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ABSTRACT 

Up to now, chemical synthesis routes only provide restricted opportunities for the formation of structured nano particles. 
In contrast, living microorganisms generate nano materials of well defined shapes by the precise control of biomine- 
ralization. Here we reveal new principles for the generation of functional nano materials through the process of biomi- 
neralization. We used the detoxification mechanism of the unicellular alga Scenedesmus obliquus to generate a techno- 
logically interesting zinc-phosphate-based nano material. The algae were incubated in media with a sublethal zinc con- 
centration (6.53 mg Zn dm–3) for 4 weeks. Using BF- and ADF-STEM imaging combined with analytical XEDS we 
could show that nano needles containing phosphorus and zinc were formed inside the living cells. Furthermore, the cells 
incubated with zinc show a strong fluorescence. Our findings indicate that the algae used polyphosphate bodies for de- 
toxification of the zinc ions, leading to the generation of intracellular zinc-phosphate-based nano needles. Beside the 
technological application of this material, the fluorescent cells can be used for labeling of e.g. biological probes. This 
new experimental protocol for the production of an inorganic functional material can be applied also for other sub- 
stances. 
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1. Introduction 

Due to their broad potential, nano materials are of grow- 
ing interest for technological applications. Zinc phos- 
phate nano particles can be used as corrosion inhibitors 
or as dental cement and hydrogelated zinc ultraphosphate 
glass powders serve for proton-conducting materials [1]. 
Zn3(PO4)2 serves as a host-lattice for fluorescent mate- 
rials like Zn3(PO4)2:Eu [2]. Through chemical synthesis, 
nano materials are produced with high efforts in terms of 
high temperature or process engineering, e.g. spherical 
Zn3(PO4)2 nano particles can be synthesized via a polyol- 
mediated method at temperatures of 230˚C or an ultra- 
sonic-microwave route [3,4]. Preparation of Zn3(PO4)2 at 
room temperature resulted in highly aggregated spherical 
or sheet-like particles [5,6]. When yeast cells are used as 
catalytic templates, butterfly-like particles or agglome- 
rates of Zn3(PO4)2 are chemically precipitated on the ne- 
gatively charged surface of the yeast [7,8]. According to 
that, chemical synthesis routes only provide restricted 
opportunities for the generation of such inorganic solids 

with defined shape. In contrast to chemical synthesis, 
living organisms are capable of producing highly struc- 
tured nano particles by the precise control of the biomi- 
neralization processes [9]. e.g. sponge primmorphs are 
capable of the incorporation of titania into their nanospi- 
cules when incubated in an appropriate medium [10]. 
Due to the genetic control of the biomineralization, they 
react to a certain environment in always the same way, 
resulting in the reproducible synthesis of nano particles 
of a certain size and morphology. Since these processes 
proceed at ambient conditions, nano materials produced 
by microorganisms are very cost-effective and eco- 
friendly. When confronted to toxic elements in their en- 
vironment, microorganisms like algae can sequester them 
inside their cells in order to detoxify their surrounding. 
The intracellular sequestration of the toxic metal ions 
occurs via chelate formation with molecules like phyto- 
chelatins or phosphates of different chain length, result- 
ing in metal/phytochelatin or metal/(poly) phosphate 
complexes which are no more harmful to the organisms  
[11,12]. It is known, that the metal ions first bind on the 
cell wall of the algae to specific transport ligands as well *Corresponding author. 
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as to inert adsorption sites [13,14]. The cell walls of 
green algae consist of polysaccharides and proteins and 
contain also polyphosphates [15-17]. In the following 
step, some of the metal ions are actively transported into 
the interior of the cell, where they can build complexes 
with polyphosphates [18,19]. In this study, we used this 
detoxification mechanism of a unicellular green alga spe- 
cies (Chlorophyceae) to generate structured zinc-phos-
phate-based nano particles. Scenedesmus obliquus was 
chosen to be the model organism because it is capable to 
accumulate large amounts of zinc and because it involves 
polyphosphate in its detoxification mechanism [20-22]. 

Zinc is an essential trace metal for all organisms, how- 
ever it can be toxic when present in high amounts. Ex- 
posure of microalgae to sublethal concentrations of Zn 
caused inhibition of different vitally important parame- 
ters [21,23]. Algae can adapt to long lasting elevated Zn 
concentrations, most likely through genetical adaptation 
[24-26]. The cell cycle of microorganisms is very short; 
in case of S. obliquus it is around 12 h at 26˚C, therefore 
the acclimatization can occur during several days or 
weeks [27]. If the amount of toxic metal ions in the sur- 
rounding medium is too high, the algae react with the 
uptake of the specific ions, finally leading to the deposi- 
tion of a nontoxic metal compound inside the cells. The 
uptake of the metal ions takes place in two steps: the first 
is a rapid physical biosorption onto the cell wall, fol- 
lowed by a slow, energy consuming membrane transport 
into the cell [13,14,18,23]. The first step is due to the fact 
that in algal cell walls polysaccharides, proteins and 
polyphosphates are located, which provide anionic sites 
for binding of positively charged ions like metals [15-17]. 
The second step is an active bioaccumulation which 
leads to an enrichment of metals in the cell interior, the 
cytoplasm, where the toxic ions can be chelated to non- 
hazardous compounds [28]. In this last step, the algae 
detoxify their cytoplasm by sequestering the toxic ions in 
molecules like phytochelatins or polyphosphates [11]. 

In the investigated genus Scenedesmus, phytochelatins 
are not involved in the detoxification of Ni, Ag or Zn, but 
phosphates are [22,29]. Phosphates are essential nutrients 
for these microorganisms and they can be accumulated in 
the so called polyphosphate bodies [30]. These cellular 
compartments contain short and long chain polyphos- 
phates (linear polymers of orthophosphate) as the major 
component, as well as pyrophosphate, orthophosphate, 
phosphorus (P) and divalent cations like Ca and Mg 
[31,32]. Polyphosphate bodies serve as a storage pool for 
these essential elements and molecules but are also in- 
volved in the detoxification of harmful metals [12]. 
When metal ions enter the cell, the activity of polyphos- 
phatase is stimulated. This enzyme hydrolyzes poly- 
phosphate into shorter-chain species or orthophosphate, 
and subsequently the phosphates build complexes with 

the toxic metals [33]. Also polyphosphate itself can che- 
late metal ions, leading to a metal/polyphosphate poly- 
mer [34,35]. Many toxic metals, like Pb, Cu, Zn, Al, Fe, 
Cd and Ag were found to be sequestrated in polyphos- 
phate bodies of green algae, including Scenedesmus [19, 
35-38].  

2. Materials and Methods 

2.1. Organisms and Cultures 

The experiments were conducted with living Scenedes- 
mus obliquus (strain 276-1), obtained from the SAG cul- 
ture collection Göttingen. The algae were cultivated in 
BG 11 medium starting at pH 6, in a rotary shaker (Infors 
HT Multitron II, 100 rpm) at 26˚C and permanent illu- 
mination (FL tubes Gro-Lux 15W, 3500 lx) [39,40]. The 
media contained 5.3 mg P dm–3 and different amounts of 
Zn (0 mg Zn dm–3, 0.65 mg Zn dm–3 and 6.53 mg Zn 
dm–3), added as ZnSO4·7H2O (Roth, Karlsruhe). The 
algae were incubated 4 weeks. After this time, the cells 
were still living as revealed by their green color using a 
light microscope. 

A hemocytometer (Marienfeld, Lauda-Königshofen) 
was used to count the cells in the medium.  

2.2. Chemical Analyses 

10 ml culture were analyzed from the medium with 0.65 
mg Zn dm–3, containing 4.2 × 108 algal cells and 10 ml 
from the medium with 6.53 mg Zn dm–3, containing 1.4 × 
108 algal cells. The algae were first washed 5 times with 
demineralized water (Millipore) to remove non-attached 
molecules and afterwards washed in hydrochloric acid 
(0.02 M, pH 3) to collect Zn from the cell wall. Light 
microscope observations revealed that the algae survived 
this treatment, indicating that Zn from inside the cells did 
not leak out. The obtained HCl was analyzed via induc- 
tively coupled plasma optical emission spectrometry 
(ICP-OES; Spectro CIROS). In the second step, the algae 
washed in HCl were dried at room temperature and 
weighted. Afterwards, they were digested in concentrated 
H2SO4/HNO3 (nitric acid), mineralized at 250˚C and fi-
nally suspended in demineralized water (Millipore). This 
solution was analyzed via ICP-OES to detect Zn in the 
cells. 

All vials were rinsed in HCl for 24 h before use to re- 
move adherent molecules. The experiments were run in 
triplicate. 

2.3. TEM Sample Preparation and (S)TEM  
Investigations 

To detect the positions of Zn accumulation in the algal 
cells, thin sections of cells treated with 6.53 mg Zn dm–3 
(control without Zn) were analyzed. The cells were fixed 
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for 1 h in 0.1 M sodium cacodylate buffer containing 2% 
glutaraldehyde (pH 7.4), then rinsed with the buffer (pH 
7.4) and finally post-fixed for 1h in the buffer containing 
1% OsO4 (pH 7.4). All fixations were done on ice. After 
fixation, the cells were dehydrated in 30%, 50%, 75%, 
90%, and finally 3 × 100% acetone for 20 min each [41]. 
After dehydration the cells were immediately embedded 
in epoxy resin (modified Spurr embedding kit/Serva) 
[42]. Ultramicrotomy was applied for preparation of 
TEM samples [43-45]. The blocks of epoxy with em- 
bedded cells were trimmed using the high-speed milling 
system Leica EM-TRIM2 to get a narrow pyramid top of 
the block. The trimmed blocks were then cut by using the 
ultramicrotome Leica EM-UC6. To obtain thin sections, 
an oscillating water-filled diamond knife with a knife 
angle of 35˚ (Diatome, Biel, Switzerland) was used. Ap- 
proximately 60 to 100 nm thick slices were prepared at 
room temperature with a knife speed set to 1 mm·s–1 at a 
cleavage angle of 6˚. Slices floating in Millipore water 
were immediately captured on Cu grids covered with a 
lacey carbon film. Ultra-pure Millipore water was used 
for the preparation of our TEM samples. 

The thin cell sections were analyzed via bright field 
(BF) and annular dark filed (ADF) scanning transmission 
electron microscopy (STEM) imaging combined with 
analytical X-ray energy-dispersive spectroscopy (XEDS). 
Different positions inside the cells treated with Zn, as 
well as at control cells were measured by means of 
XEDS in order to examine the chemical composition of 
the material. BF- and ADF-STEM imaging combined 
with analytical XEDS measurements were carried out in 
a VG HB501UX microscope. The VG HB501UX is a 
dedicated STEM instrument operated in ultra-high va- 
cuum at an accelerating voltage of 100 kV, and is equip- 
ped with a cold field-emission gun (FEG) source, an 
XEDS system (Thermo Fischer Scientific, Noran System 
SIX), and an electron energy-loss spectrometer (EELS, 
Gatan UHV Enfina system). XEDS spectra were re- 
corded in the raster scan mode over a rectangular area of 
20 × 25 nm2. The beam current during acquisition was 
0.06 nA for a beam diameter of 0.6 nm full width at half 
maximum (FWHM). Selected area electron diffraction 
(SAED) experiments were performed using Zeiss 912 
TEM (Zeiss, Oberkochen, Germany).  

2.4. Analysis via Fluorescence Microscopy 

Dry crystalline zinc phosphate powder (Sigma-Aldrich, 
No 587583) was investigated in a cuvette by photolumi- 
nescence (PL) and photoluminescence excitation (PLE) 
spectroscopy (FluoroLog, Horiba Yobin Yvon). PLE, in 
contrast to a fixed excitation wavelength in PL, uses a 
continuously tunable excitation wavelength and found a 
broad absorption band in the deep blue and near UV re- 
gion. Using a specific wavelength in this absorption band 

(370 nm) luminescence in the blue region was detected. 
Thus an available appropriate filter set (Zeiss No. 49) 
was used to observe the living cells treated with 6.53 mg 
Zn dm–3 and the untreated cells in medium via a fluores-
cence microscope (Axiovert 200M, Zeiss, Oberkochen, 
Germany).  

3. Results and Discussion 

3.1. Zinc Accumulation in the Cells 

Scenedesmus obliquus was cultivated in media contain- 
ing two different amounts of Zn in sublethal concentra- 
tion. To analyze the biosorption of Zn ions on the cell 
wall and the accumulation of the metal inside the cells, 
they were first washed with diluted HCl to remove adhe- 
rent molecules. Afterwards, the still living algae were 
dried and then digested in nitric acid to measure the 
amount of intracellular Zn. The obtained solutions were 
analyzed regarding their Zn content with ICP-OES. 
These measurements revealed that S. obliquus took up 
the Zn ions from the media. Most of the metal was ac- 
cumulated inside the cells, but Zn was also attached on 
the cell walls. When the algae were incubated in the me- 
dium with 6.53 mg Zn dm–3, about 90% of the Zn was 
intracellular. These results are according to previous 
studies with the related species S. subspicatus, where 
about 80% of the Zn ions were detected inside the cells 
[46]. 

There was also a positive relationship between the 
metal content in the media and the metal content in the 
cells. Algae cultivated in medium containing 0.65 mg Zn 
dm–3 incorporated 26 µg Zn per 100 mg algae, which is 
approximately 2 µg Zn per 100 Mio cells. In the algae 
cultivated in medium containing 6.53 mg Zn dm–3, the 
intracellular amount of Zn was 518 µg per 100 mg algae, 
that is approximately 34 µg zinc per 100 Mio cells. Also 
other authors found a maximum cellular Zn content of 
650 µg/100 mg algae in the species S. subspicatus [46]. 
Chlorella took up 600 µg Zn/100 mg algae at concentra- 
tion of Zn ions in the medium of 5 mg·dm–3 [47]. Since 
Zn is an essential micronutrient for algae, this metal can 
be accumulated in relatively high values without killing 
the organisms compared to other metals like Hg or Pb 
[28]. 

3.2. Intracellular Generation of 
Zinc-Phosphate-Based Nano Needles 

Our chemical findings reveal that S. obliquus accumu- 
lates Zn mainly intracellular. STEM/XEDS measure- 
ments were performed to detect the site of the Zn aggre- 
gation. The STEM images unambiguously show that the 
cell wall of the test organism is built up by distinct lay- 
ers (Figures 1-3). It is known since a long time, that the 
cell wall of Scenedesmus consists of 3 layers [48]. Gly-
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of these deposits reveal the existence of nano needles 
with lengths below 100 nm (Figure 2(b)). Electron dif-
fraction experiments have shown that the nano needles 
possess an amorphous character, as can be seen from the 
selected area electron diffraction (SAED) pattern (Figure 
2(b), inset). XEDS spectra measured from different posi-
tions of the deposits shown in Figures 2(a) and (b) are 
presented in Figure 2(c) (spectra 1 and 2). According to 
our investigations, the Zn/P at% ratio measured from the 
depositions with (position 1) or without (position 2) nano 
needles is for both cases approximately 1:4. The most 
pronounced difference is the increased amount of Mg in 
the spectra acquired from the deposit positions contain- 
ing nano needles. In the cell areas outside the deposits no 
measurable amounts of Zn or P could be detected (data 
not shown). 

coproteins are commonly found in the cell walls of green 
algae and the sugars glucose, mannose and galactose in 
Scenedesmus particularly [49,50]. Also polyphosphates 
have been detected there [17,51]. These molecules have 
negatively charged functional groups, which can bind the 
positively charged Zn ions. The high Zn amount did not 
kill the cells, but caused severe damage, which can be 
observed in the disorganization of the whole interior. So 
the somehow disrupted thylakoid membranes (TM) of 
the chloroplast can be seen in the BF-STEM image of the 
cells treated with Zn (Figure 1(a)). In contrast to the 
untreated cells (Figure 1(b)), also shrinkage of the cell 
membrane away from the cell wall can be observed. The 
structural damage of microalgae exposed to sublethal 
concentration of metals has been investigated by nume- 
rous researchers. Severe injury of organelles due to 
membrane damage was often observed [35,52,53]. In the 
blue-green alga Anabaena flos-aquae the thylacoid mem- 
branes and in the green alga Chlorella the chloroplast 
appeared to be the primary target [37,54]. In S. obliquus 
loss of cell chloroplasts and deformation of cell mem-
branes were observed after incubation with elevated Zn 
concentrations [55]. This is due to the fact, that photo-
synthetic activity is inhibited by Zn application to 
Scenedesmus sp. [21]. The shrinkage of the cell away 
from the cell wall has also been observed in blue-green 
algae after treatment with Cd [54]. 

In addition, the existence of deposits within one cell 
treated with Zn with distinctly different appearance was 
revealed (Figures 3(a)-(c)). Deposits consisting of fine 
(FS) and coarse (CS) structured material are coexisting 
within the cell. According to our XEDS experiments 
(Figure 3(d)), the Zn/P at% ratio for CS and FS is 1:4 
and 2:3, respectively, as determined from 50 measure- 
ments in total. An increased amount of Ca in FS com- 
pared to CS deposits is unambiguously detected (Figure 
3(d)). It is important to mention that CS deposits are pre- 
sent in cells in much higher amount compared to FS de- 
posits. XEDS measurements from several different deposits 
in cells showed that Zn and P are always accumulated 
together, however there might be differences in their ratios. 

In the STEM images of Zn treated S. obliquus, depo- 
sits of material within the cells are clearly recognizable 
(Figures 1, 2(a) and (b)). Images at higher magnification  
 

 

Figure 1. BF-STEM image of (a) Scenedesmus obliquus cells exposed to 6.53 mg Zn dm–3 for 4 weeks. A number of electron- 
dense deposits are visible (arrows). Shrinkage of the cell away from the cell wall can be observed (white arrow head). BF- 
STEM image of (b) a control cell. A XEDS spectrum acquired from a cell area (black arrow in Figure (b)) is shown in Figure 
(c). The Cu signal is from the grid and the Os signal is due to fixation. Holes (white arrows in Figure (b)) are most likely re-
sulting from the preparation and dark round spots (marked with white arrow heads) are aggregations of Os from the fixative. 
TM: Thylakoid membranes; N: Nucleus; S: Starch grains. 
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Figure 2. BF-STEM image (a) of Scenedesmus obliquus cells exposed to 6.53 mg Zn dm–3 for 4 weeks. The layered structure of 
the cell wall is clearly recognizable. Shrinkage of the cell away from the cell wall can be observed (white arrow head). Several 
electron-dense deposits are visible (black arrows). In the ADF-STEM (b) image, the deposits in shape of needles are shown 
(the leftmost deposit in Figure (a)). Selected area electron diffraction (SAED) pattern from the area including needle-shaped 
deposits is shown in inset of Figure (b). Positions of XEDS spectra shown in Figure (c) are marked (white arrows) in Figure 
(b). Note the increased amount of Mg in the spectrum acquired from the areas containing needle-shaped deposits (spectrum 1 
in Figure (c)). The Cu signal is due to the grid. 
 
In control cells without Zn-treatment neither Zn nor P 
could be detected (Figure 1(c)). 

These findings are in accordance with the above men- 
tioned detoxification mechanism of green algae, using 
polyphosphate to sequester toxic ions [19,37]. Polyphos- 
phate, pyrophosphate and orthophosphate, as well as P, 
Ca and Mg are present in polyphosphate bodies of these 
microorganisms [31,32]. Our findings indicate that the 
observed deposits refer to Mg and Ca containing poly- 
phosphate bodies where the Zn ions have been seques- 
tered to detoxify the cells. During the detoxification 
mechanism of the living cells also needle-shaped struc- 
tures are formed which contain P, Zn and Mg. 

To our knowledge, this is the first proof of the produc- 
tion of Zn-phosphate-based nano needles by living algae. 

In Chlamydomonas acidophila, a green alga, deposits 
containing Cd and phosphate were found after Cd treat- 
ment [33]. In bacteria, intracellular electron-dense inclu- 
sions were found after treatment with Pb, identified by 
XEDS as crystalline Pb-phosphate [56]. A later study on 
bacterial accumulation of lead via TEM/XEDS could not  
support these results; the authors found that the Pb-rich 
polyphosphate bodies are polymers not crystals [34]. 

According to our results, also in this study Ca was found 
to be associated with the Pb-rich polyphosphate bodies. 
The authors suggest that a part of the Ca ions normally 
associated with polyphosphate bodies are exchanged by 
Pb ions. 

3.3. Fluorescence of the Zn-Treated Cells 

Crystalline zinc phosphate particles show blue lumines- 
cence, as measured by photoluminescence spectroscopy 
(data not shown). According to that, we investigated the 
living, Zn-treated cells and untreated controls via fluo- 
rescence microscopy. Zn-cultivated cells show a strong 
fluorescence, mainly on the cell wall or cell membrane 
and in areas inside the cells close to the cell rim (Figures 
4(a) and (b)). In contrast to this finding, the untreated S. 
obliquus cells do not show any fluorescence (Figures 4(c) 
and (d)). These fluorescence results support the STEM/ 
XEDS findings in indicating that a Zn-phosphate-based 
material is generated by the living algae. The involved 
fluorescent intracellular deposition sites cannot be identi-
fied in detail by this method, but we assume that they 
should be the polyphosphate bodies, known to be 
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Figure 3. BF-STEM image (a) of Scenedesmus obliquus cells exposed to 6.53 mg Zn dm–3. BF- (b) and ADF-STEM (c) images 
showing a magnified area marked in (a). Two types of deposits with different Zn/P ratios are present in the cell, appearing as 
fine structured (FS) and coarse structured (CS) material. XEDS spectra (d) were acquired from positions marked in (c). Note 
the increased amount of Ca in the FS deposit. The Cu signal is due to the grid and the Os signal is from the fixative. 
 

 

Figure 4. Images of living Scenedesmus obliquus cells ob- 
served in a fluorescence microscope. When incubated in Zn- 
containing medium (a), the cells show blue fluorescence 
mainly at the cell rim and in compartments inside the cells 
(b), indicating that a Zn-containing phosphate has been 
produced. Cells cultivated in a medium without Zn (c) do 
not show fluorescence (d). 

the sequestering place for metals in the detoxification 
mechanism [19,37]. Formation of a Zn-phosphate-based 
fluorescent material in living algal cells, namely in or 
near the cell wall or cell membrane, has not been re- 
ported yet. The obtained experimental results can be cor- 
related with the detoxification mechanism reported for 
green algae. In the first step, toxic metal ions bind on the 
cell wall of the algae [13,14]. In the cell walls of green 
algae also polyphosphates are located [17,51]. In the next 
step, some of the metal ions are transported into the cell 
[18]. In order to detoxify the cell interior, they can build 
complexes with phosphates [11,12]. Our results indicate 
that the Zn-phosphate complexation takes place directly 
after the transportation of the metal ions into the cell, 
resulting in fluorescent particles near to the cell mem- 
brane. It is also possible that a part of the Zn ions keep 
bounded to the polyphosphate in the cell wall and cell 
membrane, resulting in the fluorescence of these cellular 
compartments. This is supported by our ICP-OES mea- 
surements, by which a part of the Zn ions were detected 
on the cell wall. In the bacterium Citrobacter, cadmium 
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phosphate was found on the cell surface after cultivation 
in Cd- and P-containing medium, also bacteria have 
negatively charged functional groups on their cell surface 
[57]. In Chlorella, polyphosphates are located outside the 
cell membrane and are complexed with divalent metal 
ions [51]. 

4. Conclusions and Outlook 

In summary, we produced Zn-phosphate-based deposits 
in the shape of nano needles through biomineralization 
mechanisms in living Scenedesmus obliquus cells. This is 
the first proof of a structured Zn-phosphate-based nano 
material produced by living algae. Thus we developed a 
new experimental protocol for the production of an inor- 
ganic functional material using the natural detoxification 
process of living cells which can be applied also for other 
substances. 

In addition, the Zn-cultivated algae show a strong fluo- 
rescence in areas, which most likely refer to the Zn and P 
containing deposits. The fluorescence spectra of these 
deposits and chlorophyll are different. The fluorescent 
living cells can be used for the labeling of probes in the 
biological or medical science, leading to real-time ob- 
servation, e.g. the feeding of algae eating organisms like 
sponges (Porifera) [58]. Since Scenedesmus cells show 
fluorescent behavior in presence of elevated Zn ion con- 
centration, they could be applied for the rapid testing of 
this toxic metal by fluorescence microscopy. 

In further studies, the produced zinc-phosphate-based 
material could be doped with e.g. Europium (Eu) or sil- 
ver (Ag) to change the optical characteristics and en- 
hance the fluorescence behavior of the material [2,59]. 
For this purpose, the algae could be treated with Eu or 
Ag ions additional to the Zn ions. Microalgae can be 
used for decontamination of wastewater due to their abi- 
lity of accumulating toxic ions intracellular [37,47]. 
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