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ABSTRACT

Infections of burn wounds are the source of significant problems in burn patients. Early excision of eschar
tissue is an ideal solution to avoid sepsis. When early excision is not feasible, the application of topical
antimicrobial formulations may be used to control burn wound sepsis. An understanding of the barrier
properties of eschar tissue is essential for optimal design of topical antimicrobial formulations. To date, little
research has been conducted on the permeability of eschar. Silver sulphadiazine (SSD) is the most frequently
used topical agent in burn management. In this study, the permeation of sulphadiazine from aqueous
saturated solutions of SSD through human full-thickness burn eschar tissue was studied and compared with
permeability through silicone and Carbosil as model membranes. The permeation of sulphadiazine through
eschar tissue was significantly higher than that through silicone and Carbosil membranes (P < 0-05).
Deconvolution of the data showed that the apparent sulphadiazine diffusion coefficient was much higher in
eschar tissue and was comparable to transport through an aqueous protein gel. Further studies on a greater
number of compounds are suggested to elucidate the utility of such membranes as predictive models of drug
permeability through eschar tissue.
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INTRODUCTION

Major burns are associated with considerable
mortality and morbidity (1). Early mortality
relates to inhalational injury and circulatory
shock (2), and later mortality is attributed to
sepsis as well as the influence of the immuno-
modulation provided by the burn toxin in the
coagulated tissue or eschar (3). In thermal injury,
as temperature increases, protein disruption
increases and protein denaturation progresses
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to coagulation. Cell necrosis is universal and
complete, usually beginning at the skin surface
where the heat energy is most intense. Eschar
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thus represents an open wound without the
properties and benefits of normal skin. As this
wound does not provide a mechanical and
immunological barrier to infection, it constitutes
a suitable medium for bacterial growth (4). In
the absence of effective antimicrobial agents,
pathogenic micro-organisms proliferate in the
tissue, penetrate and progress into the body.
The resulting sepsis is a common complication
of burns with consequent high mortality (5).
Eschar tissue is metabolically inactive and
contains heat-derived products, toxins and
pathogenic micro-organisms, which may dif-
fuse into the circulation, causing organ dysfunc-
tion and sepsis. Many of these problems are
ameliorated by early excision of the eschar,
a procedure that removes the agents responsible
for immunosuppression and systemic sepsis (4).

While early burn excision is an ideal and
practical solution, in some cases, early excision
of large burns usually requires coverage with
material other than autologous skin grafts
because of their limited supply. Other possibil-
ities are the use of stored allograft skin, xeno-
grafts or tissue-engineered biosynthetic products
that achieve temporary wound coverage (6). In
many parts of the world, these relatively
expensive products are not available and the
options for early excision are limited (1). In
anumber of cases, patients have injuries to other
organs, which prevent early operation under
general anaesthesia (7). When early excision of
the eschar is not possible, effective topical anti-
microbial therapy may help to decrease the
bacterial colonisation of the tissue, which would
otherwise lead to sepsis. Topical drug delivery
of antimicrobials improves burn wound treat-
ment and decreases the rate of mortality and
morbidity (8).

In vitro permeation studies using eschar
tissue will provide information on the effective-
ness of such drug formulations and will be
useful in predicting drug levels in the wound
tissue, plasma and other tissues adjacent to the
wound. Knowledge of the eschar barrier prop-
erties should also facilitate the design and
optimisation of effective topical formulations.
For this purpose, mechanistic permeation stud-
ies using eschar tissue are necessary. There is no
quantitative information in the literature on
drug permeation through such tissue. This
likely reflects the limited availability of such
tissue as human eschar tissue for in vitro studies
is usually obtained from cadavers or following

plastic surgery. Particular care is necessary in
handling and working with eschar tissue. The
duration and method of tissue storage may also
cause variability where the tissue is infected by
serious pathogenic micro-organisms (4).

Permeation studies with synthetic mem-
branes instead of eschar may overcome the
problems associated with studying eschar tis-
sue. A range of artificial membranes has been
evaluated as models for investigation of cuta-
neous permeation phenomena. Silicone is a non
porous, hydrophobic, relatively inert and repro-
ducible barrier, which has been used to evaluate
factors such as drug concentration on perme-
ation (9). Combinations of different polymers
such as silicone and cellulose acetate have been
used for modelling the hydrophilic and lipo-
philic domains of stratum corneum (10). A
silicone—cellulose acetate multi-laminate was
reported to reproduce stratum corneum perme-
ation for methyl nicotinate (11). Synthetic
membrane systems are attractive as models for
transdermal absorption fora number of reasons.
In contrast to skin and eschar tissue, such
polymeric membranes are readily available,
homogeneous, chemically pure and easier to
handle. Such membranes can provide predic-
tive information about in vivo transdermal drug
delivery when the stratum corneum represents
the major resistance to drug transport and the
drug is metabolically inert and not bound in
viable skin (12). However, their usefulness as
models for eschar tissue where the stratum
corneum has been disrupted or is not present
has not been investigated to date.

In this study, we compared the permeability
of the sulphadiazine molecule when applied as
an aqueous saturated solution of silver sulpha-
diazine (SSD) through eschar tissue from
patients with full-thickness burns and through
silicone and Carbosil membranes. SSD is the
first-choice antimicrobial drug in the treatment
of topical burn wounds (13). Silicone mem-
branes have recently become available as skin
substitutes (14), and Carbosil membranes have
been used as air-permeable non occlusive
backing materials in covers for treatment of
burns and wounds (12). The aims of this study
were first to characterise the permeability of
sulphadiazine through these membranes to
determine if they are useful models of eschar
and second to determine the barrier properties
of these synthetic membranes to an agent used
to treat eschar tissue.
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MATERIALS AND METHODS

SSD was purchased from Aldrich (St. Louis,
MO, USA). Eschar tissue (1500 pm thick) from
patients with full-thickness burns was obtained
from the Motahari Burn Centre (Tehran, Iran)
with appropriate informed consent and
approval. The study protocol conformed to the
ethical guidelines of the 1975 Declaration of
Helsinki. Silicone sheeting (70 pm thick) was
obtained from Dow Corning (Seneffe, Belgium),
and Carbosil membrane (50 pm thick) was
kindly donated by Pentapharm (Moscow).

A high-performance liquid chromatographic
(HPLC) method was developed for analysis of
the sulphadiazine moiety. This method used
a Hewlett Packard HPLC system (Houston, TX,
USA) with C18 column (length: 15 cm, 4-6 mm
id., 5 pm) and UV detector at 254 nm. The
mobile phase was water:acetonitrile:phosphor-
icacid (900:99:1), and a flow rate of 1 ml/minute
was used. A linear relationship (R* = 0-9996)
between area under the curve and concentration
was established, and the limit of quantification
of this method was 12 ng/ml. Interday relative
standard deviation (RSD) values were in the
range of 1.0-1.9%, and intraday RSD values
were in the range of 0-95-2-40%.

The saturated solubility of sulphadiazine in
water was assessed by equilibrating an excess
amount of SSD in aqueous solution using
a stirrer at 37 + 0-5°C for 24 hours. All samples
were filtered through 0-45-um membrane filters,
diluted and assayed by HPLC.

Large eschar tissue samples were obtained
from males (mean age of 35 + 10 years), 20—
27 days post burn at the time of surgical
debridement. In all cases, burns resulted from
thermal damage, and only samples from abdom-
inal and leg sites were used. Tissue samples were
stored at —20°C until use. Samples were thawed
initially and then washed with water. The
samples were then cut into smaller pieces suit-
able for permeation studies as reported pre-
viously (15). Eschar samples used for this study
had a measured thickness of 0-15 + 0-02 cm.

Permeation studies were performed in Franz-
type diffusion cells (Figure 1) with a diffusion
area of 2-5 cm? for eschar samples and 1 cm? for
silicone and Carbosil. Eschar tissue, silicone and
Carbosil membranes were mounted between
the donor and the receptor chambers. Aqueous
saturated solutions (1 ml) of SSD were applied
to the membranes. The receptor chambers were

wms (3lass coverslip

Donor phase

Membrane

Sampling port

Receptor

anetic stirrer

Figure 1. Schematic representation of a Franz diffusion cell.

filled with 25 ml of water adjusted with 0-4%
phosphoric acid for eschar studies and 3 ml for
silicone and Carbosil to ensure adequate solu-
bility of the drug. The receptor chambers were
maintained at 37 4 0-5°C in a thermostatted
water bath. At 1, 2, 3,4, 5, 6 and 8 hours after
application, 300 ul was withdrawn from the
receptor chambers and replaced with the same
volume of fresh receptor medium.

STATISTICAL ANALYSIS

The experimental data were fitted using a non
linear curve-fitting software package, Scientist®”
(Micromath Inc., St. Louis, MO, USA). Numer-
ical inversion of the Laplace domain solution for
steady-state diffusion was used to obtain K,
which is the membrane/donor partition co-
efficient, and D, which is the drug diffusion
coefficient through the membrane. Drug per-
meation was subsequently calculated using
Equation 1 (16).

P1ACO
s\/pzzsinh (\/Pzz)

P;and P,aredefinedasP; = Kland P, = D/P?,
where D is the diffusion coefficient and K is the
membrane/donor-phase partition coefficient
of a membrane with a diffusional area (A) and
an effective length (I), following application of a
concentration of drug (C) in the donor chamber,
and s is the Laplace variable. Q is the mass
permeated per unit area. Cy is the solubility of
the sulphadiazine; however, the donor solution
will contain a number of species at equilibrium
(17). If the dissolution of the SSD were rate
limiting, there would be no differences in the
rates of transport across the various membranes
studied.

Fitting the permeation data with Equation 1
allows the permeability coefficient to be
calculated from the product of P; and P,

Q=
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(ko = Py x P,). The steady-state flux, ], is given
by Equation 2:

] = kyxCo @)

The lag time, Ti.g, was calculated from
Equation 3:

Tiag = 1/6P, (3)

For estimation of the effective diffusion
coefficient and effective partition coefficient of
sulphadiazine through the membrane, P; and P,
were used together with the thickness of the
membrane. For the eschar tissue, the thickness
was measured as 0-15 + 0-02 cm. The number
of replicate experiments for eschar, silicone and
Carbosil was at least five. The permeability
coefficients and lag times were statistically
evaluated by one-tailed and two-tailed analysis
of variance with the level of statistical signifi-
cance set to P < 0-05.

RESULTS AND DISCUSSION

The saturated solubility of sulphadiazine in
water was 79-32 + 2-08 pg/ml. The perme-
ation profiles, based on detection of the
sulphadiazine moiety, through eschar tissue,
silicone and Carbosil membranes are shown in
Figure 2. The permeation parameters are sum-
marised in Table 1. These results indicate that
sulphadiazine permeates to a greater extent
across eschar tissue than across silicone and
Carbosil. These differences are highly signifi-
cant (P < 0-0005). The average diffusion coeffi-
cients across silicone and Carbosil are 2:12 x
107° £ 1-03 x 1077 and 729 x 107 £ 1.98 x
10® cm?/h, respectively. The apparent diffu-
sion coefficient of sulphadiazine across the esc-
har tissue was calculated as 1-1 x 10~ cm?/h.
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Figure 2. Permeation of sulphadiazine through eschar (A),
silicone (4) and Carbosil (M) (n = 5+ SD).

Table 1 Parameters for sulphadiazine permeation across all
membranes and P; and P, calculated from the Equation 1
(n = 54 SD). Qg is mass permeated per unit area at 8 hours

Membrane Qg P P,

Eschar 43.5 + 88 145 4+ 0-077 0-051 £ 0-0044
Silicone 10-64 + 1-18 1-08 4 0-048 0-039 =4 0-005
Carbosil 2:97 +0-35 0-81 + 0-029 0-031 + 0-003

It is interesting to note that the diffusion co-
efficient of dexamethasone has been measured
as 3-3 x 10~* cm?/h through human dermal
tissue (18). This means that eschar tissue
appears to have a 30-fold smaller diffusional
resistance than the dermis. Compared with
the synthetic membranes, diffusion through
eschar is 500 times faster than silicone and 1500
times faster than through Carbosil.

The difference between permeation rates is
related to the structure and physicochemical
properties of the membranes. The second syn-
thetic membrane that was used in this study,
Carbosil, is a polydimethylsiloxane—polycar-
bonate block copolymer that has previously
been used as skin-imitating permeation barriers
(12). Feldstein et al. described the steady-state
permeation of a number of drugs through both
stratum corneum and Carbosil membrane as
a solubility—diffusion process. These authors
also reported that Carbosil exhibits a consider-
ably more polar diffusion medium than the
stratum corneum. Stratum corneum is a lipo-
philic permeation barrier, and Carbosil exhibits
rather an amphiphilicity or very moderate
hydrophilicity. The unique morphology of the
stratum corneum creates a highly tortuous
diffusion path, and it has a low free volume
available for diffusion in comparison with
Carbosil.

In this study, the permeability coefficient and
flux of sulphadiazine across eschar tissue are
significantly higher than those across Carbo-
sil and silicone. The permeability coefficient
through silicone is also higher than Carbosil.
Other hydrophobic membranes such as poly-
ethylene have been shown to be impermeable to
silver and sulphadiazine (17). The elastomeric
nature of the silicone and the partitioning char-
acteristics of both silicone and Carbosil provide
a diffusional barrier that is significantly lower
than that for polyethylene. The results are best
explained in terms of the diffusion coefficients
and partition behaviour. For eschar, the partition
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Table 2 The effective membrane penetration parameters for sulphadiazine (n = 5+ SD)

Membrane Dett (cm?/h) kp (cm/h) Flux (Mg/cmzlh) Tiag () Kess

Eschar 0-0011 = 0-0002 0-074 £ 0-01 5-86 4 0-79 3.28 4 0-28 9.66 + 0-61
Silicone 2-12 E-06 4 1-03E-07 0-044 4 0-0045 3-34 4+ 0-31 4.27 + 0-16 154 + 8.95
Carbosil 7-29 E-07 4 1-98 E-08 0-023 4 0-002 1-82 £ 0-18 5.27 £ 0-15 162 £+ 11-37

coefficient is approximately 10 (Table 2), which
would suggest that the diffusing species is
experiencing an environment that is slightly
lipophilic. This would be commensurate with
a tissue resembling an aqueous protein gel.

Partitioning into the two synthetic mem-
branes is much higher with a log (distribution
coefficient) ~2-2. The logD value for sulphadia-
zine (as opposed to SSD) between octanol and
water at pH 6-4 is —0-13 (19). Although the
analytical technique does not monitor the silver
component, these results suggest that the
diffusion of the species through the membrane
is of the complex rather than the free sulpha-
diazine. The diffusion through eschar is three
orders of magnitude greater than for silicone
reflecting the ‘open’ nature of the tissue com-
pared with silicone. In Carbosil, the diffusion
coefficient is three times lower than that of
silicone because of the more rigid nature of this
polymer. The better partitioning behaviour,
slower diffusion coefficients and different dif-
fusional pathlengths compensate each other to
provide overall steady-state fluxes, which are
not too dissimilar for the three membranes.

CONCLUSIONS

The barrier properties of eschar tissue to SSD are
significantly less than those of the model mem-
branes, silicone and Carbosil. The mechanism of
drug transport within eschar tissue versus syn-
thetic membranes requires more investigation
with a wider range of permeants. Future studies
will involve a comprehensive mechanistic eval-
uation of drugs with a wider range of molecular
weight, lipophilicity or hydrophilicity to identify
which drugs are suitable candidates for topical
therapy of such tissue.
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