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Synthesis and structure of free-standing
germanium quantum dots and their application in
live cell imaging†

Ali Karatutlu,*af Mingying Song,a Ann P. Wheeler,b Osman Ersoy,a William R. Little,a

Yuanpeng Zhang,a Pascal Puech,c Filippo S. Boi,d Zofia Luklinskae

and Andrei V. Sapelkina

Free-standing Ge quantum dots around 3 nm in size were synthesized using a bench-top colloidal method

and suspended in water and ethanol. In the ethanol solution, the photoluminescence of the Ge quantum

dots was observed between 650 and 800 nm. Structural and optical properties of these colloidal Ge

quantum dots were investigated by utilizing X-ray diffraction, X-ray absorption spectroscopy, Raman

spectroscopy, and photoluminescence spectroscopy and transmission electron microscopy. The

structure of the as-prepared Ge quantum dots that were found is best described by a core–shell model

with a small crystalline core and an amorphous outer shell with a surface that was terminated by

hydrogen-related species. As-prepared Ge quantum dots were suspended in cell growth medium, and

then loaded into cervical carcinoma (HeLa) cells. The fluorescent microscopy images were then

collected using 405 nm, 488 nm, 561 nm and 647 nm wavelengths. We observed that, based on

fluorescence measurements, as-prepared Ge quantum dots can remain stable for up to 4 weeks in

water. Investigation of toxicity, based on a viability test, of as-prepared uncoated Ge quantum dots in

HeLa cells was carried out and compared with the commercial carboxyl coated CdSe/ZnSe quantum

dots. The viability tests show that Ge quantum dots are less toxic when compared to commercial

carboxyl coated CdSe/ZnS quantum dots.

Introduction

Real time monitoring of a cell's function and state can be

carried out by using visible and near-infrared emitting lumi-

nescent nano-scale particles, which are also known as

quantum dots (qdots).1,2 The repetition and reliability of the

luminescence at room temperature from various inorganic

qdots make them excellent candidates for the detection of

biomolecular interplay and imaging applications in vivo.2–6

qdots also have a high resistivity to photobleaching and their

narrow emission and broad absorption bands can be tuned by

varying the particle size and composition. Thus, quantum

yield, small size and lack of photobleaching are some of the

reasons why qdots are becoming a popular alternative to

uorescent organic dyes for biological uorescent imaging.4,7

CdSe/ZnS-based qdots currently hold the dominant position

in bio-imaging applications. However, CdX (X ¼ Se, Te) qdots

show signicant levels of cytotoxicity when used in cell

imaging/diagnostics.8,9 When CdSe has been coated with ZnS

there is still a considerable cytotoxic effect.10 At the end of

24 h, approximately 40% of the macrophage cells was

observed as killed even with small concentrations of CdSe/ZnS

qdots (e.g. 2.5 nM).

An alternative system is the InP qdots, however, production

of high quality qdots is more challenging for these materials

than for the Cd-based systems.3 Group 4materials (C, Si and Ge)

can offer a viable alternative due to relatively low toxicity.6,11,12

Their optical properties can also be radically enhanced by

exploiting the quantum connement effect (QCE).13–16 Ge qdots

are expected to show these unique properties in accordance

with the QCE for relatively large particles due to the fact that its

exciton Bohr radius is estimated to be larger (RB ¼ 24.3 nm)
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than that of Si (RB ¼ 4.9 nm).17 One of the fundamental prob-

lems that preclude the wider use of Si and Ge in imaging

application is an indirect band gap that results in a relatively

inefficient light emission. However, this can be improved by

the QCE as has originally been demonstrated for porous Si by

L. Canham in 1991.13,14 Modifying the surface species can also

alter the optical properties of these qdots and can improve

their stability by saturating the dangling bonds for instance

by hydrogen or carbon atoms.18,19 For over 20 years various

physical and chemical routes of the synthesis of Ge qdots

have been reported.15,20,21,17,22–29 A novel and signicant

method of colloidal synthesis, particularly reducing the

halides (GeI2/GeI4), was recently reported as the most elegant

method in terms of size/shape modication and the stability

of Ge qdots.28–30 However, this method requires the high

temperature Schlenk technique which makes it rather elabo-

rate. Recently, colloidal synthesis methods26,30 have become

available using room temperature benchtop chemistry. These

methods seem to yield small Ge qdots and allow for some

control over size selectivity as well. However, potential suit-

ability of these Ge qdots for bio-applications would signi-

cantly depend on their atomic structure, morphology and

surface termination as each of these physiochemical proper-

ties are essential to understand the toxicity of qdots.31 For

example, oxygen-terminated Ge qdots may have limited use in

bio-application due to water solubility of germanium oxide. It

has been suggested26 that, following the benchtop colloidal

synthesis, the structure of as-prepared Ge qdots is amorphous

(based on the X-ray diffraction), while the sample seems to be

crystalline according to the selective area electron diffraction

(SAED) results.27 The latter may suggest a transformation to a

crystalline phase due to annealing in the highly energetic

electron beams used in TEM. The nature and stability of the

surface is also unclear. Furthermore, there are some reports

suggesting a Ge tetragonal phase (ST-12 phase) may be

obtained upon deposition by the cluster beam evaporation

technique,32,33 releasing of high pressure34 or annealing at

high temperature. There are also some studies including

lithiation35 and aging36 that show ST-12 phases mixed

together either with lithium atoms or the diamond cubic

phase of Ge. The ST-12 phase has a potential for opto-

electronic applications since it is predicted to be a direct

band gap material (Eg ¼ 1.47 eV).37

Despite the potential in the biomedical applications of Ge

qdots there are few studies on biological imaging and the

toxicity of Ge qdots.38,39 Herein we present a slightly modied

method of the preparation of Ge qdots to yield colloidally

stable Ge qdots. We use a combination of direct visual tech-

niques, such as TEM, together with short range

(X-ray absorption spectroscopy, Raman and long range

(XRD, Raman) sensitive structural methods to investigate

atomic arrangements on the sub-nanoscale. We test

biocompatibility of Ge qdots using the viability test and

compare it with the commercial carboxyl coated CdSe/ZnS

qdots. We also assess the potential of Ge qdots for cell

imaging applications.

Experimental
Materials and methods

Materials. The chemicals, GeCl4 (>99%), ethylene glycol

(ETG, 99%), and 2 M of sodium borohydride solution in tri-

ethylene glycol dimethyl ether (‘the triglyme’) were used as

purchased from Sigma–Aldrich. Polyvinylpyrolidine (PVP) (MW

¼ 630.000) were used as purchased from Tokyo-chemicals.

Synthesis of Ge qdots

Ge qdots, named as CS1, were synthesized by a slight modi-

cation of a benchtop colloidal synthesis route27 which produces

CS1 suspended in water and ethanol. In the rst part of the

synthesis 265 mL of GeCl4were reduced using a solution of 10ml

of ETG and 50mg of PVP. 6 ml of the triglyme was then added at

a rate of 90 ml h�1 for the rst 2 ml and then 9 ml h�1 for the

remaining 4ml. This controlled addition process of the triglyme

was performed with a syringe pump into a 3 neck round bottom

beaker in which the solution was bubbled using a continuous

H2Ar (5%/95%) gas ow with an inlet of a micro-tube through

the solution. The formation process took approximately 1 h and

the nal product was separated from the colloidal chemical

solution by 10 min of centrifugation at 10 000 rpm.

Characterization of Ge qdots

Aer the synthesis, Raman spectroscopy and photo-

luminescence (PL) spectroscopy measurements were conducted

with a Renishaw 1000 spectrometer. A diode laser at a wave-

length of 473 nm was used for CS1, whereas for the Ge–H

stretchingmode of CS1, a He–Ne laser at a wavelength of 633 nm

was used. TEM measurements were taken using a JEOL 2010 to

characterize the morphology and the size of CS1. Gatan digital

micrograph soware was used for the size analysis by TEM. XRD

and EXAFS measurements were conducted in the beamline B18

(ref. 40) at Diamond Light Source in the UK. The EXAFS

measurement was carried out at T ¼ 100 K using a cryojet

system. ATHENA41 was used to extract the absorption spectrum

from the raw data. Then, the structural parameters were

determined using the least squared t of the EXAFS data in r-

space with ARTEMIS41 by FEFF6 code42 within the tting range

of the photoelectron momentum (k) and the non-phase cor-

rected radial distribution distance (r) of 3–16 Å�1 and

1.67–2.55 Å respectively. Energy resolution of EXAFS experiment

was 1 eV.

Cell culture

The cervical carcinoma cells (HeLa cells) were cultured in a

growth medium (89% high glucose DMEM, 10% Foetal Calf

Serum, 1% Penicillin & Streptomycin) with various densities

inside 6-well plates according to the following trials. Cells were

split once a week and incubated in a 5% CO2 atmosphere at

37 �C. In the xation steps, cells were rstly washed 2 times with

phosphate buffered saline solution (PBS), and incubated with

2 ml of 4% paraformaldehyde solution (PFA) per well for 10 min

at room temperature, followed by washing 3 times with PBS.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 20566–20573 | 20567
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Fixed cells dishes or plates were then stored in a fridge for 24 h

before post procedures.

Visualization of Ge qdots in HeLa cells

In order to investigate the Ge qdots impacts on HeLa cells,

sample of HeLa cells with Ge qdots were prepared and imaged.

HeLa cells were seeded on a glass coverslip in a 6-well plate at a

density of 5.0 � 103 cells per ml per well, incubated overnight

with 50 nmole of Ge qdots per well. Ge qdots were synthesized,

suspended in water and sterilized under UV light for 15 min. Ge

qdots were re-suspended in growth medium. Ge qdots with

different concentrations suspended in growth medium were

loaded to the HeLa cells. The cells were xed with PFA prior to

uorescence imaging.

Fluorescence images were acquired on a spinning disk

confocal microscopy (consisting of a Nikon ECLIPSE TE2000-s

microscope, a YOKOGAWA CSU-x1 spinning disk, and a 100�

objective, NA 1.4). Sample was excited with four different

wavelength lasers (405 nm, 488 nm, 561 nm and 640 nm).

Images were captured using an Andor-iXon3 885 camera and

data were post processed on ImageJ.

The incoming laser was modulated through an acousto-

optical tunable lter (AOTF) before being recorded by CCD

camera. The reected light from a mirror sample slide were

recorded using an optical power meter (Newport 1916 C).

Cell viability test

Once the optical stability of Ge qdots (CS1) in cells was

conrmed the toxicity test was performed. Series of viability test

were taken and each test were repeated 3 times.

To examine the toxicity, fresh CS1 samples were produced

and tested on HeLa cells. HeLa cells were cultivated as

described in section 2.3. Cells were seeded into a 12-well plate at

a density of 5.0 � 103 cells per ml per well. Ge qdots were added

into different wells aer a whole night, at the concentration of 0,

10, 100, 200, 300, 400, 500, 600 nmole. Viability of HeLa cells

were tested on a MuseTM Analyser aer 24 h. In every viability

measurement, at least 1000 cells were counted.

Regarding the long term effect of Ge qdots on live cells

viability, HeLa cells were cultivated on a 12-well plate at a

density of 15.0 � 103 cells per ml per well. CS1 was diluted into

two concentration solutions of 25 nmole, 250 nmole.

Cell viability was analysed at 24, 48 and 72 h. Simulta-

neously, comparison tests were performed with commercial

qdots (Qdot 625 ITK Invitrogen A10200:CdSe/ZnS core and shell

structure, emission peak at 625 nm). In every viability

measurement, at least 1000 cells were counted.

Results and discussion

Scheme 1 demonstrates how the experiment was conducted and

a brief formation mechanism of Ge qdots (CS1) reduced from

GeCl4. CS1 were prepared by nucleation of Ge atoms liberated by

the reduction of GeCl4 (ref. 27) with a slight modication as

designated in the scheme.

A possible formation mechanism of Ge qdots reducing from

GeCl4 is outlined as follows:

BH4
� + GeCl4/ GeCl4H

� + BH3 (1)

2(GeCl4H
�)/ 2Cl� + 2(HGeCl3) (2)

2(HGeCl3)/ 2(GeCl2) + 2HCl (3)

HxCly + GeCl2/ GeHxCly (4)

In the process of the production of Ge qdots by the colloidal

synthesis route, the reaction is initiated upon a hydrophilic

attack of BH4
� to GeCl4 as a source of a hydride ion (eqn (1))

which can then lead to the formation of GeCl3H (eqn (2)). Then,

the removal of HCl from GeCl3H (eqn (3)) could form reactive

germanium(II) species such as GeCl2, which could then be

Scheme 1 Schematic illustration of formation of luminescent Ge qdots by colloidal synthesis. (a) GeCl4, PVP and ethylene glycol mixed before

infusing NaBH4 in the triglyme into the solution (see experimental procedure for the details) Here, instead of Ar gas 26, H2Ar (5%/95%) gas were

used to purge the solution in order to prevent possible oxide formation (b) 2 ml of NaBH4 in the triglyme was added to the solution initially with

the rate of 90 ml per min using a syringe pump. Then, the rate was reduced to 9 ml min�1 for the rest 4 ml of NaBH4 in the triglyme.
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inserted into GeHxCly molecular clusters (eqn (4)) to act as

intermediates in the formation of Ge nanoparticles.

The images of CS1 immediately aer production, and sus-

pended in ethanol, are shown in Fig. 1(a). CS1, which was then

placed onto a quartz boat aer being dried by Ar gas, can also be

seen in Fig. 1(b). The particles are yellow in color.

Raman spectroscopy was used as a rst analysis technique to

understand the structural properties of CS1 as well as to esti-

mate the average size of particles. Raman spectroscopy

measurements are shown together with the analysis of the data

in Fig. 1(d). We observed a broad asymmetric peak just below

300 cm�1 as expected for diamond-type Ge qdots.20 In addition

to the shi in the peak position relative to the bulk Ge optical

phonon mode (300 cm�1),43 the Raman spectrum of free-

standing CS1 (see Fig. 1(d)) has an asymmetrical Lorentzian-

like shape which is an indication that the sample is nano-

crystalline.23,44 We used the well-known Richter–Fauchet–

Campbell (RFC) model45,46 based on phonon connement to

estimate the mean size of CS1 by tting the corresponding

phonon connement expression to the data. We obtained the

particle size to be approximately 3.2 nm for the Raman spec-

trum given in Fig. 1(d). The residual signal between the RFC

model and the experimental spectrum is also shown in Fig. 1(d).

There is a broad peak close to 250 cm�1. Possible origins of this

residual might be due to (i) limitation of the phonon conne-

ment model for very small nanoparticles,47 (ii) amorphous

component48 or (iii) a metastable phase.36,49

The inset in Fig. 1(d) shows a broad peak centered at about

2000 cm�1 that was assigned to the Ge–H stretch mode of CS1.

Hydride termination of Ge nanocrsytals using FT-IR studies was

reported by several authors with a broad stretching mode

between 1900 cm�1 to 2100 cm�1.50,51,18,52 As a complementary

technique, EDS data was utilised and shows the traces of Ge (see

Fig. S5 in ESI†).

In Fig. 2(a), the TEM results are shown for CS1. The TEM

micrograph of CS1 in Fig. 2(a) shows the mean size of CS1 to be

3.68 nm� 0.62 nmwith a very narrow size distribution from out

of 200 qdots of CS1 in Fig. 2(c). Comparison of the size analysis

Fig. 1 (a) Picture of Ge qdots (CS1) as-prepared and suspended in ethanol after centrifugation (b) Ge qdots in powder form after dried with Ar gas

(c) luminescent picture of red emitting Ge qdots (the excitation wavelength was 325 nm). Scale bars (all with blue colors) in (a), (b) and (c) are

10 mm, 17 mm and 0.75 mm respectively. (d) Raman shift of CS1 (red circles) shows an asymmetric Lorentzian peak positioned at 290 cm�1

obtained after the RFC fit (blue color). Residual between Raman data of CS1 and the RFC fit is shown and fitted with a Voigt fit (magenta color)

which results in peak position of 250 cm�1. Raman of bulk Ge (black colored diamond) is shown to have a peak position at 300 cm�1. In a-Ge,

there is one but a very broad and asymmetric peak65 at 275 cm�1. (See ESI† for Raman of a-Ge reproduced from ref. 65). The inset in (d) shows

stretching mode at 2048 cm�1 between Ge and H. For Raman shift and photoluminescent spectroscopy measurements, an excitation wave-

length of 473 nm was utilized. (e) X-ray diffraction (XRD) (l ¼ 1.544 Å, E ¼ 8047 eV) (f) normalized UV-Vis absorption spectroscopy and pho-

toluminescence spectroscopy measurements. The inset core–shell schematic in (e) clarifies the discrepancy between Raman and XRD size

calculations such as 3.2 nm and 1.54 nm respectively.

This journal is © The Royal Society of Chemistry 2015 RSC Adv., 2015, 5, 20566–20573 | 20569
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of CS1 by TEM and the RFC model using Raman spectroscopy

results are given in Table S1 (see the ESI†).

X-ray diffraction (XRD) is frequently used to determine the

size and structure of CS1.
19,20 Fig. 1(e) shows the background

subtracted XRD signal for CS1. The broad peak may suggest a

large degree of disorder in samples, but may also be due to the

small size of particles. XRD of amorphous Ge (a-Ge) qdots

(FWHM ¼ 12.68�)27 are found to give a somewhat broader peak

compared to the XRD here (5.48�, Fig. 1(e)). Using the Scherrer

expression,21 we obtained the size of CS1 as 1.54 nm. This is to

be compared with 3.20 nm and 3.89 nm values extracted from

the Raman and TEM respectively. Thus there is a clear

discrepancy among TEM, the Raman and XRD results. Given

that we do not observe any appreciable number of particles of

sizes below 2 nm for CS1 in TEM (see histogram in Fig. 2(b)),

this suggests a degree of disorder in our samples, but not as

much as in typical a-Ge. One possibility that may explain the

result is a core–shell model with a small crystalline core and an

Fig. 2 (a) TEM micrograph of CS1. The graph in (b) is the size distribution of Ge qdots out of 200 qdots. The mean size of Ge qdots was found to

be 3.68 nm � 0.62 nm.

Fig. 3 FT modulus of k
2-weighted EXAFS spectrum of Ge qdots

as-prepared (CS1) at Ge K-edge shows only one peak attributed to

local disorder and oxide-free surface. The figure also shows the fit, the

residual between the fit and the data and the window of the fit. The

models of the diamond cubic type of Ge is also demonstrated. The

range of the models were chosen between 0–3 Å for the first shells

only.

Fig. 4 Cell viability of CS1 when cultured with various concentrations

of CS1 at the end of 24 h is shown in (a). Confirmation of the viability

test of CS1 and its comparison with commercial Invitrogen (carboxyl

coated CdSe/ZnS) qdots at 25 nmole concentration at different time

points show Ge qdots are relatively promising as given in (b).
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amorphous outer layer (see the inset of Fig. 1(e)). This would

certainly be consistent with the theoretical modelling of small

Ge qdots reported previously.53

Extended X-ray absorption ne structure (EXAFS) at Ge

K-edge was used to examine the local environment around Ge

atoms and shed light on the possible atomic arrangements.

Fig. 3 shows the magnitude of the Fourier transform (MFT) of

the k2-weighted EXAFS signal, which provides a convenient

way to visualize the average local environment around Ge. One

can see that only a single peak corresponding to a Ge–Ge bond

in the MFT of the EXAFS signal (the rst coordination shells at

2.437 � 0.011 Å for the diamond cubic structure – see the ESI†

for the details of the t) exists. The presence of only the rst

coordination shell in the MFT of the EXAFS signal is due to a

structural disorder beyond the rst coordination shell and the

small size. The lack of the Ge–O related signal (at around

1.73 Å) indicates no signicant amount of oxides are present

in the as-prepared sample. Still, the surface must be termi-

nated and the Ge–H symmetric stretching vibrational mode

was observed (as evidence by the Raman data, see inset

Fig. 1(e)). Clearly, pure H-terminated Ge qdots are unlikely to

be colloidally stable due to the hydrophobic nature of the

surface. Therefore, it's quite possible that colloidal stability

can be achieved through the bonding of surface hydrogen to

other species (e.g. ethoxide as discussed, for example, in other

reports54).

Crystalline bulk Ge has an indirect band-gap that lies within

the infrared region of energies (Eg ¼ 0.67 eV, 1850 nm).55 In

order to determine the optical absorption/emission properties

of any qdots, such as Ge or CdSe/ZnS, UV-Vis absorption spec-

troscopy and the PL spectroscopy is widely used.20,21,28 Broad

UV-Vis absorption spectrum of CS1 suspended in ultra-pure

water is shown in Fig. 1(f). The data show that the absorption

has a shoulder at ca. 400 nm (3.1 eV). However, the PL peak is

found in Fig. 1(f) at 680 nm (1.82 eV) suggesting that the nature

of emission and absorption events are different. One reason for

this could be due to GeHxCly molecular clusters instead of Ge

particles. This would be consistent with the Raman signatures

and more importantly explain the presence of the narrow

emission spectrum. Moreover, it will yield the stable emission

of these molecular clusters in a cell growth environment. It is

well-known that the surface contribution to the emission

spectra19,56–58 may be signicant due to the high probability of

excitons being captured by the surface states with a subsequent

recombination. On the other hand, H-terminated a-Ge59 (1.1 eV)

was found to have larger band gaps than that of a-Ge60 (0.5 eV)

or bulk Ge (0.67 ev). Thus, both the large amorphous interme-

diate region inside the qdot and the surface affect the light

emission in CS1.

CS1 synthesized here represents a novel uorescent product

with a potential for bio-applications. Therefore, the biocom-

patibility and stability of CS1 for uorescent imaging was tested

Fig. 5 Fluorescence images of CS1 in (a) to (d) acquired at various excitation wavelengths; 405, 488, 561, 647 nm shows respectively the range of

optical usability. The detected laser power was around 550 nW in the fluorescence images (see also the ESI†).
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on HeLa cells. First, it was necessary to understand the

concentrations of Ge qdots that can be suitable for live cell

applications. Cell viability as a function of Ge qdot concentra-

tion in cell growth medium is shown in Fig. 4(a). The results

suggest that concentrations below 100 nmole give values of

viability close to the qdot free reference. Cell number and

viability were found to depend on Ge qdot concentrations and

reduced relatively quickly when seeded with a higher concen-

tration of Ge qdots of 200 nmole (see Fig. 4(a)). We further

compared the viability of our un-coated as-prepared Ge qdots

with commercially available (Invitrogen) carboxyl coated CdSe–

ZnS qdots. Fig. 4(b) shows the results of the viability tests that

were taken over 72 h and clearly indicates a higher level of

biocompatibility of uncoated as-prepared Ge qdots as compared

to the commercial carboxyl coated CdSe/ZnS qdots. When using

smaller concentrations of the commercial carboxyl coated

CdSe/ZnS qdots (e.g. 10 nmole), then the viability results show

very little impact on cell viability (see Fig. S4 in ESI†). There are a

number of mechanisms61 reported which are related to CdSe

based qdots which might affect their toxicity. Along with the

leaking of Cd ions, the CdSe/ZnS qdot degradation, due to an

oxide enriched environment, may result in free radicals

formation which are understood to contribute to toxicity.

Coating CdSe qdots with ZnS helps to decrease Cd ions

desorption, although it does not stop the CdSe qdots degrada-

tion. In addition to the ZnS coating, commercial carboxyl coated

CdSe/ZnS qdots might help slow the CdSe qdot degradation

even further. Nevertheless, about 50% of all HeLa cells were

killed aer 72 h as shown in Fig. 4(b). However, this is not the

case for Ge. It has been reported in a wide range of studies62–64

that Ge can play a therapeutic role by binding free radicals in

cells via oxidation Ge.

We tested the CS1 suitability as a marker for the long term

uorescent imaging of the HeLa cells by using the spinning disk

confocal microscopy. The luminescent images from the HeLa

cells loaded with CS1 seem to suggest that the Ge qdots have a

higher emission efficiency with the excitation wavelength of

405 nm rather than that of 647 nm, at which there is nearly no

emission. This result is consistent with our optical absorption

measurement (Fig. 2(f)). Based on the uorescent images in

Fig. 5, it is clear that CS1 has reasonably good emission

brightness when excited with an appropriate wavelength,

despite having relatively lower luminescence efficiency

compared to commercial carboxyl coated CdSe/ZnS qdots.

Conclusions

Reecting upon our collected data, we were able to synthesize

colloidally stable Ge qdots. Combined EXAFS, XRD, Raman and

TEM measurements suggest a core–shell structure of Ge qdots

with a crystalline core, an amorphous outer layer and a surface

with hydrogen-related species. Using Ge qdots, the luminescent

images of HeLa cells were obtained for various excitation

wavelengths, which indicate that using Ge qdots as a uores-

cence probe is applicable in light microscopy. We tested toxicity

of Ge qdots on HeLa cells. The toxicity of Ge qdots and

commercial carboxyl coated CdSe/ZnS qdots were investigated

using a viability test and from this the Ge qdots were found to be

the least toxic of the two. Cells with Ge qdots survived even aer

3 days, which suggests that, as well as basic research, the qdots

could be used in medical research, clinical imaging and drug

screening trials.
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