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Metal–biomass interactions: a comparison of
visualisation techniques available in South Africa
B.A. Moore , C. Mack , J.R. Duncan and J.E. Burgess

Introduction
Concern regarding the release of metals into the environment

is a recurring theme in the fight against pollution of natural habi-
tats.1 Most conventional metal analysis techniques are useful for
the determination of bulk metal concentrations. These include
atomic absorption spectroscopy (AAS), atomic flame spectroscopy
(AFS) and inductively coupled plasma-atomic emission spec-
trometry (ICP-AES) to name a few.2

However, more specific information with regard to metal local-
isation and concentrations is required for the analysis of interac-

tions of metals with living cells3 to fully understand and exploit
the bioremediation potential of a wide variety of organisms.

Several technologies are available to qualitatively determine
the interactions of metals with living and non-living biomass.
These include micro-particle-induced X-ray emission (micro-
PIXE), scanning electron microscopy with energy-dispersive
analysis of X-rays (SEM-EDAX) and transmission electron
microscopy (TEM), all of which have established themselves as
sensitive, qualitative, visual metal analysis techniques.4–6

This work aims to compare the various techniques available in
South Africa, in terms of the qualitative information generated,
with regard to the interaction of platinum with fungal and yeast
biomass.

Materials and methods
Unless otherwise stated, all growth media and reagents were

reagent-grade Biolab and Saarchem brands, respectively, sup-
plied by Merck Chemicals (Pty) Ltd, South Africa and used as
received. All glassware was acid-washed in 5% HNO3 for a mini-
mum of five hours, rinsed in deionised water overnight and
air-dried before use.

Micro-particle-induced X-ray emission (micro-PIXE) analysis
Malt extract broth (20 g l–1 malt extract, 10 g l–1 glucose and 2 g l–1

yeast extract) was inoculated with the fungus Phoma glomerata
and allowed to grow at 28°C with shaking for four days, after which
platinum solution (1 000 mg l–1 platinum in 0.5 M hydrochloric
acid (HCl), EC Labs SA) was added to generate a final concentra-
tion of 100 mg l–1 of each metal ion. After an additional two days,
biomass samples were removed for micro-PIXE analysis.

The biomass specimen was prepared by homogenising one
mycelial ball in distilled water, mounting on a double 1%
formvar (Sigma-Aldrich, South Africa) frame and cryofixing
(Leica EM CPC, Austria) in instrument-grade liquid propane
(Afrox, South Africa). The specimen was then freeze-dried at
–90°C (Leica EM CFD, Austria) for 24 hours.

The interaction of metals and biological materials is of interest for
reasons such as metal recovery, toxicity and production of
high-value products such as gold and platinum nanoparticles.
Understanding the way in which metals interact with the biomass
surface and intracellular components provides insights into the
biosorption and bioaccumulation processes and increases the
potential for process optimisation. Three technologies are available
for the qualitative visualisation of metal–biomass interactions in
South Africa, namely, micro-PIXE, transmission electron microscopy
and scanning electron microscopy coupled with energy-dispersive
analysis of X-rays. Each technique provides unique information and
has specific shortcomings which should be taken into account
when selecting the appropriate technology. This paper focuses on
evaluating the various techniques.
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Microanalysis of the specimen was performed using a nuclear
microprobe (Materials Research Group, iThemba Labs, South
Africa).7 A proton beam with a current of 300 pA and 3.0 MeV
was focused on a 5 × 5 µm area of the specimen and raster
scanned. Backscattering and PIXE were used concurrently with
an external 155 µm Kapton absorber placed between the PIXE
Si(Li) detector and the specimen. Data were collected using a XSYS
data acquisition system and further processed with GeoPIXE-II
software.8 Quantitative elemental maps were produced using
the ‘dynamic analysis’ method.9 Average elemental concentra-
tions for the specimen were calculated on the basis of the PIXE
spectra obtained from the selected area and analysis of the
corresponding backscattering spectra using a RUMP simulation
package. Non-Rutherford cross-sections for isotopically-natural
carbon and oxygen, at a laboratory angle of 170°C, provided the
data on matrix composition and areal density.

Transmission electron microscopy (TEM)
Transmission electron microscopy was carried out as described

by Cross et al.10 Phoma glomerata samples used for TEM were
prepared in platinum solution as described above and fixed in
cold buffered fixative (2.5% (v/v) gluteraldehyde in 0.1 M
sodium phosphate buffer, pH 7) at 4°C for 12 hours, after which
they were exposed to osmium tetroxide for 60 minutes before
undergoing two 10-minute wash steps with 2.5% gluter-
aldehyde in 0.1 M sodium phosphate buffer (pH 7). Samples
were then dehydrated with a series of increasing ethanol
concentrations (30, 50, 70, 80, 90, 100%) with two changes of
100% ethanol. Once complete, the ethanol was discarded and
replaced with propylene oxide (Sigma-Aldrich, South Africa)
and left for 15 minutes, after which it was replaced with fresh
propylene oxide for a further 15 minutes. The propylene oxide was
discarded and the specimens exposed to a series of propylene
oxide:resin (v/v) mixtures with increasing concentrations of
resin (75:25, 50:50, 25:75) each of which was allowed to infiltrate
for 90 minutes. The specimens were each transferred to pure
resin and allowed to infiltrate overnight.

Specimens were placed at 60°C for 36 hours to allow the resin
to polymerise after which they were sectioned and viewed
with a transmission electron microscope at 90 kV (JEOL 1210,
Japan).

Scanning electron microscopy with energy-dispersive analysis
of X-rays (SEM-EDAX)

Yeast biomass (Saccharomyces cerevisiae) was immobilised using
polyethyleneimine (PEI) and gluteraldehyde (GA) as embedding
and cross-linking agents, respectively; they were subsequently
treated with hot alkali solution11 (3% potassium hydroxide
(KOH), Merck Chemicals, South Africa). Forty grams (wet
weight) of yeast was mixed with 4 ml distilled water to form a
smooth paste. A 25% (v/v) solution of GA (50% aqueous
gluteraldehyde, Sigma-Aldrich, South Africa) was added to the
yeast paste and blended until smooth. A 33% (v/v) PEI (50%
aqueous polyethyleneimine, Sigma-Aldrich, South Africa) solu-
tion was added and the mixture was blended until a moist dough
was obtained. This dough was crumbled to form granules which
were then oven-dried overnight at 80°C.

The immobilised yeast pellets were suspended in 3% (w/v)
KOH solution and heated to 70°C in a water bath. The granules
were then settled and separated from the alkali solution. The
alkali solution was retained and the biomass washed twice with
distilled water (the wash water being added to the alkali solution
each time). The alkali-soluble components of the biomass were
reconstituted by acidification of the alkali solution with 32%

HCl. The HCl was added with stirring until a pH of 6.0 was
obtained. Subsequent centrifugation (400 g for 10 minutes)
pelleted out the reconstituted biomass. The washed and recon-
stituted biomass was then added to the alkali-insoluble fraction
and both were oven-dried overnight at 80°C. Two grams of the
PEIGA immobilised S. cerevisiae were incubated with 20 mg l–1 of
platinum for three hours, after which the biomass was separated
and dried at 50°C overnight and then stored in airtight Eppen-
dorf tubes.

Scanning electron microscope images were taken using a
Quanta 600 SEM (FEI, USA) equipped with X-ray microanalysis
capabilities (Genesis, EDAX, USA). Samples were carbon-coated
to minimise the effect of electron charging of the surface, which
would have distorted the images.

Two modes of viewing were used; backscattered electron
mode, which highlights areas of non-biological composition (i.e.
metals) and simultaneous secondary electron mode which allows
for the observation of biological microstructures.

Results and discussion

Micro-PIXE
Micro-PIXE analysis of P. glomerata was undertaken with the

Materials Research Group, iThemba Laboratory for Accelerator
Based Sciences, at Faure in the Western Cape. After preparation
of the specimen, it was discovered that the single hyphae were
too small to determine localisation patterns of the platinum ions
within the cell so an area with a high hyphal density was selected
for evaluation of the metal concentrations.

The areal density of the specimen was determined to be
0.65 mg cm–2 and further determinations of elemental concentra-
tions were calculated based on these values.

In Fig. 1 a quantitative map of the P. glomerata and platinum
specimen can be seen. The platinum concentration was deter-
mined to be 5 617 mg kg–1.

The majority of previous work published on fungal–metal
interaction analysis with micro-PIXE has been undertaken with
arbuscular mycorrhizal fungi and their respective plant associa-
tions.4,12–14 Phoma glomerata is a non-mycorrhizal fungus with
smaller hyphae than the mycorrhizal fungi used in previous
work. Thus the fundamental difference between the assessment
of elemental distribution of metals within mycorrhizal fungi
and the results reported here is the respective size of the fungal
structures. Weiersbye et al.4 examined a mycorrhizal fungus
specimen with a 1 000 P. glomerata× 1 000 µm2 area, while Turnau
et al.14 used a mycorrhizal fungus with a scan size of 10 × 10 µm2.
The individual P. glomerata hyphae were determined to be
approximately 1 µm in diameter, smaller than the individual
beam spot of the instrument (3 × 3 µm). While the facility in
South Africa may not be sensitive enough for the determination
of metals in specimens as small as 1 µm, upgraded instruments
(University of Liepzig, Germany) with a beam size of 0.5 µm2

make it possible to achieve a resolution of 260 × 280 nm2 at 10 pA
2.25 MeV.15

The key advantage of using micro-PIXE to determine metal
distribution within organisms or cells is that, if large enough,
association of metals with specific cellular structures can be
determined. In addition, the distribution of a large number of
elements can be established simultaneously and since metals
need not be elemental, metal speciation within the cells or
organelles can be deduced.

Limitations of this technique for metal–biomass interactions
include the following: the specimen needs to be large enough for
analysis to be effective; preparation of the specimen may take a



number of days and requires skilled personnel and equipment
(freeze driers and cryogenic equipment); and operation of the
nuclear microprobe and post-analysis data interpretation
requires highly-skilled individuals and analysis time is compara-
tively long (12 hours or more). In addition, while subsidy is pro-
vided by the National Research Foundation of South Africa,
under specific intellectual property and collaborative condi-
tions, if users decide to retain full intellectual property of their
analysis, use of the microprobe may be prohibitively expensive.

Transmission electron microscopy (TEM)
Transmission electron microscopy was carried out on P.

glomerata, growing in a platinum solution, to ascertain if the
metal was being transported into the cell or binding to the cell
surface alone. The presence of metals was detected by TEM as
electron-dense areas (dark areas) on the biomass specimens.16

Figure 2 shows P. glomerata biomass with metal deposition on the
outside of the cell wall. By contrast, the control had no electron-
dense areas around the cell wall (data not shown). In addition
to the metal deposits around the outside of the cell, discrete
particles were observed within the cytoplasm of the fungal cells.
The metal appeared to be evenly distributed throughout the
cytoplasm, rather than being associated with a particular cellular
structure.

The particles seen within the cytoplasm have been documented
by Gericke and Pinches5 as being metal nanoparticles produced
by microbes in the presence of metal ions, the size and shape of
which are dependent on the organism and culture conditions.

There did not appear to be any specific localisation of the
platinum within the cell. However, there may have been binding
to cellular structures, but since staining with osmium tetroxide
was necessary to visualise the biomass, metal ions associated
with specific organelles may have been masked as the tissue
became darker.10

As transmission electron microscopy provides an indication of
the presence of elemental metal it is possible that some of the
metal ions taken up by the P. glomerata biomass could not be
visualised as they may not have been in the elemental form, but
rather formed complexes with various biomolecules. Nonethe-
less, metal deposition was clearly visible on the cell surfaces
within the cytoplasm. This is supported by Gericke and Pinches5

who screened a range of fungi, yeast and bacteria for their ability
to metabolically produce gold nanoparticles. The authors found
that the fungus Verticillium lutteoalbum and the yeast Pichia jadinii
produced the highest concentration of nanoparticles; however,
none of the organisms presented by Gericke and Pinches5

deposited metal ions on the outside of the cell wall. Conversely,
Macaskie et al.17 investigated the production of palladium crys-
tals by the bacterium Desulfovibrio desulfuricans and reported that
the nanoparticle crystals were only formed on the outside of the
cell.

The most useful aspect of this technique for visualisation of
metal–biomass interaction is that an internal view of the biomass
can be obtained, which is especially valuable in bioaccumulation
studies. Furthermore, if staining with osmium tetroxide can be
avoided, information on associations between metal and cellular
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Table 1. Availability of micro-PIXE, TEM and SEM-EDAX at higher education institutions in South Africa at the time of submission.

Micro-PIXE TEM SEM-EDAX

iThemba Laboratory for Accelerator Based Science Nelson Mandela Metropolitan University Nelson Mandela Metropolitan University
University of Cape Town University of Cape Town

University of Fort Hare
University of the Free State University of the Free State

University of Johannesburg
University of KwaZulu-Natal University of KwaZulu-Natal
University of Limpopo University of Limpopo
North-West University North-West University
University of Pretoria University of Pretoria
University of the Western Cape University of the Western Cape

Table 2. Advantages and disadvantages of micro-PIXE, TEM and SEM-EDAX as metal visualisation techniques.

Micro-PIXE TEM SEM-EDAX

Advantages
� Association of metals with specific cellular structures � An internal view of the biomass can be obtained. � Metals need not be elemental for identification.
can be determined.
� The distribution of a large number of elements can be � Information on associations between metal and � Presence and concentration of several elements
established simultaneously. cellular components can be obtained. may be determined simultaneously.
� Metals need not be elemental, hence metal speciation � Sample preparation does not require skilled � Information on possible speciation can be
within cells or organelles can be deduced. personnel. provided.

� Data analysis can be completed relatively � The effect of metal binding on sorbent
` quickly. morphology may be observed.

� Sample preparation does not require skilled
personnel.

� Results are generated on commencement of the
analysis.

Disadvantages
� Low microprobe resolution may present problems with � Uncertainty as to whether electron-dense areas � Only provides information on surface binding,
small samples (3 × 3 µm). are metal deposits, or other dense biomolecules. may be limiting when investigating living

systems.
� Preparation of the specimen requires time, skilled � It may not be possible to visualise some cellular � Analysis requires the assistance of a trained
personnel and specialised equipment. components. technician.
� Microprobe operation requires much time and skilled � Sample preparation time can be up to 48 hours.
personnel.
� Data interpretation requires time and skilled personnel. � Operation of the microscope requires the

assistance of a skilled technician.



components can be obtained. Sample prepara-
tion does not require skilled personnel and
analysis can be completed relatively quickly
(a few hours). Drawbacks of this technique for
metal visualisation include: uncertainty as to
whether electron-dense areas are metal depos-
its, or some other dense biomolecules; if the use
of osmium tetroxide is avoided, it may not be
possible to visualise some cellular components;
preparation time is lengthy (up to 48 hours) and
operation of the microscope requires the assis-
tance of a skilled technician.

SEM-EDAX
A number of authors have used the SEM-

EDAX technique to demonstrate the sorption of
metal ions onto a variety of biomass surfaces.6,18,19

In this study PEIGA-immobilised S. cerevisiae
was incubated with platinum ions and viewed
by SEM-EDAX. Figure 3A illustrates the biologi-
cal component of the immobilised yeast cells;
the light area in Fig. 3B was attributed to the
presence of non-biological compounds on the
surface of the yeast cells.

Both the light and dark areas of the specimen
in Fig. 3 were scanned using X-ray microanalysis
to determine the composition of the non-
biological residue. An energy-dispersive spectro-
scopic representation (Fig. 4) of the surface com-
position of the dark and light areas revealed that
platinum and chloride concentrations in the
dark area (Fig. 4A) were lower than in the light
area (Fig. 4B). This confirmed the sorption of
platinum onto the immobilised yeast surface.

Advantages of using SEM-EDAX are that, as
with micro-PIXE, metals need not be in an
elemental form for identification and the pres-
ence and concentration of a number of elements
may be determined simultaneously, providing
information on possible speciation. Since the
surface of the sorbent is visualised, the effect of
metal binding on morphology may be observed
using this technique. In addition, sample prepa-
ration does not require skilled personnel and
results are generated upon commencement of
the analysis.

The significant drawback of this technique is
that it only provides information on surface
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Fig. 1. Quantitative map showing the occurrence and concentration of platinum (mg kg–1) within the Phoma glomerata hyphal material.

Fig. 2. Platinum deposited on the surface and within the cells of Phoma glomerata (indicated by the
arrows) viewed by TEM at a magnification of ×8 000.

Fig. 3. Scanning electron micrographs of the sorbent surface after incubation with platinum ions to
illustrate both the biological (A) and non-biological (B) components of the specimen.

Fig. 4.Energy-dispersive X-ray (EDX) analysis of dark (A) and light (B) areas of the specimen illustrated
in Fig. 3, confirming the adsorption of platinum chloride ions to the light areas on the sorbent.
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binding, which may be limiting when investigating bio-
accumulation in living systems. Of less importance is that analy-
sis requires the assistance of a trained technician.

Availability of micro-PIXE, TEM and SEM-EDAX
While analysis of metal–biomass interactions with micro-PIXE

may generate the largest amount of data, the restrictions in
terms of cost and requirements of additional facilities and
trained personnel are compounded by the fact that only one
nuclear microprobe is available in South Africa (Table 1). The
limitations of the instrument, in terms of minimum specimen
size, must also be taken into account when considering the use of
micro-PIXE for this type of analysis. A number of institutions in
South Africa have confirmed the availability of TEM and
SEM-EDAX facilities, outlined in Table 1. The use of TEM or
SEM-EDAX will depend on the particular information required.
Biosorption studies may be undertaken with both TEM and
SEM-EDAX to visualise the biomass surface; however, bio-
accumulation of metals can only be established through the use
of TEM.

Conclusion
The key advantages and disadvantages of the methods

described here are summarised in Table 2. While visualisation of
metal–biomass interactions may be achieved through any of the
methods discussed, perhaps a combination of analyses will
provide a more conclusive representation of the true nature of
the interactions. Fourier transform infrared spectroscopy (FTIR)
and X-ray diffraction (XRD) analysis may supplement visual
data, providing a more holistic overview of the bioaccumu-
lation/biosorption process.
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