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Science & Technology Gap in NanobiotechnologyScience & Technology Gap in Nanobiotechnology

Well developed

 

(relatively speaking): DNA, RNA and proteins 
Less well developed:

Carbohydrates
Metabolites:         metal ions: calcium, iron…. 

organic molecules: ATP, NADH, hormone, receptor….
(biomarkers for biological events such biomass conversion)

Invasive species: metal ions: lead, mercury…
organic molecules: dioxins,

 

pesticides, PCBs, melamine..
(biomarkers for diseases such as cancer)

A number of non-DNA/RNA/Protein biomarkers remain to be discovered and detected
Correlation of metabolites/biomarkers with DNA/RNA/Protein levels and with biological function 
is an unmet challenge in nanobiotechnology.

Sarcosine: Prostate cancer marker 
in urine (Nature, 2009, 457, 910)



Metabolites/markers in biology and
 

environmentMetabolites/markers in biology and
 

environment
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• Essential Metal ions
• Bulk and essential non-metal ions
• Non-essential biological elements
• Toxic metal ions
• Radionuclides

Metabolites/markers are large in numbers, subtle in structural differences, small in quantities. 
Therefore they represent new unique challenges and opportunities

 

in nanobiotechnology.



Instrumental Analyses for Metabolites/biomarkersInstrumental Analyses for Metabolites/biomarkers

Mass spectrometryInductively Coupled Plasma 

Disadvantages
Require sophisticated equipment, sample-

 pretreatment, and skilled operators
difficult for in-situ, on-site, remote or 

real-time

 

detection/imaging

Advantages
 Industrial standard


 

Highly sensitive (down to 
~ppb or less)


 

Detect a number of 
analytes simultaneously



?
 

a general
 

method to obtain molecules for any
 

specific 
target (e.g., Pb2+, Amphetamine, cocaine, Ricin, cancer)

?

 

a general
 

method to transform molecular 
recognition into physical detectable signals without 
compromising the binding affinity and selectivity;

? a general
 

method to fine-tune the dynamic range.

? a general
 

method to improve selectivity;

Four key steps in designing sensorsFour key steps in designing sensors



?
 

a general
 

method to obtain molecules for any
 

specific 
target (e.g., Pb2+, Amphetamine, cocaine, Ricin, cancer)

Four key steps in designing sensorsFour key steps in designing sensors

The success on designing sensors for one target (e.g., pH) cannot be 
translated into success for designing sensors for other target analytes. 
Until recently, antibody is the only method that is general enough for a broad 
range of targets, but antibodies are not very good at sensing small molecular 
metabolites and biomarkers.

Method

Metal ions

toxinsbacteria

pH

virus

Organic cofactors
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Kruger, K. et al. Cell 31, 147 (1982).
Guerrier-Takada, C. et al. Cell 35, 849 (1983).
Breaker, R.; Joyce, G. Chem. Biol. 1, 223 (1994).

DNA/RNA = Protein enzymes
DNA/RNA = Antibodies

M(II)
A: DNAzyme

Substrate

Enzyme

B: Aptamer

+

M(II)

C: Aptazyme

Functional DNA: a new paradigm in biology?Functional DNA: a new paradigm in biology?



Combinatorial biology: a general method to 
obtain DNA/RNA for a specific target 

Combinatorial biology: a general method to 
obtain DNA/RNA for a specific target 

AMPLIFICATION
MUTATION

SELECTION

Advantages:
•

 

High throughput (1014-1015

 different sequences)

• Selective Amplification 

• Improvement in each round

• Minimal cost

• Short time

Ellington, A. D.; Szostak, J. W. Nature 346, 818(1990).
Tuerk, C.; Gold, L. Science 249, 505 (1990).
Beaudry, A. A.; Joyce, G. F. Science 257, 635 (1992).

In vitro Selection
Systematic Evolution of Ligands by Exponential Enrichment (SELEX)



Molecules Recognized/bound by Selected DNA/RNAMolecules Recognized/bound by Selected DNA/RNA

Analyte/target type Examples
Metal ions Mg(II), Ca(II), Mn(II), Pb(II), Hg(II), U(VI)
Organics Cibacron blue, reactive green 19

Amino acids L-Valine, D-Tryptophan
Nucleosides/nucleotides Guanosine, ATP

Nucleotide analogs 8-oxo-dG, 7-Me-guanosine
Biological cofactors NAD, FMN, porphyrins, Vitamin B12

Aminoglycosides Tobramycin, Neomycin
Antibiotics Streptomycin, Viomycin
Peptides Rev peptide
Enzymes Human Thrombin, HIV Rev Transcriptase

Growth cofactors Karatinocyte

 

GF, Basic fibroblast GF
Antibodies human IgE

Gene regulatory factors elongation factor Tu
Cell adhesion molecules human CD4, selectin

Intact viral particles Rous sarcoma virus, Anthrax spores

Juewen Liu and Yi Lu, J. Fluoresc. 14, 343-354 (2004).



Examples of in vitro selected DNAzymesExamples of in vitro selected DNAzymes

Sen, D. & Geyer, C.R. Curr. Opin. Chem. Biol. 2, 680-7 (1998). 
Li, Y.; Breaker, R. R. Curr. Opin. Struct. Biol. 9, 315-323 (1999).
Lu, Y. Chem.  Euro.  J. 8, 4588-4596 (2002).
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Why using functional DNA in sensing?Why using functional DNA in sensing?



 

environmentally benign


 

cost effective


 

stable under rather harsh conditions


 

DNA is ~1,000-fold more stable to 
hydrolysis than proteins and ~ 100,000-

 fold more stable than RNA


 

Globular shape: 
•

 

More resistant to nucleases 
•

 

Less likely to bind other molecules


 

can be denatured and renatured many times 
(for manufacturing and storage)



 

Can be readily modified for signal transduction


 

can be genetically engineered to be delivered 
to a specific location

Juewen Liu, Zehui Cao, and Yi Lu, Chem. Rev. (in press). 



Four key steps in designing sensorsFour key steps in designing sensors

√
 

a general method to obtain molecules for a specific 
analyte;

?

 

a general
 

method to improve selectivity;

What most want to do What most end up doing



•

 

Sequences selected with Co2+

 

show high activity with Zn(II) and Pb(II)
•

 

Must reduce or remove unwanted activity to improve metal selectivity

Problems with Selectivity in in vitro SelectionProblems with Selectivity in in vitro Selection
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Incorporate negative 
selection to reduce 
“unwanted”

 

activity


 

Can be performed in 
parallel with positive 
selection for 
comparison

Initial pool of 
DNA/RNA

Selections
using only Co2+

DNA/RNA with
Co2+ activity

Positive
Selection

Negative
Selection

Selection
using only Co2+

High Co2+ activity,
but with low Co2+

selectivity

Selection with a "metal 
soup" containing 
competing metal ions

Remove sequences that are
active with other metal ions

Continue Co2+ selection

High Co2+ activity with 
high Co2+ selectivity

2. A general method to 
improve selectivity: 
negative selection

 

2. A general method to 
improve selectivity: 
negative selection

P. J. Bruesehoff, J. Li, A. J. 
Augustine III, and Y. Lu, 
Combinatorial Chemistry and 
High Throughput Screening,
5, 327-335 (2002).



Improved Metal Ion Selectivity after 
Negative Selection

 

Improved Metal Ion Selectivity after 
Negative Selection
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Four key steps in designing sensorsFour key steps in designing sensors

√
 

a general method to obtain molecules for a specific 
analyte;

?

 

a general
 

method to transform molecular 
recognition into physical detectable signals without 
compromising the binding affinity and selectivity;

√ a general method to improve selectivity;

Analytes

Target

recognition

part

Signal

transduction

part

Signal
 Fluorescence
 Color
 

DNAzyme/
Aptamers

Turn analyte-dependent catalytic reactions 
into physically detectable signals



A general method to convert DNAzymes into fluorescent 
sensors using catalytic beacon

 

A general method to convert DNAzymes into fluorescent 
sensors using catalytic beacon

Li, J.: Lu, Y.  J. Am. Chem. Soc., 122, 10466-10467. (2000).
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6672 (2003).
Lu, Y. et al.,

 

Biosensors & Bioeletronics 18, 529-540 (2003).
Swearingen, C. B. et al., Anal. Chem. 77, 442-448 (2005).

A Highly Sensitive and Selective DNAzyme Biosensor for Pb2+A Highly Sensitive and Selective DNAzyme Biosensor for Pb2+

Dynamic range: 1 nM (0.2 ppb) to 4 M (800 ppb)
(Lead toxic level defined by US CDC: 500 nM (100 ppb))

(Lead toxic level defined by US EPA: 75 nM (15 ppb)
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Molecular Beacon vs. Catalytic BeaconMolecular Beacon vs. Catalytic Beacon

Target
Oligonucleotide

Target 
AnalyteM2+

Molecular beacon Catalytic beacon

Can detect DNA/RNA only
No signal amplifications

Can detect a broad range of targets
Signal amplifications

S. Tyagi and F. R. Kramer, Nature Biotech. 14, 303-308 (1996).
J. Li and Y. Lu, J. Am. Chem. Soc. 122, 10466-10467 (2000).



A general method to convert DNAzymes into fluorescent sensors using 
catalytic beacon for a broad range of metal ions 

A general method to convert DNAzymes into fluorescent sensors using 
catalytic beacon for a broad range of metal ions

Pb2+: Detection limit: 1  nM
EPA MCL:       75 nM

UO2
2+: Detection limit: 45 pM

EPA MCL:         126 nM

Cu2+: Detection limit: 35 nM 
EPA MCL:        20 μM

Hg2+: Detection limit: 2.4 nM
EPA MCL:          10 nM

Li, J.: Lu, Y.  J. Am. Chem. Soc., 122, 10466-10467. (2000).
J. Liu, et al. Proc. Natl. Acad. Sci  104, 2056 (2007).
J. Liu and Y. Lu J. Am. Chem. Soc. 129, 9838 (2007).
J. Liu and Y. Lu, Angew. Chem., Int. Ed., 46,7587 (2007).

Fluorescent sensors 
Based on catalytic beacon

ICP-MS:

 

420 pM



High specificity or selectivityHigh specificity or selectivity

Over 1 million fold selectivity over Th(IV), 
and hundreds of millions fold selectivity over other metal ions

Juewen Liu, Andrea K. Brown, Xiangli Meng, Donald M. Cropek, Jonathan D. Istok, David B. Watson, and Yi Lu,
Proc. Natl. Acd. Sci. USA 104, 2056 (2007).



Miniaturization of the Fluorescent Sensor 
for remote or in vivo monitoring

 

Miniaturization of the Fluorescent Sensor 
for remote or in vivo monitoring

The DNAzyme is compatible with microfluidic channels
Very small sample consumption (< 1 nL)
Automated detection possible
Continuous monitoring possible

0     0.5      2      10 M Pb2+ -Pb2+

 

+Pb2+

Chang I.; Tulock J.; Liu J.; Kim W.; Cannon D.; 
Lu Y.; Bohn P.; Sweedler J.; Cropek D., 
Environ. Sci. Technol, 2005, 39, 3756.

Shaikh K.; Ryu K.; Doluch E.; Nam J.; Liu J.; 
Thaxton C.; Chiesl T.; Barron A.; Lu Y.; 
Mirkin C.; Liu C. PNAS, 2005, 102, 9745.

Pb2+

Sensor

Pb2+

Sensor



Colorimetric Sensing based on DNA-
 functionalized nanoparticles

 

Colorimetric Sensing based on DNA-
 functionalized nanoparticles

DNA

Red Blue
C. A. Mirkin, et al. Nature 382, 607-609 (1996).
R. Elghanian,et

 

al. Science 277, 1078-1080 (1997).

Next Steps: 
How to expand the technology beyond DNA detection?
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Colorimetric Biosensor

Au

Mix

RED

S
5'-CACGAGTTGACA-3'    = DNAAu

5'-

 

rA
GGAAGAGATG                                -3'= =

 

SubAu

=       17E

=

Aggregate

BLUE

RED

Pb

Pb(II)Anneal
Pb

PbPb

No Pb(II)

Anneal

BLUE



pH Indicator like OperationpH Indicator like Operation

Liu, J.; Lu, Y.  J. Am. Chem. Soc. 125, 6642-6643 (2003).
Liu J.; Lu, Y. Chem. Mater., 16, 3231 (2004);
Liu J.; Lu, Y. J. Am. Chem. Soc. 126, 12298 (2004).

0          0.3          0.5         1              2            3              4            5 M Pb(II) 

5 M Mg(II)   Ca(II)    Mn(II)      Co(II)       Ni(II)       Cu(II)       Zn(II)      Cd(II)

pH   9.5          8.0           7.0          4.0           3.0  2.0           1.0



Four key steps in designing sensorsFour key steps in designing sensors

√
 

a general method to obtain molecules for a specific 
analyte;



 

a general method to transform molecular 
recognition into physical detectable signals without 
compromising the binding affinity and selectivity;

? a general
 

method to fine-tune the dynamic range.

√ a general method to improve selectivity;



The need for tunable dynamic rangeThe need for tunable dynamic range

• 22 million old houses in the US alone have used lead paint
• US federal “thresholds”

 

are 1.0 mg/cm2

 

and 0.5%
•

 

Current lead detection kits are based on Na2

 

S9H2

 

O or 
sodium rhodizonate.
•

 

A study of available kits showed low rates of both false 
positive and false negative results when compared to laboratory 
analytical results using the federal thresholds (www.hud.gov)
• Current kits cannot tune the dynamic range
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A Colorimetric Biosensor 
with Tunable Dynamic Range

 

A Colorimetric Biosensor 
with Tunable Dynamic Range
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Pb2+

 
Detection in PaintPb2+

 
Detection in Paint
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The tunable sensor allowed our Pb sensor to change color 
right at the federal threshold of 1.0 mg/cm2, and to work with 
different types of paints.



Beyond metal and catalytic DNABeyond metal and catalytic DNA--based detectionbased detection

Metal ions

 

(Mg(II), Ca(II), Pb(II), Zn(II))
Organic dyes

 

(Cibacron blue, reactive green 19)
Amino acids

 

(L-Valine, D-Tryptophan)
Nucleosides/nucleotides

 

(Guanosine, ATP)

Nucleotide analogs

 

(8-oxo-dG, 7-Me-guanosine)
Biological cofactors

 

(NAD, FMN, porphyrins, Vitamin B12

 

)
Aminoglycosides

 

(Tobramycin, Neomycin)
Antibiotics

 

(Streptomycin, Viomycin)
Peptides

 

(Rev peptide)
Enzymes

 

(Human Thrombin, HIV Rev Transcriptase)
Growth cofactors

 

(Karatinocyte GF, Basic fibroblast GF)
Antibodies

 

(human IgE)
Gene regulatory factors

 

(elongation factor Tu)

Cell adhesion molecules

 

(human CD4, selectin)

Intact viral particles

 

(Rous sarcoma virus, Anthrax spores)

Juewen Liu and Yi Lu, J. Fluoresc. 14, 343-354 (2004).



Aptamer
 

sensors based on binding onlyAptamer
 

sensors based on binding only

Adenosine aptamer

Liu J.; Lu, Y. Angew. Chem., Int. Ed., 45, 90-94 (2006).
Liu, J.; Lu, Y. Nature Protocol 1, 246-252 (2006).



The method is general: 
a colorimetric cocaine sensor

 

The method is general: 
a colorimetric cocaine sensor

Liu J.; Lu, Y. Angew. Chem., Int. Ed., 45, 90-94 (2006).
Liu, J.; Lu, Y. Nature Protocol 1, 246-252 (2006).



A dipstick test using functional DNA 
nanoparticles

 

A dipstick test using functional DNA 
nanoparticles

Juewen Liu, Debapriya Mazumdar and Yi Lu, Angew. Chem., Int. Ed. 45, 7955 –7959 (2006).

Cocaine



Extension to other types of nanomaterials: 
Nanotubes

 

Extension to other types of nanomaterials: 
Nanotubes

Tae-Jin Yim, et al., J. Am. Chem. Soc. 127, 12200-12201 (2005).
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Multiple turnover behavior was fit to the 
integrated Michaelis-Menten equation. 

In solution phaseImmobilized onto MWNT-
DNAzyme composite

1.10 /(minM)0.38 /(minM)kcat /KM

2.60 ±0.80 M2.21 ±0.57 MKM

2.85 ±0.29 /min0.83 ±0.07 /minkcat

In solution phaseImmobilized onto MWNT-
DNAzyme composite

1.10 /(minM)0.38 /(minM)kcat /KM

2.60 ±0.80 M2.21 ±0.57 MKM

2.85 ±0.29 /min0.83 ±0.07 /minkcat
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Smart MRI agents for in vivo applications:
 Functional DNA-directed assembly of supermagnetic

 
iron 

oxide nanoparticles:

M. Yigit, D. Mazumdar, H.-K. Kim, J. H. Lee, B. Odintsov, and Y. Lu

 

ChemBioChem 8, 1675 -1678 (2007).
Mehmet Veysel Yigit, Debapriya Mazumdar, and Yi Lu, Bioconjugate

 

Chem. 19, 412-417 (2008).



SummarySummary



 
To obtain sensors for a broad range of targets, general 
strategies have been developed to
•

 

to obtain sensing molecules; 
•

 

to improve selectivity;
•

 

to convert molecular recognition event into physically detectable signals; 
•

 

to tune the dynamic range.



 
The combination of functional DNA and nanotechnology 
resulted in sensors that
• are stable and cost-effective. 

• are highly sensitive and selective.

• have tunable dynamic range 

•

 

can be applied to detection and quantification of a broad range of 

targets (metal ions, organic molecules, proteins and cells….)

• allow real-time, on-site (or remote) sensing.
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