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Initial adhesion of fungi to plasticized polyvinyl chloride (pPVC) may determine subsequent colonization
and biodeterioration processes. The deteriogenic fungus Aureobasidium pullulans was used to investigate the
physicochemical nature of adhesion to both unplasticized PVC (uPVC) and pPVC containing the plasticizers
dioctyl phthalate (DOP) and dioctyl adipate (DOA). A quantitative adhesion assay using image analysis
identified fundamental differences in the mechanism of adhesion of A. pullulans blastospores to these substrata.
Adhesion to pPVC was greater than that to uPVC by a maximum of 280% after a 4-h incubation with 108

blastospores ml21. That plasticizers enhance adhesion to PVC was confirmed by incorporating a dispersion of
both DOA and DOP into the blastospore suspension. Adhesion to uPVC was increased by up to 308% in the
presence of the dispersed plasticizers. Hydrophobic interactions were found to dominate adhesion to uPVC
because (i) a strong positive correlation was observed between substratum hydrophobicity (measured by using
a dynamic contact angle analyzer) and adhesion to a range of unplasticized polymers including uPVC, and (ii)
neither the pH nor the electrolyte concentration of the suspension buffer, both of which influence electrostatic
interactions, affected adhesion to uPVC. In contrast, adhesion to pPVC is principally controlled by electrostatic
interactions. Enhanced adhesion to pPVC occurred despite a relative reduction of 13° in the water contact angle
of pPVC compared to that of uPVC. Furthermore, adhesion to pPVC was strongly dependent on both the pH
and electrolyte concentration of the suspension medium, reaching maximum levels at pH 8 and with an
electrolyte concentration of 10 mM NaCl. Plasticization with DOP and DOA therefore increases adhesion of
A. pullulans blastospores to pPVC through an interaction mediated by electrostatic forces.

Major problems of substratum damage occur when plasti-
cized polyvinyl chloride (pPVC) is colonized by microorgan-
isms in many different environmental situations. It has long
been established that this susceptibility results from the pres-
ence of plasticizers, commonly organic acid esters such as di-
octyl phthalate (DOP) and dioctyl adipate (DOA), added to
modify physical or mechanical properties of the polymer (7).
Since these early studies, degradation of ester-based plasticiz-
ers has been demonstrated among both bacteria (4, 5, 14) and
fungi (2, 45). Loss of plasticizers from pPVC due to microbial
degradation results in brittleness, shrinkage, and ultimately
failure of the PVC in its intended application.

Although no detailed quantitative studies have been pub-
lished, fungi are reported to be the principal deteriogenic or-
ganisms in structural and outdoor applications of pPVC (3,
18). However, despite widespread commercial use of pPVC
and considerable economic losses due to its biodeterioration,
mechanisms of fungal attachment to pPVC have not previously
been examined.

Microbial adhesion is the first in a series of events that occur
during the colonization of a solid substratum. Adhesion to
inert materials such as plastics or glass is known to be con-
trolled by nonspecific interactions between the cell surface and

the substratum. Research has focused on bacterial adhesion,
where hydrophobicity both of the substratum (8, 35, 46) and of
the cell surface (33, 40, 44) and electrostatic charge on the cell
surface (17, 34, 43) are important factors in adhesion to inert
substrata.

While bacterial adhesion to surfaces has been studied exten-
sively, the nonspecific adhesion of fungi has received compar-
atively little attention. Most fungal adhesion studies have fo-
cused on adhesion of the opportunistic pathogen Candida
albicans to synthetic materials used for medical prostheses.
Increased adhesion of C. albicans to plastics has been associ-
ated with increased hydrophobicity both of the fungal surface
(30, 32) and of the substratum (27). Electrostatic forces have
also been demonstrated to influence adhesion of C. albicans to
hydrophilic glass (25), although they are thought to be of minor
importance in adhesion to more hydrophobic plastics (27).
Therefore, similar physicochemical characteristics appear to
control adhesion of both bacteria and C. albicans.

Nothing is known about the physicochemical factors control-
ling adhesion of fungi that colonize and deteriorate plastics
within the environment. This study reports on the mechanisms
of adhesion of the deuteromycete A. pullulans because it was
found to be the dominant fungus causing deterioration of
pPVC films during outdoor exposure trials in Florida (18). A.
pullulans is ubiquitous within the environment and is known to
colonize many habitats (9). It is one of relatively few fungi that
can colonize living leaf surfaces (1) and is also the principal
colonizer of painted wood surfaces (15).

As part of a long-term study of microbial colonization pro-
cesses occurring on pPVC, the initial adhesion of the deterio-
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genic fungus A. pullulans has been studied in vitro. We have
investigated the effect of incorporating the plasticizers DOP
and DOA into PVC on the adhesion of A. pullulans blasto-
spores. Physicochemical parameters influencing the nonspe-
cific adhesion of blastospores to both unplasticized PVC
(uPVC) and pPVC have also been investigated.

MATERIALS AND METHODS

A. pullulans (de Bary) Arnaud. A. pullulans (IMI70103) was maintained on
malt extract agar (Oxoid, Unipath, Ltd., Basingstoke, United Kingdom), and to
produce blastospores, cultures were incubated for 5 days at 25°C in the dark.
Under these conditions, only the mycelial and blastospore morphotypes of A.
pullulans developed. For long-term storage, blastospores were frozen at 280°C
in 20% (vol/vol) glycerol solution (BDH, Poole, United Kingdom).

Growth of A. pullulans on pPVC as the sole carbon source was used as a test
method to confirm the ability of this isolate to deteriorate pPVC. A piece of
pPVC (4 by 4 cm) was sandwiched between two layers of 12 g of bacteriological
agar liter21 (Oxoid) in deionized water. The upper layer of agar was seeded with
approximately 105 blastospores of A. pullulans ml21 before pouring. A control
agar plate was prepared that contained blastospores, but without a piece of
pPVC incorporated. Both plates were incubated at 25°C for 7 days, after which
time, growth of A. pullulans could clearly be seen in agar immediately above the
pPVC. Absence of growth on the control plate confirmed the ability of A.
pullulans to obtain a source of carbon from the pPVC.

Adhesion assay. pPVC sheets (0.5 mm thick) were formulated that contained
the following (parts per hundred resin): EP 6779 (PVC resin) [European Vinyls
Corporation (UK) Ltd.], 75; Vinnolit C65V (PVC resin), 25; DOP (plasticizer)
(Exxon Chemicals, Ltd.), 25; DOA (plasticizer) (Exxon Chemicals, Ltd.), 25;
Lankromark LN138 (calcium-zinc stabilizer) (AKCROS), 2; and Lankroflex
ED63 (epoxidized oleate ester), 3. uPVC sheets (0.2 mm thick) were obtained
from Goodfellow, Ltd., Cambridge, United Kingdom.

Discs, 4 mm in diameter, were cut from sheets by using a pair of punch pliers
(RS components). Discs were cleaned in 2% Lipsol detergent (LIP, Shipley,
England) and rinsed thoroughly in deionized water. Handled by the edges only
and with forceps, discs were placed in rows of five into the wells of a 96-well assay
plate (Costar).

A. pullulans blastospores were harvested in phosphate-buffered saline (PBS)
containing 8.0 g of NaCl liter21, 0.2 g of KCl liter21, 1.15 g of Na2HPO4 liter21,
0.2 g of KH2PO4 liter21, and 0.1 g of MgCl2 liter21 at pH 7.3 and separated from
hyphae by filtration through three layers of lens tissue paper. Blastospores were
centrifuged for 8 min at 3,600 3 g, washed three times, and resuspended in PBS
to an optical density at 540 nm of 0.59 (108 blastospores ml21). Aliquots of 200
ml of the blastospore suspension were placed into wells containing pPVC discs by
using a multichannel pipette (Treff Lab). Following incubation at 25°C, the
blastospore suspension was removed by pipette, and discs were washed three
times by sequentially adding and removing 200-ml aliquots of PBS. During the
washing procedure, pipette tips were inserted into the base of wells so that liquid
crossed the surfaces of discs evenly and with minimal variation in shear forces.
Spores were then fixed for 15 min by the addition of 100 ml of 20% (vol/vol)
formaldehyde to each well and washed once in PBS. Discs were allowed to air dry
for 1 h before being stained with Gram crystal violet (Difco). Stain (100 ml) was
applied to each well for 5 s and quickly removed, and discs were washed a further
three times in PBS. Stained discs were then transferred from wells to a micro-
scope slide for image analysis.

Blastospores on pPVC discs were visualized by using a Leica Medilux micro-
scope equipped with an automated stage for image analysis. Digital images of the
pPVC surface were captured under bright-field illumination with a charge-cou-
pled device camera (Sony XC-75CE), and the percentage of surface covered with
attached blastospores was quantified with image analysis software (Quantimet
Qwin 570, version 01.00; Leica, Ltd. Cambridge, United Kingdom).

Reproducibility of adhesion data. To determine disc-to-disc (intrabatch) vari-
ation within the adhesion assay, rows of five discs of both uPVC and pPVC were
exposed to a suspension of 108 blastospores ml21 derived from a single plate.
Five rows were sampled for each material, and adhesion was quantified after a
4-h incubation period. To determine whether different batches of blastospores
gave different levels of adhesion (interbatch variation), adhesion was measured
by exposing rows of five pPVC and uPVC discs to blastospores harvested from
five different cultures. Inter- and intrabatch variation in adhesion were statisti-
cally assessed by analysis of variance.

Kinetics of adhesion to uPVC and pPVC. To determine the time period
required for maximal adhesion to pPVC, a time course experiment was carried
out over a 10-h period with a suspension of 108 blastospores ml21. After each
sample time, five pPVC discs were removed, washed, and stained, and the
mean percentage of surface cover with blastospores for the discs was deter-
mined. The influence of blastospore concentration on numbers of blasto-
spores attaching was determined by exposing rows of five discs to blastospore
concentrations in the range 2 3 107 to 5 3 108 blastospores ml21 for a 4-h
adhesion period.

Influence of plasticizers on adhesion to uPVC. A mixed dispersion of both
DOP and DOA was created within PBS suspension buffer to examine the influ-

ence of plasticizers on adhesion of A. pullulans blastospores to uPVC. Five
milliliters of each plasticizer was added to 400 ml of PBS. Both DOP and DOA
are immiscible with water but are completely miscible with each other and form
an organic phase over the PBS. The entire volume was homogenized (Ystral
D-7801; 260 W; 25,000 rpm; Dottingen) for 1 min and centrifuged for 10 min at
3,600 3 g in order to remove large droplets of plasticizer. The resulting disper-
sion was separated from liquid DOP and DOA remaining on the surface of the
PBS by running the volume through a glass separation funnel fitted with a tap.
The eluent from the column was considered to be the 100% plasticizer concen-
tration. Dilutions were prepared to contain relative plasticizer concentrations in
the range 0 to 100% of this undiluted dispersion. Blastospores were suspended
to 108 blastospores ml21 in each dilution of the dispersion and applied to rows
of five discs of uPVC for 4 h. Plasticizer concentrations in PBS were kept
constant throughout the washing procedure.

Both DOP and DOA exhibit low water solubility of up to 1 mg liter of H2O21

(Chemical Abstract Service no. 117-84-0 for DOP and 103-23-1 for DOA). To
determine the effect of low levels of dissolved plasticizer on adhesion, dispersed
plasticizers in PBS were ultracentrifuged at 80,000 3 g for 30 min to remove
undissolved plasticizer. The resulting clear solution was separated from the
remaining liquid DOP and DOA by using a separation funnel, and the eluent
from the column was considered to be the 100% dissolved plasticizer concen-
tration. Dilutions were prepared to contain relative dissolved plasticizer concen-
trations in the range 0 to 100% of the undiluted solution. Rows of five discs of
uPVC were exposed for 4 h to blastospores suspended to 108 blastospores ml21

in each dilution. Dissolved plasticizer concentrations in PBS were kept constant
throughout the washing procedure.

Effect of substratum hydrophobicity on adhesion. Contact angle measure-
ments were made on a range of polymers and glass to examine the influence of
substratum hydrophobicity on adhesion. The polymers used were polyethylene
tetraphthalate (PET), polypropylene, polytetrafluoroethylene, and uPVC
(Goodfellow Ltd.); polyethylene and fluoroethylenepropylene (Fluorplast,
Raamsdonkveer, The Netherlands); and tissue culture-treated PET (Ther-
manox) (Agar Scientific, Ltd., Stansted, United Kingdom). Glass microscope
slides were obtained from Chance Proper, Ltd., Warley, England.

Surface hydrophobicity of materials was determined with a DCA-312 dynamic
contact angle analyzer (Cahn Instruments, Madison, Wis.) (11). This equipment
uses the principle of the Wilhelmy balance and has an advantage over sessile
drop methods, in that larger surface areas may be sampled (28). Samples (2 by
2 cm) were cut from sheets of each polymer, and the contact angle was measured
by immersion to a depth of 1 cm at a stage speed of 19.6 mm s21. The wetting
fluid used was deionized water (Elix 3; Millipore Corp., Watford, United King-
dom). Advancing contact angles (ua) were determined on five replicate samples
of each material.

Six replicate discs of each polymer were prepared as described for pPVC and
uPVC. Fragments of glass small enough to be inserted into plate wells were
prepared by breaking microscope slides under tissue paper. Adhesion to the
different materials was measured at a blastospore concentration of 108 cells ml21

incubated with discs for 4 h.
Influence of pH on adhesion to pPVC and uPVC. Blastospores were suspended

to 108 blastospores ml21 in PBS adjusted to pH values in the range 2 to 13. Rows
of five discs of both pPVC and uPVC were exposed for 4 h to blastospores at
each pH value. pH values in the PBS solutions were kept constant throughout the
washing procedure.

Influence of electrolyte concentration on adhesion to pPVC and uPVC. Blas-
tospores were suspended to 108 blastospores ml21 in deionized water containing
the electrolyte NaCl in the concentration range 0 to 100 mM. uPVC and pPVC
discs in rows of five were exposed to blastospores at each NaCl concentration for
4 h. NaCl electrolyte concentrations were kept constant throughout the washing
procedure.

Microelectrophoresis. Zeta potentials, a measure of the net charge on the
surface of the blastospores, were measured in PBS at a range of pH values at
room temperature with a Lazer Zee Meter 501 (PenKem), which uses the
scattering of incident laser light to detect cells at relatively low magnifications.
The absolute electrophoretic mobilities can be derived directly from the veloc-
ities of the organisms in the applied electric field, the applied voltage, and the
dimensions of the electrophoresis chamber (21). Electrophoretic mobilities were
measured for blastospores suspended to a concentration of '1 3 107 blasto-
spores ml21 and converted into zeta potentials on the basis of the Helmholtz-
Smoluchowski equation (20).

LTSEM. For low-temperature scanning electron microscopy (LTSEM), pPVC
and uPVC discs were incubated with 108 blastospores ml21 for 4 h before
undergoing washing, fixation, and crystal violet staining as under normal assay
conditions. The discs were then rapidly frozen by being plunged into nitrogen
slush and transferred to a Cambridge 200 scanning electron microscope.

Once inside the microscope, ice on the surface of the discs was sublimed at
265°C until all visible ice crystals had disappeared. The discs were withdrawn
into the prechamber and sputter coated with gold. The specimen stub was
returned to the cold stage set at 2170°C and observed.
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RESULTS

Adhesion assay. To determine the reproducibility of the
adhesion assay, adhesion values were compared statistically by
analysis of variance. Disc-to-disc (intrabatch) variation was
quantified for both uPVC and pPVC by comparison of adhe-
sion values derived from discs incubated with the same batch of
A. pullulans blastospores. No significant disc-to-disc variation
(P . 0.05) occurred for either material among the means of
five rows of five discs incubated in the wells of a tissue culture
plate. The individual mean and standard deviation values for
percentage surface cover with blastospores among the five
rows ranged between 32.3% 6 2.3% and 39.5% 6 2.7% for
pPVC and between 2.5% 6 0.4% and 3.4% 6 1.4% for uPVC.

However, for both uPVC and pPVC, significant interbatch
variation (P , 0.001) occurred among mean adhesion values
from five separate batches of blastospores. Individual mean
and standard deviation values for percentage surface cover
with blastospores among each of the five batches ranged be-
tween 31.5% 6 3.1% and 43.2% 6 3.0% for pPVC and be-
tween 2.4% 6 0.4% and 15.9% 6 3.0% for uPVC. To elimi-
nate this source of variation, each subsequent adhesion
experiment was completed with blastospores from a single
batch.

Kinetics of adhesion to pPVC and uPVC. The kinetics of
adhesion of A. pullulans blastospores to pPVC and uPVC were
examined by monitoring the percentage of surface cover of
discs with adhered blastospores over a 10-h period (Fig. 1).
Maximum adhesion to pPVC was 280% greater than that to
uPVC at 4 h. Adhesion to uPVC rose quickly to 7% in 1 h and
then more slowly to reach a plateau of 11.3% by 6 h. In
contrast, the percentage of the pPVC disc surface covered with
attached blastospores increased rapidly up to 3 h and reached
a maximum of 43% surface cover after 4 h of incubation.
Regular checks for blastospore germination on both uPVC and
pPVC surfaces were made throughout the 10-h incubation
period, and no incidence of germination was observed. A sec-
ond time course experiment investigated the possibility that
the adhesion plateau observed on pPVC was an artifact of the

settling process which occurred during incubation and that
more blastospores could potentially attach. After a 6-h adhe-
sion period, unbound spores were washed from discs and re-
placed with a fresh suspension of 108 blastospores ml21 in PBS.
Adhesion was then monitored for an additional 6-h period.
Replacement of the spore suspension resulted in no further
increase in adhesion (data not shown), and the percentage of
surface cover did not increase beyond a maximum of 43%,
suggesting that saturation of binding sites on the pPVC had
occurred. Since maximal adhesion on pPVC occurred after 4 h,
this time was subsequently chosen as the incubation period.

In order to determine the effect of increasing spore concen-
tration on adhesion, the percentage of cover of pPVC and
uPVC discs was determined after 4 h at spore concentrations
in the range 5.2 3 106 to 3 3 108 blastospores ml21 (Fig. 2).
The isotherm for binding of A. pullulans to pPVC showed that
as the concentration of unbound spores increased to 7 3 107

blastospores ml21, adhesion to pPVC increased quickly to
30.6% surface cover, slowed over the concentration range 7 3
107 to 1.3 3 108 blastospores ml21, and reached a maximum of
33.0% surface cover at a concentration of 1.8 3 108 blasto-
spores ml21. The percentage of cover of the pPVC surface with
blastospores did not exceed 33% (1.1 3 105 blastospores
mm22) in this experiment. Adhesion to uPVC increased rap-
idly to 5.8% surface cover in the concentration range 5.2 3 106

to 2.3 3 107 blastospores ml21 and reached a plateau of 7.6%
surface cover with blastospore concentrations of 1.0 3 108

ml21 and above.
Influence of plasticizers on adhesion. To determine whether

the increased adhesion to pPVC relative to uPVC was due to
an attractive interaction between blastospores and the plasti-
cizers, adhesion to uPVC was measured with blastospores sus-
pended in a range of concentrations of a mixed dispersion of
DOP and DOA (Fig. 3). Adhesion of A. pullulans blastospores
to uPVC was increased by up to 308% by incorporation of the
plasticizers into the suspension medium. Adhesion increased
most rapidly within the plasticizer concentration range 0 to
15% of the undiluted dispersion, where the percentage of
surface cover of the uPVC with blastospores increased from

FIG. 1. Time course of adhesion of A. pullulans IMI70103 blastospores to
uPVC and pPVC. Error bars show 61 standard error of the mean.

FIG. 2. Influence of blastospore concentration on adhesion of A. pullulans to
uPVC and pPVC. Error bars show 61 standard error of the mean.
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6.2% to 20.7%. The rate of increase in adhesion slowed during
the plasticizer concentration range of 15 to 50%, reaching a
plateau in adhesion of 25.4% surface cover with blastospores
when the relative concentration of plasticizers was 50% of the
undiluted dispersion. While adhesion to uPVC was strongly
dependent on the concentration of dispersed plasticizers
present in PBS, dissolved plasticizers remaining after removal
of the dispersion did not influence the attachment of blasto-
spores to the plastic (Fig. 3). Adhesion remained constant at
8% surface cover across the relative dissolved plasticizer con-
centration range of 0 to 100% of the undiluted solution.

Substratum hydrophobicity. The importance of substratum
hydrophobicity in blastospore adhesion was investigated (Fig.
4) by comparing levels of adhesion to a range of materials with
different water contact angles. The lowest adhesion was to the
relatively hydrophilic glass, where the percentage of cover of
the surface with blastospores did not exceed 1%. The highest
adhesion levels of 41% surface cover were observed on pPVC.
A clear relationship existed between increasing water contact
angle of the surface and increased adhesion of blastospores for
the majority of materials tested, except pPVC. Adhesion to
pPVC was approximately 660% higher than would be expected
due to its hydrophobicity. In contrast, adhesion of blastospores
to uPVC fitted the relationship between adhesion and hydro-
phobicity. Despite a relative reduction of 13° in the water
contact angle of pPVC compared to that of uPVC, adhesion to
pPVC was 163% greater than to uPVC.

Influence of pH and electrolyte concentration. To investi-
gate whether incorporation of plasticizers into PVC influences
electrostatic interactions between blastospores and the sub-
stratum, levels of adhesion to both pPVC and uPVC were
compared at a range of different pHs and electrolyte concen-
trations of the suspension buffer. Adhesion to pPVC was
strongly influenced by pH (Fig. 5), with maximum adhesion
occurring in the pH range 6 to 10. The percentage of surface

cover with blastospores rose from 12% to 35% as pH increased
from 2 to 8, reducing to 14% surface cover at pH 13. In
contrast, adhesion of blastospores to uPVC was unaffected by
changing the pH of the suspension buffer.

Increasing molarities of NaCl were added to suspensions of
blastospores in deionized water prior to incubation with pPVC
discs (Fig. 6). The percentage of cover of disc surfaces with
attached blastospores increased from 6% with no electrolyte to
a maximum of 30% across the optimal concentration range of
6 to 12 mM NaCl. A subsequent reduction in adhesion to 13%
surface cover occurred as the electrolyte concentration was
further increased to 100 mM. Adhesion to uPVC was unaf-
fected by the electrolyte concentration within the suspension
buffer.

FIG. 3. Influence of the plasticizers DOP and DOA both as a suspension and
dissolved in PBS on adhesion of A. pullulans blastospores to uPVC. Error bars
show 61 standard error of the mean.

FIG. 4. Effect of increasing surface contact angle on adhesion of A. pullulans
IMI70103 to different substrata. Therm., Thermanox (tissue culture-treated
PET); PTFE, polytetrafluoroethylene; PP, polypropylene; FEP, fluoroethylene
polypropylene; PE, polyethylene. Error bars show 61 standard error of the
mean.

FIG. 5. Influence of suspension buffer pH on adhesion of A. pullulans blas-
tospores to pPVC and uPVC. Error bars show 61 standard error of the mean.
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Influence of pH on blastospore cell surface charge. To study
the effect of pH the on cell surface electrostatic properties of
A. pullulans blastospores, the zeta potentials of the blasto-
spores were measured in PBS as a function of pH (Fig. 7). The
blastospores demonstrated pH-dependent zeta potentials and
possessed an isoelectric point within the pH range used, ap-
proximately at pH 5. Zeta potentials ranged from 113 mV (pH
2) to 213 mV (pH 12).

LTSEM of pPVC and uPVC with attached blastospores.
Blastospores were attached to uPVC and pPVC discs by incu-
bation with 108 blastospores ml21 for 4 h. Discs were examined
under LTSEM subsequent to the normal washing, fixation, and
staining procedures within the adhesion assay (Fig. 8). Blasto-
spores were observed to be randomly dispersed on the surface
of the discs and occurred as either single cells or aggregated

into clumps. However, there was a far greater density of blas-
tospores on the surface of pPVC (Fig. 8a) than on that of
uPVC (Fig. 8b). The surfaces of both the uPVC and pPVC
discs appeared smooth under LTSEM.

DISCUSSION

The plasticizers DOP and DOA clearly enhance adhesion of
A. pullulans blastospores to PVC, and the physicochemical
basis for this enhanced adhesion has been elucidated by using
a rapid and quantitative adhesion assay. The plasticizers in-
creased adhesion of blastospores to uPVC by a maximum of
308% when presented as a colloidal suspension (Fig. 3), indi-
cating that there is an affinity of the blastospores for DOA and
DOP. Equally high levels of adhesion occurred when blasto-
spores were exposed to uPVC discs pretreated with plasticizer
suspension for 1 h (data not shown). Thus, the plasticizers are
probably coating the uPVC surface, resulting in an increase in
adhesion of blastospores mediated by DOP and DOA in a
concentration-dependent manner. On the basis of these obser-
vations, subsequent experiments were designed to investigate

FIG. 6. Effect of electrolyte (NaCl) concentration on adhesion of A. pullulans
IMI70103 to pPVC and uPVC. Error bars show 61 standard error of the mean.

FIG. 7. Zeta potentials of A. pullulans IMI70103 blastospores in PBS as a
function of pH. Data points represent averages for duplicate zeta potential
measurements. Error bars show 61 standard deviation of the mean.

FIG. 8. LTSEM of blastospores attached to pPVC (a) and uPVC (b) discs
following incubation with 108 blastospores ml21 for 4 h. Discs were washed,
fixed, and stained as normal for the adhesion assay. Bar, 20 mm.
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the nature of the interaction of blastospores with both uPVC
and pPVC.

Plasticizers can be utilized as a carbon source by A. pullu-
lans. Consequently, DOA and DOP could increase adhesion
indirectly by stimulating metabolic activity and the synthesis of
adhesive cell surface structures. The ability of some fungi to
attach to substrata is affected by their exposure to respiration
inhibitors (26, 38). However, 20 mM sodium azide, a mito-
chondrial respiration inhibitor, had no apparent effect on the
adhesion of A. pullulans blastospores to pPVC but caused a
100% reduction in viability of the blastospores (data not
shown). Therefore, use of plasticizers as a carbon source by A.
pullulans is unlikely to contribute to the increased levels of
adhesion observed in the presence of plasticizers.

Plasticizers could also influence adhesion indirectly by leach-
ing from the pPVC and dissolving in the liquid phase. Leached
plasticizers could alter the physicochemical properties of the
blastospore cell surface or of the suspension medium, for ex-
ample, by acting as surfactants. The ability of plasticizers to
leach from pPVC into an aqueous environment is well estab-
lished (31, 47). However, dissolved plasticizers did not influ-
ence adhesion of A. pullulans to uPVC (Fig. 3). Furthermore,
the water contact angle on uPVC, which would be greatly
reduced in the presence of a surfactant, was not influenced by
the incorporation of a mixed dispersion of DOP and DOA into
the wetting fluid (data not shown). Therefore, the plasticizers
do not act as surfactants, and the quantities of plasticizer that
may leach from the surface of the pPVC are insufficient to
cause the observed difference in adhesion to pPVC and uPVC.
Thus, it is likely that plasticizers enhance adhesion by directly
influencing physicochemical interactions, such as hydrophobic
or electrostatic forces, between blastospores and the PVC sub-
stratum.

Hydrophobic interactions control adhesion of A. pullulans
blastospores to the unplasticized polymers studied, including
uPVC. This is evident from the strong positive correlation
between increasing substratum hydrophobicity and adhesion
observed among the range of polymers tested. Furthermore,
electrostatic interactions do not play a detectable role in the
adhesion of A. pullulans blastospores to uPVC, because adhe-
sion was not influenced by either the pH or the electrolyte
concentration of the suspension medium. The importance of
substratum hydrophobicity in fungal adhesion to polymers is
now well recognized. Increased substratum hydrophobicity has
also been shown to correlate with increased adhesion of un-
germinated conidia of plant pathogenic fungi (12, 38, 41) and
of yeast cells of C. albicans (19, 27) to various substrata. How-
ever, attachment of blastospores to pPVC clearly did not fit the
relationship between substratum hydrophobicity and adhesion,
suggesting that electrostatic interactions may play an addi-
tional role in blastospore adhesion to pPVC.

Evidence for the involvement of electrostatic forces in ad-
hesion to pPVC comes from the effect of pH on adhesion. pH
influences the cell surface charge of blastospores (Fig. 7) and
also exerts a major effect on their adhesion to pPVC, which
was optimal at pH 8 and minimal at pHs 2 and 13. pPVC
containing the plasticizers DOP and DOA has been shown to
have a net negative surface charge at pH 7.4 in PBS (23).
Therefore, reduced adhesion at pH values above 8 is presum-
ably due to electrostatic repulsion between negatively charged
blastospores and a negatively charged pPVC substratum. Sup-
port for this hypothesis comes from the observation that ad-
hesion increased concurrently with a reduction in the negative
zeta potential of the blastospores in the pH range 6 to 12.
However, high levels of adhesion were also predicted at pH
values in the range 2 to 5 due to electrostatic attraction be-

tween positively charged blastospores and the pPVC surface.
The observed inhibition of adhesion at low pH values suggests
that other factors controlling adhesion, such as the electro-
static charge of the substratum, are also influenced by the
changes in pH of the suspension medium. Reduced adhesion
at both high and low pH values has previously been described
in the adhesion of bacteria to stainless steel (39, 42) and was
interpreted to be caused by changes in surface charge of both
the bacterial cell and the substratum. For example, it is possi-
ble that surface charge may be altered by hydrolysis of the
plasticizers to their free acids at extremes of pH. Furthermore,
measurements of the zeta potential at the surface of capillary
tubes have demonstrated that several polymers, including
PVC, may acquire a net positive charge at low pH values (37).
In our study, it is possible that both the spores and the pPVC are
protonated at low pH and that adhesion is inhibited due to elec-
trostatic repulsion between the two positively charged surfaces.

Further evidence in support of electrostatic interactions be-
tween blastospores and pPVC is provided by the effect of the
electrolyte concentration on adhesion. A major reduction in
adhesion was observed when the blastospores were suspended
in deionized water. This reduction was presumed to be due to
electrostatic repulsion, which is more pronounced in solutions
of low ionic strength. Similar inhibition of adhesion at low
ionic strength has previously been demonstrated among both
bacteria (35, 39) and C. albicans (25, 27). Maximum adhesion
to pPVC occurred at 0.01 M NaCl, at which point electrostatic
repulsion between the blastospore and the pPVC was pre-
sumed to be at a minimum. The subsequent decrease in adhe-
sion at NaCl concentrations above 0.01 M may result from
reduced electrostatic interaction caused by high concentrations
of electrolyte. Depending on the characteristics of the adhesive
interaction, electrolytes may inhibit adhesion by screening
short-range electrostatic attraction between oppositely
charged groups (16) or by modifying the conformation of cell
surface molecules involved in adhesion (36). Either process
could be responsible for the observed reduction in adhesion of
blastospores to pPVC, although further study would be re-
quired to understand in detail the exact nature of the electro-
static interaction.

The adhesion assay identified significant batch-to-batch vari-
ability in adhesion of A. pullulans blastospores to PVC. While
a number of assays to quantify adhesion of fungal conidia to
polymer surfaces have previously been described (6, 12, 29),
none have fully investigated the reproducibility of adhesion to
the substrata tested. Interbatch variation has previously been
determined in studies of bacterial adhesion to polymer sur-
faces (22, 24), but this study is the first to highlight the fact that
similar variation can occur among levels of adhesion of fungal
conidia to different substrata. The reasons for variation in
adhesion levels between batches are poorly understood, but
could be due to slight fluctuations in environmental conditions
during growth and development of the blastospores. In prac-
tice, since adhesion levels of A. pullulans blastospores were
consistent within batches, valid comparisons of adhesion data
could be made within each batch.

The kinetics of adhesion of A. pullulans to uPVC and pPVC
suggest that both of these surfaces contain a finite number of
binding sites which become saturated at blastospore concen-
trations above 108 blastospores ml21. SEM observations of
blastospores on pPVC and uPVC indicate that these sites are
distributed evenly over the substratum. Adhesion data are fre-
quently interpreted in terms of the number of sites which are
available for a microorganism to attach to a surface (10, 13).
However, saturation of the surface with blastospores may also
imply negative cooperativity, i.e., that the presence of attached
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blastospores reduces the probability of others attaching in their
vicinity. Negative-negative charge interactions that would oc-
cur between pPVC and blastospores and between blastospores
and blastospores would be expected to create a condition of
negative cooperative binding. Negative cooperativity of this
nature has previously been shown to occur in the adhesion of
C. albicans to PET coverslips (27).

In summary, we have demonstrated that incorporation of
plasticizers into PVC enhances adhesion of blastospores of the
deteriogenic fungus A. pullulans through an interaction that is
mediated by electrostatic forces. In contrast, adhesion to
uPVC is controlled principally by hydrophobic attraction. The
implication of these results is that plasticizers may accelerate
the biodeterioration processes occurring on pPVC by enhanc-
ing fungal adhesion. Such information should be taken into
account in the design of novel PVC formulations that utilize
surface chemistry to reduce microbial attachment.
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