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Lecture 19: Biosensors (continued)

Last time:

Today:

biosensor device classes
Gene array biosensors

detection methods

Detection Elements

o
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Readout
= Macroscopic fluorescence, diffraction, or interference
. what
=  Optical bar-coding*
o Example: quantum dot-loaded microsphere capture agents5
= QDs show size-dependent luminescence
= Narrow emission bands from a common excitation wavelength
= Stable against photobleaching
= Approach:
= Load polymer microspheres with different amounts of several colors of
QDs to obtain a unique fluorescence signature
e 6 colors at 10 possible intensities allows for > 10° possible
‘codes’
= Capture molecule on surface of beads grabs labeled analyte
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p— Figure 2. Flucrescence micrograph of a mixture of CdSe/ZnS QD-tagged
g % g - beads emitting single-color signals at 484, 508, 547, 575, and 611 nm.
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Excitation of bar-code and target fluorochrome by same wavelength

Optical code
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Figure 5. Schematic illustration of DNA hybridization assays using
QD-tagged beads. Probe oligos (No. 1-4) were conjugated to the beads by cross-
Microscope-based linking, and target oligos (Mo. 1-4) were detected with a blue flucrescent dye such as
spectrophotometer for detection Cascade Blue. After hybridization, nonspecific molecules and excess reagents were
.. removed by washing. For multiplexed assays, the oligo lengths and sequences were
of emission spectra from optimized so that all probes had similar melting temperatures (T = 66°-99°C)
individual beads and hybridization kinetics (30 min). See legend in Figure 6 for the sequences used.

=  Optical absorption (colorimetric)
e what
= Surface plasmon resonance and SPR arrays
o Developed commercially later 1980’s (Cooper 2002)
e Typically, receptor is immobilized and free ligand is passed over sensor chip
= Both ways possible, small ligands simply interfere with binding if immobilized
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Figure 2 | Typical set-up for an SPR biosensor. Surface
plasman resonance (SPR) detects changes In the refractive index
inthe immediate vicinity of the surface layer of a sensor chip. SPR
is obsenved as a sharp shadow in the reflected light from the
surface atanangle that is dependent onthe mass of material
at the surface. The SPR angle shifts (from [ 1o 11 Inthe Iower
left-hand diagram) when biomolacules bind to the surface and
change the mass of the surface layer. This change in resonant
angle can be monitored non-invasively in real time as a plot of
resonance signal (proportional to mass change) versus time.

(Cooper 2002)
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Biacore sensor chips
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(Cooper 2002)

= Optical fiber-based
e Single cell analysis optical fiber probes6

Advantages/disadvantages
= Pros
o Fast measurements
o Sensitive
= Cons
olJ Cannot perform detection on turbid solutions

Electrochemical

Electrochemical readouts’

o Conductometric
o Measure changes in the conductance of the biological component arising between a pair of metal
electrodes due to e.g. metabolism
o Potentiometric
o Measure electrical potential difference between a sample and reference electrode
o Monitor the accumulation of charge at zero current created by selective binding at the electrode surface

Lecture 19 — Biosensors
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o Electrode may be selective for certain ions or gases
= E.g. F-, I, CN-, Na+, K+, Ca2+, H+, NH4+
= CO2,NH3
o Amperometric
o Measure current generated by electrochemical oxidation or reduction of electroactive species at a
constant applied potential

Electrochemical detection: ISFET - ion-sensitive field-effect transistors
Different Types of ISFET

Detectable ions lonsensitive ;urfm':c ¢ References
K Polymeric membrane/ionophore 3

Na* Polymeric membrane/ionophore 3

Ag’ 5i0); membrane 4
Ca™ PV Clionophore 5
NH* Polymeric membrane/ionophore 6
Cut g1 ;
r\.:-" 7
Pb?* 8
Cd** 9

NO?
cl Palymeric membrane/ionophare 1
Br AgBr 12
F LaF, 13
HY SiyN/SI0./Si 4

Common pH-modifying enzymatic reactions:

glucose oxidase H.O
D-glucose + Oy —® D-glucono-1,5-lactone + HyO;——® D-gluconate + H*  [6.3]

penicillinase
penicillin —® peniciloic acid + H*  [6.4] enzyme membrane pH-FET

urease (pH 6.0)* 3 A . " =
HyNCONH, + HyO + 2H* —#= 2NH,* + GO,  [6.5] Fig. 2. Biosensor based on a pH-sensitive FET.

urease (pH 9.5)?
HoNCONH; + 2H;0 — B 2NHg + HCOg + H*  [6.6]

lipase
neutral lipids + HyO —# glycerol + fatty acids + H* [6.7]

(Mulchandani and Rogers, 1998)

Advantages/disadvantages

= Pros
o Fast measurements
o Sensitive
= Low detection limits typically ~ 10° M
o1 Ability to perform measurements on turbid/opaque solutions
= Cons
o PH-sensing mechanisms require weakly buffered or non-buffered solutions

Calorimetric

Calorimetric readouts

o Measurement of heat generated by an enzymatic reaction
o Typically utilize thermistors to transform heat into an electrical signal

Lecture 19 — Biosensors
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Calorimetric detection:
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http://www.sbu.ac.uk/biology/enztech/calorimetric.html
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Schematic diagram of a calorimetric biosensor. The sample stream
(a) passes through the outer insulated box (b) to the heat exchanger
(c) within an aluminium block (d). From there, it flows past the
reference thermistor (e) and into the packed bed bioreactor (f, 1ml
volume), containing the biocatalyst, where the reaction occurs. The
change in temperature is determined by the thermistor (g) and the
solution passed to waste (h). External electronics (I) determines the
difference in the resistance, and hence temperature, between the
thermistors.
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Piezoelectric®®

= Based on quartz crystal microbalance detection
o Crystal is oscillated at a defined frequency by an oscillating applied voltage
= Shear deformation induced as dipoles in crystal seek to align with direction of electric field
= Deformation typically 10-100 nm for AT-cut crystals operating in freq. range of 1-10 MHz
o[l Binding of analyte to surface changes mass of crystal and alter oscillation frequency

= Figure below from : www-bond.chem.monash.edu.au/theses/ Graeme%20Snook/Chapterl.pdf

Piezoelectric detection:
Quartz crystal microbalance

Analyte solution
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http://www.g-sense.com/main.qcmd tech.html
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Piezoelectric detection:
Quartz crystal microbalance

Detecting HIV virions:
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Figure 3. Signal linearity with particle numbers. {A) Serial 10-fold
dilutions of HSV1 gD*in PES. A sample volume of either 1 ul () or
40 ul {O) was incubated for 40 min at room temperature on a QCM
disk coated with anti-gD IlgG mAb. The dashed line represents the
noise floor. (B) Representative REVS spectrum corresponding to
dissociation of a single virion in PBS from an anti-gD IgG
mAb-coated QCM disk. The peak can be seen at -7.4 V.

Spring 2003
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(Cooper et al. 2001)
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SPR Arrays'®

= External analysis/detection
= Optical method

Cell- and tissue-based biosensors (Stenger 2001, Gross 1997)

General concepts

= Why cell-based biosensors?
o Known ultrasensitivity of cells:
= Qlfactory neurons respond to single odorant molecules
= Retinal neurons triggered by single photons
= T cells triggered by single antigenic peptides (Irvine 2002)
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{Irvine et al. 2002}

o Ability to ‘integrate’ cellular or tissue response to compounds
= Detect functionality of compound in addition to its chemical presence
¢ i.e. tell the difference between a dead and live virus

= Cell-based biosensors are based on a primary transducer (the cell) and secondary transducer (device which
converts cellular/biochemical response into a detectable signal)

ol] Secondary transducer may be electrical or optical
= Detection of arbitrary targets

o] Transfect cells with receptors to introduce responsiveness of e.g. neuronal cells to a chosen compound
= Basis of electrical secondary transducers

o Electrically-excitable cells

= Example cell types
e Neurons

Lecture 19 — Biosensors
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o Non-sensory neurons grown in culture outside of normal homeostasis and the
insulation of the blood-brain barrier behave in a ‘sensory’ manner (Gross 1997)
e Cardiomyocytes
= Generate electric signals in a substance-specific and concentration-dependent manner
= Signals generated can be monitored by microelectrodes

Cardiomyocytes 1. changesin native activity patterns
Neuronal cells — . Synyhcally actnfn.re {e_.g. nem} ?gents
2. changes in network signalling oscillations
- . lon ehannel blockers and toxins
3. paroxysmal responses due to pathological membrane
currents

oo | )
_ H;;_ni,uj)_umt - Baseline network activity
SO0 MLTITITINES
(L] ) - : -
- \ “ ||||“ |||5 |§
= Activity following exposure of
network to 2 pM

LN ), W 7, W It Mhﬂ“ﬂﬂhﬂl ) trimethylolpropane phosphate

(seizure-inducing compound)

Bai o Bt v s,

{Stenger et al. 2001)
o Microphysiometer'""?
= Measures changes in extracellular acidification rate: pH changes associated with alterations in
ATP consumption by cells (metabolism)
= Extremely sensitive readout of changes in cell metabolism

= EXAMPLE OF HARDING MCCONNELL'S WORK WITH T CELLS

Relative advantages and disadvantages of cell-based sensors

= Pros
o Cell-based sensors may utilize the ability of cells to respond to complex mixtures of signals in a unique
way
ol1 May provide alternatives to animal testing in the future
= Cons

o lIssues of maintaining cell viability and reproducibility in measurements

Patterning cells for sensing"®

= Techniques used:
o Photolithography
o Microcontact printing (soft lithography)
o Microfluidic patterning
o Membrane lift-off

Lecture 19 — Biosensors
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Figure 1. Schematics of the processes of micropatterning: (a) photalithography, (b) microcontact printing, (c) microfluidic patterning
using microchannels, (d) laminar flow patterning, {(e) stencil patterning.

soft lithography and self-assembled monolayers

= Techniques based on the formation of gold (or other metal)-thiol bonds and spontaneous assembly of close-
packed alkyl chain structures on a surface

Tissue analogs

= Any papers out on the liver chip? GRIFFITH LAB
In vitro toxicology studies: tissue biosensors

= Shown below is a model of the pharmacology of naphthalene
ol] Tissue distribution and toxic chemistry outlined is a multi-organ, multi-compartment phenomenon
= Potential methodology: Animal-on-a-chip
o 2cmx2cm Sichip
o designed to have ratio of organ compartment size and liquid residence times physiologically realistic
o minimum 10K cells per compartment to facilitate analysis of chemicals and enzyme activity
o physiologic hydrodynamic shear stress values

Lecture 19 — Biosensors
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Figure 1. Reaction scheme for naphthalene and its products. Dihydrediol GSH Canjugate

(Quick and Shuler 1999)

Other Tissues

{ Dialyzer out
Models retention of chemical in
blood and interstitial fluid

Figure 4. (a) Microscopic CCA system with four chambers. The
dimensions (w x | x d) of the chambers are: lung 2 mm x 2
mm x 20 gm; liver 3.5 mm x 4.6 mm x 20 gm; other tissue 0.4
mm x 109 mm x 100 gm; fat 0,42 mm x 50.6 mm x 100 gm.
Cells are cultured as monolayers on the silicon surfaces modified
by adsorption of polylysine and collagen (b).

(Park and Shuler 2003)
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In vivo detection

= Biofouling typically limits lifetime of in vivo measurements to 1-2 days
o Inflammation
o Fibrosis
oll Loss of vasculature
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