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Abstract: Agaricus bisporus, Fusarium graminearum, Phyco-
myces blakesleeanus, unbleached and bleached, Rhizomucor
miehei, and Rhizopus oryzae were examined as sources of fun-
gal chitin/chitosan. The nitrogen content of the alkali-
treated mycelia/sporangiophores obtained after optimiza-
tion of culture conditions, and of similarly treated A. bisporus
stipes, was 2.87, 1.29, 6.27, 6.50, 4.80, and 4.95% w/w, re-
spectively, which relates to an estimated chitin content of 42,
19, 91, 94, 70, and 72%, respectively. The hydrogen peroxide
(H2O2)-generating ability of the treated fungal materials af-
ter 8 h at pH 7.4 and 37°C decreased in the order R. oryzae >
P. blakesleeanus unbleached ≈ R. miehi > F. graminearum > A.
bisporus > P. blakesleeanus bleached. This did not correlate
with estimated chitin content. The effect of these fungal ma-
terials on the rate of proliferation of murine L929 fibroblasts
in culture also was examined. Both pro- and antiproliferant
effects were observed. Significant (P < .05) proproliferant
effects were observed on day 6 with R. miehei, R. oryzae, and
P. blakesleeanus (unbleached and bleached) at 0.01% w/v.
The greatest antiproliferant effect was observed with R. ory-
zae at 0.05% w/v on day 6 (−63% relative to the control, P <
.05; cell viability, 95%). In contrast, A. bisporus failed to affect
cell yield significantly at either 0.01 or 0.05% w/v. Addition
of catalase to cultures containing R. oryzae or R. miehei at

0.05% w/v failed to abolish the antiproliferant effect on day
3, instead producing a small but significant (P < .05) increase
in the effect. Catalase also failed to affect significantly the
antiproliferant effect of F. graminearum at 0.05% w/v, but did
abolish the proproliferant effect of P. blakesleeanus (un-
bleached and bleached) on day 3. Overall, our results sug-
gest that the H2O2 being generated by the fungal materials
modulates cell proliferation but that this effect is superim-
posed upon a H2O2-independent antiproliferant effect mani-
festing itself at the higher concentrations of fungal material.
The antiproliferant effect was not attributable to Ca2+, Mg2+,
or Fe2+ depletion although chelation of Fe2+ did correlate
with H2O2-generating ability. Only P. blakesleeanus appears
to lack this antiproliferant activity while retaining H2O2-
generating activity. These results may aid the selection of
fungal chitin/chitosan for further evaluation as a potential
wound management material. © 1998 John Wiley & Sons,
Inc. J Biomed Mater Res, 39, 300–307, 1998.

Key words: fungi; chitin; chitosan; polysaccharides; Rhizo-
mucor miehei; Rhizopus oryzae; Agaricus bisporus; Fusarium
graminearum; Phycomyces blakesleeanus; fibroblast prolifera-
tion; hydrogen peroxide; wound healing

INTRODUCTION

We earlier reported1 that chitin/chitosans from mi-
crofungal cultures of Aspergillus oryzae, Mucor mucedo,
and Phycomyces blakesleeanus could affect the rate of
proliferation of human F1000 fibroblasts in culture. In
the context of its possible use in the promotion of
wound healing,2,3 during which appropriately con-
trolled fibroblast proliferation is essential,4 fungal chi-
tin/chitosan manufactured under controlled condi-
tions commends itself to further investigation. Ac-
cordingly, we now have examined Agaricus bisporus,
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Fusarium graminearum, Phycomyces blakesleeanus, Rhizo-
mucor miehei, and Rhizopus oryzae as sources of chitin/
chitosans and evaluated their effects on the prolifera-
tion of mouse L929 fibroblasts in culture. Having pre-
viously found5 that chitin/chitosan of crustacean
origin generates hydrogen peroxide autoxidatively
when placed in cell culture medium, and that the con-
centration of hydrogen peroxide produced is sufficient
to exert pro- and antiproliferant effects, we now have
studied hydrogen peroxide generation by fungal chi-
tin/chitosans. In view of the well known metal ion-
chelating activity of chitin/chitosan,6–8 we also have
investigated whether Ca2+, Mg2+, and/or Fe2+ deple-
tion might explain any antiproliferant effects of these
materials on cell cultures.

MATERIALS AND METHODS

Fungal organisms

The fungi used in this study were Rhizomucor miehei (CMI
147 066), Rhizopus oryzae (CBS 148.22), Agaricus bisporus (cul-
tivated mushroom), Fusarium graminearum (CMI 145 425),
and Phycomyces blakesleeanus (CBS 283.35).

Fungal culture and growth conditions

The organisms were maintained on potato dextrose agar
slopes. Mycelia were produced in a 20 L bioreactor (MBR,
Farnborough, Hampshire, U.K.) with a stirring rate of 800
rpm and an aeration rate 33 cm3 s−1. Starter cultures were
grown at 30°C for 24 h in media containing 17 g L−1 malt
extract (Difco, East Molesey, Surrey, U.K.) and 3 g L−1 my-
cological peptone (Oxoid, Basingstoke, Hampshire, U.K.).
These cultures were used to inoculate the bioreactor contain-
ing 40 g L−1 malt extract and 25 g L−1 soybean flour, which
was maintained for 3 days at 30°C before harvest. With R.
miehei, the incubation temperature of the bioreactor was
50°C.

To obtain sporangiophores of P. blakesleeanus in static cul-
ture, mycelium from 2–3 days’ starter cultures grown at
20°C was used to inoculate 1,000 mL (32 oz) wide-mouth
polypropylene autoclavable bottles (BDH Chemicals Ltd.,
Poole, Dorset, U.K.) containing a growth medium based on
rice (rice 50 g, yeast extract 1.5 g, mycological peptone 1.5 g).
Each bottle was inoculated with 20 mL of broth and main-
tained in the dark at 20°C for 14 days before harvest.

The stipe of A. bisporus was obtained from a commercial
mushroom grower.

Preparation of fungal materials and analysis for
nitrogen and chitin/chitosan content

Fungal material was harvested and prepared as previ-
ously described.1 Chitin/chitosan from P. blakesleeanus spo-

rangiophores also was prepared in bleached form. Bleaching
was achieved by suspending the unbleached material in a
solution consisting of 8% v/v hydrogen peroxide (100 vol.)
and 40 g L−1 sodium hydroxide for 30 min at 90°C after the
alkaline treatment and prior to the acetic acid wash. After
freeze-drying, materials for the fibroblast proliferation assay
were sterilized using g-irradiation (by Isotron plc., Bradford,
U.K.).

The prepared mycelia/sporangiophores were analyzed
qualitatively and quantitatively for nitrogen and chitin/
chitosan content by the Kjeldahl nitrogen level method and
by FT-IR, as described previously.1

Fibroblast cell line

L929 fibroblasts were obtained from ICN Flow, High Wy-
combe, U.K.

Cell culture media

Unless otherwise stated, all cell culture materials were
supplied by ICN Flow, High Wycombe, U.K.

Complete growth medium for maintenance cultures of
L929 fibroblasts consisted of Minimum Medium Eagles
(modified; EMEM) with Earle’s salts containing 20 mM N-
2-hydroxyethylpiperazine-N8-2-ethanesulfonic acid (Hepes)
supplemented with nonessential amino acids (1% v/v), 2
mM L-glutamine, 100 units mL−1 penicillin, 100 mg mL−1

streptomycin, and 10% newborn bovine serum (NBS). For
experimental cultures, penicillin and streptomycin were not
added to the complete growth medium. Earle’s balanced salt
solution (modified), without calcium and magnesium, and
trypsin (0.25% w/v) was used in cell trypsinization proce-
dures. Cell counting was carried out using an Improved
Neubauer hemacytometer chamber (BDH), as previously
described.9

Routine maintenance of the cultures

Stock L929 cells were stored in liquid nitrogen. New cul-
tures were initiated from frozen stock; cells were grown in
sterile 75 cm2 culture flasks in complete EMEM medium at
37°C. Cultures were passaged weekly and media changed
three times weekly. L929 cells in their 592nd–595th passages
were used in this work.

Reagents, etc.

Catalase (from bovine liver, ammonium sulfate and thy-
mol free), scopoletin, horseradish peroxidase (type I), and
other chemicals of the highest purity offered were obtained
from Sigma Co. Ltd., Poole, Dorset, U.K. Hydrogen peroxide
and catalase were filter-sterilized (0.2 mm) before use in the
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fibroblast assay while the fungal materials were sterilized by
g-irradiation, as indicated previously.

Cell proliferation study

On day zero, a suspension of cells (1 × 105 cells/mL−1)
was prepared from a stock culture and 5 mL added to each
experimental and control flask (25 cm2). The culture flasks
then were incubated at 37°C. After 24 h (day 1), the spent
medium in the flasks was replaced with freshly prepared
medium (5 mL) supplemented with fungal materials (0.01
and 0.05% w/v), fungal materials (0.01 or 0.05% w/v) +
catalase (400 units mL−1), catalase (400 units mL−1), or hy-
drogen peroxide (10−4–10−9M). Identical control cultures in
medium not supplemented with fungal materials also were
prepared. The spent medium in the cultures was replaced
with the appropriate fresh medium on day 3 (7.5 mL).

Hemacytometer counts were taken on days 1, 3, and 6.
Three flasks from both test and control cultures were
counted on each occasion, as described previously.9 Cell vi-
ability was estimated using the trypan blue exclusion test.10

Cultures were examined under phase contrast with a Leitz
Labovert microscope and phase contrast photomicrographs
taken at X100 magnification using Ilford film.

Hydrogen peroxide determination

Hydrogen peroxide formation was determined spectro-
fluorimetrically using the scopoletin–horseradish peroxi-
dase method previously described.5,11 The reaction mixture
contained, in a final volume of 6 mL, 5 × 10−7 mol L−1 sco-
poletin, fungal material (0.25–0.05% w/v), and 50 mmol L−1

of potassium dihydrogen orthophosphate/potassium hy-
droxide buffer, pH 7.4. The reaction was started by adding
60 mL of horseradish peroxidase (HRP, 80 units mL−1). The
mixture was agitated and kept in the dark at 37°C. The
change in fluorescence of the mixture was monitored at time
intervals (excitation, 320 nm; emission, 460 nm). The catalase
control consisted of 5 × 10−7 mol L−1 scopoletin, fungal ma-
terial (0.25–0.05% w/v), 400 units mL−1 catalase, 0.8 units
mL−1 HRP, and 50 mmol L−1 potassium dihydrogen ortho-
phosphate/potassium hydroxide buffer, pH 7.4, in a final
volume of 6 mL. The scopoletin control consisted of 5 × 10−7

mol L−1 scopoletin, fungal material (0.25–0.05% w/v), and
50 mmol L−1 potassium dihydrogen orthophosphate/
potassium hydroxide buffer, pH 7.4. The effect of oxygen on
the reaction of the reaction mixture was evaluated by using
deaerated solutions (deaeration was achieved by placing the
solutions under high vacuum for 45 min before use).

The level of hydrogen peroxide formed was related to the
difference in the fluorescence of the reaction mixtures of the
test material with and without catalase. The level of hydro-
gen peroxide generated by the test material expressed in mol
L−1 was derived from a standard concentration curve con-
structed with known concentrations of standard hydrogen
peroxide (10−6 −10−8 mol L−1).

Ca2+ chelation study

Fungal materials were added to 10 mL of 500 mM CaCl2
and incubated at 37°C (0.1% w/v). At time intervals, 100 mL
aliquots were removed and added to a mixture containing
900 mL of 5 mM imidazole buffer at pH 7.0 and 1 mL of 25
mM arsenazo III. Absorbance at 650 nm was recorded. A
standard curve was constructed using 0–50 mM solutions of
CaCl2; the limit of detection of the assay was $ 10 mM. The
method was adapted from that described by Scarpa et al.12

Mg2+ chelation study

A procedure similar to that used for the Ca2+ chelation
study was used except that MgCl2 (0–1.0 mM) was used in
place of CaCl2 and absorbance was recorded at 610 nm. The
limit of detection of the assay was $ 0.2 mM. The method
was adapted from that described by Scarpa et al.12

Fe2+ chelation study

Fungal materials were added to 10 mL of 0.5 mM
FeSO4 z (NH4)2SO4 and incubated at 37°C (0.1% w/v). At
time intervals, 0.5 mL aliquots were removed and added to
a mixture containing 0.5 mL of water and 1 mL of 1 mM
phenanthroline. Absorbance at 510 nm was recorded. A
standard curve was constructed using 0.05–0.6 mM solu-
tions of FeSO4 z (NH4)2SO4; the limit of detection of the assay
was $ 0.05 mM. All solutions were deaerated under high
vacuum for 45 min before use. The method was adapted
from that described by Aust et al.13

RESULTS

Nitrogen and chitin content

The Kjeldahl nitrogen content of the alkali-treated
stipes/mycelia/sporangiophores of Agaricus bisporus,
Fusarium graminearum, Phycomyces blakesleeanus un-
bleached and bleached, Rhizomucor miehei, and Rhizo-
pus oryzae was 2.87, 1.29, 6.27, 6.50, 4.80, and 4.95%
w/w, respectively, which relates to an estimated chi-
tin content of 42, 19, 91, 94, 70, and 72%, respectively.
The presence of chitin in these materials is supported
by the characteristic amide absorption peak at 1,560
cm−1 in the FT-IR spectra, which also is seen with
standard chitin (of crustacean origin) but not with chi-
tosan. The sodium hydroxide and heat treatment em-
ployed in the preparation of the fungal materials par-
tially may deacetylate the chitin to form chitosan.
Methods for the estimation of chitosan content have
been published,14–16 but they cannot be applied with
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confidence to the fungal materials we have prepared
because the identities of the nonchitinous fractions in
the different species are not known. (If total deacety-
lation to chitosan had occurred, the estimated chitosan
content of the prepared materials would range from
15–75%.) Nevertheless, our results clearly show that
fungal cell wall chitin content varies greatly between
species. It appears that the cell wall chitin content gen-
erally is higher in zygomycetes (M. mucedo, R. miehei,
R. oryzae, and P. blakesleeanus, 52–94%) than in euas-
comycetes (A. oryzae and F. graminearum, 19–37%)
(some results presented previously).1

Cell proliferation

Material from R. meihei was proproliferant at 0.01%
w/v on day 6 but antiproliferant at 0.05% w/v (P <
.05). Although A. bisporus caused small perturbations
in cell yield relative to the control on days 3 and 6 at
both 0.01% and 0.05% w/v, these changes were not
significant (P > .05). F. graminearum was antiprolifer-
ant at 0.05% w/v on day 6 (P < .05) (Table I). The
decrease in cell proliferation in the presence of the
fungal materials could not be ascribed to bacterial con-
tamination as there was no sudden change in pH in
the medium (Table II) and no evidence of opaque par-
ticles.

Material from R. oryzae and from P. blakesleeanus
(bleached and unbleached) increased cell proliferation
(day 6) at 0.01% w/v (P < .05). At 0.05% w/v (day 6),

TABLE I
Effect of Chitin/Chitosan from R. miehei, A. bisporus, F. graminearum, R. oryzae, and P. blakesleeanus, Bleached and

Unbleached (0.01 and 0.05% w/v) on the Proliferation of L929 Fibroblasts in Culture

Day 3 Day 6

Cell No. × 104 cells mL−1 % Change Cell No. × 104 cells mL−1 % Change

Control 37.49 ± 5.45 — 138.95 ± 4.02 –
R. miehei

0.01% w/v 36.25 ± 1.15 −3 154.94 ± 4.86* +12
0.05% w/v 34.67 ± 1.97 −8 123.89 ± 5.71* −10

A. bisporus
0.01% w/v 34.18 ± 3.91 −9 144.00 ± 4.41 +4
0.05% w/v 37.02 ± 3.25 −1 130.29 ± 3.65 −6

F. graminearum
0.01% w/v 38.80 ± 2.84 +4 135.55 ± 2.75 −2
0.05% w/v 30.02 ± 2.16 −20 98.33 ± 5.57* −29

Control 43.04 ± 2.80 – 152.17 ± 7.34 –
R. oryzae

0.01% w/v 44.09 ± 3.21 +2 171.34 ± 1.21* +13
0.05% w/v 20.82 ± 1.20* −52 56.95 ± 4.76* −63

P. blakesleeanus, unbleached
0.01% w/v 44.51 ± 2.39 +3 173.79 ± 2.16* +14
0.05% w/v 41.13 ± 2.36 −4 150.44 ± 3.42 −1

P. blakesleeanus, bleached
0.01% w/v 44.87 ± 2.11 +4 178.78 ± 6.30* +18
0.05% w/v 40.51 ± 1.68 −6 164.50 ± 3.12 +8

Mean ± SD (n = 3); % Change: % change in cell yield relative to control; *P < .05 compared with the control (Student t test).

TABLE II
Effect of R. miehei, A. bisporus, F. graminearum, R.

oryzae, and P. blakesleeanus, Bleached and Unbleached
(0.01 and 0.05% w/v) on Cell Viability and pH of

Culture Medium

Day 3 Day 6

pH of
Culture
Medium

Cell
Viability

%

pH of
Culture
Medium

Cell
Viability

%

Control 7.12 92 6.92 94
R. miehei

0.01% w/v 7.18 94 6.95 96
0.05% w/v 7.20 97 6.91 92

A. bisporus
0.01% w/v 7.18 91 6.98 97
0.05% w/v 7.14 93 6.98 95

F. graminearum
0.01% w/v 7.15 94 6.97 94
0.05% w/v 7.17 96 7.04 96

Control 7.03 96 6.94 93
R. oryzae

0.01% w/v 7.07 95 6.91 95
0.05% w/v 7.14 92 7.04 95

P. blakesleeanus,
unbleached

0.01% w/v 7.04 94 6.93 98
0.05% w/v 7.06 95 6.96 94

P. blakesleeanus,
bleached

0.01% w/v 7.06 97 6.95 96
0.05% w/v 7.06 93 6.88 95
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R. oryzae reduced cell growth by 63% (P < .05), P.
blakesleeanus (unbleached) failed to exert a significant
effect upon cell proliferation relative to the control,
and P. blakesleeanus (bleached) increased cell prolifera-
tion (although the result was not significant when
evaluated statistically) by about 8% (P > .05) (Table I).

The proproliferant effect of P. blakesleeanus
(bleached and unbleached) at 0.01% w/v could be
abolished by the addition of catalase (P < .05) (Table
III). This indicates that hydrogen peroxide was being
generated and was mediating the observed proprolif-
erant effect. The presence of catalase augmented the
antiproliferant effect of R. oryzae and R. meihei (0.05%
w/v) on L929 cells (P < .05) (Table III). This suggests

that hydrogen peroxide was being produced by the
fungal materials at a level capable of increasing cell
proliferation but that this effect was superimposed
upon a greater antiproliferant effect mediated through
a different mechanism (or mechanisms). This is sup-
ported by the observation that the fungal materials,
with the exception of that derived from P. blakeslee-
anus, were antiproliferant at a concentration of 0.05%
w/v but generated less than 10−6M hydrogen perox-
ide as measured by the scopoletin–HRP assay. With
standard hydrogen peroxide, antiproliferant or cyto-
toxic effects become evident only with concentrations
at or above 10−4M (Fig. 1).

The rate of formation of hydrogen peroxide by the

TABLE III
Effect of Addition of Catalase (400 units mL−1) to R. miehei, F. graminearum, R. oryzae, and P. blakesleeanus, Bleached

and Unbleached (0.01 or 0.05% w/v) on the Proliferation of L929 Fibroblasts

Day 3 Day 6

Cell No.
× 104 cells mL−1 % Change

Cell No.
× 104 cells mL−1 % Change

Control 41.60 ± 1.36 – 138.00 ± 1.16 –
Catalase 41.55 ± 0.91 −0.1 128.22 ± 3.12 −7
R. miehei

0.05% w/v 35.85 ± 1.03* −14 113.31 ± 5.16 −18
0.05% w/v + catalase 31.76 ± 0.87 −24 111.40 ± 5.15 −19

R. oryzae
0.05% w/v 21.64 ± 1.20* −48 58.04 ± 1.95* −58
0.05% w/v + catalase 18.04 ± 1.13 −57 53.10 ± 2.11 −62

F. graminearum
0.05% w/v 32.07 ± 0.24 −23 76.67 ± 5.60 −44
0.05% w/v + catalase 33.73 ± 1.91 −19 80.33 ± 1.97 −42

Control 43.53 ± 1.55 – 149.31 ± 3.32 –
Catalase 44.80 ± 3.19 +3 144.60 ± 4.21 −3
P. blakesleeanus, unbleached

0.01% w/v 48.71 ± 2.50* +12 137.00 ± 3.87 −8
0.01% w/v + catalase 39.82 ± 0.74 −9 136.93 ± 5.81 −8

P. blakesleeanus, bleached
0.01% w/v 46.98 ± 2.87* +8 148.58 ± 6.07 −0.5
0.01% w/v + catalase 41.02 ± 1.09 −6 141.38 ± 2.16 −5

*Mean ± SD (n = 3); % Change: % change in cell yield relative to control; *P < .05 compared with the respective catalase-
containing cultures (Student t test).

Figure 1. Effect of hydrogen peroxide on the proliferation of L929 cells.
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fungal materials was rather rapid initially and slowed
thereafter (Fig. 2). Overall the initial rate of hydrogen
peroxide generation decreased in the order R. oryzae >
P. blakesleeanus unbleached > R. miehei ≈ F. graminea-
rum > A. bisporus > P. blakesleeanus bleached. The in-
hibition of its formation by deaeration (oxygen purg-
ing) of the reaction mixture (Fig. 3) and the scavenging
effect of catalase indicate the specific formation of hy-
drogen peroxide by the fungal materials.

Metal ion chelation

No measurable Ca2+ chelation by any of the fungal
materials could be detected over a period of 48 h (re-
sults not shown). Similarly, no measurable chelation
of Mg2+ could be detected (results not shown) except
in the case of R. oryzae, which removed about 15% of
available Mg2+ after 24–48 h incubation. R. miehei, R.
oryzae, and P. blakesleeanus (unbleached) all removed
40–47% of available Fe2+ within 24 h whereas the re-
maining three fungal materials exhibited no or insig-
nificant Fe2+-chelating activity (results not shown).

DISCUSSION

We now have provided further evidence (see Chung
et al.1) that chitin/chitosan content of fungal cell walls
varies with species and also that the effects of these
prepared fungal materials on L929 fibroblast prolifera-
tion are mediated in part by autoxidatively derived
hydrogen peroxide and in part by other mechanisms
that remain to be elucidated. Correlations between hy-
drogen peroxide formation and estimated chitin con-
tent of fungal materials (0.05% w/v; 1 h at 37°C) and
percentage change in cell number (day 6) and esti-
mated chitin content of fungal materials (0.05% w/v)

were sought. No correlation was found in either case
(R2 = 0.056 and 0.099, respectively). We previously
observed that crustacean chitosan generates six times
the quantity of hydrogen peroxide produced by chitin
and also is able to lower the rate of L929 fibroblast
proliferation by a direct plasma membrane interac-
tion.5 We therefore might expect there to be a correla-
tion between chitosan content of the fungal materials
and their hydrogen peroxide-generating capacities
and antiproliferant effects on L929 fibroblasts in the
presence of catalase. Unfortunately, it has not been
possible to analyze the fungal materials specifically for
chitosan content. Hydrogen peroxide formation does,
however, correlate (R2 = 0.641) with the percentage
change in cell number (Fig. 4), further supporting our
view that hydrogen peroxide is being generated in
biologically significant quantities in the culture media.
The inability of catalase to abolish the antiproliferant
effect of the fungal materials indicates the co-existence
of a hydrogen peroxide-independent process (or pro-
cesses).

Figure 2. Hydrogen peroxide formation by R. miehei, R.
oryzae, A. bisporus, F. graminearum, and P. blakesleeanus,
bleached and unbleached (0.01% w/v) in 50 mM KH2PO4/
KOH pH 7.4 buffer at 37°C over 24 h.

Figure 3. Effect of deaeration on hydrogen peroxide for-
mation by R. miehei, R. oryzae, A. bisporus, F. graminearum,
and P. blakesleeanus, bleached and unbleached (0.05% w/v)
in 50 mM KH2PO4/KOH pH 7.4 buffer at 37°C for 2 h.

Figure 4. Relationship between the effects of R. miehei, R.
oryzae, A. bisporus, F. graminearum, and P. blakesleeanus,
bleached and unbleached (0.05% w/v) on L929 cell prolif-
eration at day 6 and hydrogen peroxide formation (0.05%
w/v) after 1 h at 37°C.
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The possibility that metal ion chelation by the fun-
gal chitin/chitosan was responsible for the observed
antiproliferant activities was considered. None of the
fungal materials was found able to chelate Ca2+ while
only R. oryzae exhibited Mg2+-chelating activity. In
view of the marked antiproliferant activity of R. oryzae
even in the presence of catalase, it seems possible that
Mg2+ chelation is responsible, at least in part. Signifi-
cant Fe2+ chelation was exhibited by those fungal ma-
terials exhibiting greatest hydrogen peroxide-
generating capacity. This, again, possibly could ac-
count for antiproliferant activity if redistribution of
iron between iron pools occurs as a result. Clearly,
further work is necessary to determine to what extent
metal ion chelation contributes to the observed reduc-
tions in the rate of fibroblast proliferation.

Any chelation of iron or other transition metal ions,
even at levels below the detection limit of the assays
used here, will lead to autoxidation in the presence of
dissolved oxygen. Suitable transition metal ions nor-
mally are present in sufficient quantities in standard
laboratory reagents unless rigorously excluded. Au-
toxidation leads to the generation of superoxide; su-
peroxide then dismutates spontaneously to form hy-
drogen peroxide.17 In view of our observation that
purging of dissolved air significantly diminished hy-
drogen peroxide generation (Fig. 3), there can be little
doubt that the hydrogen peroxide arose from autoxi-
dation. Bleaching of material from P. blakesleeanus di-
minished hydrogen peroxide-generating capacity as
might be expected. It also is reasonable to observe that
the effect of bleached P. blakesleeanus on L929 cell pro-
liferation is not significantly affected by the presence
of catalase (Table III). However, this makes the pro-
proliferant activity of bleached P. blakesleeanus at day 6
(Table III) difficult to rationalize. On the basis of some
further experiments we have carried out using tissue
culture inserts in 6-well plates (Falcon), by which
means the fungal materials were suspended in the cul-
ture medium over the fibroblast culture, it appears
that that effect is mediated by contact with the cells
rather than by release/removal of soluble substance(s)
from/by the fungal material (results not shown).
These same experiments demonstrated that R. miehei,
R. oryzae, and F. graminearum could exert antiprolifer-
ant effects without contact with the cells. In conjunc-
tion with the results of incubation experiments with
catalase, this indicates that release of hydrogen perox-
ide from these materials is of only minor significance
in relation to other remotely-mediated (but yet to be
identified) effects.

It was observed that some fibroblasts were attached
to the freely suspended (in the culture medium) fun-
gal particles of unbleached P. blakesleeanus. This sug-
gests that P. blakesleeanus possesses chemotactic prop-
erties that appear to be abolished by bleaching. The
addition of catalase to cultures containing 0.05% w/v

unbleached P. blakesleeanus did not affect this chemo-
tactic activity. The results suggest that the activity is
not a result of hydrogen peroxide generation, but of
release of another compound associated with un-
bleached P. blakesleeanus. The nature and identity of
this putative chemotactic compound is unknown at
present. Similar observations were made with human
F1000 fibroblasts when the medium was supple-
mented with unbleached P. blakesleeanus.1

In wound models, chitins and chitosans from vari-
ous sources have been shown to accelerate healing
and to improve wound strength by at least 30%.18 The
present study would support the view that chitin/
chitosan derived from fungal culture (and perhaps
that from Phycomyces blakesleeanus in particular) merits
further evaluation as a potential new bioactive wound
management product.
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