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• image sample by raster scanning the sample through focused beam
• acquire & save full spectra (simultaneously) at each scan position
• analyze spectra at each scan position
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(6.7-23 keV, focus: 0.25 -0.5 µm)
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Biological Applications of X-ray 
Microprobe

• Microbial analyses
• Environmental studies
• Metal toxicity/Carcinogenesis/Cancer
• Chemotherapeutic drugs
• Infectious parasites/Anti-parasitic drugs
• Neurologic diseases
• Nanobiotechnology



• Alzheimer disease
– Related to beta amyloid (Abeta42) 

protein/oligomers deposition
– Amyloid precursor protein regulates 

Cu homeostasis
– Pathology

• Neurofibrillary tangles (tau 
protein) *

• Neuritic plaques (tau & Abeta) !
– Metal-protein-attenuation therapy 

improves cognition & lowers serum 
Abeta42 (Arch. Neurol. 2003;60:1685-
91)

• Lewy body diseases
– Pathology

• Lewy bodies in brainstem 
(Parkinson disease)

• Lewy bodies in brainstem and 
cortex (Dementia with Lewy 
bodies)

– Lewy bodies
• Composed of aggregated α-

synuclein, pre-synaptic 
protein—uncertain function

• Metals (Al, Cu, Fe, Co, Mn) 
trigger aggregation / fibrillation 
of alpha-synuclein (J Biol 
Chem 2001;276:44284-96)
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Properties of Titanium Dioxide Nanoparticles

-Smaller than 20 nm— “corner defects" and readily bind 
modifiers (dopamine)  

-Use of organic modifiers—semiconducting through metal 
oxide and organic modifier

-Charge pairs are separated into electropositive holes on the
donating organic modifier and the electrons in the 
conduction band of TiO2



Individual steps for binding of 5’ carboxyl group modified 
oligonucleotides to TiO2 nanoparticles using succinimide method.  In the 
first step COOH group is bound to O-N-succinimidyl-NNN’N’-
tetramethyluronium tetrafluoroborate in the presence of N-N-
diisopropylethylenamine.  In the second step the succinimidyl complex is 
replaced with dopamine via terminal amino group.  In the third step the 
dopamine end-labeled oligonucleotide replaces gycidil isopropyl ether 
modified TiO2 nanoparticle due to the higher stability of the dopamine 
TiO2 complex.



Atomic Force 
Microscopy 
image of TiO2-
oligonucleotide 
nanocomposites 
complementary to 
the lambda phage 
DNA following 
hybridization. 
White scale bar presents 
10 microns.
Color gradient presents 
height.

In the upper right corner 
is a Transmission 
Electron Micrograph of a 
single TiO2 particle 
showing its size (45 Å).



Properties of TiO2-DNA 
Nanoparticles

• Light- and radiation-induced DNA (and 
RNA) cleavage that is sequence-specific

• Ability to participate in enzymatic reactions 
(PCR)

• Subcellular localization (mitochondria, 
nucleoli)



Increased length of 
illumination increases DNA 
cleavage from the TiO2-DNA 
nanocomposite.

Groups of three wells (1 and 2) correspond to 
different nanocomposite-complementary 
oligonucleotide combinations.  Wells from group 1 
contain a combination of TiO2/30 nanocomposite 
and a radiolabeled complementary distal 20-mer.  
Wells from the group 2 contain TiO2/50 
nanocomposite annealed to a radiolabeled 
complementary distal 30-mer.  This is 
schematically presented on the sketch at the 
bottom of the figure. 
A black dot marks the position of the double-
stranded DNA, while a star marks the position of 
the single-stranded complementary 
oligonucleotide.
Bar graph below the electrophoretogram shows 
relative values of double-stranded DNA compared 
to single-stranded DNA.



Presence of
mismatches in the 
sequence of the 
oligonucleotide 
annealing to the TiO2–
DNA nanocomposite 
influences the yield of 
DNA cleaved from the 
nanocomposite.
All wells contain a TiO2/50 
nanocomposite annealed to a full 
match radiolabeled complementary 
distal 30-mer (well group 1) different 
mutated distal 30-mers (well groups 2-
5) containing each a set of four 
consecutive mutated bases, or two 
sets of four mutated bases (well group 
6).



Illuminated titanium 
dioxide cuts the 
attached DNA synthesized 
by polymerase 
chain reaction.





Element distribution maps of P, S, Cl, K, Ca, Ti, Mn, Fe, Cu, and Zn in a 
scan of a 90 x 90 µm area (in 2 x 2 µm pixels) containing twenty-eight 
HL60 cells transfected with Ti nanoparticles bound to the 
oligonucleotide complementary to the 18S rDNA (80 pmol of R18Ss -
TiO2 nanocomposites was added to 2 x 106 cells and incubated for two 
hours).  
The map of Ti distribution in this specimen section shows that eight 
cells contain titanium as a consequence of transfection. One such cell 
indicated by a pink arrow contains a total of 2.9 x 107 TiO2
nanoparticles (each nanoparticle contains 1400 Ti atoms). 



TiO2 nanocomposites with attached specific DNA sequence should 
be retained in those locations inside the cell where complementary 
cellular DNA sequence is located.

HYPOTHESIS

Nuclear DNA Mitochondrial DNA



Image obtained at Northwestern Cell Imaging Facility



Comparison of phosphorus, zinc, and titanium signals, and their overlap, in a) 
cell transfected with “free” TiO2 (left four panels) and b) cell transfected with a 
combination of TiO2-DNA nanocomposites MIT1s-TiO2 and MIT2s-TiO2 (right 
four panels).

PC12 cells were transfected with a combination of nanoparticles/
nanocomposites for 4 hours, washed for 2 hours, detached from the Petri dish, 
and transferred onto formvar coated EM grids, fixed, dried and scanned.



Individual mitochondria were isolated from PC-12 cells 
transfected by the “mitochondrion-specific” nanocomposites 
and applied onto EM grids for visualization at 2-ID-E beamline
of XOR-CAT at the APS.



X-ray 
fluorescence 
maps (linear 
scale) of the 
elements P, Ti 
and Zn and 
overlapping 
image (K) 
show that the 
Ti signal is in 
the 
mitochondria.



EM image of the MCF-7 
cell showing presence of 
nanocomposites on two 
locations in the nucleus.

Image obtained at Northwestern Cell Imaging Facility



Individual nuclei were isolated from PC-12 cells transfected by 
the “nucleolus-specific” nanocomposites and applied onto EM 
grids for visualization at 2-ID-E beamline of XOR-CAT at the 
APS.



Element distribution maps of 
K, Ti, and Zn in a single HL60 
cell nucleus transfected with 
nanocomposite 
complementary to ribosomal 
DNA (nucleolar DNA).

0.2 µm x 0.2 µm step scan of 
a single nucleus isolated 
from HL60 cells following a 
transfection by SuperFect 
reagent, with 80 pmol of 
R18Ss-TiO2 hybrid 
nanocomposite, and 160 
pmol of “free” R18Sas 
oligonucleotide applied onto 
4x 106 cells incubated for 2 
hours. 



Kα X-ray fluorescence signals of 
phosphorus, zinc, and titanium, and 
overlapped with each other, showing 
the highest titanium signal density in a 
circular subregion of the nucleus 
resembling of a nucleus.  

Area covered by this scan was 
21 x 21 µm with a single nucleus 
isolated from HL60 cells transfected 
with R18Ss- TiO2 nanocomposite, and a 
“free” R18Sas oligonucleotide.  By its 
size and shape this nuclear subregion 
closely resembles the nucleolus—
subregion of the interphase nucleus 
where rDNA is located, and would 
therefore be the most likely nuclear 
location for retention of an R18Ss 
oligonucleotide activated TiO2 
nanocomposite.  Presumably, such 
retention would be dependent on 
hybridization/annealing of R18Ss-TiO2 
nanocomposite with the genomic 
ribosomal 18S rDNA.

Nature Materials (2003) 2:343-346





Properties of TiO2-DNA 
Nanoparticles

• Light- and radiation-induced DNA (and 
RNA) cleavage that is sequence-specific

• Ability to participate in enzymatic reactions 
(PCR)

• Subcellular localization (mitochondria, 
nucleoli)



HYPOTHESIS

Part I) 
TiO2 nanocomposites with attached 
specific DNA sequence should be 
retained in those locations inside the 
cell where complementary cellular DNA 
sequence is located.

Part II)
Excited TiO2 nanocomposites (illuminated by electromagnetic 
radiation higher than 3.2 eV = white light to gamma-rays) will do charge 
separation—keeping electrons inside TiO2 nanoparticles and releasing 
electropositive holes onto attached biomolecule—DNA.
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