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The use of indwelling medical devices—pacemakers, prosthetic joints, catheters—is rapidly growing and is
often complicated by infections with biofilm-forming microbes that are resistant to antimicrobial agents and
host defense mechanisms. We investigated for the first time the use of microbe-specific monoclonal antibodies
(MAbs) as delivery vehicles for targeting biofilms with cytocidal radiation. MAb 18B7 (immunoglobulin G1
[IgG1]), which binds to capsular polysaccharides of the human pathogenic fungus Cryptococcus neoformans,
penetrated cryptococcal biofilms, as shown by confocal microscopy. When the alpha radiation-emitter 213-
Bismuth (213Bi) was attached to MAb 18B7 and the radiolabeled MAb was added to C. neoformans biofilms,
there was a 50% reduction in biofilm metabolic activity. In contrast, when the IgM MAb 13F1 labeled with 213Bi
was used there was no penetration of the fungal biofilm and no damage. Unlabeled 18B7, 213Bi-labeled
nonspecific MAbs, and gamma and beta types of radiation did not have an effect on biofilms. The lack of efficacy
of gamma and beta radiation probably reflects the radioprotective properties of polysaccharide biofilm matrix.
Our results indicate that C. neoformans biofilms are susceptible to treatment with antibody-targeted alpha
radiation, suggesting a novel option for the prevention or treatment of microbial biofilms on indwelling medical
devices.

Advances in medical science have produced a wide variety of
devices that are implanted into the human body, including
pacemakers, prosthetic joints, catheters, and artificial valves.
For example, each year urinary catheters are inserted into five
million patients in acute-care hospitals and extended-care fa-
cilities (17). The rate of infection of these indwelling devices is
very high—25% for catheters (17), 7.4% for central nervous
system shunts (23), 5% for prosthetic joints (25), and 0.5% for
pacemakers (12). Treatment of infectious diseases associated
with indwelling medical devices usually requires surgical inter-
vention combined with a prolonged course of antimicrobial
therapy (24), with costs of therapy often exceeding $50,000 per
patient. There is also significant morbidity and mortality asso-
ciated with such treatments. To exacerbate the problem, mi-
crobial biofilms on indwelling medical devices are often resis-
tant to antimicrobial agents and host defense mechanisms (11).
In fact, some antibiotics may contribute to the problem, with
aminoglycoside antibiotics actually inducing bacterial biofilm
formation (14). Thus, radically new approaches are urgently
needed for elimination of microbial biofilms in patients.

Passive antibody therapy is a potentially useful therapeutic
and preventive strategy against a variety of infectious diseases
(4). The specificity of the antigen-antibody interaction provides
an attractive option for delivering microbicidal agents to sites
of infection. Radioimmunotherapy (RIT) takes advantage of
the specificity of the antigen-antibody interaction to deliver
cytotoxic radiation to the vicinity of the target, mediating an
antimicrobial effect. Recently, we demonstrated the feasibility of

RIT as an anti-infective therapy by treating murine cryptococcosis
with a monoclonal antibody (MAb) to the human pathogenic
fungus Cryptococcus neoformans capsular glucuronoxylomannan
(GXM) labeled with 213-Bismuth (213Bi) or 188-Rhenium
(188Re) (6, 7). Subsequently, we showed the applicability of
RIT to other fungal and bacterial infections (8, 9). Based on
our previous work, we hypothesized that antibody can pene-
trate the biofilm, bind to microbial cells, and deliver microbi-
cidal radiation. We evaluated the microbicidal properties of
two radionuclides—213Bi and 188Re. The radionuclide 213Bi
emits highly energetic (E � 5.9 MeV) � particles (helium
atoms) capable of killing a cell with one or two hits in close
proximity (50 to 80 �m) to its targets, while 188Re emits high-
energy (Emax � 2.2 MeV) � particles (electrons) with a much
longer range in tissue (several millimeters) and with multiple
hits per cell needed for delivery for a lethal effect. As a model
for investigating the susceptibility of biofilms to RIT we have
chosen the C. neoformans system. C. neoformans can form
biofilms on prosthetic medical devices (26) which are resistant
to host immune microbicidal mechanisms and drug therapy
(19). However, of greater medical importance may be the fact
that C. neoformans often forms a slimy layer on the meninges
which is effectively a biofilm. Hence, cryptococcal biofilms are
probably quite common with and without the presence of pros-
thetic devices. In our laboratories we have recently developed
a system to study cryptococcal biofilms formation in vitro (18);
that system was used in this study.

MATERIALS AND METHODS

Antibodies, radioisotopes, and radiolabeling of antibodies. GXM-binding mu-
rine MAbs 18B7 immunoglobulin G1 (IgG1) and 13F1 (IgM) were produced as
in described in references 3 and 22. MAb 18B7 has been successfully used for
RIT for C. neoformans both in vitro and in vivo (6, 7, 9). Both 18B7 and 13F1 are
not protective against C. neoformans infection in the amounts utilized in RIT (10
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to 30 �g). As the molecular mass of 13F1 (IgM) is five times higher than that of
18B7 (IgG1), we used 13F1 to evaluate the influence of the size of the molecule
on its ability to penetrate the exopolysaccharide matrix of a biofilm. Isotype-
matching (IgG1) control MAb MOPC21 was acquired from MP Biochemicals,
Germany. Actinium (225Ac) for construction of 225Ac-213Bi generators was pro-
duced at the Institute for Transuranium Elements, Karlsruhe, Germany. 188Re
was eluted from a 188Re-188W generator (Oak Ridge National Laboratory, Oak
Ridge, TN). Radiolabeling of MAbs with 213Bi and 188Re was performed as
described previously (6). Radioactivity was measured in a dose calibrator (Cap-
intec, Ramsey, NJ) or in a gamma counter (Wallac, Finland).

Biofilm formation. C. neoformans B3501 strain was grown in Sabouraud dex-
trose broth (Difco Laboratories, Detroit, Mich.) for 24 h at 30°C in a rotary
shaker at 150 rpm (to early stationary phase). Cells were then collected by
centrifugation, washed twice with phosphate-buffered saline (PBS), counted us-
ing a hemacytometer, and suspended at 107 cells/ml in minimal medium (20
mg/ml thiamine, 30 mM glucose, 26 mM glycine, 20 mM MgSO4 � 7H2O, and
58.8 mM KH2PO4). Then, 100 �l of the suspension was added into individual
wells of polystyrene 96-well plates (Fisher, MA) and incubated at 37°C without
shaking. Biofilms formed over a 48-h period. Following the adhesion stage, the
wells containing C. neoformans biofilms were washed three times with 0.05%
Tween 20 in Tris-buffered saline (TBS) to remove nonadherent cryptococcal
cells by use of a microtiter plate washer (Skan Washer 400; Molecular Devices,
VA). Fungal cells that remained attached to the plastic surface were considered
true biofilms. All assays were carried out in triplicate.

Measurement of biofilm metabolic activity by XTT reduction assay. A semi-
quantitative measure of C. neoformans biofilm formation was obtained from the
2,3-bis(2-methoxy-4-nitro-5-sulfophenyl)-5-[(phenylamino) carbonyl]-2H-tetrazo-
lium hydroxide (XTT) reduction assay. For C. neoformans strains, 50 �l of XTT
salt solution (1 mg/ml in PBS) and 4 �l of menadione solution (Sigma) (1 mM
in acetone) were added to each well. Microtiter plates were incubated at 37°C for
5 h. The metabolic activity of the yeast cells within the biofilm was measured
from mitochondrial dehydrogenase activity that reduced XTT tetrazolium salt to
XTT formazan, resulting in colorimetric change. The colorimetric change was
measured using a microtiter reader (Multiskan MS; Labsystem, Helsinki, Fin-
land) at 492 nm. Microtiter wells containing either heat-killed C. neoformans or
minimal medium without C. neoformans cells were included as negative controls.

C. neoformans planktonic cells. To determine the density of C. neoformans
planktonic cells used for comparison to biofilms we estimated cell numbers from
the XTT reduction signal by use of a dose-response curve. Briefly, cells of C.
neoformans B3501 were grown in minimal medium for 48 h at 30°C in a rotary
shaker at 150 rpm (to stationary phase), collected by centrifugation, washed twice
with PBS, counted using a hemacytometer, and suspended at various densities
(5 � 106, 1 � 107, and 5 � 107 cells/ml) in minimal medium. Hence, these cells
were in stationary-growth phase, which approximates the metabolic state of
biofilm cells. Then, 100 �l of each suspension was added into individual wells of
polystyrene 96-well plates to final densities of 5 � 105, 1 � 106, and 5 � 106

cells/ml. The viability was measured by XTT reduction.
Confocal microscopy. C. neoformans biofilms were grown for 48 h in 96-well

microtiter plates containing minimal medium. Wells containing mature biofilms
were washed three times with PBS and incubated in the presence of 100 �g/ml
MAb 18B7 for 2 h at 37°C. After MAb treatment, biofilms were incubated for 45
min at 37°C in 75 �l of PBS containing the fluorescent stains FUN-1 (10 �M),
concanavalin A-Alexa Fluor 488 conjugate (ConA; 25 �M) and goat anti-mouse
IgG1 or IgM-Alexa Fluor 350 conjugate (GAM-�1-AF; Molecular Probes,
Eugene, OR) (50 �g/ml). FUN-1 (excitation wavelength � 470 nm; emission � 590
nm) is converted to orange-red cylindrical intravacuolar structures by metabol-
ically active cells. ConA (excitation wavelength � 488 nm; emission � 505 nm)
binds to glucose and mannose residues of cell wall and capsule polysaccharides
and fluoresces green. GAM-�1-AF (excitation wavelength � 346 nm; emission �

442 nm) reacts with the Fc portion of the heavy chain of mouse IgG1 and
fluoresces blue. Microscopic examinations of biofilms formed in microtiter plates
were performed with confocal microscopy using an Axiovert 200 M inverted
microscope. The objective used was 40� (numerical aperture of 0.6). Depth
measurements were taken at regular intervals across the width of the device. To
determine the structure of the biofilms, a series of horizontal (xy) optical sections
with a thickness of 1.175 �m were taken throughout the full length of the biofilm.
Confocal images of green (ConA), red (FUN-1), and blue (GAM-�1-AF) fluo-
rescence were recorded simultaneously using a multichannel mode. Z-stack
images and measurements were corrected utilizing Axio Vision 4.4 software in
deconvolution mode (Carl Zeiss MicroImaging, NY).

RESULTS AND DISCUSSION

Biofilms of C. neoformans strain B3501 were grown in the
individual wells of polystyrene 96-well plates for 48 h and then
washed to remove nonadherent cryptococcal cells. Using the
confocal microscopy and a combination of three fluorescent
stains—FUN-1, concanavalin A-Alexa Fluor 488 conjugate
(ConA), and goat anti-mouse IgG1-Alexa Fluor 350 conjugate
(GAM-�1-AF)—we demonstrated that the capsular polysac-
charide-binding MAb 18B7 (IgG1) penetrated the biofilm ma-
trix and bound to metabolically active C. neoformans cells (Fig.
1). Thus, 18B7 MAb was chosen as a “delivery vehicle” to
deliver radionuclides to the biofilms.

To determine whether pentameric IgM was able to pass
through the polysaccharide matrix of cryptococcal biofilm, a
similar experiment was carried out utilizing GXM-binding
MAb 13F1. However, 13F1 was excluded by the exopolymeric
matrix and did not penetrate the fungal biofilm (Fig. 2).

C. neoformans B3501 biofilms and planktonic cells were in-
cubated with two different doses of 213Bi-18B7 MAb or without
it. Addition of 30 �Ci 213Bi-18B7 MAb caused a 50% reduc-
tion in biofilm metabolic activity (Table 1), which was mea-
sured by the XTT reduction assay (21). Planktonic (unat-
tached) cells used as controls throughout the study were more
susceptible to 213Bi-18B7 MAb than biofilms, with 15 and 30
�Ci 213Bi-18B7 MAb causing 25 and 65% reductions, respec-
tively, in the metabolic activity of planktonic cells. This result
correlates with previous studies which suggest that microbial
biofilms display more resistance to antimicrobial therapy than
planktonic cells (1, 5). The killing of C. neoformans cells with
213Bi-18B7 MAb was antibody specific, as the same activities of
control MAb 213Bi-MOPC21 had no effect on either biofilms
or planktonic cells (Table 1). Unlabeled MAb 18B7 also had
no effect on either biofilms or planktonic cells (results not
shown).

The dose of 213Bi-18B7 MAb per B3501 cell which resulted
in significant damage to the cells in both the planktonic and
biofilm states—3 pCi per cell—was in concert with our previ-
ous data for C. neoformans 24067 strain (1 pCi per cell) (9),
which implies that � particles were able to effectively penetrate
the architecture of the biofilms to deliver microbicidal radia-
tion to the cells. It should be noted that the number of cells in
a biofilm cannot be known precisely with the techniques used.
However, we obtained estimates of cell number from their
ability to reduce XTT and used that measure to estimate the
dose of radiation per cell in a biofilm. Encouragingly, the dose
required for killing C. neoformans B3501 in a biofilm was of the
same order of magnitude as the dose required to kill B3501 or
24067 planktonic cells.

To confirm that antibody penetration through the exopoly-
meric matrix was necessary for cryptococcal biofilm damage,
yeast cells were exposed to similar doses of 213Bi conjugated to
MAb 13F1. Fungal biofilms were resistant to treatment with
alpha radiation when delivered by IgM (Table 1). Conversely,
the metabolic activity of planktonic cells was decreased 65%
when treated with a dose of 30 �Ci.

To prove that high-linear-energy-transfer types of ionizing
radiation such as � particles are needed for destruction of
biofilms, we investigated the effects of other, non-high-linear-
energy-transfer types of radiation on cryptococcal biofilms,
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namely, external gamma radiation and � particles (electrons)
delivered to the biofilms by 18B7 MAb. Irradiation of biofilms
with a 137Cs source at a dose rate of 14 Gy/min for 0 to 60 min
delivered doses of 0 to 840 Gy to the cells. According to the
microdosimetry calculations which we reported in reference 9,
30 �Ci 213Bi-18B7 MAb would deliver approximately 110 Gy
to C. neoformans cells. Immediately after irradiation or 6 to
48 h after, the metabolic activity of the biofilms and planktonic
cells was assessed by XTT assay. External radiation had no
effect on the metabolic activity of biofilms and planktonic cells
(Fig. 3). These results are in concordance with our previous
data on extreme radioresistance of C. neoformans planktonic
cells, with sublethal doses for this fungus being approximately
6,000 Gy (4). As the lethal whole-body dose for a human is
around 5 Gy, external radiation is not an option for medical
application for biofilm destruction.

We also investigated whether � emitter 188Re was effective
against C. neoformans biofilms when delivered by C. neofor-

mans-specific MAb 18B7. C. neoformans B3501 biofilms and
planktonic cells were incubated for 3 h at 37°C with or without
two doses of 188Re-18B7 MAb. As the decay half-life of 188Re
is 17 h, the microtiter plate was incubated for an additional
24 h at 4°C to allow sufficient time for 188Re-emitted � parti-
cles to exert damage on the cells after the initial incubation.
Biofilms treated with 200 and 400 �Ci of 188Re-18B7 showed
no decrease in metabolic activity. However, the metabolic ac-
tivity of planktonic cells was significantly decreased to 30 and
85% after treatment with 200 and 400 �Ci of 188Re-18B7,
respectively, as determined by XTT assay (Table 1). Probably,
the structural organization of these biofilms provided the yeast
cells with a sheltered niche for protection against the � parti-
cles emitted by 188Re. Consistent with this notion we have
recently shown that C. neoformans capsular polysaccharide
possesses significant radioprotective properties (2). Con-
versely, radioprotectors are not effective for � radiation (13).

RIT was developed for cancer treatment to take advantage

FIG. 1. Confocal microscopic image of a mature C. neoformans biofilm treated with capsular binding MAb 18B7. Orthogonal images of a
mature C. neoformans biofilm show capsular binding MAb 18B7 (blue; GAM-�1-AF) penetration within internal regions of a biofilm (A);
metabolically active (red; FUN-1-stained) C. neoformans cells (B); extracellular polysaccharide material (green; ConA stained) (C); and a
superimposition of panels A, B, and C (D). The thickness of mature biofilms is approximately 97 �m. Arrows denote the locations of MAb 18B7
in a mature cryptococcal biofilm. Pictures were taken using a 40� power field. Scale bars, 50 �m.
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of the specificity of the antigen-antibody interaction to deliver
radionuclides that emanate lethal doses of cytotoxic radia-
tion close to the target cell (16). RIT has become a success-
ful therapy for certain cancers, as evidenced by the recent
approval of MAb-based drugs such as Zevalin and Bexxar
(anti-CD20 MAbs labeled with 90-Yttrium and 131-Iodine,
respectively) for the treatment of relapsed or refractory B-cell
non-Hodgkin’s lymphoma. Recent reports on the use of RIT as
an initial treatment for follicular lymphoma (15) are encour-
aging, thus making RIT a first-line therapy choice in treatment
of cancer.

Likewise, RIT can kill microorganisms quickly and effi-
ciently, but this treatment has not been exploited clinically as a
therapeutic antimicrobial strategy. However, the development
of RIT for infectious diseases is potentially easier than its
application to tumor therapy given antigenic and tissue perfu-
sion differences between the sites of microbial infection and
normal organs (reviewed in reference 10). This is the first

FIG. 2. Confocal microscopic image of a mature C. neoformans biofilm treated with capsular binding MAb 13F1. Orthogonal images of a
mature C. neoformans biofilm show capsular binding MAb 13F1 (blue; GAM-�-AF) penetration within internal regions of a biofilm (A);
metabolically active (red; FUN-1-stained) C. neoformans cells (B); extracellular polysaccharide material (green; ConA-stained) (C); and a
superimposition of panels A, B, and C (D). Arrows denote the locations of MAb 13F1 in a mature cryptococcal biofilm. Pictures were taken using
a 40� power field. Scale bars, 50 �m.

TABLE 1. Susceptibility of C. neoformans B3501 biofilms to
213Bi- and 188Re-labeled MAbsa

Antibody
(radioactivity level [�Ci])

% Metabolic activity

B3501
biofilm

B3501
planktonic cells

213Bi-18B7 (15) 96 (5) 75 (0.3)
213Bi-18B7 (30) 47 (5) 31 (1.5)
213Bi-MOPC21 (15) 99 (0.8) 94 (0.3)
213Bi-MOPC21 (30) 100 (2) 94 (0.6)
213Bi-13F1 (15) 100 (1) 86 (2)
213Bi-13F1 (30) 98 (1) 34 (1)
188Re-18B7 (200) 99 (9) 74 (1)
188Re-18B7 (400) 99 (2) 17 (6)

a The metabolic activity of age-matched biofilms and planktonic cells was
measured using a XTT reduction assay. The values represent the averages of
three XTT measurements, and standard deviations are given in parentheses.
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report of a study in which the effect of RIT was tested against
microbial biofilms. Our results indicate that C. neoformans
biofilms are susceptible to RIT with � emitters. Since removing
certain types of indwelling devices is difficult, one can imagine
situations where it may be possible to treat infected devices in
situ with RIT by local administration of radiolabeled MAb in
close proximity to the infected device; alternatively, as MAbs
may have a role in preventing biofilm formation (18), a pro-
phylactic dose of unlabeled and radiolabeled antibody may be
administered immediately after insertion of the device. In this
regard, successful clinical experience has been accumulated in
oncology in locoregional administration of radiolabeled MAbs
(20). Novel therapeutic strategies against biofilm-related mi-
crobial infections may also be designed by combining RIT and
conventional antimicrobial therapy.
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