_

=V’

Effective management of microbial contamination in
cultured skin substitutes after grafting to athymic mice

STEVEN T. BOYCE, PhD; M. DANA HARRIGER, PhD; ANDREW P. SUPP, BS; GLENN D. WARDEN, MD; IAN ALAN
HOLDER, PhD

Cultured skin substitutes have become therapeutic alternatives for treatment of acute and chronic skin wounds, but
all models of these substitutes are avascular and susceptible to microbial destruction during vascularization. To de-
velop a practical management protocol for increased survival of skin substitutes, experimental wounds were con-
taminated with Pseudomonas aeruginosa and freated with a formulation of noncytotoxic antimicrobial agents (poly-
myxin B, neomycin, ciprofloxacin, mupirocin, amphotericin B) in a nutrient medium (vehicle). Cultured skin substitutes
consisting of human keratinocytes and fibroblasts attached to collagen-glycosaminoglycan sponges were grafted
to 2 x 2 em full-thickness wounds on athymic mice that were contaminated with the strain SBI-N of P, aeruginosa at
1x 104 1x 1085 and 1 x 10% organisms/wound. Experimental wounds were irrigated with 1 ml/day topical antimicrobial
solution for 10 days, and controls received vehicle only. Two, three, and four weeks after grafting, wounds were traced
and swabbed for microbial culture and areas were measured with planimetry. At 4 weeks, biopsy samples were scored
histochemically for immunoreactivity to HLA antigens. Data analysis by chi-square, analysis of variance, and Tukey’s
test shows that tfreatment of contaminated wounds with noncytotoxic topical antimicrobials is associated with an
increased area of healed wounds, positive detection of HLA antigens, and negative cultures for P, aeruginosa. These
results show that microbial contamination of cultured skin substitutes on full-thickness wounds may be mancaged ef-
fectively during graft vascularization. However, this formulation of antimicrobial agents is not currently approved for
human use and is investigational only. Effective management of microbial contamination suggests that clinical effi-
cacy of avascular tissue anclogs may be increased by local application of noncytotoxic antimicrobial agents. (WOUND
REP REG 1997;5:191-7)

Cultured skin substitutes (CSS) have become alterna-
tive treatments for burns** and chronic wounds.>” Be- AM Antimicrobial agents

cause none of these analogs of skin contains a vascular Css Cultured skin substitutes
plexus and epidermal analogs do not form a functional
barrier,®1° cultured keratinocytes are more susceptible
to microbial destruction than grafts of native skin.!!-13

As with other causes of graft loss, microbial destruction
of CSS results in additional requirements for regrafting
or in secondary healing of wounds which increases scar.

Both burns and chronic wounds become colonized
with various microorganisms that include species of

Presented at the Fifth Annual Meeting of the Wound Heal- ~ Btam-negative and gram-positive bacteria and fungi.
ing Society, Minneapolis, Minnesota, April 27-30, 1995. Effective coverage of these groups of organisms must be
Reprint requests: Steven Boyce, PhD, Shriners Burns Insti-  Provided without cytotoxicity to cultured cells.’**” In
tute, 3229 Burnet Ave., Cincinnati, OH 45229-3095, addition, effective treatment of microbial contamination
Copyright © 1997 by The Wound Healing Society. in wounds requires topical rather than parenteral
1067-1927/97 $5.00 + 0 36/1/81956 administration of agents.'®!° These general requirements
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Table 1. Formulation of nutrient and antimicrobial irrigation solution

Solution component

Individual agents

Amount per liter

Nutrient medium
Antibiotics

- Neomycin

Polymyxin B

— Mupirocin

- Ciprofloxacin
Antimycotic Amphotericin B
Human cell mitogens Insulin

- Hydrocortisone

Modified MCDB* 153

As reported**®
700,000 U

40 mg
20 mg
20 mg

1 mg

5 mg
0.5 mg

*MCDB, Molecular, cellular and developmental biology.

for management of microbial contamination of CSS has
qualified certain agents (i.e., polymyxin B, neomycin,
mupirocin, nystatin) and disqualified others (i.e., sulfa-
mylon, silver sulfadiazine) predominantly on the basis
of in vitro assays.2>?! A simple algorithm was developed
for testing individual agents by concentration-dependent
inhibition of human cell (keratinocyte and fibroblast)
growth and subsequent retention of antimicrobial activ-
ity.!” After identification of individual noncytotoxic agents
that retained antimicrobial activity, combined formula-
tions of individual agents were retested on human cells
and panels of microorganisms isolated from wounds of
burn patients.

Currently, there are few preclinical studies of topical
antimicrobial agents (AM) on cultured skin in vivo.?2 The
current study was performed to determine whether topi-
cal irrigations with a formulation of noncytotoxic AM can
control bacterial contamination in full-thickness skin
wounds after treatment with CSS.

MATERIALS AND METHODS

Experimental design

Full-thickness wounds were prepared on the flanks of
athymic mice. Wounds were contaminated with Pseudo-
monas aeruginosea (strain SBI-N). Strain SBI-N was iso-
lated from the wounds of a patient at this institution and
has been shown to be an O serotype G strain.® A strain
with known serotype was chosen so that P. aeruginosa or-
ganisms recovered from wounds contaminated experi-
mentally could be tested to ensure that they were the
same serotype as the contaminating organism inoculated
into the wounds. This strain was also selected on the
basis of its determination by in vitro testing to be sus-
ceptible to the experimental formulation of agents. A
preliminary experiment was performed to determine a
concentration of SBI-N (1 x 106, 1 x 105, or 1 x 10 colony-
forming units per 4 cm? wound; n = 3 or 4 per concentra-
tion) that resulted in uniform graft destruction without
drug treatment (negative control). After determination
that 1 x 10° organisms destroyed CSS, wounds (n = 7)

were inoculated with that density of SBI-N, CSS were
applied, and grafted wounds were irrigated for 10 days
with a formulation of nutrients and AM as described in
Table 1.24%¢ Grafted wounds were evaluated at 10, 14,
21, and 28 days after surgery for detection of SBI-N or-
ganisms and wound area. At 4 weeks after surgery, ani-
mals were euthanized and scored by immunohistochem-
istry for graft survival (HLA-ABC).? Controls included
CSS grafts without microbial contamination (positive
controls) +AM (n = 7) or -AM (n = 5), and inoculation of
wounds with 1 x 10° colony-forming units of SBI-N (nega-
tive control) -AM (rn = 7).

Preparation of CS$

CSS were prepared as described previously * from cul-
tured human epidermal keratinocytes and dermal fibro-
blasts attached to collagen-glycosaminoglycan substrates.
In brief, substrates® that were sterilized by gamma irra-
diation were inoculated with fibroblasts to the porous
side and keratinocytes to the opposite side the following
day.?® CSS were incubated (6% CO,, 37° C, saturated
humidity) for 14 days in a lipid-supplemented medium
at the air-liquid interface of the culture medium.?® CSS
were cut into 2 x 2 em grafts the day preceding surgery.
Histologic anatomy of CSS is divided into epidermal and
dermal compartments,® and partial formation of epider-
mal barrier occurs in vitro.?

Animal surgery

All studies with animals were performed with full ap-
proval of the University of Cincinnati Institutional Ani-
mal Care and Use Committee. Grafting of CSS to mice
was performed as in previous studies?*?62% under strictly
sterile conditions. Female athymic mice age 8 to 12 weeks
were anesthetized by intraperitoneal injection with
avertin (tri-bromo-ethanol in tertiary amyl alcohol). Full-
thickness skin wounds (2 x 2 ¢cm) were prepared to a depth
of the panniculus carnosus. Experimental wounds were
inoculated with 1 x 104, 1 x 105, or 1 x 10° P. aeruginosa
SBI-N contained in 0.1 ml normal saline solution. CSS
were applied, covered with N-Terface (Winfield Labora-
tories, Richardson, Texas), and stent-sutured to the cor-
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Figure 1 Concentration-dependent scoring of P. aeruginosa
(strain SBI-N) in murine wounds treated with cultured skin substi-
tutes and noncytotoxic antimicrobial agents (AM).

ners and the midpoints of the wound margin. CSS were
covered with multiple layers of cotton gauze, sutures were
tied over, and the dressings were covered with OpSite
(Smith and Nephew Medical Ltd., Hull, United King-
dom), a semi-permeable dressing, attached to surround-
ing murine skin with tincture of benzoin. Dressings were
wrapped with Coban (3M, Minneapolis, Minn.), a self-
adherent dressing. All grafts were irrigated with 1.5 ml
of their respective solutions immediately after surgery
and 1.0 ml per day through day 9 after grafting. Irriga-
tion solutions were administered by slow (~5 seconds/
1.0 ml) injection through a small (~3 mm) opening in the
Coban and through the OpSite to saturate the cotton
gauze covering the wound. Cotton gauze contacting the
grafts remained moist with the irrigation solution be-
tween administrations.

Microbial culture and serotyping

Irrigation of grafts was discontinued at day 10 after sur-
gery. On days 10, 14, 21, and 28 after grafting, dressing
changes and microbial evaluations were performed. Un-
der aseptic conditions, dressings were removed and ster-
ile swabs were wiped across the surface of the grafted
wound. Swabs were used to inoculate petri dishes con-
taining Mueller-Hinton agar which were incubated over-
night at 35° C. The following day the dishes were exam-
ined for microbial growth. If cultures were positive for
growth of P. aeruginosa, then one culture from each ex-
perimental condition at each assessment time point was
serotyped for cross-reactivity with SBI-N. If one condi-
tion was serotyped at more than one time point, then
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Figure 2 Concentration-dependent scoring of HLA-ABC antigens
in murine wounds treated with cultured skin substitutes and
noncytotoxic antimicrobial agents (AM).

different animals from that condition were tested. All
organisms that were serotyped were identified and typed
for O antigens with specific antiserum to P. aeruginosa
(Denka Seiken, Ltd., Tokyo, Japan).

Immunohistochemistry

On day 28 after grafting, animals were euthanized and
wounds were excised, cryostat-sectioned, and reacted by
a direct method with a fluorescein-conjugated, murine
monoclonal antibody to HLA-ABC?4252% (Accurate Chemi-
cal and Scientific Corp, Westbury, N.Y.). Cryostat sec-
tions included the entire width of the healed skin as de-
termined by absence of hair follicles between hair-bearing
margins of the wounds. Biopsy samples with any stain-
ing of HLA-ABC in plasma membranes of keratinocytes
of healed epidermis was scored as immunopositive®% by
examination on a Nikon FXA epifluorescence microscope.
Data were analyzed by chi-square testing and are ex-
pressed as percent HLA-ABC—positive animals per group.

Data collection and analysis

At the time of dressing changes (days 10, 14, 21, and
28), treated wounds were photographed and data were
collected for microbial assay, as described previously,
and wound area by tracing onto an acetate sheet fol-
lowed by computerized image analysis. Data from mi-
crobial cultures were analyzed statistically by one-way
analysis of variance and are presented as P. aeruginosa—
positive wounds per group. Wound areas were analyzed
by repeated-measures analysis of variance and Tukey’s
test and are expressed as percentage of original wound
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Figure 3 Concentration-dependent scoring of percent original
wound area in murine wounds affer treatment with cultured skin
substitutes and noncytotoxic antimicrobial agents (AM).

area (mean * standard error of the mean). Data were
considered statistically significant at a value of p < 0.05
unless indicated otherwise.

RESULTS

Concentrafion-dependent sfudy

Figure 1 presents results of tests for detection of P.
aeruginosa from swab cultures of animal wounds after
inoculation with 1 x 10%, 1 x 10, 1 x 10* SBI-N per wound
(4 cm?). All wounds that did not receive the topical AM
irrigation were positive for P. aeruginosa. One wound
treated with AM and inoculated with 1 x 10* SBI-N was
positive for P. aeruginosa, but the CSS graft was not ad-
versely affected. All other grafts treated with AM were
negative for P. aeruginosa. As shown in Figure 2, all
wounds treated with AM were positive for HLA-ABC in-
dependent of inoculation density of SBI-N. In the absence
of AM, wounds were negative for HLA-ABC except one
inoculated at 1 x 10* organisms. Wound area in Figure 3
was statistically greater in wounds treated with AM af-
ter inoculation with 1 x 108 or 1 x 10° organisms. In the
absence of AM, an inverse relationship between wound
area and inoculation density is suggested, although no
statistical differences were detected.

Time-dependent sfudy

Physical examination of treated animals at 10 days af-
ter grafting showed obvious differences among treatment
conditions as shown in Figure 4. CSS inoculated with 1 x
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105 SBI-N and irrigated with nutrients, antimicrobials,
and mitogens were fully epithelialized at day 10 (+Psa
+AM). Irrigation of CSS without the antimicrobials (+Psa
—AM) resulted in partial or complete destruction of all
grafts associated with the characteristic green color of
P. aeruginosa. CSS that were not inoculated with P.
aeruginosa were fully epithelialized by day 10 in the pres-
ence (—Psa +AM) or absence (—Psa —AM) of AM. Wound
healing with CSS in the presence of these concentrations
of AM verifies in vitro studies that determined this for-
mulation is not cytotoxic to transplanted cells. By day
28 after grafting, contaminated CSS treated without AM
had desiccated and sloughed (not shown). Figure 5 shows
that all CSS inoculated with SBI-N —-AM were positive for
P. aeruginosa during the first 21 days after grafting. De-
crease of P. aeruginosa detection at day 28 may reflect elimi-
nation of the organism from the wound by healing. Four-
teen percent of animals (1 of 7) inoculated with SBI-N and
treated with AM were positive for P. aeruginosa. In the
absence of SBI-N inoculation, no microbial contamination
of any kind was detected. In no instances were P. aeruginosa
other than O serotype G (SBI-N) detected by serotyping of
P. aeruginosa—positive wounds.

Engraftment of CSS was scored by expression of HLA-
ABC as shown in Figure 6. CSS that were contaminated
and did not receive antimicrobials showed statistically
fewer wounds that expressed human class I histocom-
patibility antigens at day 28. All other grafted wounds
were HLA-ABC positive.

As shown in Figure 7, a plot of wound area versus time
shows a statistically significant reduction in the wound area
in contaminated grafts without antimicrobial treatment.
No differences were detected in any other condition.

DISCUSSION

Data presented in this report support the hypothesis that
gram-negative contamination of CSS can be controlled
with topical application of noncytotoxic AM. As suggested
in preclinical studies,'”?® this formulation does not in-
hibit wound closure and healing of cultured grafts. Pre-
clinical testing of the specific formulation® used in this
study showed no significant reduction in proliferation of
human keratinocytes or fibroblasts and effective anti-
microbial activity against clinical isolates of gram-nega-
tive (i.e., P. aeruginosa, Klebsiella sp., Escherichia sp.,
Enterobacter sp., Serratia sp.), gram-positive (Staphylo-
coccus aureus), and fungal (i.e., Candida sp.) micro-
organisms. This formulation was designed to provide
simultaneous activity against major categories of organ-
isms and redundant activity for bacterial strains. Gram-
negative organisms are sensitive to neomycin, polymyxin
B, and ciprofloxacin in this formulation; gram-positive
Staphyloccoccus to mupirocin and ciprofloxacin; and fungi
to amphotericin B. For redundant management of fungi,
nystatin may be added to the formulation, but the less
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Figure 4 Photographs of skin wounds on athymic mice inoculated with P. aeruginosa (Psa) and
treated with cultured skin substitutes and noncytotoxic antimicrobial agents (AM).
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Figure 5 Time-dependent scoring of P. aeruginosa (strain SBI-N)
in wounds treated with cultured skin substitutes and noncytotoxic
antimicrobial agents (AM). Treatments was as follows: ¥, -AM
+SBI-N; A, +AM +SBI-N; @, +AM -SBI-N; l, -AM -SBI-N,
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Figure 6 Scoring of HLA-ABC at postoperative day 28 in wounds of
athymic mice inoculated with P, aeruginosa and treated with cul-
tured skin substitutes and noncytotoxic antimicrobial agents (AM).
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Figure 7 Time-dependent scoring of percent original wound area
affer inoculation of P. aeruginosa (strain SBI-N) treatment of full-
thickness wounds in athymic mice with cultured skin substitutes and
noncytotoxic antimicrobial agents (AM). Treatments were as fol-
lows: ¥, -AM +SBI-N; A, +AM +SBI-N; @, +AM -SBI-N; W, -AM -SBI-N,

virulent character of fungi in skin wounds has not re-
quired clinical use of multiple antimycotic agents in topi-
cal applications. By this approach, the probability to
manage a mixed contamination of organisms is increased
and the probability of generating resistant organisms is
decreased. Omission of this topical therapy in this study
resulted in significant reduction of wound area and HLA-
ABC expression. It is concluded from these results that
this formulation and route of administration of agents
provides direct and indirect advantages to survival of
CSS grafts on wounds.

Direct advantages for graft survival include control
of microbial growth that results in graft destruction. Al-
though this study used a single strain of gram-negative
bacteria, the formulation includes agents for control of
gram-positive and fungal organisms. Data from in vitro
studies®®?' shows that a variety of bacteria from these
groups are susceptible to this AM formulation. Results
of those studies suggest that microbial contaminations
of mixed species can also be controlled with the formula-
tion described here. Those studies have also shown that
combination of noncytotoxic agents at certain concentra-
tions does not reduce their individual activities. Clinical
studies?®® have shown qualitatively that microbial de-
struction of CSS is greatly reduced by topical applica-
tion of this formulation.

Indirect advantages of this formulation include, but
are not limited to, the following: low cytotoxicity that is

WOUND REPAIR AND REGENERATION
APRIL-JUNE 1997

permissive to survival of transplanted cells and graft vas-
cularization, redundancy of antimicrobial activity for
bacteria that reduces algebraically the probability that
drug-resistant or super-infecting organisms will emerge,
and administration as a solution which increases rate of
drug delivery and reduces the concentration of drug re-
quired. Penetration of the agents is particularly impor-
tant because the origin of most microbial contamination
is the wound surface that is under the graft. Therefore,
detection of contamination by swab cultures of the wound
surface may occur only after the graft has been destroyed,
which is too late for treatment. However, after CSS have
engrafted and keratinized, a mixture of ointments con-
sisting of equal parts Neosporin, Bactroban, and nysta-
tin also provides simultaneous coverage of mixed wound
contaminations.?

Although this soluble formulation has broad-spectrum ac-
tivity, it contains drugs (ciprofloxacin, and mupirocin) that
are not approved for administration as topical solutions.
Therefore, study of this formulation is currently investi-
gational only and requires approval of a local institu-
tional review board. However, the value and importance
of simultaneous administration of multiple agents is veri-
fied by practices of burn care in which multiple parenteral
agents are administered to manage sepsis. Similarly,
certain topical ointments (i.e., Neosporin) are combina-
tions of individual drugs. With appropriate consider-
ations of regulatory and medical practices, introduction
of this kind of broad-spectrum formulation is expected
to improve the clinical efficacy of CSS for treatment of
burns and chronic wounds. Greater efficacy of skin sub-
stitutes may contribute to reduced morbidity and mor-
tality from full-thickness skin loss injuries.

ACKNOWLEDGMENTS

We thank Jamie Carter, BS, and Viki Swope, DVM, for
expert performance of these studies and Laura James,
MS, for statistical analysis of data. Support for these
studies was provided by National Institutes of Health
grant No. GM50509 and Shriners Hospitals for Children
grant No. 8670.

REFERENCES

1. Gallico GG III, O’Connor NE, Compton CC, Kehinde O, Green
H. Permanent coverage of large burn wounds with autolo-
gous cultured human epithelium. N Engl J Med 1984;
311:448-51.

2. Boyce ST, Greenhalgh DG, Housinger TA, Kagan RJ, Rieman
M, Childress CP, Warden GD. Skin anatomy and antigen ex-
pression after burn wound closure with composite grafts of
cultured skin cells and biopolymers. Plast Reconstr Surg
1993;91: 632-41.

3. Boyce ST, Goretsky MJ, Greenhalgh DG, Kagan RJ, Rieman
MT, Warden GD. Comparative assessment of cultured skin sub-
stitutes and native skin autograft for treatment of full-thickness
burns. Ann Surg 1995;222:743-52.



WOUND REPAIR AND REGENERATION
VOL. 5, NO. 2

4.

10.

11.
12.

13.
14.
15.
?.6.

17.

Compton CC, Hickerson W, Nadire K, Press W. Acceleration of
skin regeneration from cultured epithelial autografts by trans-
plantation to homograft dermis. J Burn Care Rehabil 19983;14:
653-62.

. Boyce ST, Glatter R, Kitzmiller WJ. Treatment of chronic wounds

with cultured cells and biopolymers. Wounds 1995;7:24-9.

. Leigh IM, Purkis PE, Navsaria HA, Phillips TJ. Treatment of

chronic venous ulcers with sheets of cultured allogeneic
keratinocytes. Br J Dermatol 1987;117:591-7.

. Phillips TJ, Bhawan J, Leigh IM, Baum HJ, Gilchrest BA. Cul-

tured epidermal autografts and allografts: a study of differen-
tiation and allograft survival. J Am Acad Dermatol 1990;23:
189-95.

. Mak VHW, Cumpstone MB, Kennedy AH, Harmon CS, Guy

RH, Potts RO. Barrier function of human keratinocyte cultures
at the air-liquid interface. J Invest Dermatol 1991;96:323-7.

. Parenteau NL, Nolte CM, Bilbo P, Rosenberg M, Wilkins LM,

Johnson EW, Watson S, Mason VS, Bell E. Epidermis gener-
ated in vitro: practical consideration and applications. J Cell
Biochem 1991;45:245-51.

Slivka SR, Landeen L, Zeigler F, Zimber MP, Bartel RL. Char-
acterization, barrier function and drug metabolism of an in vitro
skin model. J Invest Dermatol 1993;100:40-6.

Pittelkow MR, Scott RE. New techniques for the in vitro cul-
ture of human skin keratinocytes and perspectives on their use
for grafting of patients with extensive burns. Mayo Clin Proc
1986;61:771-7. .

Hansbrough JF, Boyce ST, Cooper ML, Foreman TJ. Burn
wound closure with cultured autologous keratinoeytes and fi-
broblasts attached to a collagen-glycosaminoglycan substrate.
JAMA 1989;62:2125-30.

O’Connor NE, Mulliken JB, Banks-Schlagel S, Kehinde O,
Green H. Grafting of burns with cultured epithelium from au-
tologous epidermal cells. Lancet 1981;1:75-81.

McCauley RL, Linares RL, Pelligrini V, Herndon DN, Robson
MC, Heggers JP. In vitro toxicity of topical antimicrobial agents
to human fibroblasts. J Surg Res 1989;46:267-74.

Cooper ML, Boyce ST, Hansbrough JF, Foreman TJ, Frank
DH. Cytotoxicity to cultured human keratinocytes (HK) of topi-
cal antimicrobial agents. J Surg Res 1990;48:190-5.
Lineaweaver W, McMorris S, Soucy D, Howard R. Cellular and
bacterial toxicities of topical antimicrobials. Plast Reconstr Surg
1985;75:394-6.

Boyce ST, Holder IA. Selection of topical antimicrobial agents
for cultured skin for burns by combined assessment of cellular
cytotoxicity and antimicrobial activity. Plast Reconstr Surg
1993;92:493-500.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28,

29.

30.

BOYCEETAL 197

Monafo WW, West MA. Current treatment recommendations
for topical burn therapy. Drugs 1990;40:364-73.

Heggers JP, Robson MC, Herndon DN, Desai MH. The efficacy
of nystatin combined with topical antimicrobial agents in the
treatment of burn wound sepsis. J Burn Care Rehabil 1989;10:
508-11.

Boyce ST, Warden GD, Holder IA. Cytotoxicity testing of topi-
cal antimicrobial agents to human keratinocytes and fibro-
blasts for cultured skin grafts. J Burn Care Rehabil
1995;16:97-103.

Boyce ST, Warden GD, Holder IA. Non-cytotoxic combinations
of topical antimicrobial agents for use with cultured skin.
Antimicrob Agents Chemother 1995;39:1324-8.

Kuroyanagi Y, Kim E, Shioya N. Evaluation of synthetic wound
dressing capable of releasing silver sulfadiazine. J Burn Care
Rehabil 1991;12:106-15.

Holder IA, Naglich JG. Experimental pathogenesis of infections
due to Pseudomonas aeruginosa: immunization using divalent
flagella preparations. J Trauma 1986;26:118-22.

Boyce ST, Supp AP, Harriger MD, Greenhalgh DG, Warden
GD. Topical nutrients promote engraftment and inhibit wound
contraction of cultured skin substitutes in athymic mice. J In-
vest Dermatol 1995;104:345-9.

Boyce ST, Foreman TdJ, English KB, Stayner N, Cooper ML,
Sakabu S, Hansbrough JF. Skin wound closure in athymic mice
with cultured human cells, biopolymers, and growth factors.
Surgery 1991;110:866-76.

Boyce ST, Williams ML. Lipid supplemented medium in-
duces lamellar bodies and precursors of barrier lipids in
cultured analogues of human skin. J Invest Dermatol
1993;101:180-4.

Boyce ST, Christianson DJ, Hansbrough JF. Structure of a
collagen-GAG dermal skin substitute optimized for cultured
human epidermal keratinocytes. J Biomed Mater Res 1988;22:
939-57.

Boyce ST, Supp AP, Harriger MD, Pickens WL, Wickett RR,
Hoath SB. Surface electrical capacitance as a non-invasive in-
dex of epidermal barrier in cultured skin substitutes in athymic
mice. J Invest Dermatol 1996;107:82-7.

Briggaman RA. Human skin grafts-nude mouse model: tech-
niques and application. In: Skerrow D, Skerrow CJ, editors.
Methods in skin research. New York: John Wiley and Sons,
1985: 251-76.

Boyce ST, Ham RG. Normal human epidermal keratinocytes.
In: Webber MM, Sekely LI. In vitro models for cancer research.
Volume 3. Carcinomas of the mammary gland, uterus and skin.
Boca Raton, FL: CRC Press 1986;3: 245-74.





