solid lipid nanoparticles as a drug delivery sys-
tem for peptides and proteins. Adv Drug Deliv Rev. 2007;59(6):478–90.
doi: 10.1016/j.addr.2007.04.007. [PubMed: 17543416].

14. Christine J, Weydert J, Joseph J. Measurement of superoxide dismu-
tase, catalase, and glutathione peroxidase inculturedcellsandtissue.
Cullen Nat Protoc. 2011.

15. Mukherjee S, Ray S, Thakur RS. Solid lipid nanoparticles: a mod-
ern formulation approach in drug delivery system. Indian J Pharm
Sci. 2009;71(4):349–58. doi: 10.4103/0250-474X.57282. [PubMed:
20502539].

16. Wang Y, Gao JQ, Zheng CH, Xu DH, Liang WQ. Biodegradable and com-
plexed microspheres used for sustained delivery and activity protec-
tion of SOD. J Biomed Mater Res B Appl Biomater. 2006;79(1):74–8. doi:
10.1002/jbm.b.30513. [PubMed: 16506185].

17. Giovagnoli S, Blasi P, Ricci M, Rossi C. Biodegradable microspheres
as carriers for native superoxide dismutase and catalase delivery.
AAPS PharmSciTech. 2004;5(4):51. doi: 10.1208/pt050451. [PubMed:
15760048].

18. Kigasawa K, Miyashita M, Kajimoto K, Kanamura K, Harashima H,
Kogure K. Efficient intradermal delivery of superoxide dismutase us-
ing a combination of liposomes and iontophoresis for protection
against UV-induced skin damage. Biol Pharm Bull. 2012;35(5):781–5.

[PubMed: 22687417].
19. Aburahma MH, Badr-Eldin SM. Compritol 888 ATO a multifunctional

lipid excipients in drug delivery systems and nanopharmaceuticals.
Expert Opin Drug Deliv. 2014;11(12):1865–83.

20. Jee JP, Lim SJ, Park JS, Kim CK. Stabilization of all-trans retinol by load-
ing lipophilic antioxidants in solid lipid nanoparticles. Eur J Pharm
Biopharm. 2006;63(2):134–9. doi: 10.1016/j.ejpb.2005.12.007. [PubMed:
16527470].

21. Kheradmandnia S, Vasheghani-Farahani E, Nosrati M, Atyabi F.
Preparation and characterization of ketoprofen-loaded solid lipid
nanoparticles made from beeswax and carnauba wax. Nanomedicine.
2010;6(6):753–9. doi: 10.1016/j.nano.2010.06.003. [PubMed: 20599527].

22. Madureira AR, Campos DA, Fonte P, Nunes S. Characterization of solid
lipid nanoparticles produced with carnauba wax for rosmarinic acid.
RSC Adv. 2015;5:22665–73. doi: 10.1039/C4RA15802D.

23. Dash S, Murthy PN, Nath L, Chowdhury P. Kinetic modeling on drug
release from controlled drug delivery systems. Acta Pol Pharm-Drug
Res. 2010;67(3):217–23.

24. Kajimoto K, Yamamoto M, Watanabe M, Kigasawa K, Kanamura K,
Harashima H, et al. Noninvasive and persistent transfollicular drug
delivery system using a combination of liposomes and iontophore-
sis. Int J Pharm. 2011;403(1-2):57–65. doi: 10.1016/j.ijpharm.2010.10.021.
[PubMed: 20970487].

25. Lasch J, Laub R, Wohlrab W. How deep do intact liposomes pene-
trate into human skin?. J Control Rel. 1992;18:55–8. doi: 10.1016/0168-
3659(92)90211-9.

10 Jundishapur J Nat Pharm Prod. 2016; 11(4):e33968.

http://dx.doi.org/10.1016/j.addr.2007.04.007
http://www.ncbi.nlm.nih.gov/pubmed/17543416
http://dx.doi.org/10.4103/0250-474X.57282
http://www.ncbi.nlm.nih.gov/pubmed/20502539
http://dx.doi.org/10.1002/jbm.b.30513
http://www.ncbi.nlm.nih.gov/pubmed/16506185
http://dx.doi.org/10.1208/pt050451
http://www.ncbi.nlm.nih.gov/pubmed/15760048
http://www.ncbi.nlm.nih.gov/pubmed/22687417
http://dx.doi.org/10.1016/j.ejpb.2005.12.007
http://www.ncbi.nlm.nih.gov/pubmed/16527470
http://dx.doi.org/10.1016/j.nano.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20599527
http://dx.doi.org/10.1039/C4RA15802D
http://dx.doi.org/10.1016/j.ijpharm.2010.10.021
http://www.ncbi.nlm.nih.gov/pubmed/20970487
http://dx.doi.org/10.1016/0168-3659(92)90211-9
http://dx.doi.org/10.1016/0168-3659(92)90211-9
http://jjnpp.com/

	Abstract
	1. Background
	2. Objectives
	3. Methods
	3.1. Factorial Experimental Design
	Table 1

	3.2. Preparation of Solid Lipid Nanoparticles Containing Superoxide Dismutase
	3.3. Enzyme Assay Method
	3.4. Measurement of Particle Size
	3.5. Differential Scanning Calorimetry (DSC) Studies
	3.6. Determination of Entrapment Efficiency
	3.7. In Vitro Release of SOD
	3.8. Study of Permeation of Solid Lipid Nanoparticles Through Burned Rat Skin
	3.9. Study of Solid Lipid Nanoparticles Stability
	3.10. Statistical Methods

	4. Results
	4.1. Solid Lipid Nanoparticles Characterization
	Table 2
	4.1.1. Particle Size
	4.1.2. Entrapment Efficiency (EE)
	4.1.3. Activity
	4.2 Differential Scanning Calorimetry Analysis
	Figure 1
	Table 3
	4.3. Release Profile
	Table 4
	Figure 2
	Figure 3

	4.4. Superoxide Dismutase Activity in the Release Experiment
	Table 5

	4.5. Superoxide Dismutase Permeation Through Burned Rat Skin
	Figure 4

	4.6. Stability



	5. Discussion
	Acknowledgments
	Footnote
	Authors' Contribution

	References

