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Outline
What are Microelectrodes?

What are Hot Electrodes?

Electrokinetic Manipulation and Electrochemical 
Detection of Analytes
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Elephant in the Room - UME 
Developed ca. 1980 by:
-Martin Fleischmann (U. Southampton, UK)
-Mark Wightman (Indiana U., USA)

Advantages:
• size
• measurement of steady-state currents
• measurements in highly resistive media
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By Source, Fair use, https://en.wikipedia.org/w/index.php?curid=24939952
Heinze, J. Angewandte Chemie 1993, 105, 1327-1349
Wightman, R. M. Analytical Chemistry 1981, 53, 1125A-1134A

https://en.wikipedia.org/w/index.php?curid=24939952


Faradaic Electrochemistry
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What are Hot UMEs ?
Baranski, 2002:

6Baranski, A. S. Anal. Chem. 2002, 74, 1294-1301.



What are Hot Electrodes?

Methods of heating
• Direct • Indirect

1. Miller, B. J. Electrochem. Soc. 1983, 130, 1639-1640.
2. Zerihun, T.; Gründler, P. J. Electroanal. Chem. 1996, 404, 243-248.
3. Compton, R. G.; Coles, B. A.; Marken, F. Chem. Commun. 1998, 2595-2596.
4. Baranski, A. S. Anal. Chem. 2002, 74, 1294-1301.
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Grand Challenges
• Detection of ultra-low concentrations of analytes (bioparticles, ions)

• Better understanding of electron transfer
– Butler – Volmer vs. Marcus theory
– Energy, catalysis, life
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Kelley, S. O. ACS Sens. 2017, 2, 193-197.



Solution: Electrochemistry + AC Electrokinetics

• Electrochemical measurements are most suitable for sensing applications
– success of electronics industry

• Electrokinetic phenomena control the behavior of analytes in solution
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Electrokinetic
phenomenon

Origin of charge Typical frequency range

Electroosmotic flow Ionic charge in the 
electrical double layer

10 – 100 kHz, can be dc

Electrothermal flow Unbalanced ionic charge 
in non-isothermal 
solution 

100 kHz – 1 GHz

Dielectrophoresis Electric polarization 
charge (dipole)

10 kHz – 1 GHz, can be 
dc

Electrophoresis Permanent charge (ions, 
colloids)

dc (ac does not lead to 
migration)

Morgan, H.; Green, N.G. AC electrokinetics: colloids and nanoparticles; Research Studies Press: Baldock, Eng.; Philadelphia, Pa.; 2003



The Big Picture

Fig. 1. Behavior of particles Fig. 2. Mechanism of EO (ET) flow

Fig. 3. Detection of particles (analytes) 10



Temperature Determination
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Solution: 12.5 mM K4Fe(CN)6, 20 mM KCN and 0.5 M KCl. 
W. el.: 25 µm Pt disk; scan rate: 0.015 V/s; heating: 100 MHz, 2.8 Vrms

Boika, A.; Baranski, A. S. Anal. Chem. 2008, 80, 7392-7400.
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Effect of AC Heating

Electrothermal flow (ETF)

Coulomb force directed away from electrode
Dielectric force – towards electrode
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Ramos et al. J. Phys. D: Appl. Phys. 1998, 31, 2338-2353.
Morgan, H.; Green, N.G. AC electrokinetics: colloids and nanoparticles; Research Studies Press: Baldock, 
Eng.; Philadelphia, Pa.; 2003 12



Example of ETF

Microscopic observations of hot UMEs

50 mM methyl viologen in 0.5 M NaCl at a 25 µm Pt disk; heating 160 MHz, 2.8 Vrms

MV2+
(aq) + e-→ MV+

(aq)←

Cell On:

microscope
objective

solution
UME g

13
Boika, A.; Baranski, A. S. Anal. Chem. 2008, 80, 7392-7400.



Dielectrophoresis
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Au particles (0.4 to 0.8 µm dia.) in 0.6 M H2SO4 at 25 µm Pt disk; heating by 
160 MHz, 2.0 Vrms

m-medium; p-particle

For metal particles K=1, 
positive dielectrophoresis

Clausius –
Mossotti factor

Boika, A.; Baranski, A. S. Anal. Chem. 2008, 80, 7392-7400.



High Frequency AC heating

- Heating due to electrical energy dissipation on Rs

- Effectiveness depends on electrode construction
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Boika, A.; Baranski, A.S. Anal. Chem. 2008, 80, 7392-7400. 



Frequency Dependence Shows Maximum
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12.5 mM K4Fe(CN)6 in 0.5 M KCl(aq.) at a 25 µm Pt disk, dc potential 
kept at 500 mV, ac amplitude varied.

χ ∝ T

Boika, A.; Baranski, A.S. Anal. Chem. 2008, 80, 7392-7400. 



Addressing low LOD by measuring collisions

• Electrochemical Collisions or Single-Entity Electrochemistry
– Ultimate sensitivity amenable to analytical chemists
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NP Collisions with Electrode
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•R. Compton – direct oxidation
–Ag NP oxidation in citrate solution
Zhou,Y. G. et al. Angew. Chem., Int. Ed., 2011, 50, 4219.
Review: Rees, N.V. et al. RSC Advances, 2012, 2, 379

•A. Bard - electrocatalytic voltammetry
–Stochastic Electrochemistry
Kwon, S.J. et al. Phys. Chem. Chem. Phys., 2011, 13, 539
Review: Bard, A.J. et al. Isr. J. Chem., 2010, 50, 267



Direct Detection – Redox

19

NP

eelectrode

C electrode
Ag nanoparticles
Direct Oxidation Red Ox



Indirect Detection – Catalytic
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NP Collisions – Catalytic 
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C/Au electrode
Pt nanoparticles
Hydrazine Oxidation 

Xiao, X. and Bard, A.J. J. Am.  Chem. Soc. 2007, 129, 9610.

Kwon, S.J.; Fan, F.-R.F.; Bard, A.J. J. Am.  Chem. Soc. 2010, 132, 13165.

Pt electrode
IrOx nanoparticles
Water Oxidation



Understanding Frequency of Collisions
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• Particles can be transferred by:
– Diffusion (T, viscosity)
– Convection (microfluidics, forced convection)
– Migration (electrophoresis)

• No prior reports on using electrokinetic phenomena

• Nernst-Planck equation:
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Electrokinetic Manipulation of Pt NPs
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15 mM hydrazine in 50 mM PBS (pH 7) at a 9-µm Au disk; Pt NP (32 nm 
diam.) 1 pM; ac waveform 71 MHz, 9 – 13.8 dBm.

Bonezzi, J.; Luitel, T.; Boika, A. Anal. Chem. 2017, 89, 8614-8619.



What is dBm?
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• Power ratio in dB of the measured power referenced to 1 mW
• To convert x dBm to mW:

10/101 xmWP ×=

dBm mW Notes
0 1 Bluetooth standard radio (Class 3), 

1 m
15 32 Wireless LAN transmission power in 

laptops
27 500 Cellular phone transmission power



Electrokinetic Manipulation of Ag NPs
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100 mM citrate buffer (pH 3.8), 11-µm C fiber disk; Ag NP (110 nm 
diam.) 50 fM; ac waveform 102 MHz, 16 – 24.4 dBm.

Bonezzi, J.; Luitel, T.; Boika, A. Anal. Chem. 2017, 89, 8614-8619.



Detection of E. coli

26
Sepunaru, L. et al. Biomater. Sci., 2015, 3, 816



Dielectrophoresis – E. coli Model
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Sensitivity study of the two-shell model parameters on the real part of the 
Clausius-Mossotti factor

Castellarnau, M. et.al. Biophys. J. 2006, 91, 3937-3945.



Detection of E. coli – AC Electrokinetics
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100 mM KNO3 containing 2.42 x 1011 27 nm Ag NPs per mL and 25 fM E. 
coli.  At 180 seconds, ac waveform (19.80 dBm, 93.4 MHz) was applied.

Frkonja-Kuczin, A.; Ray, L.; Zhao, Z.; Konopka, M. C.; Boika, A. Electrochimica Acta 2018, 280, 191-196.

Number Time (s) Charge (C) No. of Ag NPs
1 183.88 -3.6E-11 358
2 183.96 -1.3E-11 127
3 184.04 -1.2E-11 122
4 184.08 -9.9E-11 991
5 186.52 -7.8E-12 78
6 186.78 -5.8E-12 58
7 187.72 -9.3E-12 94
8 187.94 -5.7E-12 58
9 189.52 -1.3E-11 127

10 189.58 -2.1E-11 208
11 189.64 -5.9E-10 5942
12 197.79 -1.6E-11 158
13 199.03 -6.9E-12 70
14 199.11 -2.7E-10 2673
15 199.19 -9.6E-12 96
16 201.09 -2E-11 204



Detection of E. coli – AC Electrokinetics
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100 mM KNO3 containing Ag NPs and E. coli (2.5 – 125 fM).

Frkonja-Kuczin, A.; Ray, L.; Zhao, Z.; Konopka, M. C.; Boika, A. Electrochimica Acta 2018, 280, 191-196.



Microscopy of E. coli at Hot UME
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Frkonja-Kuczin, A.; Ray, L.; Zhao, Z.; Konopka, M. C.; Boika, A. Electrochimica Acta 2018, 280, 191-196.



Conclusions

Hot Electroanalysis:

• Collisions: most sensitive electroanalytical approach

• Electrokinetic manipulation of analytes leads to over 103 preconcentration

• Developing quantitative understanding

• Making collisions more specific 

• Future applications in the detection of:
– Bacteria
– Viruses
– Toxic ions
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