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For efficient pain reduction in severe skin wounds, topical opioids may be a new option – given that
wound healing is not impaired and the vehicle allows for slow opioid release, since long intervals of pain-
ful wound dressing changes are intended. We investigated the influence of opioids on the wound healing
process via in vitro models, migration assay and scratch test. In fact, morphine, hydromorphone, fentanyl
and buprenorphine increased the number of migrated HaCaT cells (spontaneously transformed keratino-
cytes) twofold. In the scratch test, morphine accelerated the closure of a monolayer wound (scratch). As
possible slow release application forms are nanoparticulate systems like solid lipid nanoparticles (SLN)
and dendritic core-multishell (CMS) nanotransporters, we evaluated the effect of unloaded nanoparticles
on HaCaT cell migration, too. CMS nanotransporters did not inhibit migration, SLN even enhanced it (two-
fold). Applying morphine plus unloaded nanoparticles reduced morphine effects possibly due to uptake
into CMS nanotransporters and adsorption to the surface of SLN. In contrast to SLN, TGF-b1 was taken up
by CMS nanotransporters, too. Both nanoparticles are tolerable by skin and eye as derived from Episkin-
SMTM skin irritation test and HET-CAM assay. No acute toxic effects were observed either. In conclusion,
opioids as well as the investigated nanoparticulate carriers conform the essential conditions for topical
pain reduction.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Agreeable wound management for burn and skin graft (donor
site) patients is challenging clinicians. To avoid systemic side ef-
fects and the – though limited – risk of dependency, long lasting
pain reduction by topical application of opioids appears advanta-
geous. Due to the peripheral expression of (l) opioid receptors
on nociceptive nerve endings [1,2], this should be possible by prin-
ciple, yet clinical success appears limited [3,4], which may be due
to a low amount of opioid reaching the target site over time. Since
nanoparticulate carrier systems can increase skin penetration sev-
eralfolds [5–8] and can slowly release the loaded drug [9–12], we
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aimed to investigate the potential of nanoparticulate carriers for
a topical application of opioids. First, however, we had to unravel
the influence of either drug or carrier on wound healing in order
to exclude negative effects. In fact limited data indicate that opi-
oids may even enhance wound healing [13,14].

The wound healing process consists of at least three different
phases. The initial inflammatory phase is mainly characterized by
a clotting process and chemotaxis of inflammatory cells which help
to cleanse the wound. Reepithelialization occurs in the prolifera-
tive phase. Stimulated by cytokines, keratinocytes migrate across
the wound matrix to close the wound before scar formation is tak-
ing place [15]. Enhancement of keratinocyte migration indicates a
positive effect on the healing process, delayed migration indicates
a negative effect. In the final remodelling phase we observe a reor-
ganization of the scar tissue. Here we studied the effects of opioids
on human keratinocyte migration using migration assay and
scratch test.

For the use in severely damaged skin the choice of pharmaceu-
tical formulation is very important, as the wound healing process
must not be disturbed by the vehicle constituents either. Since
the change of the wound dressing is very painful, long lasting anal-
gesic effects conforming a low changing-frequency would be opti-
mal. Aiming for nanocarrier systems for opioid delivery we

mailto:msk@zedat.fu-berlin.de
http://www.sciencedirect.com/science/journal/09396411
http://www.elsevier.com/locate/ejpb


N.B. Wolf et al. / European Journal of Pharmaceutics and Biopharmaceutics 73 (2009) 34–42 35
compared solid lipid nanoparticles (SLN) [7,8,16,17] and dendritic
core-multishell (CMS) nanotransporters which can encapsulate
hydrophilic as well as lipophilic substances and transport them
to polar and apolar environments [18,19]. Improvement in skin
penetration by CMS nanotransporters even can surmount the effi-
ciency of SLN [6]. SLN and CMS nanotransporters were tested for
the influence on keratinocyte migration and local tolerability.

While SLN are composed of lipids having GRAS (generally rec-
ommended as safe) status, the local tolerability of CMS nanotrans-
porters is by and large unknown. In fact, due to the nanosize, the
carriers may show novel properties compared with the bulk mate-
rial. Since they are enabled to interact with cells [6], subcellular
structures, etc., possibly harmful effects have to be excluded [20],
which is of crucial importance especially with the intention to ap-
ply the nanotransporters onto skin without any or just recovering
barrier function.
2. Materials and methods

2.1. Materials

Morphine hydrochloride, buprenorphine hydrochloride, hydro-
morphone hydrochloride and naloxone hydrochloride dihydrate
were purchased from Fagron (Barsbüttel, Germany). Fentanyl cit-
rate and transforming growth factor-b1 (TGF-b1) were obtained
from Sigma–Aldrich (Munich, Germany). Test substances were dis-
solved in phosphate-buffered saline (PBS, pH 7.4 or pH 6.5, respec-
tively) with 0.4% bovine serum albumin (BSA, Sigma-Aldrich).

Compritol� 888 ATO (glyceryl behenate) was a gift from Gat-
tefossé (Weil a. Rh., Germany). Lutrol F68� (poloxamer 188) was
obtained from BASF (Ludwigshafen, Germany). Chemicals for the
synthesis of the CMS nanotransporters were purchased from Fluka
(Seelze, Germany), except for polyglycerol amine (PG10000) which
was prepared as described [21]. Reagents for the diazotization
reaction were purchased from Promega (Mannheim, Germany).
Fibronectin, Giemsa stain solution and all RPMI 1640 medium
and supplements for HaCaT cell culture were purchased from Sig-
ma–Aldrich (Munich, Germany). Culture medium for keratinocytes
and supplements was obtained from Lonza (Walkersville, MD,
USA). Polycarbonate membrane inserts for the migration assays
(pore size: 8 lm) were obtained from Biochrom (Berlin, Germany).
Isopropanol, sodium dodecylsulfate, hydrochloric acid, acetic acid,
sodium hydroxide and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) were obtained from Sigma–Aldrich
(Munich, Germany). Texapon� ASV 50 was from Cognis (Düssel-
dorf, Germany).

HaCaT cells were a gift from Prof. Fusenig from the DKFZ, Hei-
delberg. For skin irritation test Episkin-SMTM reconstructed human
epidermis (0.38 cm2) was delivered from SkinEthic Laboratories
(Nice, France), as well as the maintenance and assay medium.
The white leghorn chicken eggs for the HET-CAM test were pur-
chased from Lohmann livestock breeding (Cuxhafen, Germany).

2.2. Particle preparation

SLN and CMS nanotransporters (Table 1) were unloaded. SLN
(10% lipid), composed of 10% glycerol behenate and 2.5% surfactant
Table 1
Average size and particle size distribution of the applied nanoparticles, measured via
photon correlation spectroscopy and laser diffraction [6].

Size (nm) Polydispersity index (PI)

SLN 150-170 60.250
CMS nanotransporters 20–30 60.250
(poloxamer 188) were prepared as described [17]. In short, the li-
pid was melted, an aqueous solution of poloxamer 188 of the same
temperature was added and a preemulsion was formed using an
ultra turrax. The premix was homogenized by a Lab 60 high pres-
sure homogenizer (APV Gaulin, Lübeck, Germany) at 500 bar for
2.5 min. SLN were stored at 8 �C and used for migration experi-
ments within 1 month, though stable for almost 3 months [17].

The CMS nanotransporters have the empirical formula PG10000

(-NH2)0.7(C18mPEG6)1.0 and were synthesized using previously de-
scribed procedures [19]. For testing, CMS nanotransporter disper-
sions were used at concentrations of 0.5% and 5%.

2.3. Parelectric spectroscopy

Aiming to elucidate possible adsorption or incorporation pro-
cesses, interactions of the nanoparticles with morphine were stud-
ied by parelectric spectroscopy (PS). This method and its
underlying theoretical model have been described in detail else-
where [17,22,23].

2.4. Cell culture

HaCaT cells were maintained in 75 cm2 flasks (Nunc, Wiesba-
den, Germany) with RPMI 1640 medium (pH 7.4) containing 10%
fetal calf serum (FCS) and L-glutamine (5 mM). Cells were grown
at 37 �C and 5% CO2 and medium was changed every 2 or 3 days.
As soon as grown confluent, cells were split (1:10 or 1:15).

Primary human keratinocytes were isolated from juvenile
foreskin, the remainder of circumcision surgeries. Keratinocytes
were grown in keratinocyte basal medium supplemented with
epidermal growth factor, insulin, gentamicin sulfate, amphoteri-
cin B, hydrocortisone and bovine pituitary extract (keratinocyte
growth medium, KGM) to a confluence of about 70% [24].
Keratinocytes of the second or third passage were used for
the experiments.

2.5. Migration assays

Migration assays were performed with HaCaT cells in modified
Boyden chambers as described [25–27]. To measure chemotaxis in-
serts with polycarbonate membranes (pore size: 8 lm) were
coated with fibronectin (3 lg/ml in aqua bidest.) for 1 h at 37 �C
and placed into 24-well plates (Nunc, Wiesbaden, Germany) which
already contained the test substances (opioids, naloxone) or trans-
forming growth factor b1 (TGF-b1, positive control) in the indi-
cated concentrations in supplemented RPMI 1640 medium (pH
7.4). The pure solvent served as negative control. HaCaT cells
(2 � 105 cells/well) were seeded into the upper chamber and cells
were allowed to migrate for 5 h at 37 �C towards the lower cham-
ber. Then medium was aspired and remaining cells on the upper
surface of the membrane were removed with a Q-tip. Cells that
had migrated into the membrane were fixed in ice cold ethanol
(96%) for 2 min at �18 �C and stained with Giemsa solution (1:10
in water) for 30 min at 37 �C. To test the inhibitory effect of nalox-
one, cells were preincubated with growth medium containing nal-
oxone (1 lM) for 15 min in their culture flasks before they were
used for the migration assay.

Migration in acidic environment was studied using medium (pH
6.5) acidified with concentrated hydrochloric acid. To test the
influence of carriers on the migration of HaCaT cells, suspensions
of SLN (40 ll) and CMS nanotransporters (40 ll), respectively were
added to the cell suspension, that is, to the upper chamber during
the assay.

To measure chemokinesis the chemokine gradient was dis-
rupted by adding the opioids or TGF-b1 to the upper as well as
to the lower chamber.
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Migrated cells were quantified by light microscopy at a magni-
fication of x150 (Axiovert 135, Carl Zeiss, Göttingen, Germany) by
counting the stained cells from 10 randomly selected fields per
well. Data presented are derived from at least three independent
experiments.

2.6. Wound healing assay

For the in vitro scratch assay [28,29], HaCaT cells were seeded
in six-well plates (Nunc, Wiesbaden, Germany) in a density of
5 � 105 cells/well in growth medium. Cells were grown until they
had reached a confluence of about 80%. Then a scratch was made
through each well using a sterile 200-ll pipet tip. Cells were
washed twice with PBS pH 7.4 and the medium was changed. As
a positive control TGF-b1 (1 ng/ml) was added to the medium;
the test substance was morphine, which was added in a concentra-
tion of 100 nM. Scratches were documented under the microscope
(x150) immediately after the wounding procedure and once more
when kept at 37 �C, 5% CO2 for 48 h. Pictures were taken exactly at
the same position before and after the incubation to document the
repair process. The experiments were repeated twice and repre-
sentative pictures are shown.

2.7. Detection of NO formation

NO formation was measured indirectly by quantifying nitrite
(NO�2 ) – one of the two stable decomposition products of NO using
a diazotization (Griess) reaction. A dye is formed in the presence of
NO�2 which can be detected by measurement of absorbance [30].

HaCaT cells (5 � 104 cells/well) were seeded in 96-well plates
(Nunc, Wiesbaden, Germany), cultivated in growth medium at
37 �C, 5% CO2 for 24 h and then stimulated with 100 nM morphine
for another 24 h without changing the medium. Negative control
cells were not stimulated, adding the pure solvent only. To quan-
tify the nitrite concentration medium was removed, centrifuged
(1000 g, 5 min, 4 �C) and transferred into a new 96-well plate
(50 ll/well). Following the addition of 50 ll of a sulfanilamide
solution (1% sulfanilamide in 5% phosphoric acid) and once more
following the addition of 50 ll of a NED solution (0.1% N-1-naph-
thylethylendiamine dihydrochloride in water), samples were incu-
bated for 10 min at room temperature, protected from light. Then
absorbance was measured within 30 min in a plate reader with a
540 nm filter (FluoStar OPTIMA, BMG Labtech, Offenburg, Ger-
many). The results shown (absorbance values corrected for blanks)
are mean values derived from three independent experiments.

2.8. Viability assay

For cytotoxicity testing, the activity of the cellular mitochon-
drial dehydrogenase was determined by measuring MTT reduction
and conversion into a blue formazan salt [31]. Primary keratino-
cytes (4 � 104) were seeded into 24-well plates (TPP, Trasadingen,
Germany). At the day after seeding the cells were incubated at
37 �C with the nanoparticles for 24 h and 48 h, respectively, before
the MTT test was performed as described [24]. SLN (10% lipid) and
CMS nanotransporters (5%) were diluted with keratinocyte growth
medium (KGM) 1:100; 1:200; 1:1000; 1:2000, respectively. Then
40 ll of MTT solution (5 mg/ml) per well were applied and the cells
were incubated for another 3 h. After removing the supernatants,
250 ll dimethylsulfoxide (DMSO) was added to dissolve the for-
mazan salt and its optical density (OD) was measured using the
microplate reader setting the excitation 570 nm. Untreated kerati-
nocytes served as reference, the measured fluorescence values
were set 100%. Each concentration was tested in triplicate and
the experiments were repeated at least twice, respectively. A cell
viability 670% predicts cytotoxic effects.
2.9. Skin and eye irritations

Episkin� skin irritation test and HET-CAM test are validated
nonclinical methods to evaluate the skin [32] and eye irritation
[33] potential of chemicals and preparations. In this study the irri-
tant potential of SLN (10 % lipid) and CMS nanotransporters (5%)
were tested, respectively.

2.9.1. Episkin�Skin Irritation Test-42hour

The in vitro skin irritation assay was performed according to the
standard operating procedure of the ECVAM Skin Irritation Valida-
tion Study [32]. An aqueous solution of SDS (5%) served as positive
control, PBS (pH 7.4) as negative control. The test materials (10 ll)
were applied to the surface of the reconstructed epidermis for
15 min. Then test substances were rinsed off with PBS and the tis-
sues were postincubated for 42 h. For endpoint assessment cell
viability was measured via MTT test as described above. A reduc-
tion in cell viability (expressed in %) in treated tissues compared
to the negative control predicts an irritant potential and sub-
stances with viability 650% are qualified as irritants (R38 accord-
ing EU classification standards). Direct chemical MTT reduction
by the test substance was excluded by a preliminary test [32].
The skin irritation test was performed with two Episkin-SMTM

batches using three tissue units per substance.

2.9.2. Hen’s egg test on the chorioallantoic membrane (HET-CAM)
Hen’s eggs were incubated in an incubator (Bruja, Hammelburg,

Germany) with automatic rotation device at 37.5 �C for nine days.
By candling the eggs unfertilized eggs were identified and dis-
carded. The fertilized eggs were opened at the blunt end, the visi-
ble white egg membrane was moistened with a few drops of
distilled water and then removed. The test substances (300 ll)
were applied onto the underlying chorioallantoic membrane
(CAM) which was then observed using a stereo microscope
equipped with a camera (Olympus, Tokyo, Japan). For documenta-
tion, pictures of the untreated and treated CAM were taken at three
different magnifications. The eye irritation potential of the nano-
carriers was tested using six eggs per test material. For test evalu-
ation endpoint assessment was used. After a residence time of
3 min the CAM was inspected for the possible endpoints haemor-
rhage, intravascular coagulation, extravascular coagulation and
vessel-lysis which then were classified as none, weak, moderate
or severe reaction [33]. As SLN are non-transparent, the suspen-
sions were carefully rinsed off with 0.9% sodium chloride solution
before observation. To afford a semi-quantitative evaluation of the
reactions, preliminary tests with reference substances were per-
formed applying three different concentrations of Texapon ASV, so-
dium hydroxide and acetic acid onto two CAMs, respectively, to
distinguish between weak, moderate and severe effects (ECVAM
InVitox Protokoll No 96).

2.10. Statistics

The data presented (arithmetic mean values ± standard devia-
tion) resulted from 3–5 independent experiments. Statistical anal-
ysis for enhancement over negative control (set in the migration
experiment), concentration dependency of opioid effects and the
effect of naloxone is based on the Wilcoxon matched pairs test;
p 6 0.05 is considered to indicate a difference.
3. Results and discussion

Aiming at the topical use of opioids in skin wounds for pain
reduction, the influence on wound closure is of high relevance.
Inhibition of wound closure will not allow this innovative thera-
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peutic approach. Opioid receptors are present in the human skin
[34–36], the endogenous ligand b-endorphine induces keratino-
cyte migration [37,38] and opioid receptor agonists like dalargin,
FK-33824, DADLE, met-enkephalin and morphine accelerate
wound healing in rats [13,14] – possibly due to a stimulated migra-
tion of keratinocytes.

The final aim is to find an application form for opioids, which
allows pain reduction for up to 7 days until the first change of
wound dressing in burn patients. Sustained release of e.g. vitamin
A and glucocorticoids can be realized by loading the drugs onto
SLN [9,11,39]. Furthermore, the topical application of SLN can
avoid systemic side effects as the permeation of drugs through
the skin is reduced [40,41], possibly due to interference of the lipid
nanoparticles with the epidermal lipids of the skin surface [42].
Another option for the drug delivery of opioids is CMS nanotrans-
porters, a type of nanocarriers, that can be loaded with lipophilic as
well as hydrophilic drugs.

3.1. Migration induction and wound healing

The HaCaT cell is an adequate cell line to study keratinocyte
physiology [43] and migration is well in accordance with migration
of primary human keratinocytes [25], chemotactic and chemoki-
netic agents induce HaCaT cell migration [27]. Initial experiments
with modified Boyden chambers proved both keratinocyte types
to respond to opioids. Inducing the expression of fibronectin recep-
tors, TGF-b1 stimulates keratinocyte migration towards fibronectin
[44] covering the membrane. Here, the positive control TGF-b1
(1 ng/ml) consistently duplicated the number of migrated cells
counted in the membrane compared to the negative control
(p 6 0.05). In the chemotactic set-up opioids, too, enhanced HaCaT
cell migration (p 6 0.05) which was concentration dependant.
Maximum opioid effects corresponded to TGF-b1 efficacy. Opioid
effects were completely inhibited in the presence of naloxone
(1 lM; p 6 0.05) whereas the TGF-b1 effect was not influenced
by the opioid receptor antagonist (Fig. 1). Therefore opioid-induced
migration enhancement is due to a specific receptor interaction.

To investigate whether the effect of the opioids was chemotac-
tic or chemokinetic, drugs were added to the upper as well as to
the lower chambers which abolished the gradient in a second set
of experiments. TGF-b1 enhanced HaCaT cell migration both
chemotactically and chemokinetically, the chemokinetic approach,
Fig. 1. Chemotactic response of HaCaT cells (mean ± SD enhancement over control,
set 1) induced by morphine and buprenorphine. Opioids (100 nM dark grey
columns and 1 nM, light grey columns) or TGF-b1 (1 ng/ml, pos. control) were
applied for 5 h. TGF-b1 and opioids enhanced cell migration up to twofold over
control. The opioid receptor antagonist naloxone (1 lM) abolished the opioid effect
(1 lM, striped columns) without influencing the TGF-b1 effect (black column)
indicating a specific receptor interaction. The experiments were performed
minimum in triplicates (*p 6 0.05).
however, eliminated migration induced by morphine (Fig. 2), fen-
tanyl and hydromorphone (data not shown). This indicates a che-
motactic rather than a chemokinetic effect of these opioids on
HaCaT cells. In contrast, buprenorphine still enhanced keratinocyte
migration to a limited extent (p 6 0.05) even after abolishing the
gradient (Fig. 2), which suggests that buprenorphine at least par-
tially has a chemokinetic effect on the HaCaT cells. As an acidic
pH has to be considered in inflamed wound areas, the efficacy of
the opioids in this condition had to be tested, too. Adjusting the cell
culture medium to pH 6.5 the opioids still evoked a significant che-
motactic stimulation of HaCaT cell migration (p 6 0.05) although
slightly less than that at physiological pH level (Fig. 3). In the dif-
ferent set-ups of the migration assays the tested opioids proved
to evoke almost identical effects. Therefore we decided to focus
on morphine as a representative opioid for the following
investigations.

Next we aimed to verify the opioid effect using an independent
approach. The so called scratch test [28,29] allows to investigate
the ability of a substance to accelerate closure of a wound that
has been created artificially in a cell monolayer. After a repair per-
iod of 48 h at 37 �C, the HaCaT cells had more efficiently prolifer-
ated and migrated into the damaged area in the presence of TGF-
b1 than without any supplies in the medium. Also the addition of
morphine (100 nM) increased the ability of the HaCaT cells to close
the damage (Fig. 4). The supply of TGF-b1 or morphine resulted in
an interspace clearly less broad than that observed with negative
control.

To summarize, using the human keratinocyte derived cell line
HaCaT, we found that in fact the opioids tested stimulated cell
migration and closure of experimental wounds, enhancement of
migration was concentration dependant and could be blocked by
the opioid receptor antagonist naloxone, indicating a specific opi-
oid-receptor interaction. Although morphine evoked a chemotactic
effect in the 5 h migration assay, its activity in the scratch assay is
not surprising because when increasing the test period of the
migration assay to 24 h morphine also was active under the ‘‘che-
mokinetic” approach. Surrounded by an acidified environment (pH
6.5), opioids still enhanced HaCaT cell migration indicating that
they may be effective, too, when applied onto inflamed tissue like
Fig. 2. Opioid-induced migration of HaCaT (mean ± SD enhancement over control,
set 1) cells is a chemotactic response. Opioids (100 nM) have been applied for 5 h
only in the lower chamber (ct: chemotactic response) and in both chambers (ck:
chemokinetic approach), thereby abolishing their gradient. With the latter
approach enhanced migration was abolished in the case of morphine, fentanyl
and hydromorphone (data not shown) indicating that these opioids act chemotac-
tically, whereas buprenorphine still slightly enhanced keratinocyte migration
indicating a partial chemokinetic effect on the HaCaT cells. TGF-b1 (1 ng/ml)
enhanced HaCaT cell migration about twofold using the chemokinetic approach,
too, indicating a chemotactic and chemokinetic power. The experiments were
performed minimum in triplicates (*p 6 0.05).



Fig. 3. Enhanced HaCaT cell migration (mean ± SD over control, set 1) in response to morphine (M), hydromorphone (H), fentanyl (F), and buprenorphine (B, each 100 nM) at
pH 7.4 (A) and pH 6.5 (B) indicates efficacy in inflamed wound areas (pos. control: TGF-b1, 1 ng/ml). The chemotaxis experiments were performed minimum in triplicates
(*p 6 0.05).

Fig. 4. Scratch test. HaCaT cells were seeded in six-well plates and grown up to 80% confluence. The scratch was made with a pipet tip and pictures were taken immediately
(A, 150�). Cells were allowed to close the damage for 48 h when kept at 37 �C, then photo documentation was repeated (B). TGF-b1 (1 ng/ml) and morphine (100 nM)
facilitated wound closure. The experiment was repeated twice and similar results were obtained.
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burn wounds. Next opioid effects on wound healing and the influ-
ence of carrier systems have to be studied in vivo.

3.2. NO formation

Among other molecules, nitric oxide (NO), produced via the
inducible NO synthase (iNOS) or the endothelial NO synthase
(eNOS) is of importance for the wound healing process, e.g. a func-
tionally active iNOS is fundamental for an adequate formation of
granulation tissue [45]. The NO in the wound area can modulate
cytokines and therefore stimulate angiogenesis, cell proliferation
[46] and epithelial cell migration [47]. Human keratinocytes ex-
press the inducible nitric oxide synthase (iNOS) and the endothe-
lial nitric oxide synthase (eNOS) [48]. In the absence of both
eNOS and iNOS wound healing is delayed, which has been demon-
strated via iNOS and eNOS knockout mice [30,49]. A positive effect
on wound healing via an activation of keratinocyte migration has
been shown for sphingosin 1-phosphate (S1P), too [27,50]. In fact
S1P and its structural analogue FTY720-phosphate activate the
eNOS [51,52]. Furthermore it has been shown that both NOS iso-
forms can be induced by opioids in murine skin cells [13] and a
stimulating effect of endomorphins on the iNOS of inflammatory
cells has been described [53].

Therefore we studied, if opioids induce HaCaT cell migration via
NO-formation as already described for epithelial cells, which
switch from a stationary to a locomoting phenotype shortly after
wounding [47]. Following stimulation with 100 nM morphine for
24 h, dye formation increased significantly (p 6 0.05; Fig. 5) indi-
cating that morphine induces the formation of nitric oxide in Ha-
CaT cells. Thus keratinocyte migration can be due to NO-synthase
activation. Since the Griess reaction-based assay measures the sta-
ble endproduct of oxidation of NO, nitrite, NO formation may be
even underestimated due to e.g. nitrate formation.

3.3. Influence of nanoparticles on keratinocyte migration

As SLN and CMS nanotransporters are possible carrier systems
for the opioids, it had to be tested whether these carriers had
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any effect on cell migration, native and morphine induced. This
was studied by adding the unloaded nanoparticles to the cell sus-
pension during the migration assays. Fig. 6 shows that CMS nano-
transporters did not influence migration, whereas non-loaded SLN
strongly induced HaCaT cell migration (p 6 0.05), efficiency was
close to TGF-b1 effect. Free fatty acids from glycerol behenate by
lipase cleavage [54] subsequently bind a tumor suppressor [55],
which prevents cell migration. In fact p53 null cells displayed an
enhanced cell spreading, which is a crucial component of cell
migration [56,57]. HaCaT cells lack functional p53, yet express
the highly homologous tumor suppressor p63 [58,59], and knock-
down of p63 in HaCaT cells leads to stimulation of cell migration
via up-regulation of several genes promoting motility [60,61].
The binding of free fatty acids and p63 leads to a state comparable
with p63 knockdown and therefore explains our observation of in-
duced migration.

The addition of the hydrophilic agent TGF-b1 together with the
non-loaded particles may even improve the boost induced by SLN
(Fig. 6; p 6 0.05). Therefore TGF-b1 is not taken up and deactivated
by the lipidic carrier during the test period of 5 h. In contrast, TGF-
b1 activity declines when administered together with CMS nano-
transporters. Therefore there appears some diffusion into the car-
Fig. 6. Chemotaxis of HaCaT cells (mean ± SD enhancement over control, set 1) in
response to morphine (100 nM) and TGF-b1 (1 ng/ml) in presence of SLN (grey
columns) and CMS nanotransporters (white columns) in the upper chamber.
Migration time was 5 h. Non-loaded SLNs induced HaCaT cell migration about
twofold, CMS nanotransporters did not influence migration. TGF-b1 effects were
partially enhanced by SLN and reduced by CMS nanotransporters. Also morphine
effects declined partially in the presence of CMS nanotransporters (*p 6 0.05).
rier matrix, which can incorporate hydrophilic agents [18].
Obviously this was also true for the addition of the lipophilic agent
morphine together with CMS nanotransporters. In fact, the addi-
tion of morphine together with the CMS nanotransporters en-
hanced migration over the untreated control and empty
nanotransporters (Fig. 6; p 6 0.05) – yet less compared to the case
when testing morphine alone (Fig. 1) indicating diffusion of mor-
phine into the lipophilic shell of CMS nanotransporters. The addi-
tion of morphine together with SLN, however, was no more
active than SLN alone. This effect should be explained by the ability
of SLN to adsorb lipophilic agents like morphine, which reduces the
concentration of freely available substance.

In conclusion, when added to the cell suspension in an unloaded
form, CMS nanotransporters did not impair cell migration, thus
should not interfere with opioid-induced pain reduction and accel-
erated wound closure. Importantly, unloaded SLN can even induce
HaCaT cell migration. For future investigation of the intended long
lasting opioid release from the eventual carrier system, the cutane-
ous freeze injury method [62] appears to be an appropriate pain
model, as it allows to evaluate the hyperalgesia of a defined skin
wound up to 72 h.

3.4. Interactions of morphine with SLN and CMS nanotransporters

Since CMS nanotransporters appeared to take up TGF-ß1 and
morphine during 5 h of the migration assay (Fig. 6), the interac-
tions were followed in a cell-free test system using parelectric
spectroscopy. This technique unravelled nile red uptake in previ-
ous experiments [6]. In this experimental procedure we could
prove that probes which contained morphine hydrochloride to-
gether with the particles – SLN or CMS nanotransporters, respec-
tively – showed a scheme of mobility which was completely
different from those probes containing morphine hydrochloride
alone dissolved in PBS with 0.4% BSA. The combined increase in di-
pole density (De) and decrease in dipole mobility (f0) of the nano-
particles dispersions (columns 2 and 3) as depicted in Table 2
results from the larger masses of the carriers (SLN, CMS) with their
higher dipole moments. Columns 4–6 show the reverse effect, the
higher dipole moment of morphine hydrochloride is reduced by
the addition of the carriers. This fact indicates an interaction be-
tween morphine and nanoparticles when being applied together,
which can be either an attachment to the particle surface or an
incorporation of morphine into the particle matrix. Concerning
the CMS nanotransporters, we presume that the drug is incorpo-
rated into the particle matrix, an event which is well in analogy
to the results with CMS nanoparticles and nile red [6] as well as
carotene and the hydrophilic dye congo red [19]. Looking at
drug-particle-interactions with the SLN and morphine however,
opioid attachment to the surface appears more likely as compared
to incorporation into the solid lipid matrix.

3.5. Cell viability

The local tolerability of the carrier systems is very important for
topical applications. Dendritic structures are of particular concern
Table 2
Results from Parelectric Spectroscopy depicting dipole mobility (f0) and dipole
density (De) [22]. All measurements have been carried out using 0.4% BSA in PBS,
carriers are dispersed in the vehicle, morphine is dissolved in the vehicle. The
standard deviations as caused by the method are ±0.005 for f0 and ±0.05 for De in all
formulations.

Dispersion 0.4%
BSA

SLN
dispersion

CMS Morphine
solution

Morphine
solution + SLN

Morphine
solution + CMS

De x105 1.60 1.85 2.12 9.00 3.60 3.35
f0/MHz 0.160 0.127 0.114 0.030 0.068 0.072
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Fig. 7. Keratinocytes were incubated 24 and 48 h with SLN (grey column) and CMS nanotransporters (white column), respectively. The cell viability was measured by the
MTT assay. A cell viability 670% predicts cytotoxicity. *p 6 0.05 indicates differences in the tolerability of SLN and CMS nanotransporters.
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Fig. 8. Episkin� Skin irritation Test-42hour: No irritant potential was found after
application of SLN and CMS nanotransporters. As to be expected, 5% SDS solution
(positive control) reduced cell viability to <40% indicating a valid result. The
experiment was repeated and the results were confirmed.

Fig. 9. Photo documentation of the untreated CAM (magnification 50�) following the ap
not induce haemorrhage, vessel lysis or coagulation of the chorioallantoic membrane.
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as many structures induce unacceptable toxicity or immunogenic-
ity [63]. Especially charged nanoparticles impair cell viability by
inappropriate interactions with cellular membranes [64]. Amine-
terminated dendrimers can form nanoscale holes upon lipid bilay-
ers [65], negatively charged liposomes can activate human comple-
ment system [66]. Therefore the synthesis of uncharged
nanocarriers is an important step to generate biocompatible drug
carriers. In contrast, SLN show good local tolerability – given that
adequate surfactants are used for stabilization of the dispersion
[7,67–69]. This holds true with non-ionic surfactants and block-
polymers, like the poloxamer 188 used here [22,68,70].

To detect possible cytotoxic effects on viable keratinocytes, MTT
tests were performed with SLN and CMS nanotransporters. The ef-
fects of both nanocarriers were dependant on exposure time and
concentration. When applying identical amounts (0.05% and
0.005% carrier) for 24 h, both SLN and CMS nanotransporters were
non-toxic (keratinocyte viability > 70%). No significant alterations
of cell viability were observed after application of both carrier sys-
plication of the carrier systems for 3 min. CMS nanotransporters (A) and SLN (B) did
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tems. After 48 h this was only true with the more diluted CMS
nanotransporters (p 6 0.05), although the increased viability
(140%) may be a first hint of toxicity as seen with the higher con-
centration [71,72]. Such an increase in cell viability may be due to
an enhanced cell proliferation just before the die off of the cells as
already observed with other cell lines [71,72].

The higher concentration of CMS nanotransporters and both
SLN dilutions decreased cell viability significantly (Fig. 7).

In summary, both nanocarrier systems show good compatibility
over a period of 24 h, CMS nanotransporters even do not impair cell
viability over a longer time (Fig. 7). The good tolerability of the
CMS nanotransporters is due to the uncharged dendritic core sur-
rounded by a monomethoxy poly(ethylene glycol) shell [19].

3.6. Skin and eye irritations

Aiming at the topical use, we had to assess the skin irritation
potential of the nanocarrier systems, too. In this study, a vali-
dated in-vitro protocol based on the use of Episkin-SMTM was fol-
lowed which can replace the respective experiment in the rabbit
in regulatory toxicology [32]. Rabbit data overestimate the effects
and, thus, are not directly assignable to human skin [73]. For the
prediction and classification of the skin irritation potential of SLN
and CMS nanotransporters, the Episkin� Skin Irritation Test-42hours

was performed. In contrast to keratinocyte monolayer cultures,
the Episkin-SMTM matrix builds up a horny layer which impairs
percutaneous absorption, though less than normal human skin
[74]. Preceding direct MTT reduction tests showed no chemical
interaction between the test substances and MTT which means
that no modification of the test was necessary. The assay accep-
tance criteria were fulfilled as the optical density of the negative
control was >0.6 and 5% SDS solution reduced the mean viability
by P60%, respectively, standard deviation was 620% in both
cases. Data evaluation revealed no irritant potential according to
EU classification R38 for the tested carrier systems, cell viability
was approximately 100% for SLN and CMS nanotransporters
(Fig. 8).

Since accidental or intentional exposure to the eyes can result in
slight reactions like redness or even severe reactions like the loss of
vision [73], an evaluation of the eye irritation potential is crucial
for topical dermatics [75], too. So the HET-CAM test was performed
to assess the eye irritation potential of SLN and CMS nanotrans-
porters. To objectify response evaluation, Texapone ASV, sodium
hydrochloride and acetic acid at different concentrations were
tested in parallel for reference which allowed for a differentiation
between none, weak, moderate and severe reactions of the possible
endpoints haemorrhage, coagulation and vessel lysis. The endpoint
method was chosen because of the non-transparency of SLN. CAM
pictures at different magnifications of the treated and untreated
CAMs were taken and compared. SLN showed slight mucoadhesive
features. We excluded major conjunctiva irritation using the HET-
CAM test protocol [33]. Once more, an irritant reaction was not ob-
served for the carrier systems (Fig. 9B and D).

Therefore, no changes in the CAM-morphology were observed
after application of SLN or CMS carriers, respectively. As differenti-
ation between non-irritant and slightly irritant substances for skin
and eye currently is not possible with the in-vitro approach, in-vivo
tests are still required.

4. Conclusion

In the future, opioids loaded to SLN or CMS nanotransporters
may be suitable for topical pain reduction and improved wound
healing since both opioids and even unloaded carriers can improve
keratinocyte migration and wound closure. Major unwanted side
effects are not induced by the nanoparticulate carrier systems as
to be derived from standardized in vitro tests.
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