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1 Introduction

Certain metals, including copper and silver, have
long been known to possess broad-spectrum an-
timicrobial activities in ionic or macrometallic
forms [1–3]. Recent work has also focused on the
antimicrobial efficacy of these metals in nanopar-
ticulate form [4]. Due to the rapid growth of the
nanotech sector in the past few years, there is now

a ready commercial supply of “off-the-shelf” nano-
materials produced or marketed for use in fields as
diverse as consumer electronics, alternative energy
production, optics and national defense [5].We un-
dertook this study to examine the potential of some
commercially available metal nanoparticle (NP)
catalysts as novel antifungal agents, using Candida
albicans as a model organism. We theorized that if
new types of antifungally effective NP could be
identified, and if potential issues of undesirable
migration or toxic off-target effects could be mini-
mized, these NP might have valuable applications
as components of antifungal materials or surfaces,
or in therapeutic applications, either alone or in
synergistic combination with additional agents.
The greatest focus of published work on NP as an-
timicrobials has been on metals such as silver, gold
and copper. However, NP catalysts comprised of
other metals are commercially available, including
some that have not yet been examined in detail for
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their antimicrobial effects. Apart from single-met-
al NP, these include novel metal alloys.

Silver NP have been shown to exert biological
effects on Escherichia coli that are similar to those
of ionic silver, but that occur at much lower
(nanomolar vs. micromolar) concentrations [6].
These effects include collapse of membrane poten-
tial and depletion of adenosine triphosphate (ATP)
[6]. For Candida albicans, treatment with silver NP
leads to perturbation of normal membrane func-
tion and cell-cycle arrest [7]. Potential mechanisms
underlying these antimicrobial effects could in-
clude direct complexation of NP with and inactiva-
tion of critical cell components such as the en-
zymes forming the respiratory chain or other key
macromolecules (DNA, other proteins, etc.) [6]. In-
direct “proximity” effects are also possible. Exam-
ples include catalytic activities such as generation
of reactive oxygen species [4], localized release of
toxic metal ions, or disruption of the electron trans-
port chain through binding of these dense sources
of free electrons at or near the membrane. Regard-
less of the mechanism, direct physical contact of
silver or other metal NP with cell surfaces is ex-
pected to be important in mediating their antimi-
crobial activities. Methods for direct observation of
NP interactions with microbial surfaces could help
establish such binding-activity linkages. This re-
port summarizes our investigation of the antifungal
effects of these 13 metal NP catalysts, our initial at-
tempts at detecting and characterizing NP binding
via scanning electron microscopy (SEM) and our
subsequent exploration of enhanced dark field mi-
croscopy for detecting NP-fungal interactions as a
potential alternative means for rapid estimation of
NP antifungal efficacy.

2 Materials and methods

2.1 Nanoparticles

Seven single-metal NP (cobalt, copper, silver, nick-
el, manganese, palladium, iron) and six alloy NP
(cobalt/nickel/manganese, cobalt/iron, copper/in-
dium, copper/silver, manganese/iron, nickel/iron)
were examined. For alloy NP, individual metals
were present in ratios of 1:1 (bimetallic alloys) or
1:1:1 (trimetallic alloy).These NP, sold commercial-
ly as catalysts for alternative energy applications,
were produced by vapor condensation in an inert
gas atmosphere. NP were received as uniform
black powders from QuantumSphere (Santa Ana,
CA). Stock suspensions (5% w/v) of all NP were
made in dimethylformamide (DMF), which was de-

termined through initial investigation to facilitate
their even suspension in aqueous media.

2.2 Fungal culture

Candida albicans ATCC 90028 was grown overnight
at 35°C in RPMI 1640 broth (Sigma-Aldrich, St.
Louis, MO) according to CLSI guidelines (M27-A).

2.3 Determination of minimum inhibitory
concentration

The minimum inhibitory concentration (MIC) was
determined against C. albicans for each type of
metal NP using a broth microdilution assay. These
tests were performed using a Bioscreen C Microbi-
ological Reader (Growth Curves, Piscataway, NJ)
according to the method of Lambert et al. [8].
Briefly, serial half-fold dilutions of NP in DMF were
made horizontally across microtiter plates into
RPMI-1640, yielding NP concentrations ranging
from 2000 to 7.81 µg/mL (or parts per million, ppm).
For the most active NP, additional dilutions were in-
cluded as needed. DMF-only treatments were also
included to control for possible antifungal effects of
this solvent. C. albicans cultures were added at a fi-
nal inoculum of 105 colony forming units (CFU)/
well and plates were incubated in the Bioscreen at
35ºC for 24 h, with shaking for 60 s prior to each
reading in order to resuspend settled particles.The
instrument measured the optical density (600 nm)
of all wells, at 15-min intervals. For each type of NP,
MIC was defined as the lowest concentration of NP
that completely inhibited growth (OD increase
≤0.05) after 24 h [9].

2.4 Nanoparticle binding conditions

Overnight cultures of C. albicans (a mixture of hy-
phae and yeast cells) were suspended in fresh
RPMI broth to yield a final concentration of
107 CFU/mL. NP were added to these suspensions
at a single concentration of 250 ppm and cell-NP
mixtures were incubated for 15 min with gentle in-
version on a Sarmix GM1 rotating mixer (Sarstedt,
Newton, NC). Large particle aggregates, if present,
were allowed to settle out for 5 min and hyphae or
cells remaining in the supernatant were examined
via SEM or dark field microscopy as described be-
low.

2.5 Scanning electron microscopy

For SEM, cell-NP mixtures were made as described
above and then fixed for 15 min at 25ºC with the ad-
dition of EM-grade glutaraldehyde (2.5% final con-
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centration, Sigma-Aldrich), followed by resuspen-
sion in phosphate buffered saline (PBS). Samples
were shipped in PBS to the University of Iowa’s
Central Microscopy Research Facility (Iowa City,
IA) for additional preparation prior to SEM. Briefly,
a drop of the fixed sample was applied to a poly-L-
lysine-treated silicon chip, allowed to adhere for
5 min, and then fixed further in 1% osmium tetrox-
ide, followed by dehydration in an ethanol series,
sputter coating and viewing via SEM (Hitachi S-
3400N).

2.6 Enhanced dark field illumination system

Metal nanoparticles were visualized via their reso-
nant light scattering using an enhanced dark field
(EDF) illumination system (CytoViva, Auburn, AL)
attached to a Nikon Optiphot-2 microscope. The
system consisted of a CytoViva 150 dark field con-
denser in place of the microscope’s original con-
denser, attached via a fiber optic light guide to a So-
larc 24W metal halide light source (Welch Allyn,
Skaneateles Falls, NY). In addition, integral to the
system was a 100X oil objective with an iris (Olym-
pus UPlanAPO fluorite, N.A. 1.35–0.55). A drop of
the NP-reacted cell suspension was added to poly-
L-lysine-coated microscope slides (Superfrost
Plus, Fisher Scientific, Pittsburgh, PA) and samples
were viewed as wet mounts, using Type A (nd
>1.515) immersion oil. In some experiments, NP-
reacted suspensions of C. albicans were also exam-
ined using standard light or fluorescence mi-
croscopy (Leitz LaborLux S) for comparison with
enhanced dark field microscopy (EDFM).

2.7 Digital photography and image processing

Digital images were taken using a consumer-grade
digital camera (Canon PowerShot A640) controlled
by Axiovision software (v. 4.6, Carl Zeiss Mi-
croimaging, Thornwood, NY). In some experi-
ments, we examined the use of a polarizer/analyz-
er filter set in an effort to minimize image ”fuzzi-
ness” due to scattered light. Briefly, a polarizer fil-
ter was placed at the junction of the light guide and
the condenser, and an analyzer (25.4-mm linear
glass polarizing filter, Edmund Optics, Barrington,
NJ) was placed in front of the camera lens, inside
the phototube. Post-capture image processing was
also applied to some files. Specifically, we used the
“2D Blind Interactive” deconvolution setting of Au-
toQuant X software (v. 2.0, Media Cybernetics,
Bethesda, MD), with 50 iterations.

3 Results and discussion

In the initial phase of this work, we examined a se-
ries of 13 commercially available metal NP cata-
lysts, including single-metal and bi- or tri-metallic
alloy NP, for their antifungal activities against C. al-
bicans using a broth microdilution assay. We found
a diverse range in activities for these materials. For
single-metal NP, the hierarchy of activity was found
to be Co (most effective) > Cu > Ag > Ni > Mn = Pd
> Fe (least effective). For alloy NP, it was Co-Ni-Mn
(most effective) > Co-Fe > Cu-Ag = Cu-In > Mn-Fe
= Ni-Fe (least effective). We had previously deter-
mined for silver and other antibacterial NP that
physical agitation (shaking) of NP-treated bacteri-
al cultures results in faster kinetics of inactivation
than exposure to these NP under static conditions
(Weinkauf and Brehm-Stecher, unpublished re-
sults). Because only modest agitation resulted in
greatly increased kill rates, and because the NP are
expected to be too small to cause direct impact
damage to cells, these effects were presumed to
stem from increased NP-cell interactions brought
about by shaking.These results suggest that for any
type of NP, direct and sustained physical contact
with cell surfaces is probably required for maximal
antimicrobial effects. Because the NP in our panel
were chemically different from each other (com-
prised of different elements or elemental mix-
tures), we expected that they might also have dif-
ferent surface properties, such as the presence or
absence of an oxide layer, that might affect their in-
teractions with and binding to C. albicans hyphae
and cells. We hypothesized that the NP that bound
most avidly to C. albicans surfaces would also be the
most antifungal.

Initially, we sought to demonstrate and charac-
terize NP-Candida interactions using SEM, so that
we could compare these binding results with our
culture-based antifungal data as a test of our hy-
pothesis. Our results for the cobalt NP agreed with
our expectations for binding vs. activity relation-
ships – MIC results indicated that these NP were
potently antifungal (MIC of 0.24 ppm) and their in-
teractions with Candida surfaces, as determined by
SEM, were marked by aggressive coating and en-
crustation of hyphae and cells (Figs. 1B and D).
However, our results for the copper NP were unex-
pected - although these NP were highly antifungal
(MIC of 15.63 ppm), hyphae and cells treated with
these NP (Fig. 1C) did not look appreciably differ-
ent from the no-NP controls (Fig. 1A), as viewed
using SEM. Preparation of samples for SEM is a
multi-step process involving exposure to multiple
chemicals (aldehyde fixatives, osmium tetroxide,
ethanol, etc.) and no fewer than seven rinse steps.

Biotechnol. J. 2009, 4, 871–879 www.biotechnology-journal.com
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We had expected that treatment with cross-linking
fixatives such as glutaraldehyde would “cement”
bound NP in place and prevent them from slough-
ing off during sample preparation. Assuming that
binding of NP to fungal surfaces is required for ac-
tivity, our results for copper NPs suggested that fix-
ation with glutaraldehyde was not sufficient to pre-
vent subsequent loss of bound NP from Candida
surfaces during processing for SEM. In some pho-
tos, we saw what appeared to be large flocs of NP
close to, but not directly attached to hyphae and
cells (data not shown). These observations further
suggested that the lack of visible binding we ob-
served for these NP was an artifact originating
from loss of binding during sample preparation.

Because our SEM-based approach appeared to
be ineffective at detecting some NP-Candida inter-
actions, and was time-consuming, we sought to de-
velop an alternative approach for assessing bind-
ing of NP to fungal structures. Ideally, such a
method would be rapid (i.e. faster than the 24-h
method used to determine MIC) and would provide
direct visual evidence of NP-Candida interactions.
Other modes of microscopy that have been used
previously to study NP-cell interactions include
differential interference contrast (DIC) mi-
croscopy, and evanescent field-based approaches
such as total internal reflection (TIR) or near-field
scanning optical microscopy (NSOM) [10, 11].
However, these are high-end analytical approach-
es, out of reach of most non-specialist labs.

Our search for an accessible and rapid alterna-
tive approach for imaging NP-Candida interactions
led us to evaluate the CytoViva 150 EDFM system
for this purpose. All 13 types of metal NP that we
examined yielded bright optical signals when pre-
pared as wet mounts and examined via EDFM. For
nanometer-scale NP and NP aggregates, we as-
sume that these optical signals arose from surface
plasmon-based resonant light scattering effects, a
phenomenon that has been well described for sil-
ver and gold NP [12, 13]. It is possible, however, that
some portion of the signal from larger (i.e. micron-
range) NP aggregates (iron or copper-indium, for
example) may also have resulted from additional
light scatter mechanisms governing larger-scale
objects. Wet mounts of NP suspensions viewed us-
ing EDFM were visually striking, resembling a
deep field of stars, with the different intensities and
colors of light likely reflecting the sizes of the NP or
NP aggregates responsible for each signal (Fig. 2).
Our ability to view all types of NP in suspension via
EDFM suggested that this method would enable us
to visualize discrete binding interactions between
NP and Candida surfaces.

When viewed via EDFM, hyphae and cells of C.
albicans without addition of NP appeared as
smooth objects, self-luminous at the edges, with
some internal structure visible (septation and mi-
crobodies) (Fig. 3). In initial experiments with a
small set of metals, we found that an NP level of
250 ppm and a reaction time of 15 min allowed us
to visually estimate NP-binding avidity.These con-
ditions were therefore used for evaluation of all NP.
For most single-metal NP, the degree of interaction

Figure 1. Scanning electron microscopy (SEM) results. Panel A, untreated
(control) hyphae of C. albicans; Panel B, C. albicans hyphae treated with
250 ppm cobalt NP (visible encrustation of NP); Panel C, detail of cobalt-
encrusted C. albicans cells; Panel D, copper-treated hyphae and cells of C.
albicans (little or no binding observed via SEM).

Figure 2. Wet mount of copper particles viewed via enhanced dark field
microscopy. This figure highlights the non-quenching resonant light scat-
tering characteristic of the metal NP used in this study. Wet mounts of NP
resembled a deep field of stars, with the different intensities and colors of
light likely reflecting the sizes of the NP or NP aggregates responsible for
each signal.
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of NP with fungal cells and hyphae occurring with-
in 15 min corresponded well with the antifungal ac-
tivity determined via broth microdilution after 24 h
(Table 1). For example, cobalt, copper and silver NP
were all found to be highly antifungal via broth mi-
crodilution and when viewed via EDFM, the metals’
avidity for hyphal or cellular surfaces was visually
clear. Although binding of silver (Fig. 4A) and oth-
er NP was not detectable via light microscopy (LM),
it could be seen clearly using EDFM (Fig. 4C). For
cobalt, the most potently antifungal metal, hyphal
and cellular surfaces were coated with NP, forming
an encrustation that was visible via light (Fig. 4B),
dark field (Fig. 4D) and scanning electron micro-
scopies (Figs. 1B and D). Occasional light-visible
macroscopic aggregates seen for some NP were an

exception to this observation, but even these were
not clear via LM.

Interestingly, the poorly antimicrobial iron NP
or their aggregates emitted an intense, primarily
white light, complicating subjective comparisons of
binding between this and other NP types (Table 1).

Biotechnol. J. 2009, 4, 871–879 www.biotechnology-journal.com

Figure 3. Control hyphae of C. albicans (no NP added), viewed via en-
hanced dark field microscopy. When viewed via EDFM, hyphae and cells
of C. albicans without added NP appeared as smooth objects, self-lumi-
nous at the edges, with some internal structure visible.

Figure 4. Comparison of NP binding via light and enhanced dark field mi-
croscopies. Panel A, silver NP (MIC of 31.25 ppm) viewed via light mi-
croscopy (bound NP not detectable). Panel C, silver NP viewed via dark
field microscopy (NP easily detected). Panel B, cobalt NPs (MIC of 0.24
ppm) viewed via light microscopy (encrustation of cobalt NP visible even
via light microscopy). Panel D, binding of cobalt NP viewed via enhanced
dark field microscopy. Inset shows detail of highlighted area, magnified
2.25x. Panel E, copper NP (MIC of 15.63 ppm) demonstrating “bejeweled”
appearance. Inset shows detail of highlighted area, magnified 2.5x; Panel
F, “bejeweled” appearance of copper-silver alloy NP (MIC of 250 ppm).
Scale bars for all panels 5 μm.

Table 1. Single-metal nanoparticles: binding results at 15 min vs. minimum inhibitory concentration after 24 h

Single-metal NP
Binding result at 15 min via EDFM Minimum inhibitory concentration 

(relative intensity) (MIC, ppm)

Cobalt +++++++ 0.24
Copper ++++++ 15.63
Silver +++++ 31.25
Nickel ++ 250
Manganese + 1000
Palladium +++ 1000
Iron ++++a) >2000

a) Binding of large, white aggregates.
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The relationship between rapid binding and anti-
fungal activity was not as clear for alloy NP, al-
though the intense binding and highly antifungal
nature of cobalt dominated in its alloy with the less
avidly binding, poorly antifungal metals nickel and
manganese (Table 2). Similar effects on binding
enhancement may have also been in effect for the
manganese-iron and nickel-iron alloys. Individual-
ly, all three of these metals had poor activities
against Candida, but as noted above, iron alone at-
tached well to fungal surfaces, and may have con-
ferred enhanced binding on its manganese or nick-
el alloys. These results imply a more complex rela-
tionship between NP binding and activity than we
originally hypothesized, suggesting that NP char-
acteristics not involved in antifungal activity can
confer the ability of certain NP to bind to cells. We
maintain, however that direct and avid contact of
NP with cells is an important factor in mediating
antifungal activity, but concede that binding alone
may not be sufficient for such activity, as some met-
als appeared to be intrinsically inactive against this
strain of C. albicans. For all types of NP, resonant
light scattering was not subject to photobleaching
and NP were not detectable via fluorescence mi-
croscopy. Collectively, these data highlight the val-
ue of EDFM for visualizing discrete NP-cell inter-
actions that were not visible using either SEM or
the other real-time microscopy formats evaluated
here.

For the most antimicrobial NP, hyphae and cells
took on a dazzlingly bright,“bejeweled” appearance
(Figs. 4E and F). Unfortunately, we were unable to
capture this effect exactly, as it appeared through
the microscope’s oculars.To improve image quality,
and reconstruct as closely as possible the images
seen through the microscope oculars, we used pre-
imaging and post-capture approaches for minimiz-
ing haziness and wash, including the use of polar-
izing filters, post-imaging contrast adjustment and
image deconvolution, as described in Section 2.7.
While some interference from out of focus light is
characteristic of traditional dark field microscopy

[14], the EDFM system used here provides a shal-
low plane of focus and therefore represents an im-
provement over traditional dark field approaches,
which image an infinite field of depth. Still, our at-
tempts at minimizing the impact of scattered light
on image quality were only moderately successful.

While all the NP examined here were visible via
EDFM, some metals were distinctive, either in col-
oration or in mode of binding. In addition to the
bright, multi-colored encrustations exemplified by
cobalt, copper, silver and the copper-silver alloy
(Figs. 4C–F), the copper-indium alloy, bound
sparsely as large, white globular aggregates (Fig. 5).
Although at the macroscale, all NP were indistin-
guishable from each other as uniform black pow-
ders, the different antifungal activities found via
broth microdilution and binding characteristics
seen via EDFM highlight their underlying chemical
differences, including, potentially, differences in
surface chemistries (i.e. presence or absence of ox-
ide layers) or electronic properties.

In one experiment, we sought to capture images
that could be used to explore the range of colors ob-
served within NP-encrusted or “bejeweled” hyphae
(Fig. 6). To do this, we used a combination of pre-
and post-processing techniques. Specifically, the
image in Fig. 6 was captured using a polarizer/an-
alyzer filter pair (panel A), followed by manual ad-
justment of contrast in Photoshop CS3 to remove
haze (panel B), with a final deconvolution step per-
formed in AutoQuant X v. 2.0 (panel C). The result
is a clearer image that displays the range of colors
visible on the surfaces of C. albicans hyphae react-
ed with this NP. If larger particles or aggregates
yield red-shifted colors [15], then this type of
patchwork color pattern might contain information
about the localized concentration of NP at the hy-
phal surface, although the heterogeneity of NP size
(~10–100 nm as determined by transmission elec-
tron microscopy,TEM) and the depth and availabil-
ity to incident light of the “crust” may limit such
simple analyses. Combination of EDFM with high-
end image capture and analysis tools has the po-

Table 2. Metal alloy nanoparticles: binding results at 15 min vs. minimum inhibitory concentration after 24 h

Metal alloy NP Binding result at 15 min via EDFM Minimum inhibitory concentration 
(1:1:1 or 1:1 ratios) (relative intensity) (MIC, ppm)

Cobalt/nickel/manganese +++++ 0.49
Cobalt/iron +++ 62.5
Copper/silver +++++ 250
Copper/indium +++ a) 250
Manganese/iron ++++ 2000
Nickel/iron +++ 2000

a) Sparse binding of large aggregates
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tential to maximize the value of this approach for
monitoring NP-fungal interactions. For example, in
the hands of a specialist lab with hyperspectral im-
aging capabilities and advanced particle recogni-
tion software, it may be possible to count particles
or estimate their sizes, as well as to conduct time-
resolved studies of particle-cell interactions at ei-
ther brief time scales (i.e. initial NP binding dy-
namics, measured within the first few seconds) or
over longer periods (i.e. physiological responses of
Candida to NP exposure over the course of a few
hours). Indeed, these types of analyses may already
be outside the exclusive realm of specialist imaging
labs. The CytoViva® instrument is now available
with a hyperspectral imaging spectrophotometer
that operates across the visible and near-infrared
range (400–1000 nm) and advanced image cytome-
try software, such as CellProfiler is now available
online as open-source freeware (http://www.cell-
profiler.org). An image cytometry approach has al-
ready been used for high content analysis of neu-
roglioma cells exposed to copper oxide NP [16], but
this type of approach might also be used in con-
junction with EDFM for direct image cytometry of
NP-cell interactions, enabling quantitative analy-
ses of these phenomena.

Typically, plasmon resonance-based imaging of
metal NP is carried out using 75–100 W halogen
light sources; combined with a 100X 0.9 NA objec-
tive, a single non-photobleaching ~80-nm NP illu-
minated under these conditions can emit ~107 pho-
tons/s, the equivalent of ~5 million fluorescein mol-
ecules [12]. Both the spectra and cross-sectional
scattering intensity of these NP change with in-
creasing particle size, providing a means for ob-
taining NP that emit specific visible colors [13, 15].
These properties make metal NP potentially very
valuable as ultra-bright, non-bleaching labels for
biological or chemical detection assays, or as we
have demonstrated here, as self-reporting labels
for NP-cell interactions. The relatively low-power
(24 W) EDFM system used here can be operated in

two basic modes - a detection mode, where objects
as small as 20 nm can be seen and information on
their movement, interaction or aggregation can be
collected, and an imaging mode, where structures
as small as 90–100 nm can be optically resolved [17,
18]. Beyond facilitating resolution of very small
features using a standard research-grade light mi-
croscope, the EDFM instrument we used can also
elicit and detect fluorescence [19].While we did not
utilize the instrument’s fluorescence capabilities in
this work, the capacity for simultaneous resonant
light scattering/fluorescence imaging opens up po-
tentially useful future possibilities for imaging NP-
cell interactions (see “Concluding remarks”, be-
low).

Although we typically consider nanotechnology
to be a new (and still emerging) field, studies on
nano-optical phenomena were already being car-

Biotechnol. J. 2009, 4, 871–879 www.biotechnology-journal.com

Figure 5. Unique binding profile for copper-indium NP. Sparse binding of
large, bright copper-indium NP aggregates.

Figure 6. Detail of visible NP colors for cobalt-encrusted hyphum subject-
ed to pre- and post-imaging adjustment and processing. A photo of this
cobalt-treated hyphum was captured using a polarizer/analyzer filter set
(panel A). The image was contrast-adjusted in Adobe Photoshop CS3 to
remove visible haze (panel B). Image deconvolution (AutoQuant X v. 2.0)
was then used to further sharpen features, as described in the text (panel
C). The result is a clearer image highlighting the range of colors compris-
ing the “bejeweled” phenotype of binding seen for cobalt NP.
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ried out at the turn of the 20th century. Heinrich
Siedentopf and Richard Zsigmondy developed the
dark field “ultramicroscope” for optical detection
and characterization of colloidal metals (metal NP),
and Zsigmondy won the 1925 Nobel Prize in Chem-
istry for his work on colloids [20, 21]. Unfortunate-
ly, interest in use of the ultramicroscope waned
with the invention of the electron microscope in the
early 1930’s [20]. However, today’s “nanotech revo-
lution” has fueled renewed interest in dark field
microscopy, due to its usefulness in investigating
the optical properties of nanomaterials [12, 13, 20].
Our use of the ultramicroscopy-like detection
mode EDFM echoes the pioneering work of Zsig-
mondy, who observed that “…isolated particles,
whose diameter is a fraction of a wave-length of
light, can still be seen…” using this technique [21].
Other microscopic approaches that may also be of
value for examining NP-cell interactions include
the DIC,TIR and NSOM methods mentioned above
as well as the recently described single-plane or
selective-plane imaging microsocopy (SPIM), also
known as “light sheet” microscopy [22, 23]. SPIM,
which has its origins in Siedentopf’s and Zsig-
mondy’s ultramicroscope, is essentially a method
for optical tomography, whereby discrete planar
“slices” of the sample can be selectively imaged, re-
ducing the background signal from objects outside
of the focal plane and causing fewer problems with
photobleaching or photodamage [23]. In SPIM,
light from a laser source is optically focused into a
thin “sheet” of light that overlaps with the focal
plane in the sample, which is immersed in liquid or
embedded in a transparent hydrogel having the
same refractive index as water [22, 23]. Instead of
moving the light sheet, the sample itself is translat-
ed or rotated to provide the desired sectioning of
the sample [23]. Variant approaches of the same
basic technology exist, with the chief differences
being horizontal vs. vertical sectioning, sample em-
bedding vs. liquid immersion and single-sided vs.
dual-sided excitation [22, 23]. Because it is a form
of optical tomography, multiple SPIM images can
be stacked to provide a reconstruction of the origi-
nal sample [22, 23]. Although it has been described
primarily for optical sectioning of larger cells or
embryos, SPIM has also been described for yeast
[23] and a very similar approach has been taken for
the study of naturally occurring aquatic microbes
[24].

With their abilities to perform optical sectioning
of the sample, SPIM-based approaches may be
useful for investigating NP-Candida interactions.
Using the EDFM method described here, we were
only able to get a “top-down” view of NP-coated
cells and hyphae, and information on NP distribu-

tion over the entire curved surfaces of Candida
structures was not available. Using an SPIM ap-
proach, NP-Candida complexes could potentially
be sectioned, with a 1.5-µm light sheet yielding ~six
sections per sample [23]. This multiplanar view
could provide information on surface-bound (or
internalized) NP throughout the volume of the cell
or hyphum. Although a commercial SPIM instru-
ment is in development, the availability of this
technology is limited, as the only instruments now
in existence are those custom-built by specialist
labs. Additionally, unlike EDFM, we do not know
the extent that the SPIM architecture would sup-
port generation of dynamic light scattering from
metal NP. Therefore, although the EDFM approach
may not be the only solution to investigating NP-
Candida interactions, it does have the added bene-
fits of being accessible and easy to use and is avail-
able as a modular upgrade to most existing light
microscopes, taking the place of the microscope’s
original condenser.

4 Concluding remarks

We have described a rapid, microscopic method for
visualizing interactions between metal NP and
fungal hyphae based on resonant light scattering of
these particles when viewed using EDFM.This ap-
proach grew out of a need for rapid and direct vi-
sualization of NP-fungal interactions, without the
extensive preparative steps used in SEM that could
lead to artifacts, such as sloughing of bound NP
during sample preparation. Although we ultimate-
ly found that the relationship between NP-binding
and antifungal activity was not as direct as we had
originally hypothesized, our work demonstrates
the use of EDFM for detecting and characterizing
binding interactions between metal NP and fungal
hyphae or cells, a result that could be useful in fur-
ther characterization of these NP as antimicrobials
or in future applications of similar NP as non-
chemical, non-quenching labels for microbial diag-
nostics.Although binding alone was not a sufficient
metric for assessing the antimicrobial capacity of
the NP examined here, the EDFM approach used
here could be expanded for more detailed studies
of NP activity at fungal surfaces. In addition to sur-
face plasmon effects, the CytoViva® instrument
used here is also able to elicit fluorescence, open-
ing the possibility for combination of these modal-
ities for correlative studies on binding of NP to cells
and their subsequent physiological effects. For ex-
ample, in future studies, it may be possible to com-
bine EDFM with appropriate fluorescent probes in
order to examine the physiological pathways
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through which antifungally active NP exert their
effects. Example probes might include fluorescent
respiratory substrates or free radical indicators [4,
25]. More detailed insights might also be possible
using engineered microbial strains capable of fluo-
rescently reporting perturbations of major cellular
biosynthetic pathways, including synthesis of DNA,
RNA, proteins, fatty acids and the cell wall [26].
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