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Abstract
The aim of this study was to develop an effective drug delivery system for the simultaneous
topical delivery of two anti-inflammatory drugs, spantide II (SP) and ketoprofen (KP). To achieve
this primary goal we have developed a skin permeating nanogel system (SPN) containing surface
modified polymeric bilayered nanoparticles along with a gelling agent. Poly-(lactide-co-glycolic
acid) and chitosan were used to prepare bilayered nanoparticles (NPS) and the surface was
modified with oleic acid (NPSO). Hydroxypropyl methyl cellulose (HPMC) and Carbopol with
the desired viscosity were utilized to prepare the nanogels. The nanogel system was further
investigated for in vitro skin permeation, drug release and stability studies. Allergic contact
dermatitis (ACD) and psoriatic plaque like model were used to assess the effectiveness of SPN.
Dispersion of NPSO in HPMC (SPN) produced a stable and uniform dispersion. In vitro
permeation studies revealed increase in deposition of SP for the SP-SPN or SP+KP-SPN in the
epidermis and dermis by 8.5 and 9.5 folds, respectively than SP-gel. Further, the deposition of KP
for KP-SPN or SP+KP-SPN in epidermis and dermis was 9.75 and 11.55 folds higher, respectively
than KP-gel. Similarly the amount of KP permeated for KP-SPN or SP+KP-SPN was increased by
9.92 folds than KP-gel. The ear thickness in ACD model and the expression of IL-17 and IL-23;
PASI score and TEWL values in psoriatic plaque like model were significantly less (p<0.001) for
SPN compared to control gel. Our results suggest that SP+KP-SPN have significant potential for
the percutaneous delivery of SP and KP to the deeper skin layers for treatment of various skin
inflammatory disorders.

1. Introduction
In the last decade, an increasing number of investigations concerning the use of nanoscale
structures for drug and gene delivery purpose have been reported. Nanocarriers have been
investigated for delivery of drugs to the specific anatomical sites such as brain [1], eyes [2],
lungs [3], intestine [4], nose [5] and skin [6] etc. To improve the notoriously low drug
absorption from the skin surface, nanoparticulate carriers have proven to be efficient and
advantageous. Development of successful topical/transdermal drug delivery systems has
been limited in scope due to the significant penetration barrier provided by the stratum
corneum (SC) whose composition limits the application of number of suitable drugs for
topical and transdermal delivery. However, there is a growing interest in the development of
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efficient targeted drug delivery systems to physiological sites in the skin [7]. Several
attempts have been made and are still under investigation to develop topical formulation of
macromolecules for the treatment of various skin diseases. Currently, these diseases are
principally treated with topical corticosteroids that target a variety of pathways of the
inflammation cascade [8]. However, clinical use of corticosteroid therapy is limited due to
associated local side effects such as skin atrophy, telangiectasia, acne and secondary
infections as well as contact dermatitis and perioral dermatitis. Spantide II (SP), a
neurokinin1 (NK1) receptor antagonist, is a neuropeptide with known anti-inflammatory
activity [9–10]. Combination of a new neuropeptide, SP, along with ketoprofen (KP), a well
known potent non-steroidal anti-inflammatory drug (NSAID) [11] in a topical formulation
will have great impact for the treatment of skin disorders with minimal adverse effects.

In the field of dermatology and cosmetology, micro and nano sized particles have been
thoroughly investigated and some formulations are already commercially available.
Recently solid lipid nanoparticles (SLN), nanostructured lipid carriers (NLC) and lipid
nanocapsules have shown improved drug permeation through the skin. However due to their
limited drug loading and phase stability issue, their application for clinical use is restricted.
Therefore, increased attention has been given to polymeric nanoparticles. Various non-toxic
and biodegradable synthetic or semi-synthetic polymers, including polylactic acid (PLA)
[12], poly(lactic-co-glycolic acid (PLGA) [13], poly(ε-caprolactone) [14], chitosan [15]
have shown promising results for topical drug delivery. These polymeric nanoparticles offer
advantages of controlled and sustained release via modification of polymer composition and
reducing irritation associated with direct contact of drug with skin.

PLGA based nanoparticles have been extensively studied since they offer number of
advantages for skin delivery including non-toxicity and biodegradability, by hydrolysis
leading to formation of water and carbon dioxide and entrapment of various therapeutic
moieties [16]. Drug delivery into the skin by PLGA nanoparticles can be enhanced by
modifying the particle surface with a cationic polymer such as chitosan. Chitosan is a
cationic polysaccharide with many interesting biopharmaceutical properties, such as non-
toxicity, biodegradability, bioadhesion and has been extensively used as a penetration
enhancer in topical formulations [17]. The surface modification of the PLGA nanoparticles
with chitosan can be advantageous for topical delivery in many aspects, such as (a) ability to
incorporate two drugs in inner and outer layers of the nanoparticles, (b) increased stability of
the macromolecules like SP which can be encapsulated in the PLGA inner core, (c) reversal
of zeta potential promoting skin adhesion and thus enhancing skin delivery and (d) ability to
conjugate with other molecules such as penetration enhancer through the free amino groups
of chitosan. When polymeric nanoparticles were used for topical drug delivery, it was
observed that the drug permeation was enhanced by gradual drug release from the
nanoparticles on the skin surface but the intact nanoparticles were unable to permeate in
deeper skin layers [18–19]. Other attempts to verify the penetration of nanoparticles across
the skin were met with little success, where only few of the researchers were able to show
permeation of nanoparticles into the skin passively through the hair follicles while most of
the nanoparticles were primarily restricted to the uppermost layers of the SC and unable to
permeate the skin.

The most extensively investigated enhancement strategy for the skin delivery involves the
use of chemicals that can reversibly compromise the skin’s barrier function and
consequently allow the entry of poorly penetrating molecules into the skin. One of the
widely investigated penetration enhancers is oleic acid (OA), a monostructured fatty acid
and a membrane fluidizing agent. OA is a FDA approved potent chemical permeation
enhancer and is widely used in commercial formulations. OA extracts a fraction of the
endogenous SC membrane compounds, promoting phase separation in the SC membrane
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system. Reducing the proportion of crystalline lipids and creating more permeable OA-rich
domains can lead to enhancement effect of the drugs into the skin [20]. Electron microscopic
studies have suggested that lipid domain is stimulated within the SC bilayer lipids upon
exposure to OA [21]. The formation of such pools provides permeability defects within the
lipid bilayers and thus facilitates the permeation of macromolecules into the deeper
epidermal and dermal layers. Therefore, surface modification of PLGA-chitosan bilayered
nanoparticles with OA (NPSO) can open the channels in the SC, which can enhance the
delivery of incorporated active drugs into deeper skin layers where the site of action is
present for the inflammatory skin diseases.

One of the limitations of topical dosage forms is the relatively short lasting time of the
active drugs at the application site. In order to obtain prolonged skin retention and controlled
release for the desired therapeutic effect, it is appropriate to incorporate NPSO into a proper
gel matrix (Nanogel system). Hydrophilic polymers are considered most suitable for topical
applications, but type and concentration of the polymer forming gel matrix can influence the
stability and release rate of the drugs [22]. Nanogels are nano-sized network of chemically
or physically cross linked polymer particles. The gel can aid in creating a uniform dispersion
of the nano-carriers in the matrix and increases the contact time which results in enhanced
skin penetration of the drug payload [23]. In the present study, we hypothesize that
incorporating the surface modified bilayered PLGA-Chitosan nanoparticles with OA into a
skin penetrating nanogel system (SPN) can further increase the efficiency by maximizing
skin contact time and preventing the ‘run-off’ effect associated with aqueous nanoparticle
dispersion.

The specific aims of this research were to: (1) prepare SPN for SP and KP loaded bilayered
nanoparticles, where SP was loaded into PLGA inner core and KP was incorporated into the
chitosan outer layer; (2) formulate SPN using hydroxylpropyl methyl cellulose (HPMC) or
Carbopol and characterize for rheological behavior to get optimum viscosity without
affecting particle size of nanoparticles; (3) study the effect of NPSO and SPN for in vitro
human skin permeation and (4) compare the therapeutic efficacy of the SPN in an in vivo
allergic contact dermatitis (ACD) and a psoriatic plaque like model with a marketed
formulation of tacrolimus, Topgraf® (GlaxoSmithKline Pharmaceuticals Limited, Thane,
India).

2. Materials and Methods
Poly(lactic-co-glycolic acid) (PLGA) was purchased from PURAC biomaterials
(Lincolnshire, IL). Polyvinyl alcohol (PVA), chitosan, dichloromethane, tween 80, sodium
tripolyphosphate (TPP), polyethylene glycol 400 (PEG-400), phosphate buffer saline sachets
(PBS, pH 7.4), trifluoroacetic acid (TFA) and 2,4-dinitrofluorobenzene (DNFB) were
purchased from Sigma-Aldrich Co (St Louis, MO). HPLC grade of acetonitrile, water and
ethanol were purchased from Sigma-Aldrich Co (St Louis, MO). Oleic acid-PEG-
succinimidyl glutarate ester (OA) was custom synthesized from Nanocs Inc (New York,
NY). Ketoprofen (KP) was purchased from Spectrum chemical mfg corp. (Gardena, CA).
Spantide II (SP) was purchased from American peptide company Inc, (Sunnyvale, CA).
Hydroxy propyl methyl cellulose (HPMC; METHOCEL™ K4M Premium CR Grade) was
generously gifted by DOW Chemical Company (Midland, MI). Carbopol (Carbopol 981®

NF) was generously gifted by Lubrizol Advanced Materials, Inc. (Cleveland, OH).
Imiquimod (IMQ) was purchased from VWR International (Suwanee, GA). Topgraf®

(tacrolimus ointment 0.1%) was purchased from GlaxoSmithKline Pharmaceuticals Limited
(Thane, India). IL-17 and IL-23 antibodies along with ABC staining immunohistochemistry
kit were purchased from Santa Cruz Biotechnology Inc (Santa Cruz, CA).
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2.1 Preparation of Surface modified bilayered nanoparticles (NPSO)
Bilayered nanoparticles (NPS) were prepared by modified emulsion solvent evaporation
method [24]. Briefly, 10 mg of PLGA was dissolved in 1.5 ml of dichloromethane. The
organic phase was added to 20 ml of 0.1% w/v PVA solution comprising 4 ml of 0.5% w/v
chitosan and 1.5 ml of tween 80 with constant stirring to form a coarse emulsion. This
emulsion was broken down into nanodroplets by high speed homogenization for 15 min at
30,000 rpm. The nanoparticles were stirred for 30 min to evaporate the organic phase. Five
milliliters of the nanoparticles dispersion was transferred to a scintillation vial. The chitosan,
present on the outer layer of nanoparticles was then cross linked with 100 μl of 1% w/v TPP
to prepare NPS. This prepared NPS dispersion was stirred at 300 rpm for 2 h to ensure
complete cross-linking of chitosan.

The SP nanoparticles (SP-NPS) were prepared by dissolving spantide II and
phosphatidylinositol (PI) in ethanol and then mixed with organic phase containing PLGA.
NPS were prepared by homogenization as described above. To this nanoparticlulate
dispersion, TPP was added for cross-linking of chitosan coat. To prepare SP and KP
nanoparticles (SP+KP-NPS), ketoprofen was dispersed in the 1% w/v TPP and added drop
wise to SP-NPS. To prepare KP nanoparticles (KP-NPS), SP was excluded from the NPS
preparation technique.

For surface modification, NPS was suspended in phosphate buffer, pH 8.0 and incubated for
2 h with OA (mole ratio of chitosan to OA in 1:6), previously dissolved in 10 μl of DMSO.
The surface modified NPS were represented as KP-NPSO, SP-NPSO and SP+KP-NPSO for
ketoprofen, spantide II, and a combination of spantide II and ketoprofen, respectively.

NPS and NPSO were characterized for particle size and zeta potential using Nicomp 380
ZLS (Particle Sizing Systems, Port Richey, FL). Further the drug content and entrapment
efficiency was characterized as reported by Patlolla et al [25]. TNBS method was performed
to estimate the percent of surface accessible amino groups by colorimetric reaction [26].

2.2 Preparation of a skin permeating nanogel (SPN)
The topical formulation for delivery to the skin should have adequate rheology. Therefore
SPN of desired viscosity was prepared by incorporating various thickening agents in the
NPSO dispersion. HPMC or Carbopol was added to NPSO aqueous dispersion with constant
stirring until complete gel formation. Thereafter, the SPNs were allowed to stabilize at room
temperature for 24 h. For Carbopol, the SPNs were neutralized by drop-wise addition of
triethanolamine (pH = 7.0) and were further stabilized at room temperature for 24 h before
use. The nanogel comprising SP+KP-NPSO, SP-NPSO and KP-NPSO were represented as
SP+KP-SPN, SP-SPN and KP-SPN, respectively.

The control gel formulations of SP and KP were prepared by dissolving SP and KP in
ethanol and PEG-400 mixture. To this, HPMC was added and mixed slowly at room
temperature until a gel formation was complete. This gel containing KP, SP and SP+KP
were represented as KP-gel, SP-gel and SP+KP-gel, respectively.

2.3 Rheology of SPNs
The viscoelastic properties of SPNs were investigated using Brookfield Rheocalc® V 32
Rheometer (Brookfield, USA) DV-II model with CP40 spindle using cone and plate
geometry. Data analysis was done with Brookfield Rheocalc®2.010 Application Software.
The rheologic properties of the SPN were studied by continuous shear investigations using
Brookfield R/SCPS Plus Rheometer (Brookfield, USA), with cone and plate geometry using
spindle C25-2 DIN as the measuring system. The shear rate was increased in ascending
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order from 0 to 100 D [1/s] (up curve) and then decreased from 100 to 0 D [1/s] (down
curve) and the resulting shear stress [D/cm2] was measured. The sample was equilibrated at
28°C prior to each measurement. All measurements were made in triplicate.

2.4 Determination of drug content in SPNs
The SP and KP content in SP+KP-SPN was determined by weighing HPMC gel containing
NPSO in a volumetric flask and extracting by shaking it overnight with methanol. Then an
aliquot of the extracted sample was filtered through 0.45 μm PTFE filters and drug content
was determined by HPLC.

2.5 HPLC analysis
An HPLC system (Waters Corp, Milford, MA) along with a Vydac reverse phase C18 (300
Å pore size silica) analytical column (5μm, 4.6 × 250mm) (GraceVydac, Columbia, MD)
were used for the analysis of SP. The mobile phases used for spantide II were 0.1% v/v TFA
in water (solvent A) and 0.1% v/v TFA in acetonitrile (solvent B) and they were run at a
gradient of 60:40 to 40:60, solvent A:B, respectively for 20 min, with a flow rate of 1.2 ml/
min. Spantide II content in the samples was determined at 230 nm.

Waters Symmetry C18 analytical column (5μm, 4.6 × 250 mm) was used for analysis of KP.
The mobile phases used was 0.025% v/v TFA in water (solvent A) and acetonitrile (solvent
B) and they were run at a gradient of 70:30 for 5 min, then 10:90 for 8 min followed by
0:100, solvent A:B, respectively with a flow rate of 1 ml/min. KP content in the samples was
determined at 227.5 nm.

2.6 In vitro drug release
The in vitro drug release study of SPN was performed to investigate the amount of drug
released from a gel. A porous membrane of mol wt cut off 50,000 Da (Sigma-Aldrich Co,
MO) was used. The membrane was mounted between the donor and receiver compartments
of Franz diffusion cells [27]. The SP-SPN or KP-SPN and SP+KP-SPN were then applied
evenly on the surface of the membrane in the donor compartment. The receiver
compartment was filled with 0.5% w/v volpo 20 in PBS (pH 7.4), stirred at 300 rpm, and
maintained at 37°C ± 0.5°C using a circulating water bath. At predetermined time intervals
(1, 2, 4, 6, 8, 12, 22, 24, 48 and 72 h), 0.5 ml samples were collected from the receiver
compartment and replaced with fresh buffer solution. The samples collected from receiver
compartment were analyzed for drug content using HPLC method.

2.7 Stability studies
The SPNs were filled in the scintillation glass vials and incubated as per ICH guideline at 2–
8°C (refrigeration condition) and 40°C/65% RH (accelerated condition) for 3 months.
Appearance, clarity were analyzed by visual inspection. The particle size of SPNs was
evaluated using Nicomp 380 ZLS (Particle Sizing Systems, Port Richey, FL).

2.8 Human skin permeation studies
Dermatomed human skin was obtained from Allosource (Centennial, CO) with a thickness
of 0.5 ± 0.1 mm. Skin was then stored at −80°C until use. The dermatomed human skin was
thawed and washed with distilled water for 30 min to remove excess of glycerol. Skin
permeation studies were performed using established procedures. The human skin
permeation studies were performed by mounting the dermatomed human skin on Franz
diffusion cell set up (Permegear Inc., Riegelsville, PA). The surface area of the dermatomed
human skin exposed to the formulation in the donor chamber was 0.64 cm2 and the receiver
fluid volume was 5 ml. The control gel formulation, NPSO or SPN were applied evenly on
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the surface of the human skin in the donor compartment. The skin permeation study was
performed using 6 diffusion cells and represented as an average of 6 cells. The receiver
compartment was filled with 0.5% w/v volpo 20 in PBS (pH 7.4) and stirred at 300 rpm. The
temperature of receiver compartment was maintained at 37°C ± 0.5°C using a circulating
water bath to simulate the skin temperature at physiological level. To replicate the clinical
conditions, a non-occlusive condition was followed and the surface of the skin was exposed
to the surrounding air. After 24 h of skin permeation, the receiver fluid was collected and
centrifuged at 13,500 rpm for 15 min and analyzed for drug content using HPLC method.

2.9 Skin extraction
For evaluation of drug retention in dermatomed human skin, the entire dosing area (0.64
cm2) was collected with a biopsy punch. SC, epidermis and dermis were separated using
cryotome. SC, epidermis and dermis were minced and boiled with 250 μl PBS (pH 7.4)
separately for 10 min. To these samples 250 μl of acetonitrile was added to solublize the
drug. All the samples were then centrifuged at 13,500 rpm for 20 min. The supernatant was
collected and analyzed by HPLC for drug content.

2.10 In vivo inflammatory models
2.10.1 Animals—C57BL/6 mice (6 weeks old; Charles River Laboratories, Wilmington,
MA) were grouped and housed (n = 6 per cage) in cages with Tek-Fresh bedding. The
animals were kept under controlled conditions of 12:12 hr light:dark cycle, 22 ± 2 °C and 50
± 15% RH. The mice were fed (Harlan Teklad) and water ad libitum. The animals were
housed at Florida A and M University in accordance with the standards of the Guide for the
Care and Use of Laboratory Animals and the Association for Assessment and Accreditation
of Laboratory Animal Care (AAALAC). The animals were acclimatized to laboratory
conditions for one week prior to experiments. The protocol of animal study was approved by
the Institutional Animal Care and Use Committee (IACUC), Florida A&M University, FL.

2.10.2 Allergic contact dermatitis (ACD)—C57BL/6 mice were sensitized on day zero
by applying 25 μl of 0.5% v/v DNFB in acetone:olive oil (4:1) on the shaved abdomen.
Mice were then challenged on day 5 by epicutaneous application of 25 μl of 0.2% v/v DNFB
in acetone:olive oil (4:1) on the right ear in order to induce an ACD response. The left ears
were treated with vehicle alone (acetone:olive oil 4:1) and served as an internal control. The
ACD response was determined by the degree of ear swelling compared with that of the
vehicle treated contra-lateral ear before DNFB challenge. The increase in ear thickness was
measured with a vernier caliper (Fraction+ Digital Fractional Caliper, General Tools &
Instruments Co., LLC., New York, NY) at 0, 24, 48 and 72 h. Right ears of the mice were
treated with topical application of gel or SPNs, 2 h after antigen challenge and 3 times a day
thereafter for 3 days. Tacrolimus is a nonsteroidal immunomodulator classified as
calcineurin inhibitor. Therefore a marketed tacrolimus formulation, Topgraf® was used as a
positive control. The ear swelling was measured before application of gel or SPNs. This was
considered as 0 h ear thickness. Then the SP+KP gel or SPNs were applied and the ear
thickness was measured at 24, 48, and 72 h. The ACD response was determined by taking a
difference between 0 h and other time points.

2.10.3 Imiquimod (IMQ) induced Psoriatic plaque like model—This psoriatic
plaque like model was developed by modifying the procedure as described by Fits et al.
[28]. C57BL/6 mice of age 8–11 weeks were kept under specific pathogen-free conditions.
IMQ was used to induce the psoriatic plaque like model. Topical application of its
suspension was applied for 5 consecutive days on the shaved back of mice. The dose of IMQ
applied (4 mg/day) was optimized based on the induction of skin inflammation. To the
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inflamed skin area SP+KP gel or SPN were applied topically every day for 5 days. Topgraf®

was used as a positive control.

2.10.3.1 Scoring severity of skin inflammation: To score the severity of inflammation on
the mice back skin, an objective scoring system was developed based on the clinical
Psoriasis Area and Severity Index (PASI) [28]. Erythema, scaling, and thickening was
scored independently on a scale from 0 to 4: 0, none; 1, slight; 2, moderate; 3, marked; 4,
very marked. The scoring was performed every 24 h for 5 day.

2.10.3.2 Transepidermal water loss (TEWL): Measurement of TEWL was performed for
all the treatment and control inflamed skin areas before and after application of SP+KP gel
or SPNs as described by Chatterjee et al. [29]. The TEWL was measured every 24 h for 5
days using a TewameterTM210 (Courage Khazaka, Koln, Germany). The probe of the
Tewameter TM 210 was placed perpendicular to the surface of the skin and a stable reading
of TEWL was noted after 60 sec.

2.10.3.3 Histology: The inflamed skin was collected at the end of experiment and stored in
10 % neutral phosphate buffered formalin. Following fixation, samples were dehydrated and
embedded in paraffin. Five-μm microtome sections of the inflamed skin were then stained
with hematoxylin and eosin. The Olympus BX40 light microscope equipped with computer-
controlled digital camera (DP71, Olympus Center Valley, PA) was used to visualize the
images on the slides.

2.10.3.4 Immunohistochemistry (IHC): IHC study for IL-17 and IL-23 was performed as
per the procedure described by Chougule et al. [30]. In brief, formalin-fixed, paraffin-
embedded skin sections were used for IHC studies according to the protocol specified in the
ImmunoCruz™ mouse ABC staining kit (SantaCruz Biotechnology Inc, CA). The section
slides were washed in xylene and hydrated in different concentrations of alcohol. The slides
were incubated with the primary antibody against IL-17 and IL-23 separately overnight at
4°C.

Horseradish peroxidase-conjugated secondary antibody was applied to locate the primary
antibody. The specimens were stained with DAB chromogen and counterstained with
hematoxylin. The presence of brown staining was considered a positive identification for
activated IL-17 and IL-23. The Olympus BX40 light microscope equipped with computer-
controlled digital camera (DP71, Olympus Center Valley, PA) was used to visualize the
images on the slides.

2.11 Combination Index
Combination Index (CI) value [31] was calculated separately using inflamed ear thickness of
ACD model and using TEWL values of psoriatic plaque like model to evaluate the
combined effect of SP and KP. The CI was calculated using following equation:

Equation

1

The CI values were interpreted as follows: CI > 1.3: antagonism, CI =1.1–1.3: moderate
antagonism, CI = 0.9–1.1: additive effect, CI = 0.8–0.9: slight synergism, CI = 0.6–0.8:
moderate synergism, CI = 0.4–0.6: synergism, CI = 0.2–0.4: strong synergism.
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2.12 Statistical analysis
The SP and KP content of the skin tissue was expressed as mg per g of the tissue.
Differences between the skin permeation of SP+KP gel, SP+KP-SPN and Topgraf® were
examined using ANOVA and Tukey multiple comparison test. Means were compared
between two groups by student’s t test and between three dose groups by one-way variance
analysis (ANOVA). Mean differences with p<0.001 were considered to be significant.

3. Results
3.1 Preparation of surface modified nanoparticles

The mean particle size of SP+KP-NPS was found to be 169 nm with a polydispersity index
(PI) of 0.18. After surface modification with OA, the mean particle size of SP+KP-NPSO
was increased to 183 nm. The zeta potential of SP+KP-NPSO was decreased from 10.43 to
5.34 mV after surface modification which possibly was because of the reduction in free
amine groups of chitosan, available on the surface of nanoparticles. The percent of surface
accessible amine groups of SP+KP-NPS were evaluated using TNBS method and were
found to be 82 percent after 2 h incubation of SP+KP-NPS with OA. The entrapment
efficiency of SP and KP was 92.81 ± 2.17% and 81.27 ± 2.26%, respectively. The
entrapment efficiency of SP and KP was unaffected by surface modification.

3.2 Preparation of gel
For drug release, skin permeation and in vivo studies, NPSO was dispersed in the HPMC gel
to achieve the final concentration of 0.8% w/v HPMC and then mixed slowly for 2 h in
order to form a uniform dispersion. Samples were then allowed to settle at room temperature
for 24 h.

3.3 Rheology
The rheological behavior of topical/transdermal formulations was investigated since it
relates to the spreadability of the formulation and contact time on the skin surface [32–34].
The effect of different percent of HPMC was evaluated on viscosity profile of SPN
formulation (Table 1). The viscosities of SP+KP-SPN comprising 0.4%, 0.8%, 1.2% w/v
HPMC were 0.12, 1.16, 13.43 cP, respectively. Particle size of SPN was increased from 183
to 226nm for SPN comprising of 1.2% w/v HPMC. This might be because of the cross-
linking of the polymer network. However there was no change in the particles of SPN when
prepared using 0.4% w/v and 0.8% w/v HPMC. A plot of the shear rate vs the shear stress of
the SPN is shown in Figure 1 demonstrating thixotropic behavior of pseudoplastic system.

3.4 In vitro drug release
SP and KP were released in a controlled manner from SPN. SP showed 20% of release
within 24 h from NPS (Figure 2a) while KP showed 59% release within 24 h (Figure 2b).
Drug release from SP-SPN or SP+KP-SPN was almost similar and followed first order
release kinetics with a best fit r2 value of 0.99. Further KP-SPN or SP+KP-SPN followed
Korsmeyer – Peppas release kinetics with a best fit r2 value of 0.99. Also there was no
statistical difference between the drug release from KP-SPN or SP+KP-SPN.

3.5 Stability studies
The mean particles size of SPN was investigated during stability studies as per ICH
guidelines. There was no change in the appearance and clarity of SPN found during stability
studies. The particle size of SPNs was unchanged when stored at refrigeration temperature.
However the particle size for SP+KP-SPN increased from 192 nm to 241, 272 and 304 nm
and at the end of 1, 2 and 3 months, respectively at accelerated storage conditions signifying
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that the particle size was increased with an increase in storage temperature. Similarly the SP-
SPN or KP-SPN showed a significant increase in particle size when stored at 40°C/75% RH.

3.6 In vitro skin permeation
SP was found below the detectable limit in receiver compartment after 24 h of human skin
permeation using SP gel and SP-SPN or SP+KP-SPN. These results are comparable with
previous reports from our laboratory, where SP was not detected in the receiver
compartment upon application of SP lotion and gel on the rat skin [35]. SC, epidermal and
dermal retention of SP for SP-SPN was 7.34, 5.32 and 1.14 mg/g of skin, respectively
(Figure 3a). SP retained in SC, epidermis and dermis after application of SP-SPN was
significantly different (p<0.001) than the SP gel. Further the amount of SP retained in
epidermis and dermis after application of SP-SPN or SP+KP-SPN was 1.5 and 2.7 times
higher, respectively, than SP-NPSO or SP+KP-NPSO. KP was detectable in receiver
compartment and 21.58 and 30.21 μg/cm2 was permeated through the skin in case of KP-
NPSO and KP-SPN, respectively (Figure 3c). The amount of KP in receiver compartment
for KP-SPN was increased by 1.3 times than KP-NPSO. The skin retention of KP-SPN in
various skin layers like SC, epidermal and dermal retention was 0.78, 0.41 and 0.23 mg/g of
skin, respectively (Figure 3b). Further KP retained in SC, epidermis and dermis after KP-
SPN application was significantly different (p<0.001) than the KP-gel. The amount of KP
retained in epidermis and dermis after application of KP-SPN or SP+KP-SPN was 1.4 and
2.1 times higher, respectively, than KP-NPSO or SP+KP-NPSO. Further the amount of KP
or SP retained in various skin layers was not statistically different for SPN comprising
individual drugs (KP-SPN or SP-SPN) and a combination of KP and SP, signifying lack of
any interaction of SP on skin permeation of KP or vice versa.

3.7 In vivo inflammatory model
3.7.1 Allergic contact dermatitis (ACD)—The reduction of ear swelling of the
inflamed mice ears was used to monitor the treatment of inflammation after application of
SPN. The effect of gel and SPN on reduction of ear swelling is shown in Figure 4. The ear
thickness was increased from 128.34 to 148.46 μm with time for control animals from 0 to
72 h. However after topical application of KP-gel and SP+KP-SPN for 3 consecutive days,
the ear thickness was decreased to 106.56 and 56.23 μm, respectively. Similarly for SP-gel
and SP+KP-SPN, it was decreased to 115.78 and 61.89 μm, respectively. There was no
statistical difference in ear thickness before and after application of Topgraf®. The ear
thickness for SP+KP-gel and SP+KP-SPN was 68.42 and 12.44 μm, respectively. The
combination index value calculated from the ACD response ranged from 0.72 to 0.77 over
an entire study period (0 to 72 h).

3.7.2 Imiquimod (IMQ) induced psoriatic plaque like model—Induction of
psoriatic like plaques was performed by topical application of IMQ for 5 consecutive days.
The scaling of the mice back skin, a phenomenon typical for psoriatic skin lesions, was
observed after topical application of IMQ (Figure 5a). Analysis of H&E-stained sections
from the IMQ-treated skin showed increased epidermal thickening with elongation of
epidermal rete ridges, a disturbed epidermal differentiation and infiltration of leukocytes
into both, dermis and epidermis (Figure 5b). In addition, the expression of IL-17 and IL-23
was significantly less (p<0.001) for SP+KP-SPN compared to control IMQ treated mice
(Figure 6). The PASI score for control was 4 at the end of 5th day (Table 2). However the
PASI score for SP+KP-gel and SP+KP-SPN was decreased to 3 and 1, respectively at the
end of 5th day. For Topgraf®, PASI score was zero at the end of 2nd day of treatment.
Similarly the TEWL values for SPN and Topgraf® were significantly less than control and
gel (Figure 7). The combination index value calculated from TEWL value ranged from 0.69
to 0.74 over the entire period of the study (0 to 5 days).
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4. Discussion
Allergic contact dermatitis (ACD) and psoriasis are the most common inflammatory skin
disorders. It is desired that the anti-inflammatory drug should be delivered to the deeper skin
layers where inflammation occurs. Nanoparticles have shown promising results in enhancing
the drug delivery to the deep epidermis. Preliminary experiments in our laboratory have
demonstrated that ibuprofen can be delivered in higher amounts to the deeper skin layers
when applied in the form of PLGA and chitosan bilayered nanoparticles, modified with oleic
acid (OA) (unpublished data). In the present study, we have incorporated these surface
modified nanoparticles containing SP and KP into a gel formulation (SPN) to further
enhance the drug delivery to the deeper skin layers by improving the contact time and
avoiding water loss from the skin.

To prepare a SPN system, HPMC and Carbopol were selected as gelling agents. HPMC was
selected as a gelling agent because it formed a homogenous dispersion due to its high water
solubility whereas carbopol formed gel after addition of alkaline reagent, resulting in an
increase in particle size of SPN. The effect of different percent of HPMC on viscosity
profile and particle size of SPN was investigated since minimum particle size was desired
along with the viscous gel. With 1.2% w/v HPMC, the viscosity and particle size was
increased due to cross-linking of the polymer network. Similar observations have been
reported for hydroxyl propyl cellulose (HPC) and HPMC gels becoming increasingly
viscous due to increase in HPC and HPMC concentration [34]. Therefore lower percent of
HPMC (0.8% w/v) was used for preparation of a SPN which did not show any change in the
particle size. The SPN prepared using 0.8% w/v HPMC was further investigated for the
rheological behavior since the spreadability of the topical formulation and contact time on
the skin surface is directly related to the rheological behavior of the gel [32–34]. When the
shear rate of SPN comprising 0.8% w/v was increased (up curve), shear stress was also
increased with yield value, indicating pseudoplastic (non-Newtonian) behavior. Further,
when the shear stress of NPS was decreased from 110 to 20 Pa (down curve), shear stress
was also decreased proportionately, demonstrating thixotropic (shear-thinning) properties,
which is desirable for topical formulations [36]. Therefore, based on viscosity, rheological
properties and particle size, 0.8% w/v HPMC was selected for further investigation of drug
release, stability, skin permeation studies and therapeutic efficacy in animal models.

The drug release from KP-SPN followed Korsmeyer–Peppas kinetics demonstrating that the
drug was released in a controlled manner by a combination of both diffusion and erosion
mechanisms. However, the drug release from SP-SPN followed first order kinetics which
suggested that the drug release was dependent on the drug concentration. The controlled
drug release from SPN might be because of an increase in viscosity of SPN associated with
increase in percent of HPMC and a longer diffusion pathway [37]. Further, the SPN stored at
refrigeration temperature showed excellent stability without significantly affecting particle
size during the study period, which might be because of the hydration effect of HPMC.
However, a gradual increase in particle size and PI values was observed at accelerated
storage conditions signifying that the particle size was increased with an increase in storage
temperature. Similar results were reported during the stability study of tacrolimus loaded
lipid nanoparticle gel where a gradual increase in particle size and PI values was observed
when stored at 30°C/65% RH and 40°C/75% RH for 3, 6 and 12 months. However, the gel
stored at refrigeration condition remained stable with almost no change in particle size
without any significant increase in PI values during the study period of 12 months [38].

Skin permeation studies showed a significant increase in SP and KP retention in deeper skin
along with increase in the amount of KP permeated in receiver compartment for the SPN
compared to NPSO and control gel formulations containing SP and KP. These results are
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comparable to the reports with hydrogel containing KP-lipid nanoparticles which showed
approximately 2.4 folds improvement in skin permeation compared to control KP-gel
formulation [39]. Similar results were reported for gel comprising polymeric nanospheres
and lipid nanoparticles [38]. The gel enriched with nile red containing polymeric
nanospheres showed 1.4 folds increase in skin permeation of nile red than aqueous
polymeric nanospheres [23]. In addition, Pople and Singh demonstrated that the permeation
rate of tacrolimus from a gel containing tacrolimus lipid nanoparticles was almost 16–21
times higher than marketed tacrolimus ointment, Protopic®. This might be because of the
increase in drug release from gel containing tacrolimus lipid nanoparticles than protopic
ointment [38]. Furthermore the amount of KP or SP retained in various skin layers was not
statistically different for SPN comprising individual drugs (KP or SP) and a combination of
KP and SP, signifying lack of interaction of SP on skin permeation of KP.

During the inflammatory skin disorders like ACD and psoriasis, various cytokines,
chemokines, eicosanoids [40] and substance P [41] are reported to be involved in the
regulation of inflammatory process. ACD, an acute inflammation, is characterized by
classical symptoms such as heat, redness, swelling and pain [42]. DNFB induced edema
(after secondary exposure) is widely used for investigating cutaneous inflammatory process
[35]. Further, IMQ has been reported to induce skin inflammation in mice along with the
features of human psoriasis where cytokines like IL-23 and IL-17 levels are elevated with
typical phenotypic and histological characteristics [28, 43–45]. Therefore the efficacy of
SPNs was investigated in two inflammatory models with different end points. SP is known
to antagonize substance P by competitively binding to neurokinin-1 receptors present on the
cutaneous cells for inhibition of capsaicin-induced [46] and DNFB-induced [35] ear edema
in mice. Further KP has been reported to inhibit prostaglandin (PG) biosynthesis and
maturation of Langerhans cells to show anti-inflammatory effect [47]. The results of ACD
model demonstrate that SPNs containing a combination of SP and KP improved
effectiveness in reducing acute cutaneous inflammation. To evaluate the additive or
synergistic effect, the combination index value was calculated based on the response of
ACD model. The combination index value calculated for each day suggested moderate
synergism for SP+KP-SPN over the entire study period which might be because of two
different mechanisms of SP and KP working together in reducing the cutaneous
inflammation associated with ACD. These results were further confirmed by the psoriatic
plaque like model where the epidermal thickening, elongation of epidermal rete ridges,
infiltration of leukocytes, IL-23 and IL-17 levels were significantly less (p<0.001) in SP
+KP-SPN compared to SP+KP-gel and control, signifying the effectiveness of the SP+KP-
SPN. Furthermore, the TEWL values of psoriatic plaque like model were significantly lower
(p<0.001) for SP+KP-SPN than control mice further confirming the moderate synergistic
behavior of the two drugs. However Topgraf®, a commercial tacrolimus formulation was
slightly more effective (p<0.05) than the SP+KP-SPN which was expected since tacrolimus
is a new and powerful macrolide immunosuppressant and has shown notable efficacy
against inflammatory conditions like ACD and psoriasis. Being a calcineurin inhibitor, it
significantly reduces the number of various epidermal and dermal T-cell subsets [48].
However, the thrust of this research is to demonstrate that our SPN containing surface
modified nanoparticles can deliver two anti-inflammatory agents having varied mechanisms
to the deeper skin layers with possible synergistic activity.

Future studies will be directed to use of more potent drugs with the SPN formulations for the
treatment of various skin disorders like allergic contact dermatitis and psoriasis.

Shah et al. Page 11

Biomaterials. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Conclusion
Our studies demonstrate that the nanogel comprising surface modified nanoparticles (NPSO)
enhanced skin permeation of spantide II and ketoprofen by translocating the nanoparticles
across the deeper skin layers by improving skin contact time and hydration of the skin by
forming a thin layer on the skin surface (occlusive effect). Thus, the increase in skin
permeation of spantide II and ketoprofen was further responsible for improved response in
ACD and psoriatic plaque like model suggesting the potential of the combination therapy to
treat various inflammatory skin disorders like ACD and psoriasis. In addition, there was no
interaction between the spantide II and ketoprofen during in vitro skin permeation and drug
release studies. Similar approach could be extrapolated to treat other skin diseases like
fungal, bacterial, viral- infections and skin cancers like melanoma.
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Figure 1.
Rheology of skin penetrating nanogel (SPN) showing correlation between shear stress and
shear rate. When the shear rate of nanogel was increased (up curve), shear stress was also
increased with yield value, indicating pseudoplastic (non-Newtonian) behavior. Further
when the shear stress of nanogel was decreased from 110 to 20 (down curve), shear stress
was also decreased proportionately, demonstrating thixotropic (shear-thinning) properties of
the SPNs.
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Figure 2.
In vitro drug release of a) spantide II (SP) and b) ketoprofen (KP) from KP and SP
comprising skin penetrating nanogels (SPNs) in PBS (pH 7.4) containing 0.5% w/v volpo.
The cumulative amount released was plotted against time. The drug release studies with SP-
SPN or KP-SPN and SP+KP-SPN showed no significant difference between the KP and SP
release when used alone or in combination, signifying no interaction between the drug
release of SP and KP. Data represent mean ± SEM, n=6.
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Figure 3.
Effect of control gel, aqueous dispersion of surface modified bilayered nanoparticles
(NPSO) and skin penetrating nanogels (SPNs) on the skin retention of a) spantide II (SP)
and b) ketoprofen (KP). In vitro skin permeation studies were performed in dermatomed
human skin using Franz diffusion cells and after 24 h of application, the skin was collected
and processed as described in methods section. The amount of SP and KP retained in
epidermis and dermis after application of SPNs is significantly higher than control gel. c)
The amount of KP Permeated per unit area after 24 hrs of dermatomed human skin
permeation study performed using control gel, aqueous NPSO and SPNs. Data represent
mean ± SD, n = 6, significance control gel against SPNs where *p < 0.001.
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Figure 4.
a) Effect of control gel and skin penetrating nanogels (SPNs) containing SP and KP
treatment on the response of allergic contact dermatitis (ACD) model in C57/BL mice. Data
represent mean ± SD, n = 6, significance gel against SPNs where *p < 0.001. b) H&E
histological staining of i) inflammation induced by topical application of DNFB, and after 3
days treatmnt of ii) spantide II and ketoprofen comprising gel (SP+KP gel) iii) spantide II
and ketoprofen comprising skin penetrating nanogels (SP+KP-SPN) and iv) a positive
control, Topgraf® (tacrolimus ointment 0.1%).
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Figure 5.
a) IMQ exposure alters keratinocyte proliferation and differentiation. Mice were exposed to
the IMQ suspension for 5 days. b) H&E histological staining of i) normal skin, ii)
inflammation induced by topical application of IMQ suspension, and inflammed skin after 5
days treatmnt of iii) spantide II and ketoprofen comprising gel (SP+KP gel) iv) ketoprofen
comprising skin penetrating nanogels (KPSPN) v) spantide II comprising skin penetrating
nanogels (SP-SPN) vi) spantide II and ketoprofen comprising skin penetrating nanogels (SP
+KP-SPN) and vii) a positive control, Topgraf® (tacrolimus ointment 0.1%).
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Figure 6.
Immunohistochemistry a) IL-17 and b) IL-23 for i) normal skin, ii) inflammed skin induced
by topical application of IMQ suspension, and inflammed skin after 5 days treatmnt of iii)
spantide II and ketoprofen comprising gel (SP+KP gel) iv) ketoprofen comprising skin
penetrating nanogels (KP-SPN) v) spantide II comprising skin penetrating nanogels (SP-
SPN) vi) spantide II and ketoprofen comprising skin penetrating nanogels (SP+KP-SPN)
and vii) a positive control, Topgraf® (tacrolimus ointment 0.1%). The presence of brown
staining was considered a positive identification for activated IL-17 and IL-23.
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Figure 7.
Trans-epidermal water loss (TEWL) values of each day after treatment of spantide II and
ketoprofen comprising gel (SP+KP gel) and skin penetrating nanogel comprising ketoprofen
(KP-SPN), spantide II (SP-SPN), a combination of spantide II and ketoprofen (SP+KP-SPN)
along with a positive control, Topgraf® (tacrolimus ointment 0.1%) for 5 days on the back
skin of C57/BL mice. Values represent mean ± SD, n = 6.
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Table 1

Effect of percent of HPMC on viscosity and particle size of SPNs

HPMC w/v Viscosity (cP), 25 °C ± SD Particle Size (nm) ± SD

0.4% 0.12 ± 0.02 187 ± 14

0.8% 1.16 ± 0.03 192 ± 11

1.2% 13.43 ± 0.02 226 ± 16
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