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●DNA analysis (forensic applications)
●“In situ” diagnostic tools for infectious diseases

DNA Sequence
GTTTGTTTCT …

DNA Sample

Silica substrate

Microchannels ~ 200-600 µm

Polymerase chain reaction: 
DNA sample amplified 

Restriction digestion reaction DNA 
samples cut into small pieces

Silica-based nano/microfluidic devices have many 
Lab-on-a-chip applications 



Microfluidic flow in a single silica nanochannel

Pressure difference 

Water flow

Electric current
Elect. potential

A simple nanodevice for 
mechanical – electrical
energy conversion



  

Nanoscience and protein channels 

 Natural examples of (working) nanodevices, with complex 
functionalities (selectivity, signal transduction...)

 Higher complexity and functionality than synthetic (silica, 
PET,...) nanofluidic devices  

        

 A better understanding of these systems will have impact 
in many relevant fields: 

 Drug design (mainly antibiotics)

 Gene therapy for diseases due to channel malfunctioning

 ...

 Even the possibility of engineered bionanodevices by 
mutagenesis !! 



  



  

Nanobiodevices by mutagenesis

 Using mutagenesis, a protein channel may have the desired 
resistance and rectification 

α-HL mutant (staphylococcal pore) can be tailored to gate 
according to the direction of ionic current

Maglia et al.
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Microfluidic flow in silica nanochannels 

Pressure difference 

Water flow

Electric current
Elect. potential

Silica in water is negatively charged

Pressure 
difference 

KCl

KCl

- - - - - - - - - - - - - - - - - - - - - - - - - - - 

- - - - - - - - - - - - - - - - - - - - - - - - - - - 



Cosep3+

The sign of the current can be 
inverted by using large enough 
concentrations of divalent or trivalent 
ions
Van der Heyden et al, 
Phys. Rev. Lett. 96,224502 (2006)

Inversion of electrokinetic flow with multivalent ions

Mobile charges overall negative 
charge

Silica (-) and Adsorbed ions (+) 
overall positive charge



The “SCL-Wigner crystal” approximation

Some authors (Shklovskii & col.) propose that condensation of 
multivalent counterions is due to formation of a strongly correlated 
liquid similar to a Wigner crystal.

Condensation occurs at high electrostatic coupling

The presence of added monovalent salt (i.e. KCl) destroys 
condensation phenomenon!  

λ +3e
+3e

+3e

R

- - - - - - - - - - - - - - - - - - - - - - - - - - - -  
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Understanding protein channels  Experimental information on conduction is obtained from 
macroscopic measurements:

       Conductance (I-V characteristics)

       Selectivity to charge carriers (reversal potential)

  Also, X-ray structures are available in some cases

 Ongoing theoretical research focused in understanding 
transport at the nanoscale with atomistic resolution: 

        Which interactions are responsible for the observed selectivity?

        How is the behavior of charge carriers inside the channel? 

        Engineering mutants of channels with desired properties 
     

 Now, MD simulations of these systems are possible!! 

 We propose a similar pairing  between 
individual interfacial atoms and 
counterions

 The nature of the surface could be 
relevant!!

  Specific rather than general: depends 
on specific atoms of interfacial molecules!

 Not suppressed by added 1:1 electrolyte  
       

 Possible at  Γ<1 

Transversal correlations ?

++++

++
++

Transversal correlations
(interfacial charges/counterions)

 For large enough concentrations of bulk electrolyte, multivalent ions 
have a strong tendency to pair with other ions of opposite charge 
(Bjerrum pairing)



  

Transversal correlations ?
Several excellent candidates among phospholipid bilayers (JF & 

col.  Biophys. J. (2007) and PRL (submitted 2009)) 

Electric Field



  

??

BUT Γ>1 ... so a smoking gun was missing...



  

 The OmpF bacterial porin channel
 Integral membrane protein of the outer membrane of the E. Coli 

 Allows for the passive diffusion of small polar molecules (600-700 Da).

Cowan et al., 1995

● 340 amino acid residues
● Charge -11e per monomer

 

 Due to its negative charge,  ionic current is mainly cationic in 
solutions of:

KCl, NaCl, LiCl, CsCl 



  

Selectivity Inversion 

 Unexplained experiments show inversion of selectivity for the OmpF 
in presence of large enough concentrations of multivalent cations 
(Alcaraz et al. Biophys.J. 2009, also J. Phys. Chem. B (2009))

In this case, we are outside strongly correlated regime  Γ<<1 

Under ∆V, the current is mainly from cations in the case of:

KCl, NaCl, LiCl, CsCl 

but it is due to negative ions in presence of:

CaCl
2
 , BaCl

2
, Mg Cl

2
 , LaCl

3
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MD Simulations of transport in OmpF

We have performed all-atomic Molecular Dynamics simulations of 
the OmpF channel (structure from X-ray) inserted in a POPC lipid 
bilayer in contact with water and different electrolytes 

(around 5x105 atoms in simulation box)

18.5 nm 2 nm

  NAMD2 at Finisterrae Supercomputer, 500 khours of CPU



  

Transport of KCl 
 Anions and cations describe well-separated pathways  over 4 nm 
along the pore axis (near positive or negative residues)

 Cationic Selectivity in the average occupancy numbers: 

                       7 Cl-                                          11.5 K+ 



  

Electrostatic Selectivity K+/Cl- 
 The occupancy ratio reflects a channel preference for cations (K+)

 

 

 The current under 200 mV is around 3-4 e/ns (6-7 nA), with a larger 
contribution from cations (K+)

 Therefore, the ratio between K+/Cl- mobilities inside the channel is 
around 0.85 , the same obtained in 1M bulk electrolyte !! 



  

Transport of MgCl
2
 

 Again anions and cations describe well-separated pathways but 
now, cations (Mg2+ ) show strong lateral correlations with aminoacids.

 Ratio Mg2+ /Cl- inside the channel differs from bulk electrolyte (0.5)

             10.9 Mg2+                                            15 Cl-



  

Electrostatic Selectivity Mg2+/Cl- 
 The occupancy ratio reflects a channel preference for cations, the 
ration cations/anions is higher than in bulk electrolyte (0.5)

 

 

 The current under 200 mV is around 0.7-0.8 e/ns (1.2 nA),  almost 
entirely from anions (Cl-)

 The mobility of Mg2+  is strongly reduced due to correlations with 
aminoacids:

mobility ratio Mg2+ /Cl-  inside the channel 0.06 !! 



  

What else?
Adding KCl (1 M) to MgCl

2
 does not alter the inversion

Now we understand the interaction of the channel with ions 
and the control of selectivity by electrostatic interactions. 

So we can address more complex questions: 

 Effect of mutations.

The OmpF channel has rectifying properties under a pH 
gradient, we do not fully understand the atomistic mechanism.

 Transport of bigger objects such as antibiotic molecules or 
even DNA?? 



  

 The ion selectivity is electrostatic (K+ and Cl- are almost identical 
except by their charge sign). 

It can be engineered by directed mutagenesis

 Consider for example the OmpF-RR mutant

        Replace acids GLU117 and ASP113 with -e  

 with Arg (+e)

          

Electrostatic Selectivity K+/Cl- 



  

 The OmpF-RR mutant (-e groups replaced by +e in the narrow 
constriction) still has an overall negative charge and is 
preferentially occupied by cations:

 

 

 The current in OmpF-RR is about half of that in OmpF-WT (3 nA) 
and it is predominantly anionic, in agreement with experiments: 

The mutation in the constriction zone produces a blockage of the flux 
of K+ ions (strong reduction of mobility)

Mutagenesis and Selectivity K+/Cl- 
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Strongly correlated ions ?
 Multivalent ions (at large enough concentrations) develop 
(different kinds of) strong correlations near charged interfaces.          
         

 These strong correlations are responsible for “anomalous” 
electrokinetic behavior of systems in contact with electrolyte 

++++

++
++

Transversal correlations
(interfacial charges/counterions)

Reminiscent of Bjerrum pairing in 
bulk electrolyte!!

- - - - - - - - - - - - - - - - - - - - - - - - - - - -  

λ +3e
+3e

+3e

Lateral correlations
(between ions in a neutralizing background)

R
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THANK YOU !!


	Slide 1
	Slide 2
	Micro-/nanofluidic silica-based devices
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31

