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Biological channels takes on the task to keep ion equilibrium and molecule transport through 

cell membranes. These protein channels can respond to multiple stimuli like light, pH, ion 

strength and trans-membrane potential to regulate their permeability and selectivity. Since a 

long time, the multipore membranes used in industry for filtration or as catalyst are inspired 

by these “smart” channels to improve their properties. Since more than two decades, it 

appeared nanopore technology that essentially talks about single nanopore. These artificial 

nanopores based on solid-state or polymer materials are small holes with diameter at 

nanometer scale on thin membranes. When the pores down scale on single level, changing 

in quantity leads to changing in quality. A single pore allows us to characterize the real 

transport behaviors of ions or molecules. This permits a quantitative control of ion flux and 

single molecule detection that open the door to delicately design nanopores/membranes for 

numerous applications as DNA/protein sensing, (bio)molecule detection, stimuli-responsive 

membrane and osmotic energy harvesting. 

The road from artificial nanopore to the real applications is still tough. One big question is 

how to design the nanopore to have required properties? For a targeted application, 

nanopore requires two aspects: the choice of materials according to their own properties 

and the functionalization to give them additional properties. For DNA sequencing, a pore 

diameter at around 1 to 2 nanometer and a minimum membrane thickness is desired; for 

(bio)molecule detection, specific interactions with target molecules are required; for stimuli-

responsive membranes, stimuli-responsive functions are needed and for osmotic energy 

harvesting, high surface charge and small membrane thickness can bring high energy. Other 

than these, biosensors need also high accuracy, reusability and membranes for industry 

should have high mechanical and chemical stabilities and so on. So functionalization is the 

crucial tool to ensure these desired properties. 

Polyelectrolytes and specific molecules modified polyelectrolytes can be good candidates for 

nanopore functionalization as they have stimuli responsiveness, variable and suitable size as 

well as numerous possibilities to be immobilized in nanopores. They can be industrial 

products with low cost or can be natural substances like nucleic acids, peptides and proteins 

etc.  

This thesis focus on the functionalization of track-etched polymer nanopore by 

(bio)polyelectrolytes for stimuli-responsive ion channels, biosensors and membranes for 
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osmotic energy harvesting. Track-etched polymer nanopore is a good platform. Indeed, it 

has advantages such as possibility to fabricate both single pore and multipore membrane 

under the same condition, low cost, various and controllable shapes as well as simplicity for 

chemical modifications. So the objectives of the thesis work are: (1) using various 

polyelectrolytes immobilization methods including layer-by-layer self-assembly and chemical 

grafting to introduce functions inside the pore; (2) give nanopore abilities to regulate ion 

transport by surface charge and molecule conformation change to respond to external 

stimuli like pH, ionic strength and light; (3) give nanopore ability of specific interaction with 

target molecules to build biosensors or to study interactions between molecules; (4) give 

nanopore ability to generate osmotic currents under salinity gradient with a maximum of the 

output energy. 

Following by these objectives, the manuscript is organized on four chapters. In the first 

chapter, the fundamentals of polyelectrolytes and stimuli-responsive polyelectrolyte 

membranes; cell membrane channels and biomimetic nanopores; transport properties of 

nanopore and applications of polymer and polyelectrolytes functionalized track-etched 

nanopore are introduced and discussed. 

The second chapter presents the design of stimuli-responsive ion channel with 

polyelectrolytes that can change their permeability and selectivity in responding to pH, ion 

concentrations and UV/visible light changes. The conformation and charge changes when 

these environmental parameters change are discussed. 

The third chapter is contributed to build ion selective membranes to take the used osmotic 

power from salinity gradient. Two strategies are considered including surface modifications 

by multiple polyelectrolyte layers and in situ synthesis of highly charged hydrogel 

frameworks inside the pore. The experiments from single nanopore to multipore membrane 

until to stacked membranes are achieved. 

The last chapter talks about specific interaction studies. Nanopores functionalized by poly-L-

lysine are designed to detect over-sulfated chondroitin sulfate in heparin. Nanopores 

functionalized with hyaluronidases are utilized to study enzymatic reaction products and 

enzyme-substrate interactions at single molecule level. 
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1 Polyelectrolytes and stimuli-responsive polyelectrolyte 

membranes 

1.1 Polyelectrolytes 

Polyelectrolytes are molecules of high molecular weight that contain a large number of 

charges when dissolved in a polar solvent1. The charges come from chemical moieties that 

covalently linked to periodic units.  If only one type of charge (positive or negative) exists 

along the polymer chain, it is called homogeneous polyelectrolyte; otherwise if a polymer 

has both two kinds of charged groups, it is called polyampholyte. Polyelectrolytes can be 

strong ones if all the ion groups are dissociated and they can be weak ones if ion groups 

dissociate partially. As the weakly charged groups can have different states according to 

external conditions, they can have responsive properties on pH which are interesting for 

stimuli-responsive applications. 

1.1.1 Electric double layer 

For all the processes of the charge formation, chemical potential and entropy are the driving 

forces to minimize the Gibbs free energy when the system reaches to equilibrium with outer 

ions in solution. At the same time, an electric double layer forms around the polymer. Due to 

electric attractions between opposite charged groups, ions will be closely adsorbed to 

polyelectrolytes to get a minimized potential. These absorbed ions are called Stern layer or 

condensed ions layer specifically in polyelectrolyte science. They can induce a screening 

effect of the polymer charges. Then outer of this counterion layer, the diffusive layer is 

formed by relatively free ions to neutralize the Stern layer. This electric double layer as 

shown in figure 1 becomes the essential model to study ion concentrations and charge 

distributions around the charged substance in polyelectrolytes science.  
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Fig. 1 Schematic representation of electrical double layer and the corresponding potential 

profile2.  

The ionic concentration and the distribution of charge density in electrolyte solutions can be 

described by Poisson-Boltzmann Equation (PBE) which is obtained by mean field 

approximation of the potential of mean force. Poisson equation in electrolyte solution 

system reads: 

   ( )    
  

 
∑      ( )                                                                                                   (1) 

where   is the electric potential,   is the dielectric constant,    is the electric charge of the 

ion i,    is the concentration of ion i at r. 

In the Gouy-Chapman model of electric double layer theory, the ions close to the surface 

follow Boltzmann distribution: 

  ( )     
      ( )                                                                                                               (2) 

where   ( ) is the potential of mean force of ion i,   
  is the counterion concentration at the 

point of zero potential,        
⁄  where    is Boltzmann constant. 
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In mean field approximation, if we neglect interactions between ions and make potential of 

mean force approximately equal to its electric potential: 

  ( )        ( )                                                                                                                  (3) 

we get the Poisson-Boltzmann equation: 

   ( )    
  

 
∑   

     
      ( )

                                                                                     (4) 

If we define that the Stern layer radius is a, the diffusive layer radius is R. At the boundary of 

Stern layer the surface charge density at r = a is given by     ⁄ , (  is the linear charge 

density of polyelectrolyte molecule) which gives a first boundary condition: 

    ( )

  
      

   

      
                                                                                                           (5) 

while at the boundary of diffusive layer, the electric field should vanish, then we get the 

second boundary condition: 

    ( )

  
       .                                                                                                                   (6) 

1.1.2 Polyelectrolyte conformation 

1.1.2.1 Polyelectrolytes in solutions 

In pure water, homogenous polyelectrolytes adopt a rod-like linear conformation due to the 

extension of chains (Figure 2). This extension comes from the electrostatic repulsion of the 

charged groups along the polymer. The electrostatic repulsion ensures that a minimum 

distance between two polyelectrolyte molecules is kept. When electrolytes are added, the 

hydrodynamic volume of the polyelectrolyte will be reduced. Indeed, the counter-ions are 

absorbed to the charged moieties reducing the electrostatic repulsion. In this case, the 

polyelectrolyte adopts a coil-like conformation. This process is called polyelectrolyte effect3. 

At very high salt concentrations, it could be assumed that the electrostatic repulsions 

between charged groups of polyelectrolytes are totally screened by the counter-ions.  
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Figure 2 Schematic representation of (a) salt ions influence on polyelectrolytes and (b) salt 

ions and pH influences on polyampholytes4.  

The behavior of polyampholytes is opposite than that of homogeneous polyelectrolytes. As 

polyampholytes have both positive and negative charges, when dissolved in pure water, 

electrostatic attraction occurs instead of repulsion so that they become coiled. When ions 

are added, the charges of the chain are shielded by counter-ions around or in other words, 

charges are screened by ions. Therefore the chains will be extended. If all charged groups on 

the zwitterionic polymers are weak, the chain charges can turn to be one type (positive or 

negative) due to protonation/ deprotonation by changing pH. As a consequence, the chain 

will be also extended. This phenomenon is called anti-polyelectrolyte effect. 

1.1.2.2 Grafted brushes 

When the polymer is grafted onto the surface, the situation is different because it can swell 

only in one direction. In addition, the density of polymer chain is a key factor that governs 

their conformation as “mushroom” or “brush”. At low density, the polymer chains adopt the 

conformation of separate coils that is also dependent of the solvent. Here, the distance 

between grafting sites should be larger than coil radius which is expressed by Flory radius 

(Fig. 3) in good solvent5:  

      ⁄                                                                                                                            (7) 

where a is the size of monomer, N is the number of monomers. 

In the case of ideal solvent and bad solvent, the Flory radius can be calculated as: 

      ⁄                                                                                                                            (8) 

      ⁄  .                                                                                                                        (9) 
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Fig. 3 Mushroom polymer conformation in (a) good solvent, (b) ideal solvent and (c) bad 

solvent6.  

When the grafted sites are closer to the Flory radius, the polymer chains will be extended 

until to adopt a  brush conformation corresponding to stretched chains regime7. In this case, 

the polymer layer thickness L can be expressed approximately as: 

        ⁄                                                                                                                        (10) 

where   is the fraction of grafted sites. 

Under this conformation, the layer thickness is proportional to the number of monomers per 

chain. For the polyelectrolytes, the grafted layer thickness can be influenced by ionic 

strength and pH8,9.  

1.1.3 Stimuli responsiveness of polyelectrolytes 

Conformational and charge changes of polyelectrolytes resulting from external stimulus are 

used to design “smart” materials10,11. Among the stimuli, the pH is the most studied because 

it is an important parameter of solution in biomedical12,13 and membrane industry14.  

Figure 4 illustrates examples of several weak polyelectrolytes. Typically, weak 

polyelectrolytes can adopt different conformations according to pH because the protonation 

and deprotonation induce overall charge state changes. This effect can strongly influence 

weak cation and anion groups. In solutions with a pH lower than pKa of polyelectrolytes, 



Chapter 1 : Bibiography study 

18 

 

polyelectrolytes can protonate for a positively charged tendency and in solutions with a pH 

higher than pKa of polyelectrolytes, they can deprotonate which is favorable for appearance 

of negative charges. Thus pH changes induce charge variance that influence the adsorption 

and desorption. 

 

Fig. 4: Examples of polycations, polyanions and polyampholytes. 

Salt concentration is also a very common stimulus. The conformation changes under 

different ionic strength depend on the polymer nature (polyelectrolytes or anti-

polyelectrolyte as discussed in section 1.1.2). Swelling and deswelling are major resulting 

phenomenon due to ionic strength that makes polyelectrolytes playing an important role in 

controllable drug delivery15,16 and membrane gating17,18. 

Temperature responsiveness has been achieved with polyelectrolytes or polyampholytes11,19. 

Similarly than the pH, temperature can also involve conformational changes when the 

polymers is upper or lower critical solution temperature20,21 (UCST or LCST). It results a 

phase transition leading to a change in polymer density and conformation. The most studied 

and used thermal-responsive polymer is poly(N-isopropylacrylamide) (PNIPAAM)22,23, it can 

undergo from a swollen hydrated state to a shrunken dehydrated state at 32℃. 
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Polymer materials can also respond to electric potential24, light (UV-vis)11,19, and solvent25. 

Electric potential can cause changes of charge to conducting polymers such as 

polyaniline26,27 (PANI) and poly(3,4-ethylenedioxothiophene)28 (PEDOT). At certain potential 

values, these polymers can be oxidized or reduced to get charges. Light responsiveness can 

be introduced in polymers by using photoswitchable groups such as azobenzene29–31 or 

spiropyran32. Typically, the azobenzene molecules switch between cis and trans 

conformation, while the spyropyran switch between charged state and non-charged state by 

changing irradiation wavelength. The introduction of these small molecules and their small 

changes in polymers matrix can involve macroscopic conformational changes19. 

1.2 Stimuli-responsive membrane using polyelectrolytes modification 

A membrane is a selective barrier which separates two reservoirs with different composition 

and only several species can pass through. It has been used widely in industries33 during a 

long history essentially in filtration34, desalination35,36 and energy generation37–41 where 

pressure and chemical potential are two major driving forces. The membrane process is 

simple and does not require additives like adsorbent or solvent which can be expensive and 

difficult to recycle. In addition, the equipment is relatively simple which occupies small 

spaces41. Permeability and selectivity are two parameters to define the membrane 

performances. The permeability presents the trans-membrane flux which characterizes the 

production rate. The selectivity is the ratio of specific substances permeation over rejection. 

These two parameters have usually opposite effects. Once the membrane pores are large, 

the permeation will be increased but the selectivity will often decrease at the same time. To 

develop membranes with both high permeability and selectivity is always of interest. Despite 

the large amount of membranes being widely used, traditional membranes cannot respond 

to environmental changes like cell membranes because of their structures and 

physical/chemical surface properties  are unchangeable10.   

The stimuli-responsive polyelectrolytes can help membrane to get such stimuli-responsible 

properties. They allow to modulate their permeation and selectivity properties in response 

to environmental changes such as pH18, pressure42, ionic strength43, electrical potential44, 

light45,46, temperature47, magnetic field48,49, specific molecule50, specific ions51 etc. Thanks to 
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the charges and specific functional groups on polyelectrolytes, they can change their 

structures or charge states under different conditions.  

Two strategies were used to design membranes by polyelectrolytes. The first one is to 

synthesize materials using stimuli-responsive polymers and process them into membranes 

directly52. In this way, stimuli-responsive polymers can be the main networks or can be 

additives. A bunch of membrane processing methods are developed such as radiation 

curing53, solvent casting54, interpenetrating polymer networks55 and phase inversion56. 

The second one is to decorate membrane surface by such stimuli-responsive polymers52. 

This method refers to surface modification by direct surface initiated polymerization known 

as “grafting from” methods or by immobilization of pre-prepared polymers known as 

“grafting to” methods52. 

1.2.1 Surface modification by polyelectrolytes 

Introduction of new properties into the existing membranes by surface modification is a 

method relatively simple. It can involve polymers which cannot be used to fabricate the 

entire membranes limited by mechanical stabilities etc. Such modification allows giving new 

stimuli-responsive properties to the membrane. Two methods are employed for surface 

functionalization by stimuli-responsive polymers: “grafting from”57 and “grafting to”58. 

“Grafting from” is an in situ polymerization from a surface and “grafting to” involves to 

anchor the already prepared polymer to the membrane surface. One or the other method 

should be chosen according to the base membrane physical and chemical properties, 

polymerization conditions and so on. There is a common difference between “grafting to” 

and “grafting from”. For the “grafting to” methods, the grafted point density depends on the 

polymer molecular weight: larger the molecule size is, lower the covering rate will be. While 

for the “grafting from” methods these two factors are less dependent.  

1.2.1.1 “Grafting from” methods 

The “Grafting from” methods for polymer decorations of surface refer to series of surface 

initiated polymerization. In the three past decades, the polymerization techniques have 

undergone a period of active development especially in controllable polymerization such as 

atom transfer radical polymerization (ATRP)59–61 and reversible addition fragmentation chain 

transfer polymerization (RAFT)62–64. Since their found, their applications in surface 
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initiated65–6768,69 domain have been investigated. Surface initiated polymerization70,71 

requires firstly the immobilization of reactive monomers on the surface. Then, the 

propagation of chains obeys the same process of the polymerization than in bulk conditions. 

Atom transfer radical polymerization (ATRP) utilizes transition metal complexes (Cu, Fe, Ru, 

Ni) as catalysts and initiators of alkyl halides (R-X). Among them, Cu complexes are the most 

used ones. The ATRP reaction begins with the activation of dormant species (R-X) by the 

transition metal which creates alkyl radicals and oxidization of the metal atom. Then, the 

activated alkyl moieties keep growing with monomers. In addition, the reaction equilibrium 

is shifted toward the formation of halogen stopped species with low radical concentrations. 

Because each chain has the same probability to grow or to form dormant species, the 

polymers will have similar molecular weights and narrow molecular weight distribution. 

During the polymerization, as initiators, catalysts and monomers interact together to form 

different intermediate states, the reaction process depends on many factors such as catalyst 

concentration, initiator concentration, type of ligands and solvent.  

Reversible addition fragmentation chain transfer polymerization (RAFT) is also one of the 

most popular techniques for surface initiated polymer brushes preparation. It requires an 

initiator which can decompose as free radical and a RAFT agent which has a form of 

thiocarbonyl moieties to control the reaction. The reaction begins from the fragmentation of 

initiator for radical release. Then monomers undergo a radical polymerization with initiators. 

The controllable step comes from the participation of RAFT agent to the chain growth. The 

polymer reacts with RAFT agent to transfer the radical to the alkyl chain in the agent under a 

reversible process. The new formed radical species will continue to polymerize. From certain 

size, they will establish the equilibrium with RAFT agent connecting another pre-formed 

polymer. This procedure is known as the main RAFT equilibrium. Thus by controlling both 

temperature and chemical factors, desired polymer size can be obtained with a narrow size 

distribution. 

Beside ATRP and RAFT, many other surface initiated polymerizations have also been 

developed including nitroxide-mediated polymerization72–75, anionic polymerization76–78, 

photoiniferter-mediated polymerization79–82, ring-opening metathesis polymerization83,84 

and living ring-opening polymerization85,86. All of them have been successfully investigated in 
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surface initiated polymerization and each of them has corresponding advantages and 

disadvantages that should be well chosen according to needs. 

1.2.1.2 “Grafting to” methods 

Pre-prepared responsive polymers can be attached onto a membrane surface by adsorption, 

covalent grafting and coordination grafting to form self-assembled monolayers (SAMs).  

Adsorption is a kind of bottom-up fabrication method which takes advantages of self-

assembling processes. Electrostatic attraction and inter-molecular interactions as well as 

hydrogen bonds, Van der Waal’s forces and specific biological interactions can be driving 

forces. Layer-by-layer deposition technique87–91 (Fig. 5) is a good example for fabrication or 

functionalization of membranes by sequential physical adsorption of complementary 

macromolecules. This method has the merit to be simple and low cost. As the energy level of 

physical interaction is relatively low compared to chemical bonds, the physical adsorbed 

layers can be desorbed by changing pH, ionic strength, solvent or other conditions. This soft 

and flexible structure thanks to the weak interactions makes it more suitable to design 

stimuli-responsive membranes.  While, it is also a disadvantage for the possible undesirable 

desorption when environment changes.  

 

Fig. 5 Schematic presentation of layer-by-layer polyelectrolytes adsorption92.   



Chapter 1 : Bibiography study 

23 

 

Covalent grafting aims to form chemical bonds between surface and pre-prepared polymers 

which can form the most stable covers. For organic membranes, amide moieties are usually 

preferred because the reaction between an amine and carboxyl moieties catalyzed by 1-

Éthyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)93 and N-Hydroxysuccinimide (NHS)94 is 

simple and fast. The mechanism is depicted in Fig. 6 (a), (b). Carboxylic acid moieties are 

activated by EDC to form an o-acrylisourea active ester intermediate; then amine moieties 

replace EDC to form amides. The EDC is a zero-length crosslinking agent95 which means that 

no additional chemical structure is introduced during the reaction. Besides of amide bond, it 

can also catalyze phosphate groups to form phosphoramidate bond with amines96. NHS 

molecules can form easily a NHS-ester derivative which can then react with a carboxylic for 

amide bond formation. Pre-prepared polymers can be mixed with EDC to activate carboxylic 

groups and also can be mixed with EDC/NHS to activate both carboxylic and amine groups. 

The reactions can be either one-step or two-step. One step reaction has a higher conversion 

rate but the reaction conditions may destroy reactive especially some biomolecules. Two-

step reaction has less conversion rate while reactive are added after the activation step in 

rough conditions. 

 

Fig. 6 Schematic representation of carboxamide formations by (a) EDC, (b) NHS and (c) 

Silicon oxide bond formation97.  

The inorganic membranes based on Si or metal oxides can be also functionalized by 

silanisation thanks to their hydroxyl moieties (Fig. 6). The surface oxidation by treatment by 

piranha (H2SO4:H2O2 = 3:1), plasma O2 or ozonolyse of Si, SiN and SiO2 surfaces generate 
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hydroxyl groups and make the membrane more hydrophilic. Then the abundant hydroxyl 

groups can have condensations with organosilanes to graft functional organic molecules. 

 Another kind of grafting widely used is self-assembled monolayers (SAMs) using thiol-Au 

coordination bond (Fig. 7). It consists to immobilize thiol or disulfide terminated molecules 

onto gold substrate98–100. The chemisorption of thiol moieties on gold can form stable Au-S 

bonds. We mentioned above that “grafting to” methods suffer from low grafting density 

because of the steric effect of macromolecules. However, the SAMs can offer a very dense 

layer thanks to inter-molecule forces. Although it takes usually a long time for obtaining 

SAMs because of the multi-steps of the process includes physical adsorption, lying formation 

phase, standing nucleation phase and completion phase. It draws still great interest for 

researchers for its simplicity and broad application range. This last convenience comes from 

the possibility of a pre-step of covering surfaces with gold using electroless deposition, 

sputtering or vapor deposition on various substrate including polymer membranes101 and 

SiN nanopores102.  

 

Fig. 7 Schematic representation of thiol SAMs formation at step (a) physisorption, step (b) 

lying formation phase, step (c)  standing nucleation phase step and (d) completion phase. 97 
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2 From cell membrane channels to biomimetic nanopores 

2.1 Trans-membrane transport in cell 

Cell membrane forms the barrier which differentiates cells from their external 

environment103. It has two functions. It protects the cell and keeps the cell constituents as a 

barrier. At the same time, it has a transporter role allowing absorbing nutrients and expelling 

the wastes out of cell. Composed of phospholipid molecules, the membrane has a lipid 

bilayer structure. The trans-membrane proteins are incorporated in the lipid bilayer working 

as membrane transporters (Fig. 8). Briefly, two kinds of transports are identified according to 

transport direction along the concentration gradient or against. Permeation rate as the 

diffusion velocity across membrane of different substances varies in a wide range according 

to different transport modes.  

 

Fig. 8 membrane transport processes. Physiologyweb www.physiologyweb.com 
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The diffusion along concentration gradient is driven by high free energy of the concentrated 

part. The permeation rate is relatively high. Two trans-membrane proteins exist for that, one 

is membrane channel104,105 which is constructed as a hole. Some channels are always open 

but most of them are gated by chemical106, mechanical107 or electrical potential actions108. 

Some large channels are permeable to different ions with the same charge, anions or cations. 

Specific narrow structures of other channels allow the passage of only one type ion: such as 

potassium, sodium or chlorine. The electrical potential gating channels play important roles 

to transform physiological signals into electrical signals which are the basis of many nerve-

nerve or nerve-muscle interactions. This selectivity and responsiveness inspires researcher 

to mimic such biological properties on artificial membrane. Besides ions, some other small 

molecules and water can also pass through membrane channels. The transporter109,110 is 

another type of trans-membrane proteins that facilitate diffusion of larger molecule. Sugar 

or amino acid molecules are chemically bounded onto the specific transporters, and then the 

protein brings it to the other side and releases it. 

The transport of substances against their concentration gradient requires another source of 

energy. According to energy origin, two kinds of active transports exist. The primary active 

transport111 utilizes directly the energy of cell metabolism (ATP). The secondary active 

transport112,113 take advantage of energy released from a spontaneous along-concentration-

gradient diffusion. Ion pumps are good examples as primary active transports which 

transport various ions like sodium, potassium or calcium from low concentration side to high 

concentration side.  

Even still a lot of transport mechanisms across membrane are not totally understood, in the 

domain already well exploited researchers have learned from abundant precise, smart 

biological process and structures. They developed over last decade biomimetic solid-state 

channels for biosensing, energy and responsive ion channels. 

2.2 Biomimetic solid-state channel 

The first DNA sensing with a single nanopore was achieved using an α-hemolysin pore114. 

The latter biological channel is a toxin which self-assembles onto lipid bilayer and cause cell 

lysis such as aerolysin115, gramicidin A116, anthrax toxin117, lysenin118 etc. The other types of 

channels used for DNA sequencing are outer-membrane channel including OmpG119 and 
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MspA120–122. Even many applications have been achieved by biological nanopores for nucleic 

acid analyses123–126, peptide/protein characterization127 and the numerous development of  

new biological pores like FraC128, ClyA129 and FhuA130, there are always two limiting factors : 

their fixed size and limiting stability131.  

A reliable solution for these weaknesses is artificial solid-state and polymer nanopores131. 

These nanopores have generally excellent mechanical properties, physical and chemical 

stabilities, surface tunable which makes it developing rapidly in the last two decades. At the 

end of last century, with the development of nuclear industry and particle accelerators, track 

etching techniques burned for fabrication of track-etched membranes132,133 and single 

nanopores using polymer films134,135. At the same period, carbon nanotubes136,137 were 

found by S. Lijima and developed for numerous applications from electronics to physics 

being followed by other nanotubes including boron nitride138,139, halide140, 

aluminosilicate141,142. Soon after that, single nanopores are achieved in thin SiN membrane 

by ion bean sculpting at Harvard143 and then are fabricated in Si, SiN, SiO2 by silicon 

technology and transmission electron microscopy at Delft144,145. More recently, 2D 

nanopores of graphene146–148 and MoS2
149 turned into reality and showed specific 

advantages for energy generation150 and polymer sequencing151,152. A novel plasmonic 

nanopore153–155 was created by combining a plasmonic nanoantenna, Raman spectroscopy 

and optical tweezers with solid-state nanopore for high performance molecule detection. 

The use of artificial nanopores becomes now a promised technology as manipulation 

controlled technique for applications from single molecule detection156, DNA/RNA/peptide 

sequencing157 to responsive channel construction97 and energy harvesting158.  

2.2.1 Silicon based nanopore (SiN and SiO2) 

For most time, solid state nanopores refer specifically nanopores fabricated in silicon based-

materials including Si, SiO2, SiN. The nanometer-scale controlled pore fabrication became 

true thanks to the development of microelectronics and nanofabrication techniques. The 

first method for nanopore drilling in SiN and SiO2 materials was achieved by ion beam 

sculpting. Li et al. sputtered the SiN thin film on a substrate with a cavity, and then a focused 

ion beam irradiated SiN to drill a single nanopore143. The procedure was stopped when ions 

were detected on the back side which is a feedback-controlled system. After that, a more 

common method was proposed by C. Dekker’s group using a TEM technique144,145. A focused 
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electron beam of TEM was utilized on sputter SiO2 deposited on Si membrane in order to 

shrink pores of large size. Conveniently, the whole procedure can be observed lively by TEM. 

The shrinking velocity of SiO2 to Si is reported to be about 0.3 nm min-1, which is slow 

enough for a precise control of nanopore size. Then, the main deviation comes from the 

surface roughness of the silicon oxide. The advantages of these techniques of high accuracy 

and high controllability are also limiting conditions that with these techniques, the 

fabrication need expensive instruments such as FIB and TEM. Actually such nanopores are 

costly and can produce only one pore at a time. About 10 years after, a new low cost 

technique as reported using controlled dielectric breakdown (CDB) technique159,160. A strong 

electric field was applied to a SiNx membrane on silicon chip in aqueous solution. Through 

trap-assisted tunneling mechanism, leakage of current appeared and then after charge traps 

accumulation, the membrane was finally perforated. When these solid-state nanopores are 

fabricated, the main work to make sure the applications becomes nanopore wetting, 

stability enhancing and noise reduction161.  

Different noise sources such as flicker noise, thermal noise, dielectric noise, and amplifier 

noise are identified.  A series of efforts were tried including surface modification, using other 

substrate materials than Si and developing high performance amplifier. With the 

achievement in progress of noise reduction, spatial resolution and surface functionalization, 

nanopores based on Si derives become a powerful tool for detections of nucleic acids and 

proteins161. 

2.2.2 Nanotubes 

Carbon nanotubes (CNTs) are channel-like form in rolled-up 2D graphene. They have a 

diameter of a couple of angstroms to several nanometers while the length can reach some 

millimeters162. They can be synthesized by catalytic particles coupled with chemical vapor 

deposition, carbon-arc discharge and laser163. Its ultrahigh aspect ratio makes it a good tool 

to study interfacial transport phenomenon162. The highly hydrophobic surface and sub-

nanometer size give to CNT special properties for water transport. When water molecules 

pass through a sub-nanometer CNT, water can form a hydrogen bonded wire and with the 

decrease of hydrogen bonds, the nanoconfined water become different from bulk one in 

terms of Helmholtz free energy. The friction free water transport of CNTs can reach a speed 

of 4 - 6 molecules per nanosecond which is comparative to aquaporins as water transporters 
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in cell membrane164. This is due to de high slip length as the flow velocity at the surface 

keeps still a high value165,166. 

Boron nitride nanotubes (BNNTs) have very similar structures with CNTs but have different 

chemical compositions138,139. Thanks to different electronegativity of boron and nitrogen 

from carbon, water molecules dissociate that a hydrogen atom bound to a nitrogen atom. 

Thus hydroxyl groups are widely distributed on BNNTs surface which bring a high charge 

density167,168. This unexpected, interesting chemical property gives BNNTs a high 

performance on osmotic energy harvesting158. 

2.2.3 2D Nanopore 

From nucleic acid to peptides, biomolecule sequencing accuracy is limited by signal-to-noise 

ratio, translocation speed and spatial resolution. The latter limitation can be solved by a 

nanopore with a thickness in the same order than the distances between two nucleotides or 

two amino-acids. Thus, 2D nanopores become an ideal solution thank to their thickness less 

than 1 nm. The graphene nanopore was the most investigated due to its finest thickness of 

carbon monolayer about 0.335 nm that allowing to identify each nucleotide or amine acid 

with high accuracy146,169. However, pristine graphene nanopores exhibit strong hydrophobic 

interactions with DNA, which limits their long-term use because of clogging152.  The effort 

are now also focus on boron nitride170 and molybdenum disulfide152,171. The fabrication of 

these 2D nanopores is generally performed by ablation via focused electron-beam 

irradiation in a TEM172. Monolayer sheets are suspended on a SiNx frame punctured 

containing micropores. Then assisted by TEM, the sheets are drilled by a focused ion beam 

which can be done at single atom level. 

Another application of 2D nanopore is the osmotic energy harvesting. In that case the ions 

diffuse across ion selective membranes along salinity gradient. This process directly 

generates electric current and transmembrane potential. The ionic selectivity is one essential 

factor influencing the performance. It can be increased by minimizing the membrane 

thickness. The molybdenum disulfide 2D nanopore was used for that purpose resulting in a 

breaking single pore performance150. 

2.2.4 Nanopipette 
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One of the solid-state nanopores with low cost and quick fabrication is nanopipette173. 

Beyond that, advantages such as low-noise performance, chemical stability, easier handling 

help them to be a good candidate for applications in biomolecule detection174. Made from 

quartz or borosilicate glass, nanopipettes are generally formed by laser-assisted pulling. A 

glass capillary is fixed and undergoes cycles of heating and pulling until it breaks into two 

identical tiny conical nanopores. The diameter of the tip side can be obtained to some tens 

of nanometers. Various methods are applied to decrease the diameter that such as atomic 

layer deposition175, electron irradiation176 and wet-chemical silanization173. The shrink of the 

pore size down to sub 10 nm give it a higher signal-to-noise ratio for detection of smaller 

molecules174. 

2.3 Track-etched polymer nanopore 

Tracked etched membranes made of polymer foils were first fabricated as multipore 

membranes. The process follows two steps: irradiation and chemical etching. There are two 

methods for producing tracks on polymer films including polyethylene terephthalate (PET)134, 

polycarbonate (PC)133, polyimide (PI)177, polypropylene (PP)178 and polyvinylidene fluoride 

(PVDF)179: One is using fragments of nuclear fission180 and the other one is based on high 

energy ion beams of accelerators181. The first one has low cost and stable particle flux but 

disadvantages like radioactive contamination, limited energy range and fragments 

complexity reduce the use of this method. Despite the high cost and lower particle flux 

stability, accelerator-based irradiation become more and more common with its 

controllability in energy, impact angle especially for single track fabrication.  

The first step (call “track”) is the irradiation to perform a latent track. When a heavy swift 

ions bombard on polymer films, electronic energy losses by numerous particle material 

interactions. The energy lost can be expressed by: 
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where   is elementary charge,      is effective charge of the projectile,    is aomic number, 

N is number of target atoms per unit volume,    is electron mass,   is ion velocity,   is 

ionization energy,   is relative correction and   is inner electrons screening correction. 
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Thus, the effective penetrating range of an ion with initial kinetic energy    can be 

calculated by integration: 
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Heavy swift ions break chemical bonds of polymers, the resulted latent tracks are then 

activated by Ultra Violet light (UV). The UV irradiation increase the chemical activity of the 

tracks and the duration time of this procedure can enhance the etching velocity along the 

track. 

 

Fig. 9 Schematic representation of chemical etching process on an across section. Thesis 

Birgitta Schiedt,2007 

The second step is chemical etching which will open the pores and determine its geometry 

and size. Etching solutions attack both track zone and polymer bulk with two different 

velocities Vt and Vb. The ratio of these two rates can determine pore geometries. They are 

influenced by etchant composition, temperature and the use of additive such as surfactant. 

Generally for a high concentration etchant at room temperature, Vt is higher than Vb but in 

the same range. Such conditions are suitable to obtain conical shape pore under 

dissymmetrical condition. At higher temperature and lower etchant concentration, Vt >> Vb 

which will result in a cylindrical geometry. By combining symmetric etching (etching from 

both sides), asymmetric etching (etching from one side) and under condition where Vt ≈ Vb, 

or Vt >> Vb, various shapes can be obtained including hourglass, funnel, dumbbell.  
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Fig. 10 Schematic representation of a chemical etching process with participation of 

surfactant molecules132. 

The use of surfactant allows to form cigar-like and bullet-like shapes132 (Fig. 10). Surfactant 

molecules are adsorbed to entrance surface and protect it as shown in Fig. 10. The opening 

size depends on the surfactant molecules length. The length of protected zone depends on 

the molecule diffusing distance in the pore. It should be noted that it exists a minimum pore 

diameter of track etched nanopore because of the track size and the etching properties. A 

minimum of 2 nanometers was achieved for conical pore, while for cylindrical pore, the limit 

is upper than 20 nm.  

For single nanopore, PET films are the most used. After chemical etching, the PET pore 

surface has carboxylate groups which are ideal for chemical functionalization by forming 

amide, ester bonds as well as for polyelectrolyte adsorption by electrostatic interactions. 

Thus, with controllable geometries and facile surface functionalization, track-etched 

nanopore has a wide range of applications in biosensing, stimuli-responsive channel and 

energy generation. 
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3 Transport properties through nanopore 

3.1 Electrostatics near interface 

 The Poisson-Boltzmann equation is given to describe the potential distribution in electrical 

double layer (EDL) formed near the surface of polyelectrolytes. As shown in Fig. 1, a Stern 

layer composed of immobilized ions and a diffuse layer containing a number of mobile 

counter-ions coexist at the surface which leads a potential distribution as a function of the 

distance from the surface z. 

The EDL becomes extremely important in transport properties close to the surface2. In 

nanopore the surface/volume ratio is high. Thus, when the nanopore diameter is close to 

EDL length, the ionic transport is governed by surface phenomenon. Let us rewrite the 

Poisson-Boltzmann equation: 
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where   
∞

 is the ion concentration. To solve this equation, approximations are required. If 

we assume that the surface potential is homogenous and small (25 < mV) in the whole EDL 

and use         for  , then we get Debye-Hückel approximation: 

     
   

   
    ( ),                                                                                                 (14) 

where 

   (
  ∑  

 

∞
  
 

 

    
)

  ⁄

                                                                                                       (15) 

which is called Debye-Hückel parameter. For small surface potential, analytical solution can 

be obtained as:  

 ( )        (    ⁄ ),                                                                                             (16) 

where         is the Debye length characterizing the thickness of the EDL, thus the Debye 

length is inversely proportional to ion concentrations of solution.  For a high surface 

potential, Gouy-Chapman model is taken into account: 
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where the condition of equal valence of co-ion and counter-ion is applied for this result. 

As Debye length depends only on ion concentration of solution, it can be simply expressed as 

a function of ion concentration    in the case of symmetrical electrolyte (     ) at 25°C: 
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For a KCl concentration of 10-5 M, the Debye length is as long as 96.3 nm which create a zone 

big enough for various electrokinetic phenomenons close to interface. 

3.2 Hydrodynamics and Electrokinetics near interface 

3.2.1 Liquid slippage 

Before discussing the movement of electrically charged ions and molecules inside a potential 

field (EDL), it should be introduced a more common phenomenon named slippage182,183 that 

occurrs at liquid/solid interface under frictionless flux. In the case of nanopore, it can play 

important role on pressure drop, electrical and diffusive transport. The characteristic of 

slippage which has the opposite direction of Debye length is the slip length184. It is an 

extrapolated distance relative to the nanopore wall where the tangential velocity 

component vanishes as shown in figure 11. Various factors can influence the slip length 

including weak wall fluid attraction, surface roughness, high shear rates and nucleation of 

nanobubbles at hydrophobic surfaces. As it is an interfacial hydrodynamic phenomenon, to 

find the slip length b, we should begin with the liquid-solid friction. The friction force is linear 

to slip velocity under the form of: 

        ,                                                                                                               (19) 

where   is the friction coefficient and   is the lateral area.  
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Fig. 11 Schematic representation of liquid velocity profile close to surface and the slip length 

b184. 

The slip length is defined as     ⁄ , where   is the bulk viscosity. According to this relation, 

the slip length should be large for a smooth surface especially a hydrophobic surface; this is 

why a high water transport velocity was reported in carbon nanotubes165and hydrophobic 

nanopore185,186. 

3.2.2 Electro-osmosis, electrophoresis and streaming potential 

The liquid slippage can occur on charged or non-charged surface. If we re-focus to a charged 

surface with an EDL, the flow of liquid containing ions in EDL can involve interesting 

electrodynamic phenomenon. If the flow is driven by electric field, both electro-osmosis187 

and electrophoresis188 will happen. If the flow is driven by hydrostatic pressure, a streaming 

potential will be obtained. 

When an electrical field is applied parallel to the interface, from the slip plane, the liquid 

velocity increase from zero to a maximum value   described by Smoluchowski formula189: 

   
  

 
  ,                                                                                                                    (20) 

where   is the dielectric constant, ζ is the zeta potential and   is the viscosity. Here we can 

find a linear relation between the liquid velocity and the applied electric field. This plug-like 

flow will be changed when the ionic strength is ultra-low with a large Debye length. Using 

Stokes and Poisson equations we can develop the  ( ) as: 
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where the potential distribution appears as a variable of the velocity.  

As an interfacial flow, the electro-osmotic transport will be influenced by slippage which can 

decrease the friction in EDL. Then as shown in Fig. 11, the hydrodynamic velocity gradient 

can contain     . Thus if we apply  : 
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into Eq. (21), the velocity at surface  ( ) becomes: 
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 ( ) is proportional to the slip length. It shows that surface properties can highly influence 

electric induced transport and can be optimized for osmotic energy harvesting. 

Now, if an electric field is applied parallel to the interface the charged particles will move to 

form electrophoresis flow. The electrophoresis mobility can be different according to EDL 

thickness. For thin EDL thickness compared to the particle radius, the electrophoretic 

mobility can be expressed by Helmholtz-Smoluchowski limit: 
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While for thick EDL, the electrophoretic mobility can be given by Hückel-Onsager limit: 

    
   

  
.                                                                                                                      (25) 

Beside electric field, the driving force for generating flows can be hydrostatic pressure which 

leads to the formation of streaming potential across a channel190. The mobile ions in the EDL 

move under pressure as a flow of ions is called streaming current. The accumulation of ions 

creates an electric field causing an opposite current as conductance one. The difference of 

electrical potential along the channel is called streaming potential. It can be very useful to 

experimentally determine surface charge density. 
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3.3 Transport in nanofluidics 

3.3.1 Donnan and membrane potentials 

Until this section, we discussed about the interfacial transport phenomenon with or without 

a charged surface. When the nanopore radius is of the same order than Debye length, the 

overlap of EDL will happen. Thus, the whole space in the nanochannel will be influenced by 

the surface charge. Under this condition, a nanochannel with charged surface (positive or 

negative) in an electrolyte solution will be selective to counter-ions. To reach the 

electrochemical equilibrium between outside and inside of the channel with different ion 

species concentrations, an electrical potential can be found so-called Donnan potential 

(Fig.12): 
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where   
  and   

   are ion concentrations outside and inside the channel.   

 

Fig. 12 Donnan equilibrium at the entrance of the nanochannel. (a) A different 

concentrations of ions in bulk solution I and in cation-selective nanochannel, (b) 

concentration profile and Donnan ratio appeared between I and II, (c) potential profile and 

Donnan potential. 
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If the channel connects two reservoirs with different salt concentrations which is a common 

case for membrane utilizations during desalination and reversed electro-dialysis energy 

harvesting, the membrane potential can be calculated by combining two Donnan potentials 

   ,     of the two membranes sides and the diffusion potential       (Fig. 13): 

                  ,                                                                                      (27) 

where       is calculated as: 
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where    
   and    

   are the transference numbers of cations and anions. Thus from Eq. (27) 

and Eq. (28) we obtain: 
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Fig. 13 Concentration profiles and potential profiles along membrane length separating two 

solutions with different concentrations (c1>c2)2.  
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3.3.2 Perm-selectivity and pre-concentration 

As the counter-ions of the charged surface are majority in the EDL, when Debye length is 

large (typically at low salt concentration), an enrichment of counter-ions occurs in the 

channel and a corresponding exclusion of co-ions will also occurs. This exclusion-enrichment 

effect generates perm-selectivity of membranes for diffusive ion transport. The effective 

diffusion coefficient is defined as: 

        
  

 
,                                                                                                             (30) 

where    is the ion flux,     is the concentration drop along nanochannel and L is the 

nanochannel length. 

Other than asymmetrical concentration, an electric field applied across a nanochannel in an 

electrolyte solution can generate ion movement. As the surface charge promotes the 

presence of the counter-ion, the latter can be transported to the other side, thus an ion 

enrichment and ion depletion will occur at the both sides of the channel.  

3.3.3 Nanochannel conductance 

Ion enrichment and ion depletion are a consequence of ion flows. Other than that an electric 

potential applied to a nanochannel immersed in electrolyte solution generates an electric 

current. Thus, the channel can be considered as a resistance and inversely the conductance 

can be defined to a channel as the ratio of electric current to electric potential drop. The 

ionic conductance has two contributions from the bulk solution and the electro-osmosis in 

EDL192 (Fig. 14). It can be expressed for a negatively charged nanochannel in a monovalent 

electrolyte solution as: 
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where   is the mobility,   is the ion concentration, S is the cross section of channel,   is the 

channel width, L is the channel length and    is the surface charge density. 

Recently, Balme et al. developed a hybrid approach considering Debye length, advection, 

good co-ion exclusion and electro-osmosis185: 
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where     is the bulk concentration,   the pore radius,   the surface charge density and 

 (  ) a monotonous decline function which describes the correction for the large surface 

charge for the advective part of “Good Co-ion Exclusion” approximation: 

       
 

 
                                                                                                                 (34) 

where    is the Bjerrum length. 

It’s also possible to consider the slip length as: 
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where b is the slip length. 

 

Fig. 14 Schematic behavior of a nanopore conductance as a function of the electrolyte 

concentration 1:1 (NaCl or KCl type). In full line is repported the fit using Eq. (31) and in dash 

lines are reported the impact of an increase of the surface charge density σ, the radius R or 

the length L of the nanopore on its conductance97. 
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At high electrolyte concentrations, the conductance is contributed by ions in bulk solution 

inside the channel; while at low electrolyte concentrations, counter-ions in diffuse layer of 

EDL contribute essentially. When the two terms equal, a concentration    can be found as 

0.5  , where    is the concentration of excess mobile counter-ions.  

3.3.4 Ion current rectification 

Until now, all the nanochannels considered have a symmetric geometry and a homogeneous 

charge distribution. It means that under a positive or negative voltage (opposite direction), 

ionic current remains the same. While if we break the symmetry by considering nanochannel 

with dissymmetrical shape or heterogeneous distributed surface charge, the direction 

change of electric bias will cause a current change known as ion current rectification193.  

When a nanochannel has an asymmetrical shape such as conical, bullet-like, funnel 

geometries, the consequence is that the different cross sections of the two sides cause 

different conductances. For a conical channel, if the voltage drives counter-ions from the 

large side (base) to the small side (tip) (Fig. 15 a), the quantity of counter-ions entering in 

channel is larger than that getting out because of the different cross section area194. Thus an 

accumulation of counter-ions appears inside the channel close to the tip. To ensure the 

electroneutrality, co-ions will also accumulate in the same region. So both counter-ions and 

co-ions concentrations increase at tip which leads a global augmentation of channel 

conductance standing called open state. If the voltage is inversed (Fig. 15 b), with the same 

principle, ion depletion will take place in channel inducing a lower conductance called a 

closed state. 
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Fig. 15 Ion current rectification behavior due to asymmetry from (a) and (b) shape and (c) 

and (d) charge distribution. For (a) and (c), ions are accumulated in channel corresponding to 

an open state and for (b) and (d), ions are depleted in channel corresponding to a closed 

state195.  

In the case of asymmetrical surface charge distribution, the channel will also be opened or 

closed due to ion accumulation and ion depletion195. An example is shown in Fig. 15 c and d, 

a cylindrical channel has positive charges on the left and negative charge on the right. When 

the positive potential is applied on the side of negative charges (Fig. 15 c), both cations and 

anions can enter in the channel195.However they have difficulties to get out because of the 

opposite charges compared to their entrance. An accumulation of anion and cation occurs, 

and thus, the pore will have an open state. Conversely, when the applied voltage is opposite, 

both cations and anions have difficulties to enter facing a large electric repulsion. The ion 

depletion that occurs in channel leads to a closed state.  

The asymmetrical conditions of shapes and/or charge distributions are at the origin of ion 

current rectification. The amplitude of the phenomena is influenced by channel properties 

and electrolyte solution conditions. The ratio between pore diameters of two sides and 

surface charge density are two straightforward parameters. Additionally, the ion valence196, 

and the ion adsorption on inner wall9 are also reported experimentally and theoretically that 

can change the rectification behavior. As the rectification can be easily measured using an 

amplifier and can be influenced by a variety of parameters, it is thus a useful signal output 

for characterizing of ion-sensing, molecule-sensing, stimuli-responsiveness etc. in a channel. 

4 Applications of polymer and PEs functionalized track-etched 

nanopore 

As described in part 1, precise and systematic operations happened on cell membranes play 

a crucial role in life activities. Channel and pump proteins allow ions or molecules to pass 

through the membrane along or against concentration gradient, by direct diffusion or 

assisted transport respectively. Their opening or enclosure can be controlled by electric 

signals108, the bind of a cargo197 or other stimulus like pH198, light199 and temperature200. Bio-

inspired functionalized solid-state and polymer nanopores can mimic these biological 

membrane proteins. With recent progresses, track etched nanopores become an important 
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platform for these applications thanks to their various pore geometries, simplicity to 

functionalization, the possibility to upscale from a single to multipore membrane and 

relatively low cost. In section 2, we discussed the properties of macromolecules especially 

stimuli-responsive polyelectrolytes and biomolecules that can change their conformation in 

response to external environmental changes. They are good candidates for track etched 

nanopores functionalization to mimic biological channels such ion pumps for energy uses 

and to involve specific interactions for biosensing. 

4.1 Stimuli-responsive ion channel 

Polyelectrolytes immobilized inside track-etched nanopores can change their charge density, 

effective thickness and/or structural conformations in responds to external stimuli such as 

pH, electrical potential, UV-Vis light and temperature. They were considered to achieve 

smart controllable artificial ion channels 

4.1.1 pH responsive channels 

The pH responsive ion channels are the most investigated for polyelectrolytes functionalized 

track-etched nanopores because of the general pH sensibilities of polyelectrolytes with weak 

cationic or anionic groups or both. The pH responsive ion gates based on steric effect of 

polymer brushes by changing polymer charges have been widely reported. Xia et al. grafted 

DNA brushes inside of PET conical nanopores by EDC/NHS chemistry201. When solution pH is 

at 4.5, DNA molecules take a dense packed rigid i-modif structure which has a larger 

effective size. While at pH 8.5, the DNA brushes get more charges and turn into a loosely 

packed single strand. This transition reduces the effective size of DNA molecules that 

enhances the pore diameter which is confirmed by a higher ionic conduction.  
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Fig. 16 pH-responsive nanochannels. (a) P4VP functionalized nanochannel202, (b) PMALys 

functionalized nanochannel203, (c) PEI/ChS layer-by-layer functionalized nanochannel9.  

Yameen, et al. used hydrophilic/hydrophobic effect of weak cationic polymer brushes (poly 

(4-vinyl pyridine) (P4VP))204 (Fig. 16 a) and zwitteronic effect of polyampholytes brushes205 

(poly(methacrloyl-L-Lysine) (PMALys)) (Fig. 16 b) to construct different ion channels. The 

P4VP brushes were grafted in a cylindrical PET nanopore. At pH 2, the nitrogen atom of 

pyridine gets a proton to be positively charged. With the electro-repulsion, hydrophilic 

polymer chains take extended configuration to reduce the pore diameter. When pH is 

greater than 5.0, pyridine is deprotonated to be hydrophobic that makes polymer chains fold 

on the pore surface to open the pore spatially. PI nanopores functionalized by PMALys tune 

ionic transport by different surface charges in different pH. As PMALys has both carboxylic 

groups (-COOH) and amine groups (-NH3), at different proton concentrations, the polymer 

charge can be positive, negative or zwitterionic. The different charged states modulate the 

selectivity of the channel. The same principles by using polyampholytes to design pH 

responsive ion channels are widely applied by several groups in PC conical nanopores202,206. 

The amphipol containing carboxylic acids and tertiary amines were immobilized on the tip 
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side of conical nanopore which is firstly coated by a gold layer206. Positive charges of amine 

in acidic condition give the pore selectivity to anions while negative charges of carboxylic 

acid in basic allow it selective to cations. The same polyampholites functionalization was also 

confirmed by direct polymerization of poly(3-aminephenylboronic acid) inside the pore202. 

More interestingly, because of negative charges due to the binding between boronic acids 

and cis-diols, this channel can be modulated by fructose which makes the pore more 

selective to cations with higher monosaccharide concentrations. 

Recently another method to design pH responsive ion channels by using layer-by-layer 

deposition of polyelectrolytes in single nanopore9 is studied by our group as shown in Fig. 16 

c. The layer-by-layer embedded polyelectrolytes introduce both charges and 

swelling/deswelling properties into the pore. By alternating deposition of polyethylenimine 

(PEI) and chondroidine sulfate (ChS), a pH and ion strength double controlled channel was 

obtained. At low salt concentrations, the channel is closed at pH > 4 because of the charge 

compensation at pH < 4 the nanopore is open and selective to anions because of the global 

positive charge. At high salt concentrations, the swelling of the polyelectrolytes makes the 

pore not responsive to pH anymore. 

4.1.2 Potential responsive channel 

As ion channels play an essential role in regulating cell membrane potential, biomimetic 

potential responsive nanopore draw interests of researchers. Buchsbaum et al. reported a 

DNA-modified conical nanopore as pH- and voltage-responsive ion gate207. The DNA 

molecules have uniform negative charges at pH 5.5 while they became zwitterionic 

electrostatic mesh at pH 8. As shown in Fig. 17 a, negatively charged DNA functionalized 

conical nanopore does not obey the usual behavior. Indeed according to the surface charge, 

the current should be lower at positive voltages than at negative voltages because of the ion 

selectivity. This phenomenon was explained as at positive voltage, negatively charged DNA 

strands are deflected to the base side which opens the pore. While at negative voltages, the 

inverse movement of DNA molecules blocks the pore. This movement of the long charged 

polymer chain provides a possibility of potential direction sensing. This is similar to another 

potential responsive channel using DNA as functions in conical nanopore by Nguyen et al.203 

In this research, at negative electrical bias, two states have been observed. At moderate 

voltage around 2 V, ionic concentrations become higher which reduces DNA’s extension; 
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while at high voltage around 3 to 4 V, DNA molecules become extended by high electric field 

leading to a small current. 

 

Fig. 17 Potential responsive nanochannels functionalized by (a) DNA207, (b) PEDOT208 and (c) 

PANI209.  

Perez-Mitta, et al. developed series of potential field effect ionic diodes by using conducting 

polymer. Two strategies were used, one by electrochemical polymerization of polyaniline 

(PANI)209 and the other by coating a poly(3,4-ethylenedioxothiophene) (PEDOT)208 layer (Fig. 

17 b and c). Both of them use the electric conducting properties of polymers with 

conjugated double bonds in oxidation state. For PANI under original form, low proton 

binding degree equals to a low charge density. When 0.2 V is applied, the PEDOT pass to 

oxidized form with a high positive charge density. This transition makes the pore surface 

more hydrophilic that a higher conductance was observed. PEDOT has the same behavior 

while two oxidations are found to occur with an external potential of 0.2 V and 1.6 V by 
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cyclic voltammetry. The oxidation creates an electron vacancy as a default (p-type) in semi-

conductors which contribute to the electron conducting known as anion-doping. Conversely, 

a reduction form under -0.5 V makes the polymer as n-doping or cation-doping. These 

oxydo-reduction changes were characterized by I-V dependence. 

4.1.3 Light UV-Vis responsive channel 

The transformation of visible light into electrical nerve signal makes Mammalia animals able 

to perceive the world by eyes. Rod and cone cells in retina play the job with the help of 

numerous photon sensitive ion channels controlled by retinol/retinal known as vision cycle. 

Many studies based on nanopores were design to mimic such light-responsive channel based 

on photo-switchable molecules like cumarine210, azobenzene211, spiropyran212,213, etc. The 

combination of these photo-switchable molecules with polymers was also investigated in 

track-etched nanopore.  

 

Fig. 18 UV-Vis light-responsive nanochannel functionalized by azobenzene-DNA in (a) Vis 

light and in (b) UV light214.  

Li, et al. combined azobenzene with DNA molecules as nanopore functions214. As shown in 

Fig. 18, chemically modified DNA chains by azobenzene are immobilized on surface of conical 

pore by Au-thiol chemistry. Under visible light, azobenzene molecules adopt a trans 

conformation which makes DNA chains collapse into hairpin structure. Thus the effective 

pore diameter is enlarged as characterized by a high ionic conductance. While under UV light, 
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the cis-azobenzene helps DNA to recover the relaxed, extended form. This leads to a closing 

state of the channel. Therefore by changing irradiation wavelength between visible light and 

UV light, the pore can open and close to modulate the transport. This photo switchable 

molecule-polymer cooperative control can amplify the difference between closure and 

opening state. This signal difference between two states is much higher compared to only 

photo switchable molecule functionalized channels where they are gated by photo induced 

surface wetting/dewetting213 or surface hydrophobicity/hydrophilicity215. 

4.1.4 Temperature responsive channel 

Temperature sensibility is one of the life being’s ability. Biomimetic thermal controllable ion 

channels based on track-etched nanopore functionalized with polymer were designed 

according to two strategies. The first one involves temperature sensitive polyelectrolytes 

functions and the second one thermal controlled host guest interaction. 

As described before, certain polyelectrolytes can react to temperature change by showing 

conformation variations. The most studied is poly(N-isopropylacrylamide) (PNIPAAM) that 

has a phase transition from a swollen hydrated state to a shrunken dehydrated state at 

lower critical solution temperature (LCST) about 32°C. This transition can be used to 

modulate ion transport in nanopore. Nasir et al. immobilized covalently PNIPAAM chains in a 

cylindrical and a conical nanopore membrane216. The two polymer states were characterized 

by ionic transport velocity of ionic molecules containing methylviologen (MV2+) and 1, 5-

naphthalenedisulfonate (NDS2-). After PNIPAAM modification a clear increase of both ionic 

molecules transport rate was observed for both two nanopore geometries while it is more 

accented for conical pores. At low temperature, PNIPAAM chains behave like extended 

brushes which decrease the pore size; at high temperature, a pore opening happens as 

PNAPAAM becomes more hydrophobic and collapse to the surface. A very good reversibility 

was also tested by changing alternately the temperature between 39°C and 23°C. Then with 

the same thermal control principle, Liu et al. used azo-PNIPAAM and azo-poly-L-lysine (azo-

PLL) to decorate a 3-amino-3-deoxy-α-cyclodextrin (α-CD) modified cylindrical nanopore by 

azo/α-CD host guest interactions217 (Fig. 19 a). The latter is ultra-stable for a pH range from 4 

to 10 and for a temperature range from 25°C to 40°C. Because of the bi-function of PLL and 

PNAPAAM, the ion transport can be modulated by both pH and temperature changes. 

Polystyrene block-poly(N,N-dimethylaminoethylmethacrylate) (PS14000-b-PDMAEMA3600) 
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is another thermo sensitive polymer. It was used to functionalize track-etched membrane by 

Zhang et al.218. As shown in Fig. 19 b, by measuring I-V curves, a LCST was found between 

45°C to 50°C for the membrane undergoing swelling in ethanol and drying. 

 

Fig. 19 Thermal-responsive nanochannel functionalized by (a) PNIPAAM brushes in solution 

of MV2+/NDS2-,216 (b) PDMAEMA brushes218 and (c) P5A/IL host-guest219.  

Beside thermal sensible polyelectrolytes, another strategy was proposed by Wang et al. 

using host guest interactions to construct temperature-sensitive artificial channels219. The 

inner wall of nanopore was modified by ionic liquid molecules (IL). As shown in Fig. 19 c, an 

inversion of current rectification appears when a pillar[5]arebe (P5A) molecules self-

assemble at 25°C onto the IL molecules by changing the surface charge from negative to 

positive. When the temperature rises to 55°C, the departure of the guest P5A molecule 

happens as shown in Fig. 19 c that the anionic transport channel returns to a cationic 

transport channel. This thermal energy controls host guest self-assembly interactions.  

 



Chapter 1 : Bibiography study 

50 

 

4.2 Ion gate 

On cell membranes, ion channels are extremely selective for transporting corresponding 

ions. These ion-channels inspired people to develop ion sensing channels which can 

modulate their ion transport behaviors with presence of specific ions. The principle is that 

ions should bind to the channel surface specifically. To achieve this purpose, three strategies 

were investigated in track-etched membrane. The first one is ion binding by crown ether. 

The second one is ion binding by DNA, peptide or polyelectrolyte chains and the last one is 

by ion involved construction/destruction of a macrostructures inside the pore. 

4.2.1 Crown ether cage approaches 

Ethylene glycol crown ether containing several repeat units of -(O-CH2-CH2)- can form a 

cavity cage which has a comparative diameter with alkali metal ions (Fig. 20). The electron-

rich oxygen atom on the circle permits the binding of positive ions. With these two 

properties crown ethers become one of the best molecules to bind alkali metal ions. More 

excitingly, 4’amninobenzo-18-crown-6 (4-AB18C6), 4’amninobenzo-15-crown- (4-AB15C5) 

and 4’amninobenzo-12-crown-4 (4-AB12C4) have the corresponding size for K+, Na+ and Li+.  

 

Fig. 20 Crown ether cage molecules (a) B18C6, (b) B15C5, (c) B12C4, (d) t-BuC[4]C, (e) bis-

pod and and their corresponding alkali metal ions.  

All of them were grafted inside track-etched nanopore. For K+ sensing by 4-AB18C6 was 

achieved in three pore geometries. Perez-Mitta et al. grafted 4-AB18C6 by EDC/NHS 

chemistry in a bullet-like nanopore220. The I-V curves measured in 0.1 M KCl and NaCl 
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solutions showed a K+ driven rectified anions transport which means a stronger binding 

effect for K+ than Na+. The same crown ether was studied by Wu et al. in a funnel-like 

nanopore221. The same behavior was reported.  K+ binds to 4-AB18C6 at voltage below 3 

while at 3 V, the departure of K+ outside of crown ether occurs. This K+ binding/voltage 

cleaning was confirmed with a good reversibility. The conical nanopore functionalized with 

the same group with 4-AB18C6 and 4-AB15C5 was considered for K+ and Na+ sensing222. K+ 

and Na+ are specifically bind to 4-AB18C6 and 4-AB15C5 with a minimum sensitivity about 1 

nM. The reversibility of this experiment was achieved by using [2.2.2]-crypt and which has a 

higher binding energy with cations than the crown ether of 4-AB18C6. For smaller alkali ions, 

the Li+, Ali et al. achieved its detection using in a conical pore functionalized with 4-

AB12C4223. The 4-AB12C4 bind much better of Li+ than others monovalent cation including K+, 

Na+, Rb+ and Cs+ because of its cavity size. beside crown ethers, other molecules with similar 

structures were also reported like bis-podand for K+224 and p-tert-butylcalix[4]arene-crown 

(t-BuC[4]C) for Cs+225. 

4.2.2 Polymer approaches DNA/Peptide 

DNA strands peptides and polyelectrolyte with specific binding sites can also capture specific 

cations. Hou et al. investigated a G-quadruplex DNA binding of K+ in track-etched 

nanopore226. As shown in Fig. 21, the G-rich DNA chains chemically immobilized in conical 

pore can combine K+ ions to form a cuboid confined space. This K+-induced structure 

formation is confirmed by an unusual low current level at 2 V for a concentration from 500

μM to 750 μM compare to  Li+. At this range of K+ concentration, the as described G 

structure makes DNA brushes denser that decreases the pore size. The same group also 

investigated nanochannel functionalized with peptide and single-stranded DNA. The binding 

ability comes from the specific sites along polymer chains. The peptide chains contain 

Cys2His2 residues that can capture Zn2+227 while the DNA chains that contain an ion-specific 

thymine-thymine (T-T) base can form stable T-Hg2+-T complexes228. The later complex can be 

broken by cysteine. 
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Fig. 21 G4 DNA functionalized K+ sensor. (a) Loosely packed single-stranded DNA without K+. 

(b) Densely packed rigid quadruplex structures with K+. (c) K+ departure with participation of 

complementary strand226.  

4.2.3 Reversible self-assembly of macro structure  

Another strategy to detect ions is the reversible self-assembly of a macro structure inside 

nanopore thank to the presence of ion. This macro structure controlled by ions can be 

considered as a signal amplifier. Zhang et al. proposed a Pb2+ sensible ion channel based on 

DNAzyme229 (Fig. 22 a). Briefly, DNAzyme molecules containing DNA chain and RNA chimera 

where an adenine nucleoside (rA) is the cleavage site were immobilized from the base side 

of conical pore by Au-thiol chemistry. The long chain DNA molecules decrease the effective 

pore size which corresponds to a closed state. When Pb2+ ions come into the system, DNA 

chains are cleaved into two short fragments at the rA site. This degradation effect of Pb2+ on 

DNA long chain will destroy the channel gate that leads the pore to an open state. 
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Fig. 22 Ions sensing by macro structure construction/destruction. (a) DNAzyme 

functionalized nanochannel between on and off state with Pb2+ due to its cleavage effect229. 

(b) TPE-2D/Hg2+ formed macro structure and its destruction by S2- as Hg2+/S2- sensor230. 

The similar principle was investigated by Lou et al.230. In a cylindrical pore, a layer of 6-

amino-uracil molecules was firstly grafted on the nanopore inner wall. Based on the specific 

molecule-ion bindings, they used (1,1 ′ -(((1,2-diphenylethene-1,2-diyl)bis(4,1-

phenylene))bis(5-methylpyrimidine-2,4(1H,3H)dione))) (TPE-2D) and Hg2+ as “bricks” to build 

a 3D macro structure inside the pore (Fig. 22 b). The pore size is extremely shrunken, thus a 

closed state was achieved in the presence of Hg2+. An opposite effect was obtained by S2- 

that destroy the macro complexes because of the extreme high binding force between Hg2+ 

and S2- due to low solubility of HgS (Ksp = 1.6 x 10-52). The whole procedure was proved by 

both current and fluorescence measurements.  
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4.3 Molecule sensing  

4.3.1 Steady state sensing  

Steady state sensing is based on surface state changes in nanopore due to the target 

molecules. The surface state changes are mainly achieved by the charge or effective pore 

size. It modulates the ion transport characterized by current rectification and/or the pore 

conductance. To do so, specific functional groups are required inside nanopore to provide 

specific interactions with the target molecules. These interactions can be various including 

bioconjugated binding, nucleic-acid hybridation, enzyme-substrate reaction, or small 

molecule trigging. With polyelectrolytes as functional groups, all of the above principles of 

sensing were considered in track-etched nanopores. With the simplicity of surface 

functionalization and the various pore geometries the track-etched nanopores make a 

robust platform for stead sate sensing. 

4.3.1.1 Sensing by small molecule trigging 

As macromolecules can form molecule cage to trigger ions, the same principle can be also 

performed for small molecules. Li et al. have investigates immobilized sequence-specific 

aptamers (SSA) as probes inside a conical nanopore to detect adenosine231. Due to the 

binding effect of the specific nucleotide sequence to adenosine, SSA can form a stable 

complex that adenosine molecules are wrapped by nucleotide chains. The chain folding 

leads to a pore opening that induces a higher current under ±2V than extended DNA probes. 

The cocaine was detected by Wang et al. using a capture bullet-like nanopore functionalized 

with an aptamer232 (Fig. 23 a). In this work, a bodipy493/503-modified target DNA aptamer 

was added with cocaine. The latter is inserted into the partially hybrid structure. This 

sandwich complex of probe-cocaine-aptamer modulates the ion transport with a high 

current change ratio measured at +2V. This is enough to identify cocaine from other 

molecules with similar structures such as tropinone, atropine and glucose. 
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Fig. 23 Molecule sensing by (a) small molecule trigging: cocaine molecules triggered in DNA 

probe232, (b) molecule-functional group reactions: H2O2 oxidation of BEC233, (c) nucleic acid 

hybridations: DNA probe and target DNA hybridation234, (d) bio-molecular recognitions: 

recognition of biotin/avidin and protein/antibody235, (e) macro structure 

constructions/destructions: TPEDB and Glu for 3D constructions236, (f) enzyme-substrate 

reactions: HRP enzyme with ABTS237.  

4.3.1.2 Sensing by molecule-functional group reaction 

The molecule sensing can be based on chemical reactions between functional groups and 

target molecules. Oxidation can be a good example to illustrate that. Ali et al. have grafted 

boronic ester carbamate (BEC), a reductive molecule, inside a conical nanopore to detect 

hydrogen peroxides (H2O2)233 (Fig. 22 b). Due to the strong oxidation ability of H2O2, it can 

break carbamate bonds to expose the amine moieties. The nanopore surface changes from 

relatively hydrophobic to hydrophilic and positively charged. Another interesting research 
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based on peptides functionalized conical nanopore was done by Xiao, et al. 238. In this paper, 

the peptide contains CGGC sequences, in which thiol groups can be oxidized to form a 

disulfide bond. The peptide chain was then forced to fold because of the S-S bond. Therefor 

an O2 sensor was achieved sensitive to a concentration at least 0.91 mg/L. 

4.3.1.3 Sensing by nucleic acid hybridization 

Hydrogen bond is the inter-molecular interaction responsive to the nucleic acid structure. It 

is the key for DNA/RNA hybridation. Ali et al.239 and Sun et al.234,240 have developed a 

method to detect the DNA/RNA mismatch based on nucleic acid hybridization using conical 

pore. Briefly, single strand probes such as phosphodiamidate morpholino-oligos (PMO), 

peptide nucleic acid (PNA) and DNA were firstly grafted onto the channel inner surface. Then 

BSA was used to cover the rest of pore surface to prevent the non-specific adsorption. 

Finally, all complementary DNA or RNA strands without as well as with one or two base 

mismatchs were added to the nanopore sensor. As shown in Fig. 23 c, as the complementary 

strands form more hydrogen bonds, more probes will be hybridized compared to the ones 

with mismatch. Due to the high charge density of the back bones of target chains, an 

enhanced selectivity to cation transport (ion current rectification (ICR) change) will be 

measured as consequence. It is also confirmed that the number of base mismatches on 

target has a quantitative relationship with ICR changes. 

4.3.1.4 Sensing by bio-molecular recognition 

In biology systems, specific bio-molecular recognition plays an important role in such as 

immune-response, ligand mediated cell activation, cell communication and embryogenesis. 

Biosensors inspired by ligand-gated ion channel have been largely developed using track-

etched nanochannels. The general ideal is that one a probe is immobilized on the pore 

surface and then a target biomolecules with specific recognitions can be bounded. The 

specific binding of target molecules can be shown by the behavior change of ionic transport. 

Ali’s group has reported numerous of system based on that concept. A streptavidin sensor 

was prepared by grafting biotin-PEO3-Amine in a conical pore241. The strong and specific 

biotin-avidin interaction ensures the accurate detection of streptavidin was characterized by 

a change of I-V curves that did not happen for lysozyme and BSA.  A sensor of Concanavalin 

A (Con A) based on sugar-lectin interactions was achieved by grafting horseradish peroxidase 
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(HRP) in nanochannels of two geometries242. Blocking effect in cylindrical pore was observed 

by a decrease of pore conductance. In addition a change of current rectification was shown 

in conical pore because of the modification of surface state due to the specific binding. 

Another sensor to detect Con A was also achieved using lectin-carbohydrate interaction in 

bullet-like pores by grafting p-aminophenil α-D-mannopyranoside (APMP)243. The sensor 

was confirmed by its specificity to bind Con A compared to lysozyme and BSA. By using 

mannose, the sensor can be used re-used. Our group has proposed a reversible PLL-PEG 

biotin functionalized nanopore. It shows a reliable ability to detect streptavidin with a very 

quick functionalization procedure244. To go further from that, another system of  “multi-step 

biosensing” was also demonstrated by our group on combining biotin-avidin and protein-

antibody interactions by successively grafting PEG-biotin, avidin, biotinylated protein and 

antibody245 (Fig. 23 d). This complex building shows possibility to design multiple steps, 

multiple targets sensing process using bio-molecular recognitions. 

4.3.1.5 Sensing by macro structure construction/destruction 

Similar to principles reported in section 4.2.3, sensing by macro structure reversible self-

assembly can be also applied for molecules. A macro structure can sterically block the pore 

to reduce ionic conductance confirming the presence of target molecules. F. Xia, et al. used 

DNA molecules as bricks to build long DNA chains using DNA linker and one signal probe for 

ATP sensing246. The probe DNA was firstly immobilized in pore. Then, the signal probes with 

aptamer sequence and DNA linkers were added to the system. The signal probes and DNA 

hybrid linkers together to form a long chain which can block the channel by steric effect. 

When target molecule was added, a strong binding interaction between aptamers and ATPs 

make the long chain breakup leading to the pore opening. A dense macro structures were 

designed by Lou et al. using ((1, 2-diphenylethene-1, 2-diyl) bis (1, 4-phenylene)-1, 1’-

diboronic acid (TPEDB)) and glucose in a capture probes (4-aminophenylboronic acid (PBA)) 

modified cylindrical nanopore for glucose sensing236 (Fig. 23 e). In this PBA functionalized 

nanopore, if the solution contains glucose, it can be combined with TPEDB under laser to 

form a 3D structure. Another 3D DNA keepers using Y-DNA, ATP aptamer as probe and linker 

DNA for ATP and DNase I were proposed by Guo, et al.247. Both of them used target 

molecules as building blocks for constructing signal amplifiers.  

4.3.1.6 Sensing by enzyme-substrate reaction 
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A specific biochemical reaction as enzymatic reaction with corresponding substrate was as 

well investigated for biosensing in track-etched nanopore. Ali and co-workers successfully 

immobilized horseradish peroxidase (HRP) in a conical pore237 (Fig. 23 f).If there is H2O2 in 

the solution, the immobilized HRP enzyme can be activated by H2O2 turning to be an 

oxidative form. The oxidative HRP enzyme can then oxidize substrates of 2, 2'-azino-bis (3-

ethylbenzothiazoline-6-sulphonic acid) (ABTS). Finally, the resulted ABTS radical cations can 

decrease the current under +2V because of its positive charges. The sensibility can reach 10 

nM of H2O2. Moreover, a urea sensing was achieved by Pérez-Mitta et al. using physical 

adsorbed PAH-Urease in bullet-like nanopores248. 

4.4 Energy conversion 

Biomimetic ion channels can be a good candidate to improve the membrane for osmotic 

energy harvesting. The osmotic energy are harvested using two methods: the pressure 

retarded osmosis (PRO)249,250 and the reversed electro-dialysis (RED)38. Even some facilities 

based on PRO technique are in working250; it still remains a lot of improvement. The RED 

utilizes ion selective membranes (IEMs). When ions diffuse selectively through IEMs driven 

by salinity gradient, the movements of the ion can generate electron flux by coupling redox 

electrodes. To get this electric current and transmembrane potential, high ion selectivity is 

requested to make sure that positive ions go for one direction while negative ions go 

oppositely. Thus a high charge density and a high charge asymmetry inside pores are 

required to modulate ion transport properties for high ion selectivity. The progresses on RED 

were done at the lab scale. High performance single pore were obtained by single boron 

nitride nanotube158 with a single pore power of 20 pW and molybdenum disulfide 2D 

nanopore150 of 500 pW. At multipore scale, dissymetrical membranes are also investigated 

recently251. The ion selectivity and membrane resistance are always two limiting factors for 

this technique. Researches based on track-etched nanopore/membrane functionalized by 

polyelectrolytes can be a good candidate because of the low cost, the good chemical, 

mechanical properties and the high ion selectivity involved by the high charge density of 

polyelectrolytes. 
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Fig. 24 pH controlled high ion selective nanochannels functionalized by (a) PS48400-b-

P4VP21300 coating252 and (b) PS-b-P4VP/PAA coating253. 

Wen, et al. developed series of heterogeneous membrane to perform as ion pumps252. A 

highly positively charged block copolymer (BCP) as polystyrene-b-poly(4-vinylpyridine) 

(PS48400-b-P4VP21300) is coated on the tip side of conical membrane as shown in Fig. 24 a. The 

success of this coating and the introduction of related high charge density are confirmed by 

an increase of pore conductance at low electrolytes concentration. As the track etched 

nanopore wall is covered by carboxylic acid groups which has negative charges at pH 7.  The 

positively charged BCP layer and negatively charged track-etched pore wall form an ionic 

diode with ion rectification ratio as high as 1075 highly controlled by pH. A maximum power 

density of 0.35 W m-2 was reached using 0.5 and 0.01 M NaCl solutions. Then the same 

group designed a double gated hybrid membrane by coating a layer of BCP (PS-b-P4VP) on 

the base side of conical nanopore and grafting PAA at the tip side253 (Fig. 24 b). Thus a pH 

gated ion pump is ready. By changing pH of two reservoirs separately, the pump shows 

different behaviors as alternating gates ion pump, pump-channel or fail-safe ion pump. The 

pore is highly selective to anions that can pump them unidirectionally. Well it can be good 

candidate for osmotic energy harvesting or desalination. 
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Introduction 

This chapter is dedicated to the use of polyelectrolytes and polymers to functionalize track-

etched nanopores in order to build biomimetic stimuli-responsive ion channels. As described 

in chapter 1, ion channels play a very important role in life of cells. They can respond to 

external stimuli to self-regulate intelligently. The transfer of these “smart” properties of ion 

channels to the artificial is of great interest for membranes industries. Selectivity and 

permeability are two factors to determine the performance of a membrane. They are 

principally controlled by pore size and surface properties. These two factors of traditional 

membranes are usually unchangeable thank to the membrane fouling or working-condition 

changes. Our objectives were to functionalize ionic-diodes to give them the ability to self-

regulate their selectivity and permeability according to environment changes such as pH, 

light.  

Here we investigated two channels of which one is pH-responsive and one is pH and light-

responsive. For the first one we used layer-by-layer self-assembly pH-sensitive 

polyelectrolytes (poly-L-lysine/polyacrilic acid and polyethylenimine/polyacrilic acid). For the 

second one, we used more complex approach using chemical grafting of polymer 

functionalized with photo-switchable molecule (Polyethylene glycol-spiropyran). These 

macromolecules can change their structures, charges and hydrophylicity/hydrophobicity 

balance. Thus, they allow controlling the pore size and surface properties of the nanopore. 

The experiments were performed in conical track-etched nanopores which has a diode-like 

behavior. Such property of asymmetrical nanopore can show an ion rectification because of 

the ion depletion/ion enrichment effect under electric fields. This ion rectification as well as 

ion conductance provides a visual characterization of the membrane changes described 

above. 

The results presented in this chapter have been published as two articles:  

Polyelectrolyte Multilayers on the Ionic Current Rectification of Conical Nanopores. Langmuir, 

2018, 34 (11), pp 3405–3412. 

Combining Light-Gated and pH-Responsive Nanopore Based on PEG-Spiropyran 

Functionalization. Adv. Mater. Interfaces, 2017, 5, 1701051. 
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Articles 

Impact of polyelectrolyte multilayers on the ionic current 

rectification of conical nanopores  

Tianji Ma, Paulius Gaigalas, Mathilde Lepoitevin, Ieva Plikusiene, Mikhael Bechelany, Jean-

Marc Janot, Emmanuel Balanzat, and Sebastien Balme 

 

Contribution: I performed nanopore experiments starting by P. Gaigalas and analyzed data. I 

contributed to the paper writing. .  

 

Introduction 

For the last two decades, single nanopore technology has contributed to the emergence and 

design of nano-fluidic responsive systems1-4. It has provided a deep understanding of the 

transport from simple electrolyte to (bio)macromolecule (DNA, polymer or protein) at the 

nano-scale and contributed to the development of new analytical devices5-6. Nanopores with 

a dissymmetry of charge or shape are also particularly fascinating for their ionic diode 

behavior7-11. They are usually obtained using polymer film (PET, PC or PI) by track-etched 

technique under dissymmetrical condition to ensure a conical shape12. In such nanopore, the 

ionic current rectification (ICR) comes from a depletion of anions or cations inside the 

nanopore13-14. It can be tuned by the functionalization of the nanopore inner surface walls. 

Following this strategy, numerous molecules or macromolecules were attached on the 

nanopore inner surface to develop stimuli channel such as pH-gate 15-16, light-responsive17-18 

as well as sensors19-20.  

The possibility to drive the ionic transport properties of a membrane in term of aperture and 

selectivity by the pH is one way to develop “smart” membranes. The first way is to graft 

molecules which exhibit different charges as a function of pH onto the reactive moieties 

induced by the chemical etching (typically carboxyl for PET). This allows a selective 

functionalization of the inner surface wall of the nanopore. Following this strategy, poly-

protonic polymer brushes were used to drive the ICR with the pH21. Amphoteric molecules 

such as lysine or histidine were used to modify the nanopore selectivity19. At low pH, the 
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nanopore is positively charged and selective to anion, while at high pH it becomes negatively 

charged and thus selective to cation. Similar properties were also reported for a 

functionalization with poly(methacryoyl-L-lysine) brushes20. Spiropyran was also considered 

to drive the nanopore selectivity with the pH and control the aperture with the light. The 

second way to obtain pH responsive nanopore is the functionalization by layer-by-layer (LbL) 

deposition of polyelectrolyte22. This method is a fast and convenient. Indeed, it was reported 

that the adsorption of the poly-l-lysine on PET induce an inversion of ICR. This was used to 

monitor that the functionalization is occurred. The LbL deposition of polyelectrolyte were 

also considered to improve the ionic selectivity and reduces the fouling by proteins of 

membrane23-24. The deposition of multilayer of chitosan (CS)/ polyacrylic acid (PAA) creates a 

zwitterionic film onto the nanopore inner surface. This nanopore is thus selective to anion at 

low pH and cation at high pH as reported for the one functionalized by amphoteric molecule 

grafting25. However, this behavior cannot be generalized to all nanopore functionalized with 

polyelectrolyte. This was evidenced by nanopores functionalized with poly(ethylenimine) 

(PEI) and chondroitin-4-sulfate (ChS) multilayers16. At low salt concentration, the nanopore is 

close at pH > 4, while it is open and selective to anions at pH < 4. This phenomenon was 

interpreted by the swelling of ChS which occurs at low pH. The opposite behavior of 

nanopores functionalized with CS/PAA and with PEI/ChS is not totally understand and 

require further investigations. However, we can assume that the ICR properties is not mainly 

driven by the global charged of the nanopore but also by the reorganization and the swelling 

of polyelectrolyte layers. This assumption is supported by the inversion of ICR with pH that 

occurred for CS/PAA. Indeed the CS is not soluble at pH upper than 5 preventing the swelling 

of polyelectrolyte layers. 

This work aims to investigate how the swelling and the polyelectrolyte reorganization 

influence the ICR of the conical nanopore which was not investigate in the previous paper. 

This work is also motivated to provide experimental solutions to fashion pH-gate and pH-

responsive membrane which require understanding of all phenomena involved in the ionic 

transport inside the nanopore. To do so, we have functionalized single conical nanopore in 

PET, obtained by track-etched technique with two couples of polyelectrolytes: poly-l-lysine 

(PLL) /PAA and PEI/PAA. The influences of pH and ionic strength on ionic transport 

(conductance and ICR) were studied. Spectroscopic ellipsometry experiments were 
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performed on surface to characterize the influence of salt concentration and pH on the 

swelling of the polyelectrolyte multilayers. Finally, the impact of cross-linking of PLL/PAA was 

also considered to prevent the large structural modification of polyelectrolyte layers. 

Material and Methods 

Material 

Poly(ethylene terephthalate) (PET) film (thickness 13 µm, biaxial orientation) was purchased 

from Goodfellow (ES301061). Sodium chloride (71380), potassium chloride (P3911), sodium 

hydroxide (30603), hydrogen chloride (30721), branched PEI (Mw 25 kD, 408727), PAA (Mw 

100 kD, 523925), PLL (Mw 30 kD-60kD P2636), N-(3-Dimethylaminopropyl)-N′-

ethylcarbodiimide hydrochloride (EDC) (03450) were purchased from Sigma-Aldrich. Ultra-

pure water was produced from a Q-grad®-1 Milli-Q system (Millipore).  

Track-etching nanopores and characterization 

Single tracks were produced by Xe irradiation (8.98 MeV) in PET films (13 µm) (GANIL, SEM 

line, Caen, France). The PET films were exposed to UV light for 24h per side to activate the 

track (Fisher bioblock; VL215.MC, λ = 302 nm), before the chemical etching process. The 

etching of the conical nanopore was performed under dissymmetric conditions following the 

electro-stopping method9. The PET foil was mounted between the two compartments of a 

chemical cell in Teflon. The etchant solution (NaOH 9 M, 1.6 ml) was added on the base side 

and the stopping solution (KCl 1M and acetic acid 1M, 1.6 ml) on the tip side. A potential of 1 

V was applied across the membrane; the reference electrode is immersed in the stop 

solution and the working one in the etchant solution. When the current reaches a value of 

several hundred pA, the etching process was stopped by the replacement of the etching 

solution by the stop one. 

The conical nanopores are characterized as follow. The base diameter (D) is calculated as a 

function of the total etch time t (min) using the relationship determined in our lab       . 

The tip diameter (d) was calculated from the dependence of the conductance G to the NaCl 

concentration (equation 1)26. This calculation assumes a bulk-like ionic conductivity inside 

the nanopores. In order to correct the conductivity at high salt concentration, the diameter 

is calculated using the ionic conductivity of solution κ. The latter have been measured using 
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a conductimeter (Hanna HI 255 combined meter with conductivity and electrode HI 76310) 

after preparation. 

         ⁄   (1) 

where L is the nanopore length. 

Current-voltage measurements 

Electrical measurements were performed using a patch-clamp amplifier (EPC10 HEKA 

electronics, Germany). The current is measured by Ag/AgCl electrode. A single nanopore was 

mounted in the chemical Teflon cell containing an electrolyte solution. One electrode was 

plugged to the working end of the amplifier (trans chamber, base side) and the other 

electrode connected to the ground (cis chamber, tip side). Recorded currents were analyzed 

by Fitmaster (Heka Elektronik, Germany). 

For I–V curves, the currents data were recorded as a function of the time under constant 

voltage from -1 V to 1 V by 100 mV step and from -100 mV to 100 mV by 10 mV steps. All 

current traces were recorded during 10 s at a frequency of 50 kHz. These measurements 

were performed 3 times. The conductance G is extracted from the linear zone of I-V curves 

from typically -75 mV to 75 mV. 

Nanopore functionalization 

PAA, PEI and PLL stock solutions at concentration of 1 mg ml-1 (pH 7) were prepared. The 

functionalization of the nanopores was performed under KCl 0.1 M pH 7 by addition of 16 µl 

of stock solution in the tip side of the nanopore (Fig. 1). First, the polycation (PEI or PLL) was 

added under voltage -1V for 5 minutes. Then PAA was added at the tip side during 5 minutes 

applying 1V. After each deposition, the cell was filled with KCl 0.1 M pH 7 to remove the 

excess of polyelectrolytes. The same procedure was repeated until the desired numbers of 

PEI/PAA or PLL/PAA bilayers was reached. During the deposition, the current was recorded 

at 5 kHz frequency in order to monitor the adsorption of the polyelectrolytes. 

Nanopore d D (Polyelectrolyte)#layers 

NP-1 30 300 (PLL)3/(PAA)3  

NP-2 28 475 (PEI)4/(PAA)4 



Chapter 2 : Biomimetic stimuli-responsive ion channels 

100 

 

NP-3 116 346 (PLL)10/(PAA)10  

NP-4 91 460 (PEI)8/(PAA)8 

NP-5 65.1 600 (PLL)2/(PAA)2crosslinked 

Table 1 : list of the nanopores used in this work 

 

Fig. 1 Sketch to illustrate the nanopore functionalization with polyelectrolyte polycations 

(PLL or PEI) are in red and polyanions (PAA) are in blue. 

Spectroscopic ellipsometry  

Ellipsometric investigation of PLL/PAA and PEI/PAA bilayers were performed using spectral 

ellipsometer from J. A. Woollam M2000X on silicon wafer substrate. Firstly, a surface of the 

wafer was activated using piranha solution (H2SO4:H2O2 3:1) to form -OH groups at the 

surface which are necessary for the immobilization of the polyelectrolyte layers. 

Ellipsometric spectra were recorded from 200 nm to 1000 nm, angle of incident light was 

70°. Cauchy dispersion function was applied for the regression analysis of the formed PEI, 

PAA and PLL layers. Optical constants and thicknesses of these layers were obtained using 

Complete EASE software. 

Results and discussion 

Polyelectrolyte deposition 

Several single conical nanopores were obtained in PET film (thickness 13µm) by track-etched 

method (Table 1). For the one with a large tip diameter (d ~ 100 nm) more than 8 bilayers 

were deposited. For the ones with small tip diameter (d ~ 30 nm) less than 4 bilayers were 

used. After chemical etching, the inner surface of nanopore is covered by carboxylate groups 

and thus exhibits a negative surface charge at pH 8. In this case the I-V dependence recorded 

from -1 V to 1 V curves shows an ICR characterized by the rectification factor       
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| (  )| | (   )|   ⁄  under our experimental condition. The polycation (PEI or PLL) or 

polyanion (PAA) deposition was performed by addition on the tip side of the nanopore. The 

applied voltage ±1V provides the energy required by the polyelectrolyte to overcome the 

barrier of entrance inside nanopore. Independently of the polyelectrolyte, the current 

recorded as a function of the time during the functionalization shows a strong decrease, 

which is induced by the charge inversion at the nanopore entrance 24. Basically, after 

adsorption of the polycations, the nanopore becomes positively charged and thus the 

rectification factor increases above 1. Conversely, after the adsorption of the polyanions, the 

nanopore becomes negatively charged and the rectification factor decreases below 1. The 

inversion of the rectification factor evidences that each layer of polyelectrolytes has been 

deposited successfully (Fig. 2). According to previous work, we can assume that the 

polyelectrolyte deposition occurs at the narrow opening. 

The evolution of frec with the number of polyelectrolyte layer strongly depends on the 

polycation. For (PLL)10/(PAA)10 with the increasing the number of bilayers, the addition of PLL 

does not induce a clear inversion of the rectification factor. The latter tends to an asymptotic 

value around 10-3. Similar behavior was previously reported in the case of PEI/ChS 

deposition16. It can be assigned to partial charge compensation between either 

polyelectrolytes or an in-homogeneous surface charge patterns between the region close to 

the narrow opening and the rest of the nanopore. For (PEI)8/(PAA)8, the inversion of 

rectification occurs after each deposition likely due to a better charge compensation 

between polyelectrolytes. However, it is interesting to note that frec does not tend to 1 as 

reported for PAH/PSS22.  
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Fig. 2 Characterization of the nanopore functionalization. I-V dependence after 

polyelectrolyte deposition recorded at NaCl concentration of 0.1 M (a) NP-3 (b) NP-4. 

Rectification factor after the deposition of each electrolyte (c) NP-3 (d) NP-4. Time required  

to observe the inversion of current rectification induced by the polyelectrolyte deposition (e) 

NP-3 (f) NP-4 

 

The time required to deposit the polyelectrolyte is very dependent on the nature of the 

polycation and the number of layers. In the case of PLL/PAA, the polyelectrolyte depositions 
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were achieved shorter than 120 s for the first seven bilayers. The disposition of bilayers 8 to 

10 required more time. For PEI/PAA, the required deposition time was longer than the one 

for PLL/PAA. Typically the 3 first layers of PAA were achieved after more than 2000 s. In 

addition, the deposition time increased with the number of bilayers suggesting that it is 

probably due to steric hindrance. In order to confirm that, the thickness of PLL/PAA and 

PEI/PAA bilayers were investigated by spectroscopic ellipsometry. The obtained values of 

refraction index dispersion are presented in Fig. 3 and thicknesses of the layers are reported 

in Table 2. Figure SI-1 of raw Psi and Delta data shows that additional bilayers are formed on 

the top of the silicon substrate. Optical model well fits data for single PLL, PEI layers and for 

PLL/PAA and PEI/PAA bilayers only. The building of an optical model becomes very 

complicated when more bilayers are deposited on the substrate. Spectroscopic ellipsometry 

characterization evidences a difference of bilayer thickness which is 7.28 nm and 3.91 nm for 

PEI/PAA and PLL/PAA respectively. This difference is mainly due to the thickness of the PAA 

layer and thus its conformation which is more folded in presence of PEI. Thus, the longer 

deposition time reported for PEI/PAA can be interpreted by steric effects which make more 

complicated the penetration of the polyelectrolyte inside the nanopore. Another 

interpretation is the necessity to add more PAA chains to cover the PEI layers. 
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Fig. 3 Refractive indexes dispersion obtained for PAA, PEI and PLL layers deposited on silicon 

wafer substrate. 

 PEI/PAA PLL/PAA 

 PEI PAA PLL PAA 

Thickness (nm) 2.14 5.14 1.68 2.23 

Table 2: Thicknesses of PLL, PAA, PEI layers on silicon wafer 

 

Ionic transport through nanopores modified by LbL deposition 

The ionic transport properties of the nanopore decorated with the polyelectrolyte were 

studied for different NaCl concentrations (from 10-3 M until 1 M) at various pH (Fig. 4). 

Because the pKa of PAA is 4.5, we can expect that at pH 3 the nanopore will be globally 

positively charged inducing an inversion of the rectification factor. 

 PEI/PAA  LbL functionalization of a nanopore  

In Fig. 4 are reported the I-V dependence at pH 3 and 7 for two nanopores with large (d>90 

nm) and small (d~30 nm) tip diameters. For the nanopore (d= 91 nm) functionalized with 8 

bilayers of PEI/PAA, the I-V dependence shown a rectification factor below 1 at pH 7. 
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Interestingly, at pH 3, the inversion of the rectification factor occurs at low salt 

concentration (NaCl = 0.01 and 0.05 M). With the increase of the salt concentration, the 

nanopore seems closed and the rectification factor is about 1. Such pH-gating properties 

under acidic conditions were previously reported for nanopore decorated with PEI/ChS 16. 

However in that case, the pH-gate property disappeared with the increase of the salt 

concentration. For the PEI/PAA, the interesting result is that the nanopore is selective to 

anion at low salt concentration at pH 3. To confirm this property, the same study was 

performed in a conical nanopore with a smaller tip diameter (d=29 nm) decorated with 4 

bilayers of PEI/PAA. The I-V dependences reported on Figure 3 reveal the same behavior. For 

these two nanopores, the enclosure at pH 3 arises for a NaCl concentration of 0.1 M. It 

should be notice here that the behavior observed at pH 3 is totally reversible with the 

increase of pH. 
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Fig. 4 I-V dependance of NP functionalized with PEI/PAA LbL at pH 7 and pH 3 

 

To go further in our investigations, we studied the evolution of the nanopore conductance as 

a function of the NaCl concentration for different pH (Fig. 5). Inside a charged nanopore, the 

ionic conductance decreases with the salt concentration until a plateau. This constant 

conductivity is due to the mobile counter ions which shield the surface charge and the 

slippage27-29. At pH above 4, the conductance decreases with the salt concentration without 

reaching clearly a plateau. This result suggests a global compensation of charges between 

the polycations and polyanions. This is also consistent with the charge inversion observed 

after each polyelectrolyte deposition. At pH 3, the conductance exhibits an unusual 

dependence with the salt concentration. At salt concentration below 0.1 M, the conductance 

decreases with the salt concentration, however, the values are higher than the one obtained 

at pH >3. This can be explained by the disequilibrium of charge induced by the protonation 

of the carboxylate groups of PAA. In order, to counterbalance the excess of positive charges 

or PEI, Cl- ions are “pumped” from the reservoir into the nanopore, increasing the 

concentration of mobile ions. For salt concentration above 0.1 M, the conductance 

decreases due to nanopore enclosure. This could be assigned to the reorganization of the 

polyelectrolyte layers.  

 

Fig. 5 Dependence of the conductance vs the NaCl concentration of NP functionalized with 

PEI/PAA LbL from pH 7 to pH 3 
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Conical nanopores decorated with PLL/PAA LbL 

The NaCl transport though nanopore functionalized with PLL/PAA LbL exhibits a completely 

different behaviors (Fig. 6). The rectification is lower than 1 at pH 7. The conductance as 

function of the NaCl concentration reveals a plateau at low salt concentration as usually 

reported in the case of charged nanopore. This constant conductance is attributed to a 

partial compensation of charge between PLL and PAA. This is consistent with the fact that 

the PLL deposition did not induce an inversion of ICR previously shown. The value of the 

conductance plateau at low salt concentration is higher at pH 4 and 3. This could be 

explained by the protonation of PAA which breaks the partial balance of charge between 

both polyelectrolytes. In this case, the global charge of the polyelectrolyte layers should 

become globally positive and, thus, we could expect an inversion of ICR. The I-V curves 

recorded at pH 3 for two nanopores with different diameters exhibit rectification factor 

below 1 that is on opposition with the expected result (Figure 5). This can be interpreted by 

two assumptions. The first one is the modification of PAA pKa in nanopore as predicted by 

theoretical model30 and supported by previous work20. The second one is a modification of 

the polyelectrolyte conformation as occurs for PEI/PAA or PEI/ChS. 
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Fig. 6 I-V dependence (a-b), rectification factor (c) at ph 7 and pH 3 and conductance as a 

function of NaCl concentration (d) of NP functionalized with PLL/PAA LbL from pH 7 to pH 3. 

 

We have investigated how pH and the NaCl concentration affect the PLL/PAA bilayers 

structure by total internal reflection spectroscopic ellipsometry (TIRE) (Fig. 7). When 

increasing the NaCl concentration from 0.01 M to 1 M, the ellipsometry parameters shift to 

the longer wavelength. This indicates a swelling of the polyelectrolyte bilayers. For a fixed 

NaCl concentration (0.01 M or 1 M), the ellipsometry spectra are quite similar at pH 3 and 7. 

This means that the pH does not influence the bilayer swelling. Usually, weak polyelectrolyte 

layers like PAA swell at pH below their pKa31. According to the TIRE results, the non-inversion 

of the ICR at pH 3 could be attributed to a displacement of the pKa of PAA. However this 

interpretation does not take in account the effect of confinement and the possible 

displacement of polyelectrolyte chains. 
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Fig. 7 Real time monitoring of ellipsometric parameters Psi and Delta using pH and NaCl 

concentration. 

To go further in our investigation, we have evaluated if the modification of PLL/PAA bilayer 

structure is involved in the non-inversion of the ICR at pH 3. In order to stabilize the 

polyelectrolyte bilayer, the amine of PLL and carboxylic moieties of PAA were cross-linked 

after deposition using N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide. The evidence of 

each steps of functionalization was characterized by the modification of the ICR. The I-V 

response were recorded at different NaCl concentrations from 10-3 M to 1 M at pH 8 and 3 

(Fig. 8). At pH 8, the current rectification is below 1 whatever the salt concentration. This 

means that the nanopore enhances the transport of cation (here Na+) compared to Cl-. This 

is confirmed by the permeation ratio PNa+/PCl- = 8 measured under dissymmetrical condition. 

This result is assigned to a charge globally negative of the nanopore. This is reasonable 

because the last layer is polyanion and the nanopore surface is totally deprotonated. At pH 

3, an inversion of the current rectification occurs. The factor is above than 1. In this case, the 

transport of Cl- is favored compared to the Na+ as confirmed by a permeation ratio PNa+/PCl- = 

0.01. This result is assigned to a global positive charge of the region close to the narrow 

opening where are located the polyelectrolyte layers. The inversion of ICR is reversible with 

the increase of pH. 
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Fig. 8 I-V dependence (a-b), rectification factor (c) and conductance as a function of NaCl 

concentration (d) of NP functionalized with PLL/PAA LbL at pH 8and pH 3. 

The conductance dependence with the salt concentration does not follow the same behavior 

at pH 3 and pH 8. At pH 3, the conductance decreases with the salt concentration until 

reaching a plateau at NaCl 0.01 M. The constant conductance is assigned to the counter 

mobile anions present inside the nanopore to shield the excess of positive charges in the 

polyelectrolyte layers. At pH 8, the constant value at low concentration is not observed 

suggesting charge compensation between the electrolytes and eventually counter ions 

trapped inside layer. This interpretation seems in contradiction with the rectification below 1 

which suggests a preferential transport of cation. But, it has to be stressed out that the 

functionalization occurs only close to the narrow aperture, the rest of the nanopore is 

negatively charged. This dissymmetry of charges along the nanopore explains the current 

rectification. These results confirm that the structure modification of polyelectrolyte induced 

by the pH and/or salt concentration is involved in the ICR properties. For PLL/PAA only 

deposited on the inner surface of the nanopore, the pH effect does not induced and 
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expected inversion of ICR. However after crosslinking, the polyelectrolyte layers are 

stabilized and cannot easily move. In this case, the nanopore exhibits similar properties than 

if it is functionalized with zwitterionic molecules. This is also consistent with the properties 

previously reported for a conical nanopore functionalized with chitosan/PAA. Indeed, the 

chitosan is not soluble at pH upper than 5, and thus, the bilayer cannot move as after 

crosslinking. 

Conclusion 

To sum up, our work aimed to investigate the impact of the polyelectrolyte swelling and 

reorganization on the ICR properties of the conical nanopore. The starting assumption was 

those polyelectrolyte multilayers create a zwitterionic film on nanopore surface where the 

charges and thus the IRC can be inversed by the pH.  The simple deposition of PLL/PAA and 

PEI/PAA does not follow this trend. For the nanopore functionalized with PEI/PAA, 

interesting ionic transport properties were obtained because at pH 3 the nanopore is 

selective to anion and open only at low salt concentration. Conversely at pH 7, it is selective 

to cation and already open whatever the salt concentration. For the nanopore functionalized 

with PLL/PAA, the ICR inversion does not occurred at pH 3. The effect of polyelectrolyte 

reorganization is confirmed because after crosslinking to prevent the swelling, the ICR is 

consistent with the expected global charge of the nanopore. Globally, our work highlights 

how the control of the polyelectrolyte behavior is a key point to fashion pH-responsive 

nanopore as well as membrane because the track-etched technique allows obtaining a single 

pore as well as multipore. 
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Introduction 

The ion channels and pumps are involved in diverse biological processes such as neuron 

communication, regulation processes, water transport, energy production.[1] Most of them 

exhibit a preferential transport of ions, which is characterized by a current rectification as 

well as reversible gating properties in response to external stimuli. One example of stimuli 

responsive channels is the light responsive ones which are involved in vision processes.[2] 

The gating is regulated by a photo-switch molecule: the retinal, which isomerizes when 

absorbing a photon.[3] 

Inspired by this process, many synthetic photo-switch molecules were synthetized to 

develop new types of materials [4] or to trigg the nanopore aperture [5]. Among them, 

spiropyran is particularly interesting because its photoinduced change is not only a simple 

stereo-isomerisation but induces a modification of both its chemical structure and physical 

properties (figure 1).[6] Under visible light, the spiropyran (SP) is uncharged and not soluble 

in water. Under UV irradiation, spiropyran changes to a merocyanine (MC) form which is 

zwitterionic and soluble in water. These exceptional properties have been used to 

functionalize both inorganic and polymer material.[7] Spiropyrans were immobilized on 

inorganic surfaces to tune their wettability[8], the binding of metal ions[9], or DNP antibody[10] 

and their electrochemical properties[11]. They allow controlling the aggregation and the 

solubility of nanoparticles with light[12]. When grafted to polymers, they form reversible 

micelles[13]. Spiropyrans were also successfully used to functionalize biomacromecules to 

control their enzymatic activity[14], DNA hybridation[15], and folding.[16] To mimic light 

responsive channels, spiropyrans were linked to biological mechanical channel such as MscL. 

[17] 
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Fig. 9 Chemical structure of spiropyran.  

 

In membrane science, spiropyrans are particularly interesting because ionic transport across 

the membrane can be tuned by simply using light.[18] It can be done with polymeric as well as 

inorganic membranes. In the case of the polymeric membranes, the light-gating is mainly 

due to the reorganization of polymers and/or their swelling. In the case of inorganic 

membranes, the properties are due to the modification of the wettability of the surface.[19] 

Using this concept, spiropyrans were grafted inside nanoporous membranes. Vlassiouk and 

co-workers have functionalized alumina membranes with an alkoxysilane ended by amine 

groups.[20] Following a similar idea, Zhang et al. have grafted spiropyrans inside single conical 

nanopores.[21] These nanopores were obtained by the track-etched technique in PET films 

and exhibited unique properties of an ionic diode. In this case, depending on the isomer of 

the spiropyrans, a modification of the current rectification was observed. Since the 

spiropyrans are directly grafted onto the nanopore surface wall, only their charge 

(uncharged or zwitterionic or positively charged) plays a role in the ionic transport. However, 

the characterization of such effect required a high voltage rate (typically +/- 5 V). In addition 

to the light responsiveness, spiropyrans also react to the pH and can modify the ionic 

transport accordingly. This is of particular interest in the design of multifunctional 

membranes.[22] 

In this work, we generated a nanopore that is responsive to both light and pH. To do that, 

conical nanopores obtained by the track-etched technique were functionalized with 

spiropyrans. In order to amplify the gating properties of the conical nanopore, the 

spiropyran was linked to a long polymer chain of PEG. According to previous works on 

copolymer micelles, such a system facilitates a self-assembly inside the nanopore.[13,18] Then, 

we studied the ionic transport properties of NaCl and KCl through these nanopores. We 

intended to determine the conformation adopted by the PEG-spiropyran inside the 

N O

CH3CH3

R

NO2 N
+

CH3CH3

R

NO2

O
-

N
+

CH3CH3

R

NO2

OH

SP MC MC+

UV

Vis

pH<4

pH>4

file:///E:/U盘/These/Thesis%202.docx%23_ENREF_24
file:///E:/U盘/These/Thesis%202.docx%23_ENREF_25
file:///E:/U盘/These/Thesis%202.docx%23_ENREF_26
file:///E:/U盘/These/Thesis%202.docx%23_ENREF_27
file:///E:/U盘/These/Thesis%202.docx%23_ENREF_28
file:///E:/U盘/These/Thesis%202.docx%23_ENREF_18
file:///E:/U盘/These/Thesis%202.docx%23_ENREF_24


Chapter 2 : Biomimetic stimuli-responsive ion channels 

117 

 

nanopore depending on the irradiation type. We discuss also the impact of PEG chain on the 

reversibility of this photo-switch. The power generated by the nanopore under salt gradients 

was also evaluated. Beside the influence of light irradiation, the pH was also investigated 

mainly to drive and determine the ionic selectivity of the nanopore.  

Materials and methods 

Material 

13 μm thick PET films, with biaxial orientations were purchased from Goodfellow (ref 

ES301061). 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC, 03449), HCl (ref 30721), 

NaOH ( 30620), MES (M8250), NaCl ( S7653), Dithiothreitol (D9163)  DMSO (41640) and 

Phosphate-buffered saline (PBS, Sigma-Aldrich ref P4417) were purchased from Sigma-

Aldrich. Ortho-pyridyldisulfide-polyethyleneglycol-amine (OPSS-PEG-NH2, Mw 3400 D, ref 

PG2-AMOS-3K) was purchased from Nanocs. KCl (POCL-00A) were purchased from Labkem. 

3’,3’-dimethyl-1’-(2-iodoacetyloxyethyl)-6-nitrospiro[2H-1-benzopyran-2,2’-indoline] (I-SP) 

were synthetized following the procedure detailed in ref [17a]. 

Track-etching nanopores 

Single conical nanopores were obtained by track-etched methods. The single tracks were 

produced by Xe irradiation (8.98 MeV u-1) of PET film at GANIL, SME line (Caen, France). The 

tracks were activated by UV exposition (Fisher bioblock; VL215.MC, l= 312 nm) for 12 hours 

for the base side and 6 hours for the tip side. Shortly after the UV activation, the PET film 

was mounted between the two chambers of a Teflon cell. The conical shape was obtained 

using the electro-stopping method. One chamber was filled with the etchant solution (9 M 

NaOH) and the other chamber was filled with the stopping solution (1 M KCl and 1 M acetic 

acid). The reference and working electrodes are placed in the stopping and the etchant 

solution, respectively. Then, 1 V potential was applied. The nanopore opening was 

characterized by the current as a function of time recorded by a patch-clamp amplifier 

(HEKA EPC-10). The etching process was stopped by replacing the etchant solution with the 

stopping solution when the current was rised to several hundreds of pAs. The nanopore was 

then rinsed in ultrapure water for 24 h hours. The tip diameter d of the conical nanopore 

was determined from the dependence of the conductance G measured in the linear zone of 

the I–V curve. 
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              (1) 

Where, κ is the ionic conductivity of the solution assuming a bulk like transport, L is the 

nanopore length (13 μm) and D is the base diameter which was calculated from the total 

etching time t using the relationship D = 2.5t (the factor 2.5 was determined in our 

experimental set up using multipore track-etched membranes Figure 2). 

Table 3: Properties of the nanopores used in this study. 

Pore dUV nm) () dVIS (nm)  D (nm) 

NP-1 5.3 1.1 1200 

NP-2 12.7 1.3 555 

NP-3 10.3 1.9 290 

 

 

Fig. 10 SEM image of base side of conical nanopore after etching time close to the ones for 

NP-3 (a) and NP2 (b). 

Functionalization of the nanopore 

2.3.1 PEGylation 

(a) (b)
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A reactive solution of Ortho-pyridyldisulfide-polyethyleneglycol-amine was prepared with 

0.1 M KCl, 0.1 M MES, pH 4.7. The pH was adjusted with HCl and NaOH solutions using a pH 

meter (Hanna HI 221 pH meter, pH electrode HI 1131). This solution was added inside each 

chamber of the cell. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide solution was added to 

reach 50 mM and let equilibrate for 2 hours. 

2.3.1 Reduction by dithiothreitol 

A 16.8 mg of dithiothreitol was dissolved in 5 ml of ultra-pure water. 200 µl of that solution 

was added to the tip side of the cell in a 800 µl phosphate-buffered saline solution and the 

base side was filled with only 800 µl of PBS solution. The reaction ran for 2 hours. 

2.3.1 Spiropyran attachment 

40 µl of stock solution of I-SP (1 mg ml-1) in DMSO was added in the tip side of the nanopore 

into 800 µl DMSO. The other side was filled with 800 µl DMSO. The incubation lasted 2h. 

Current-voltage measurement 

Current-voltage measurements were performed with a patch-clamp amplifier (EPC10 HEKA 

electronics, Germany). The current was measured by Ag/AgCl, 1 M KCl electrodes. The 

working and ground electrodes were connected to the trans (base aperture of nanopore) 

and the cis side (tip aperture of the nanopore) of the cell, respectively (Figure 2). The two 

chambers of the cell were filled with the same electrolyte solution for the symmetric 

measurements. For asymmetric measurements, the cis side had the same concentration 

while the concentration varied on the trans side. Current traces were recorded as a function 

of time from 1 V to -1 V by 100 mV steps for 2 s and from 100 mV to -100 mV by 10 mV steps 

for 2s. Except when it is specifically mentioned, the I-V curves were recorded in darkness. 

The nanopore irradiation was performed by focusing the light provided by an arc lamp (HXP 

R 120 W/45C). UV and visible light were selected by a single-band bandpass filter 375/110 

nm (Semrock BrightLine® FF01) and long-pass filter 500 nm (Thorlabs FELH), respectively. 

Absorbance spectra  

The absorbance spectra was perfomed on multipore membrane (density 106 pore cm-2) 

using a spectrophotometer JASCO equiped with an integration sphere. 

Results and discussion 
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Nanopore functionalization 

For this work, we selected conical nanopores with tip diameters from 5 to 9 nm obtained by 

track-etching under dissymmetrical conditions (Figure 3). The nanopore functionalization by 

PEG-spiropyran was done following the three steps procedure. First, the OPSS-PEG-NH2 was 

attached onto the carboxylate groups present at the surface of the inner wall of the 

nanopore, by EDC activation. Then, the ortho-Pyridyldisulfide-Polyethylene was reduced by 

dithiothreitol. The last step was a nucleophilic substitution of the iodine moieties of 

spiropyrans by thiol groups terminated by PEG chain. The result was the attachment of the 

spiropyran to the PEG via a thioether bond. Each step of the nanopore functionalization was 

evidenced by the modification of the I-V response in 100 mM KCl as shown in Figure 3c. The 

PEGylation induced a decrease of the conductance, likely due to the reduction of the 

nanopore diameter. The rectification factor is defined as    | (  )  (   )⁄ |. Because, its 

value depends on the surface charge density, it is a simple and efficient method to confirm 

the functionalisation of the conical nanopore after each step (Figure 2c). For the raw 

nanopore, rf< 1  due to the carboxylate groups which induce selectivity to cation. After 

grafting of the ortho-pyridyldisulfide-polyethylene, we observed an inversion of rectification 

factor (rf > 1).  The latter is assigned to the protonation of pyridyl moieties which confers a 

global positive surface charge of the nanopore inner wall.  The reduction of ortho-

pyridyldisulfide groups induces a rf< 1 which evidences the loss of pyridyl moieties. Finally, 

after the grafting of spiropyran, we observe a lower current and a rectification factor close 

to 1 confirming the grafting of an uncharged molecule. We attempted to confirm the 

nanopore functionalisation by an alternative method. To do so, the PEG-SP was grafted 

inside a multipore membrane (density 106 pores cm-2) using the same method. The 

absorbance spectrum recorded with the the functionalized membrane after UV irradiation 

reveals a peak around 550 nm which is characteristic of the MC form (Figure 3e). This 

confirms that our method allows us to graft PEG-SP inside nanopore. 
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Fig. 11 (a) scheme of the nanopore functionalization. (b) Sketch of the setup for the I-V curve 

measurements. (c) I-V response under 1 M KCl and (d) rectification factors obtained after 

each step of the functionalization for NP-3(dUV =10.3nm/ dVIS = 11.9nm) (e) absorbance 

spectra of PET multipore membrane before (black line) and after functionalization with PEG-

SP following UV irradiation on dried sample (violet line). 
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Light-responsive ionic diode 

After the functionalization was completed, the influence of light irradiation on ionic diode 

properties was characterized by the I-V dependence. In figure 4a the I-V responses of the 

nanopore after the PEG-spiropyran grafting in 0.1 M and 0.01 M KCl at pH 7 are reported. 

The first experiment was performed under visible light directly after functionalization. Then, 

the nanopore was irradiated with UV light for 30 minutes and the I-V curve was measured in 

the same solution (Figure 4). We observed that I-V responses were different, confirming the 

presence of photochromic molecule inside the nanopore. In the first experiment, the I-V 

curves were almost linear. Under VIS irradiation, the spiropyran is neutral explaining the loss 

of current rectification. After irradiation by UV light, an increase of current and a nonlinear I-

V response is observed. This can be explained by the transformation of spiropyran molecule 

into merocyanine, which is a zwitterionic molecule. In this case, the current rectification was 

induced by the presence of charges on the nanopore inner wall. At this stage, our results 

were in good agreement with the one previously reported by Zhang and co-workers.[21] 

However, two points have to be discussed (i) the reversibility of the photo-switch and (ii) the 

influence of the PEG chains. 
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Fig. 12 Typical I-V response obtained after VIS irradiation (open black circle) and after UV 

irradiation (full violet circle) for NP-1(dUV =5.3nm/ dVIS =1.1nm) (a) and NP-2(dUV =12.7nm/ 

dVIS =1.3nm) (b) at different KCl concentrations, i.e. 0.1M and 0.01 M. Kinetics of the 

nanopore (NP-2) opening under UV irradiation (c) evolution of the I-V response regarding 

the time of the visible irradiation (d) evolution of the nanopore conductance as a function of 

the irradiation time (here the I-V curve were recorded under light). 

First, the switching from the SP to the MC form took a couple of seconds in water solution 

while it takes more than 30 min inside the nanopore. This should be assigned to the low 

transmittance of PET in UV. We focused then, on the reversibility of this photo-switch. After 

UV switching, the irradiation by visible light did not show a significant modification of the I-V 

response. This could be because the molecules are blocked in their merocyanine 

configuration. In previous works, authors have also reported the difficulty to switch from MC 

to SP form in water. Vlassiouk et al. repported that the photo-switching occurs in water 

when the spiropyrans are attached directly to the inner surface of the nanopore.[20] However, 

the photoswitching was only monitored in ethanol. Zhang et al. reported that the nanopore 

has to be dried to switch from MC to SP form. The authors assigned this non-reversibity in 
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water to a high activation barrier, which is accompanied by the dewetting process inside a 

nanopore.[21] We propose another mechanism which takes into account the PEG chain.The 

spiropyran form of the molecule is not soluble in water. Thus, when it is grafted at the 

surface of the inner wall of the nanopore, it will minimize its interaction with water molecule 

by increasing its interaction with the surface, especially if the latter is hydrophobic. In our 

case, the functionalization involves a PEG chain between the PET and the photo-switchable 

molecule. These PEG could stabilize the molecule in its merocyanine form because they are 

highly hydrophilic. In this case, we suppose that the merocyanine form is favored in this 

environment and cannot switch back to its SP form because they are surrounded by too 

many water molecules. 

In order to confirm this hypothesis, we modified the polarity of the solvent, to facilitate 

switching from the MC to the SP form. With a mixture EtOH/water at different ratios, the 

photoswitching did not occur. However, by using pure EtOH, we could observe that after VIS 

irradiation, the nanopore conductance dramatically decreased, confirming the switching 

from MC to SP form. This experiment was repeated several times (Figure 5). Thus, the 

reversible gating of the nanopore requires the use of ethanol to switch from the MC to SP 

form.  

 

Fig. 13 Reversibility of the photo-switchable properties of NP 3 (dUV =10.3 nm/ dVIS =1.9 nm) 

(a) nanopore conductance in 100 mM KCl. The photoswitch from VIS to UV and from UV to 

VIS was performed in water and ethanol respectively. (b) Sketch of the PEG-SP and PEG-MC 

conformations inside the nanopore.  
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As previously mentioned, single conical nanopores behave as an ionic diode due to a 

preferential ionic transport,[23] which is commonly characterized by the current rectification. 

The origin of this phenomenon has been extensively studied by PNP simulations.[5b,24] It 

appears that the nanopore dissymmetry induces a depletion of ionic concentration of co-

ions compared to counter-ions. It has been shown that in the case of conical nanopores, the 

current rectification is more pronounced with the increase of surface charges.[25] Thus, the 

analysis of current rectification should emphasize the configuration of the photo-switch 

molecule. Figure 14 reports the rectification factor calculated from equation 2 as a function 

of the salt concentration after VIS and UV irradiation at pH 7. According to our experimental 

protocol, a rectification lower than 1 means that the transport of cations is favored. This is 

the case when the photo-switchable molecule is in its merocyanine configuration. With the 

increase of the salt concentration, the rectification tends to approach 1, as usually observed 

for charged nanopore. After switching to spiropyran isomer, since the surface is uncharged, 

it is not surprising that the rectification factor is around 1 for both NaCl and KCl 

independently of the salt concentration. 

To go further in the investigation of the ionic transport inside nanofluidic diode 

functionalized by PEG-spiropyran, we studied the I-V- response under different salt 

concentrations (0.001 M, 0.01 M, 0.1 M, and 1 M) for KCl and NaCl. From the linear part of I-

V response typically between -60 mV to 60 mV, we calculated the conductance G and 

plotted it as a function of the salt concentration as shown in figure 14. Regardless of the type 

of salt, the conductance under VIS was lower than the conductance after UV irradiation 

(table 1). This difference could be explained by the wetting/dewetting of the nanopore 

depending on the photoswitch molecule isomerization state. Interestingly, for spiropyran 

isomer, the nanopores exhibit a similar apparent tip diameter around 1.3 nm. The decrease 

of the amplitude of the conductance and the similar diameter after VIS irradiation suggest 

that other mechanisms occurred, such as self-assembly.[26] We have shown previously that 

the PEG chains play a role in the photoswitch reversibility and should be taken into account. 

In our case, it is likely due to self-assembly of spiropyrans inside the nanopore, which induce 

a modification of the PEG conformation. This scenario presumes that PEG can adopt a 

mushroom and a brush-like conformation, which depends on the density of the polymer 

chain on the nanopore inner walls. The surface charge of PET conical nanopore is commonly 
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estimated about 0.10 C m-2 corresponding to a distance of 1.48 nm between two carboxylate 

moieties. The mushroom radius of PEG estimated by Flory law is 3.8 nm. Since these two 

values are very close and that it is likely that all carboxylate moieties are not functionalized, 

we can assume that a mushroom conformation of PEG is possible. In this case, under VIS 

irradiation the self-assembly of spiropyranes stretches the PEG chain to a brush-like 

conformation; while merocyanine is well solvated in water and thus the PEG chains adopt a 

mushroom conformation to minimize the energy of the system. This interpretation 

reinforces the fact that the transformation of merocyanine into spiropyran does not occur in 

water.  

Usually, at the nanoscale, the conductance follows two regimes.[27] At high concentration, it 

increases with the salt concentration in order to reach a bulk-like ionic transport. At low salt 

concentration, the conductance reaches a plateau. Usually, this conductance is assigned to 

the transport of counter-ions which shield the nanopore surface charges. However, this 

plateau was reported also in the case of hydrophobic and uncharged nanopores.[28] In this 

case, it was partially assigned to the slip length and the water organization close to the 

surface. After VIS irradiation, when the spiropyran is uncharged, we can extrapolate a 

“plateau- like” behavior at very low salt concentrations, likely at concentrations lower than 1 

mM. More interestingly, the plateau was not clearly observed after UV irradiation when the 

photo-switch molecule is in the zwitterionic state. This suggested that the surface charges 

induced by merocyanine are not shielded by the counter-ions in solution. The charge 

compensation is between ammonium and phenolate from the same molecule or two 

neighbor molecules. It should be noticed that a similar behavior is observed for both KCl and 

NaCl even at high concentrations when the potassium should chelate the PEG.[29] 
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Fig. 14 Nanopore conductance (a) and rectification factor (b) as a function of KCl and NaCl 

concentration of NP-1 (square and circle respectively) and NP-3 (dUV =10.3nm/ dVIS =1.9 nm) 

(triangle) after VIS (open black symbol) and after UV (open violet symbol). 

 

To investigate the nanopore charges after VIS and UV irradiation, we measured the power 

generated by a single nanopore under a salt concentration gradient from the tip side to the 

base side. Indeed, it has been shown that the maximum power PMax generated by a 

nanopore is strongly dependent on its surface charge density and its shape.[30] This power is 

obtained from the zero-volt current (I0) and the open circuit potential (Vrev). These values 

were obtained from the I-V dependence measured under dissymmetrical salt concentrations 

(Figure 15).  

                       (2) 

The current I0 is extracted from the current at V=0 when the concentration (cTip) in the tip 

and the base side (cBase) of the nanopore were 1 M and between 1 - 100 mM, respectively. 

As expected, under the SP form, the current was lower (between 50 pA to 90 pA) than under 

the MC form (500 pA to 620 pA). These values are in the same range as the one reported for 

a conical nanopore.[31] The difference of current is assigned to the increase of surface 

charges due to the zwitterionic character of MC and the fact that the nanopore is open. The 

PMax after UV and VIS irradiation follows a linear dependence with the log(         ⁄ ). To 

compare the efficiency in terms of energy harvesting of both isomers of the photoswitch 

molecule, we can assume that          (         ⁄ )  where, k is a coefficient of 
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efficiency. After UV irradiation, this coefficient was 5 times larger than after VIS irradiation 

(45.48 pW-1 against 5.97 pW-1).  

 

 

Fig. 15 (a) sketch of the experiment performed under an ionic gradient. For NP-1(dUV =5.3 

nm/ dVIS= 1.1nm), (b) zero-volt current and (c) power generated under ionic gradient after 

VIS irradiation (open black circles) and after UV irradiation (violet circles). 

pH controlled ionic diode and nanopore selectivity 

In the MC form the photo-switchable molecule has a phenol group that can be protonated at 

low pH. Thus, at low pH, we should expect an inversion of nanopore selectivity. To confirm it, 

the ionic transport was studied at pH 3 and 7 (Figure 8). The results show an inversion of the 

current rectification at pH 3. In terms of selectivity, the current rectification is greater than 1 

showing that the anion transport is favored. This is easily explained by the modification of 

surface charge due to the protonation of the phenolate moieties of the merocyanine. It can 

be noticed that at pH 7 the rectification factor tends to be 1 when the salt concentration 

increases. In order to evaluate the selectivity of the nanopore, we measured the reverse 
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voltage under dissymmetrical concentration (Figure 16). At pH 7, the PK+/PCl- is 3 and 10 for 

nanopores with tip diameter 5 and 9 nm, respectively, while at pH 3 it is 0.5 and 0.05. This 

result confirms the preferential transport of ions. 

At pH 3, the dependence of the conductance to the salt concentration exhibits a plateau of 

conductance at low concentrations as opposed to pH 7. The lack of plateau at pH 7 was 

interpreted by the internal charge compensation as the merocyanine is zwitterionic. At pH 3, 

the protonation of phenolate moieties breaks the internal charge compensation. The 

positive charges of ammonium moieties are shielded by chlorines, which are the mobile 

charges inside the nanopore explaining the plateau of conductance observed at low 

concentrations. 

 

Fig. 16 Influence of the pH on NP-2 (dUV =12.7 nm) conductance after UV irradiation. (a) and 

(b) are the I-V response at pH 7 (violet, circle) and at pH 3 (red square) recorded at 

concentration 100 mM and 10 mM. (c) Conductance and (d) rectification factor as a function 

of KCl concentration at pH 7 (violet, circle) and at pH 3 (red square) (e) sketch of PEG-MC and 

PEG-MC+ organization inside the nanopore. 
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Conclusion 

To sum up, we have successfully designed a light responsive nanopore by grafting PEG-SP 

chains inside conical nanopores. We have studied the ionic transport as a function of both 

the pH and light irradiation. After UV irradiation, the nanopore is open, while after VIS 

irradiation, the nanopore is closed. The reversible switching from MC to SP isomer cannot be 

done in water and requires a solvent with a lower polarity such as ethanol. Our results 

provide a direct evidence of the ability of PEG to block the photo-switch under its 

zwitterionic form. Besides the light gating properties, it is possible to modulate the nanopore 

selectivity with pH. This work shows the possibility to design multifunctional nanopores that 

combine both diode and gating behavior. Such nanopores could be interesting for many 

applications from nano-valves to sensing properties using a single pore. Because the 

nanopores obtained by track-etched method can be upscaled to multipore membranes, 

these properties could also bring new opportunities to develop adaptive membranes for 

separation or energy conversion. 
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Discussions 

To control ion transport in response to external stimuli inside a track etched nanopore, the 

crucial task is to decorate the pore by suitable function. To achieve this purpose, various 

available methods were described in chapter 1 including in situ polymerization from the 

surface and anchoring already prepared molecules to the surface. As shown in the two 

articles, two systems of stimuli-responsive are constructed in track-etched nanopore. We 

utilized method known as “grafting to” for the functionalization in the two studies. For two 

systems, conical nanopores were used to get diode-like behaviors resulting from the 

asymmetric geometry. Diode-like nanopores have a current rectification behavior that ion 

current is large at one direction and small at the other direction under electrical bias. These 

properties from the asymmetry (charge, geometry) can directly characterize the ion 

selectivity of the pore. In this shape, the ion transport properties are mainly controlled by 

the tip side of the pore because of the small aperture. Thus, small changes of chemical 

structures at tip involved a large change of ion transport. 

The first work aimed to give pH-responsive property by depositing layer-by-layer 

polyelectrolytes which are sensible to pH because of the weak acid and base groups on the 

chains. Three different cases were investigated by depositing PLL/PAA, PLL/PAA crosslinked 

and PEI/PAA. These three polyelectrolytes have different charge densities regarding their 

formula: σPAA>σPEI>σPLL. This different density of charges makes the essential difference 

between PLL/PAA and PEI/PAA functionalized ion channels. As PLL has much less charges 

than PAA, partial charge compensation between PLL and PAA makes an accumulation of 

negative charges. As a result, with increasing the number of layers, the nanochannel is more 

and more selective to cations even with PLL as the last layer. For the case of PEI/PAA, higher 

charge density of PEI than PAA ensures a more complete charge compensation. This result in 

that the previous layers rather than the last can hardly influence the ion transport. Thus, the 

ion selectivity essentially depends on the last layer. These are confirmed by the Rf change 

during the layer-by-layer desposition. 

With the complete charge compensation effect, PEI/PAA modified nanopore has global 

negative charges at pH 7, while it has global positive charges at pH 3 because of protonation 

of carboxylate moities. This makes an inversion of I-V curve due to the different ion 
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selectivity between pH 3 and pH 7. At pH above 3, conductance at low salt concentration 

does not form a plateau which means that no enough high counter-ion concentration is 

inside the pore. When the pH reach 3, protonation of polyelectrolytes makes the pore 

containing a high concentration of anions, such a high conductance plateau appears at low 

concentration. Besides the charge effect, polyelectrolytes swelling behavior also plays a role 

in controlling ion transport. At high salt concentration at pH 3, a decrease of conductance 

was observed. This can be assumed that the swelling of polyelectrolytes partially blocks the 

pore by steric effect. On the contrary than PEI/PAA, the PLL/PAA exhibits a negatively 

charged behavior from pH 3 to pH 7 and a plateau of conductance at low salt concentration. 

In this case, the ion transport of the pore is almost dominated by the excess of negative 

charges of PAA. This flexible polyelectrolyte structure can be fixed by cross-linking of amine 

and carboxylic acid moieties. After the crosslinking, the self-assembled layers get the same 

behavior of zwitterionic molecules. The arrangement of molecular structures responding to 

pH and salt concentration becomes negligible. So the ion transport of the pore is totally 

dominated by protonation/deprotonation according to pH. 

Globally, the ion transport is regulated by two parameters the charge and the swelling in this 

work and the ion transport can be divided in two regimes: “bulk” and “surface” depending 

on the electrolyte concentration in the reservoir. These properties of polyelectrolytes 

functionalized nanopore can be very useful to design ion selective membranes for osmotic 

energy harvesting that will be discussed in the next chapter. Ion transport at high 

concentration is essentially achieved by electrolytes in pore with surface phenomenon 

neglected. In this regime, charges on the surface are largely screened so ion selectivity is 

induced. At low concentration, ion transport through counter ions in electrical double layers 

become dominant. If the polyelectrolytes swell a lot, a more loose structure allows ion 

transport inside the polyelectrolyte layers. This transport phenomenon due to 

polyelectrolytes swelling should be avoided because of the transport difficulty inside and 

conductance reduction due to steric effect. 

The second work used another type of “grafting to” method. Spiropyran modified PEG are 

chemically grafted on the pore surface by EDC chemistry. As a consequence, the nanopore 

can then control ion transport properties in response to light wavelength because of the 

isomerization of spiropyran molecule in such conditions. When this photo-switchable 
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molecule is under visible light, it will take the non-charged form which is hydrophobic. If it is 

irradiated by UV light, it will be switched into a zwitterionic form known as merocyanine. 

Due to the charges, this form is hydrophilic. Thus, light responsive ion channel can be 

achieved by directly grafting spiropyran on the surface. In this case, ion transport regulation 

is only controlled by surface charge. The PEG-spiropyran functionalized nanopore is 

modulated by both charges and conformational changes. Hydrophobic spiropyrans can self-

assemble together to close the pore by steric effect and at the same time, hydrophobic form 

decreases the counter-ion concentrations in the pore. The two effects contribute together to 

close the pore at both low concentration and high concentration. When the pore is under UV 

light, zwitterionic merocyanines will capture counter-ions. This will increase ion conductance 

at low salt concentration. Because of the charges of merocyanines, electrical repulsion 

makes the PEG-merocyanines collapse on the pore surface, such conformational change lead 

to an increase of effective pore diameter. More interestingly, the pore under UV light can 

respond also to pH because of the protonation/deprotonation of charged groups in 

merocyanines. Thus, a light and pH double controlled ion valve is constructed. 

As for switching procedure, due to the hydrophobicity of spiropyran molecules, molecular 

switching from merocyanines to spiropyrans meets difficulty in aqueous solution. Ethanol or 

other less polar solvent are necessary to provide a less hydrophilic environment for the 

switching in visible light. To solve this problem, another strategy has been tried which is not 

included in this manuscript by using a more hydrophobic chain based on polypeptides to link 

spiropyrans. These hydrophobic polypeptides can provide a less polar environment for the 

molecule switching in visible light that it can be hoped to achieve a solvent free light 

controlled ion channel based on spiropyran. 

Through this chapter, polyelectrolytes and modified polyelectrolytes are interesting 

strategies to functionalize track etched nanopores to design stimuli-responsive ion channels. 

Because they can have stimuli-responsive functions, suitable molecular size and various 

possibility of immobilization in track etched nanopore. 
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Introduction 

In this chapter, the generation of osmotic energy of polyelectrolytes functionalized track-

etched nanopore was investigated. The osmotic energy also called blue energy has the 

highest energy density among numerous energy forms in ocean. It takes the advantages of 

chemical potential difference between brine/sea water and river water mixing through ion 

selective membranes. However the low performance of ion selective membranes limits the 

maximum power density more or less 1 W m-2, it is still interesting to develop this technique 

to get back a part of energy from the desalination industry which is necessary to reduce the 

high energetic cost of this process. 

By now, ion selective membranes suffer from high membrane cost, low ion selectivity and 

high membrane resistances. Track etched membranes based on polymer films as long-time 

used classical membranes have advantages of low cost and easy functionalization. More 

interestingly, track etching techniques also allow fabricating single nanopores that is useful 

to study the membrane behavior from single pores to multipores scale. Here we proposed to 

enhance the membrane ion selectivity by introducing more charges in the pore to capture 

more counter-ions by immobilizing polyelectrolytes. The first work was achieved by layer-by-

layer depositing of polyacrilic acid/chitosan on pore surface. Then, ion transport and power 

generation properties were studied. The second work involved in situ synthesis of 

crosslinked highly charged hydrogel inside track etched nanopore. This study was done from 

single nanopore to multipore membrane. Finally, we have stacked cation and anion selective 

membranes.  

The results presented in this chapter have been published as two articles:  

Large osmotic energy harvesting from functionalized conical nanopore suitable for 

membrane applications. J. Membr. Sci. 2017, 544, 18.  

Nanopore Functionalized By Highly Charged Hydrogels For Osmotic Energy Harvesting. ACS 

Appl. Mater. Interfaces, 2019,  11, 13, 12578-12585. 
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Articles 

Large osmotic energy harvesting from functionalized conical 

nanopore suitable for membrane applications 

Sébastien Balme, Tianji Ma, Emmanuel Balanzat and Jean-Marc Janot 

Contribution : I did the experiments with Sebastien Balme.  

Introduction 

Access to energy from renewable natural resources at low cost is a major challenge to deal 

with energy dependence. In this area, a remarkable amount of energy due to the difference 

in salinity between seawater and river water is available [1-3]. In order to capture such 

osmotic energy, so-called “blue energy”, two main methods are currently under 

development. The first ones are based on the Pressure-Retarded Osmosis (PRO) [4]. They 

allow reaching a power density until 10 W m-2 [5]. The second ones, the Reverse Electro 

Dialysis (RED), permit the capture directly from the salinity gradient [6-10]. Until  now, the 

main limitation of this technology comes from its low energetic efficiency, less than  1 W m-2 

when using stacks of cation-exchange and anion-exchange membranes [11] or 3.46 W m-2 in 

the case of a membrane composed by ionic diodes [5]. However it is conceptually possible to 

improve this energetic yield by the use of membranes composed of nanopores with a high 

surface charge σ and/or a low thickness L.[12]  

     
    

 

   

   
    (  )        (eq. 1) 

where      osmotic current, R the nanopore radius, η the viscosity, λB the Bjerrum length 

and    the ratio of salt concentrations on either side of membrane. 

This consideration has been supported by two recent publications. In the first one,  Siria et 

al. have highlighted a giant osmotic current through a unique boron nitride nanotube [12]. 

This current is generated by a important surface charge and likely by a long slip length due to 

the crystallinity of the nanotube [13]. In the second one, Feng and his coworkers used a 

MoS2 nanopore with a very low thickness of three atoms [14]. From these two studies, the 

extrapolation of the results obtained on a single nanopore to a multipore membrane let 

think of a possible production of several kW m-2. However, the limiting factor of both MoS2 
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and BN nanotube is the difficulty to produce membranes of several m2 or cm2 with a high 

density of these nanopores. Thus the challenge is to prove that it is possible to generate a 

giant osmotic current from the properties of a particular single nanopore and that is 

reproduced several times within a multipore membrane [15]. In order to reach this goal, two 

ways seem suitable. The first one is the deposition of BN by atomic layer deposition [16]. The 

second one is to use nanopores which present ionic diode properties [17-19]. The latters are 

usually obtained for asymmetric nanopore such as conical or semi-cigar shape. The diode 

effect depend on the nanopore tip diameter [20, 21] and on the density of surface charges 

[22, 23]. It was explained by ion-enrichment and ion-depletion inside the nanopore [24, 25]. 

Such nanopore was previous considered for osmotic energy harvesting [18, 26, 27]. They 

permit to generate from few to several hundred pW per nanopore which is very promises. A 

theoretical study has shown that both charge distribution and shape play a role in power 

generation. It predicts that a nanopore with a short effective length of the narrow tip should 

improve the osmotic energy production [28].  

In this study, we decided to use nanopores obtained by the track-etched method because 

they are easily functionalizable and up-scalable to multipore membranes [29-32]. In 

addition, this method allows obtaining of ionic diode when using a pore of conical shape [33, 

34]. In order to increase the surface charge, we have functionalized the nanopore using a 

deposition, layer-by-layer, of polyelectrolytes [35-38]. Here, the idea is to deposit a couple of 

polyelectrolytes; one neutral and the other charged at the operating pH, between 7.4 and 

8.4. In addition, the structure of the polyelectrolyte layers must not be modified with the 

concentration of salt and should remain stable over time. Accordingly, we have 

functionalized the conical nanopores by alternating deposits, layer after layer, of chitosan 

(CH) and poly(acrylic acid) (PAA) . The PAA provides the negative surface charge of the 

nanopore; the chitosan with a pKa around 5.6 is neutral to the operating pH. In addition, 

chitosan is not soluble in water at pH above 6. It confers to the CH/PAA multilayers a good 

stability. In addition these bilayers do not swell with the ionic strength [39]. The proof of 

concept and the ionic transport properties will be shown on a single nanopore, then we will 

demonstrate the possible upscale to multipore membranes. 

Materials and methods 
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Materials 

Poly(ethylene terephthalate) (PET) film (thickness 6 µm, biaxial orientation) was purchased 

from Goodfellow (ES301061). Sodium chloride (71380), CuCl2 (751944) and CoCl2 (769495) 

and sodium hydroxide (30603), Chitosan (448869), Poly(acrylic acid) solution Mw 100000 

(523925) were purchased from Sigma-Aldrich. Potassium chloride (POCL-00A) was purchased 

from LabKem. Ultra-pure water was produced from a Q-grad®-1 Milli-Q system (Millipore). 

Artificial seawater was obtained by dissolution of Coral Pro salt (Read Sea) in distillated 

water. 

Current-voltage measurements on single nanopore 

The single nanopore was mounted in the Teflon cell containing an electrolyte solution. The 

current is measured by Ag/AgCl, wires directly immersed in electrolyte solution. One 

electrode was plugged to the working end of the amplifier (trans chamber, base side) and 

the other electrode connected to the ground (cis chamber, tip side). Electrical 

measurements were achieved by a patch-clamp amplifier (EPC10 HEKA electronics, 

Germany). Recorded currents were analyzed by Fitmaster (Heka Elektronik, Germany).  

For IV curves, the currents data were recorded as a function of time under constant 

voltages from -1 V to 1 V by step of 100 mV and from -100 mV to 100 mV by step of 10 mV. 

All current traces were recorded during 5 s at a frequency of 50 kHz. These measurements 

were repeated 3 times.  

For the power measurement, we used reference electrode Ag/AgCl 1 M KCl electrodes 

connected to electrolyte solution by agar–agar bridges. Before measurements, the eventual 

difference of electrode potential was calibrated using symmetrical concentration of salt in 

both compartments.  

Power measurement on multipore membrane 

The power measurement of multipore membrane (0.37 cm-2) was performed using 

reference electrode Ag/AgCl 1 M KCl electrodes connected to electrolyte solution by agar–

agar bridges. A 1 Ohm resistance closes the circuit. The current and voltage were recorded 

using multimeters Keithley 617 and Agilent 344110A respectively.   

Track-etching nanopores and characterization 
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Single tracks were produced by Xenon irradiation (8.98 MeV u-1) of the PET film (6 µm) 

(GANIL, SEM line, Caen, France). The PET film was exposed to UV light for 12 h per side to 

activate the track (Fisher bioblock; VL215.MC, λ = 302 nm) just before the chemical etching. 

The etching of the conical nanopore was performed under dissymmetric conditions. The PET 

foil was mounted between two compartments of a chemical cell in Teflon. The etchant 

solution (NaOH 9M, 1.6 ml) was added on base side and the stopping solution (KCl 1M and 

acetic acid 1M, 1.6 ml) on tip side. The etching process was performed at 23°C. A potential of 

1 V was applied across the membrane. When the current reaches a value around 400 pA, the 

etching process was stopped by the replacement of the etching solution by the stop one.  

The single conical nanopores are characterized in two steps. At first the base diameter 

(dbase) is deduced from the SEM image of a multipore membrane etched under the same 

condition (shining exposition, etching time, NaOH concentration). The tip diameter (dtip) is 

calculated, from the dependence of the conductance G  with NaCl concentration (eq. 2) 

(from 0.1 M to 1 M) assuming a bulk-like ionic conductivity inside the nanopores. In order to 

correct the conductivity at high salt concentration the ionic conductivity of solution κ have 

been measured using a conductimeter (Hanna HI 255 combined meter with conductivity and 

electrode HI 76310) after preparation [40]. 

                ⁄            (eq. 

2) 

where L is the nanopore length. 

In our experiment the etching time provides base diameters between 750 nm to 640 nm, 

which corresponds to tip diameters from 12 to 14 nm.  

The multipore membranes were obtained following the same procedure using a PET film 

irradiated with a fluency of 107 ions cm-2. The final density of nanopore on the tip side, 

obtained by SEM imaging, is 2 106 pore cm-2. 

Nanopore functionalisation 

The PAA stock solution with a concentration 1mg ml-1 was prepared at pH 5. The CH stock 

solution, concentration 1mg ml-1, was prepared at pH 3. The nanopore functionalization was 

performed under buffer condition KCl 0.1 M MES 10mM pH 5.4. The sorption of CH was 
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performed by addition of 16 µl of stock solution in tip side. A voltage -1V was applied during 

5 minutes. The cell was then rinsed with buffer to remove the excess of polyeletrolyte. Then 

16 µl of PAA solution was added on tip side during 5 minutes under voltage 1V. The 

procedure was repeated until the desired numbers of CH/PAA bilayers. 

Results and discussions 

The single nanopores traces were obtained by irradiation of PET films. The conical shape 

was achieved by a chemical etching under dissymmetrical conditions using electro-stopping 

method [41, 42]. An estimation of base diameter is given by SEM (figure 1) on a multipore 

membrane etched under the same conditions. The tip diameter is deduce from the 

conductance measurements of a 1M KCl solution [40]. The nanopore functionalization was 

performed by alternate deposition of CH/PAA under voltage to drive their entrance inside 

the pore. The success of the functionalization was characterized by the modification of the 

IV curves after each layer deposition of polyelectrolyte (Figure 1).  

 

Fig. 1 (a) Sketch of single conical nanopore functionalization (b) SEM image of base side of 

track-etched membrane after 180 minutes of chemical etching. (c) IV curves measured at KCl 

0.1 M MES 10mM pH 5.4 of single nanopore after chemical etching (black, square), chitosan 

adsorption (blue circle) and PAA adsorption (red triangle)  . 
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We studied the ionic transport, under symmetrical conditions using NaCl solutions at 

various concentrations from 10-3 mol.l-1 to 1 mol.l-1 and for different pH. This salt was chosen 

because it represents 85% of the ionic composition of the sea water. The nanopore 

conductance was obtained by the fit of the linear part of IV curve, typically between -75 mV 

and 75 mV. The results reported in Figure 2 show that the conductance G decreases of one 

order of magnitude when the bulk concentration of NaCl c decreases from 1 M to 10-3 mol l-

1. This range is in the same order than the one reported for the BN nanotube at pH 11 

suggesting a high surface charge of the nanopore [12]. It can be also noticed that the 

nanopore conductance is higher at pH 7.6 than at pH 3. Thus, the high surface charge can be 

explained by the high density of COO- due to PAA layer which are not shielded by CH which is 

neutral at pH upper than 7. In order to study the influence of the pH on the NaCl transport, 

we introduce a rectification factor defined as    | (  )  (   )⁄ | (Figure 2). This rectification 

factor is currently used to characterize the diode effect. Its value depends on the surface 

charge density and the ionic selectivity of the nanopore [43, 44]. For a pH below the pKa of 

the PAA the rf factor is greater than 1, the nanopore is positively charged and selective to 

the anion. For a pH above the pKa of the CH the rf factor is less than 1, in this case, the 

nanopore is negatively charged and selective to the cation. For pH around 4.3 the rf factor is 

close to 1. The value (higher or lower than 1) depends on the balance of the charges 

between the two polyelectrolytes. The clear correlation between the rectification factor and 

the pKa of the two polyelectrolytes confirms the success of the functionalization.  
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Fig. 2 (a) Illustration of an experiment performed under symmetrical salt concentrations (b) 

Dependence of IV curves of conical nanopore recorded at different NaCl concentrations, 1M 

(black, square), 0.1 M (red, circle), 0.01 M (blue, up triangle) and 0.001 (green, down 

triangle) (pH 7.6) (c) IV curves obtained for NaCl 1M at pH 3 (green, square) and pH7.6 (red, 

circle), (d) nanopore conductivity as function of NaCl concentration at pH 3 (green, circle) pH 

7.6 (red, triangle) and pH 10 (black, square) (e) evolution of the rectification factor with the 
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pH for NaCl 1 M and illustration of ion flux at the origin of the current rectification with 

respect to the charge of each polyelectrolyte. 

 

The CH is well known as chelating agent to remove metal ions from water.[45] In order to 

confirm the functionalization by another way, we have evaluated the impact of the metal 

ions on the nanopore surface charge. The addition of Cu2+ or Co2+ on the tip side of the 

nanopore induces an increase of the rectification factor (Figure 3). An inversion of this factor 

occurs for 2 mM of Cu2+ or 10 mM of Co2+. These results are explained by the adsorption of 

the metal ion on the CH/PAA layer. The metal ion adsorption is reversible by washing at pH 

3. This behavior has been previously reported in the case of nanopipettes functionalized by 

PAA/CH.[46]  

 

Fig. 3 Influence of metal ion on ionic transport. (a-b) I-V response recorded under NaCl 1M at 

pH 8 (open square), after addition of Cu2+ (a) or Co2+ (b) (full, circle) and after rince at pH 3 to 

remove the metal ion (open triangle). (c) Rectification factor after cycle of metal ion 
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adsorption (circle)/desorption (square). (d) Evolution of the rectification as a function of Cu2+ 

(bleu, square) or Co2+ (purple, circle) concentrations added in tip side. 

 

To go further in our investigations and to evaluate the osmotic current generated by the 

single nanopore, the ionic transport of NaCl was studied under dissymmetrical salt 

conditions (Figure 4a). The concentration (c,Tip) in the tip side of the nanopore was set to 1M 

and the concentration in the base side (c,Base) varied from 10-3 M to 1 M. From the IV curves 

(Figure 4 and SI), we extract two types of informations. The first is the permeation ratio 

between Na+ and Cl- PNa/PCl which is obtained from the Vres using the Goldman-Hodgin-Katz 

equation; at pH 7.6 this ratio PNa/PCl is equal to 1.74. The second, is the osmotic current Iosm 

which is extract from the current at V=0 [5, 27, 28]. As shown in Figure 4b the osmotic 

current depends on the pH. For a c,Tip/c,Base = 1000, Iosm reaches very large values, -0.6 nA and 

-0.9 nA  for pH 7.6 and 10 respectively. Without functionalization the Iosm is lower (typically -

0.2 nA for a nanopore with à dtip =27).We can calculate the transport coefficient Kosm in the 

nanopore. 

               (         ⁄ )          (eq. 

3) 

From equation 3 we obtained      0.06 nA, 0.12 nA and 0.21 nA for pH 3, 7.6 and 10 

respectively. We the maximum power density calculated from Pmax = I2osm/4G for a single 

nanopore are reported on Figure 5a. Interestingly, we obtain 25 pW at pH 7.6 for 

         ⁄ = 1000 which is in the same range than the one reported in the case the BN 

nanotube at pH 9.5 [12] and in conical nanopore in polyimide film [27]. Without the 

functionalization, the energy provides by single nanopore is about 5.2 pW for           ⁄  

=1000. This confirms that PAA/CH layers improve the production of osmotic energy. In ionic 

diode, the mechanism of energy conversion was previously explained using model 

calculations based on coupled Poisson-Nernst–Planck equations [18]. It is due the counter-

ions which spontaneously and preferentially diffuse across the nanopore. This process does 

not require an extern electrical voltage. The diffusion current comes from the separation of 

cation and anion within the electrical double layer close to the inner nanopore wall. Thus a 

high density of surface charge favors to the generation of diffusion current and thus the 
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energy production [47]. According the previous theoretical prediction, the osmotic current is 

enhanced when the surface charge is high and the effective nanopore length is short [12, 

28]. However, if the nanopore length is below 400 nm, the strong ion concentration 

polarization decreases the nanopore selectivity [48, 49]. In our case, these both conditions 

are gathered. As previously mentioned, the nanopore functionalization provides a high 

density of COO- which is not shielded at neutral at pH by CH. In addition, the polyelectrolyte 

deposition was performed during only 5 minutes. Thus, we can consider that PAA and CH are 

adsorbed at the region close to the narrow opening [38]. This induces a partial enclosure of 

tip which modifies the nanopore geometry by a decreasing of effective length in narrow tip. 

We observe also that Pmax values are similar at pH 7.6 and 10 when PAA is negatively 

charged and CH unsoluble on water. At pH 3, the Pmax is very low. In the same time, both 

conductance and osmotic current are lower. This is surprising because only CH is charged 

and thus we could expect large of osmotic current as in pH upper 7. This discrepancy can be 

explained by a modification of PAA conformation due to the protonation and CH because it 

is soluble in water at low pH.  

At this stage, our nanopore can be considered as a good candidate for generating osmotic 

energy. However the stability of nanopore has to be verified. The ionic transport under both 

symmetrical and dissymmetrical conditions was studied after 6 days in order to prove that 

this system is suitable for application purposes. The results show that both conductivity (SI) 

and osmotic current (Figure 4c) are similar, confirming the stability of the nanopore and the 

of PAA/CH layers. 
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Fig. 4 (a) illustration of an experiment performed under dissymmetrical salt concentrations 

(b/d) IV curves obtained at pH 7.6 for NaCl  CTtp = 1M and  Cbase = 1M (black, square), 0.1 M 

(red, circle), 0.01 M (blue, triangle) and 0.001 (green, diamond) (pH 7.6). (c) Evolution of the 

osmotic current as a function of the concentration ratio of salt on either side of nanopore pH 

3 (green, circle) , pH 7.6 (red, triangle) and pH 10 (black, square), day 1 (full symbols) and 

after 6 day (open symbols). 

 

In order to consider a realistic use of these nanopores, we have to prove the possibility to 

extend the properties obtained on a single nanopore to a multipore membrane. To do that, 

we etched 0.37 cm-2 of a PET film irradiated with a fluency of 107 ions cm-2 under 

dissymmetrical conditions. After the chemical etching, we obtained a membrane with a 

density of nanopore on the tip side of 2 106 pores cm-2 and a pore diameter between 30 to 

300 nm. Then, the membrane is functionalized with 5 CH/PAA bilayers using the same 

protocol as for the single nanopore membrane. The Iosm was measured under dissymmetrical 
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NaCl conditions by the Ag/AgCl electrodes directly connected to a resistance of 1 Ohm. From 

the simple extrapolation of the results obtained on the single nanopore to a membrane with 

a surface 0.37 cm2 and density of 2 106 pores cm-2, we can expect to measure a current for a 

ratio cTip/cBase = 1000 at pH 7.6 around 350 µA. The experimental measurement shows a 

value of 34 µA and a voltage of 120 mV corresponding to 0.1 W m-2. This energy density can 

be increased until 0.45 W m-2 using a 1 M NaCl solution against the distillated water. We also 

performed a more realistic test using artificial seawater and tap water. In this case, the 

power density obtained is 0.078 W m-2. This power density seems to be weak compared to 

0.97 W m-2 reported in the literature [11], however, 50 stacks of anion and cation exchange 

membranes were used to reach this performance. In our experiments we used a single 

membrane with a low density and a large polydispersity of nanopores. In order to improve 

the performance of ionic diode membrane, different ways could be considered. The density 

of nanopore can be increased. However, regarding the conical shape it is not possible to 

used membrane with a density of nanopore 1010 pores cm-2 as suggest in the case of BN 

nanopore [12]. However with a better control of nanopore dispersity and a density of 

nanopore 107, an improvement by a factor 10 is realistic. A concave bullet-like tip geometry 

can be considered to increase the power generate by the nanopore as predicted by Cervera 

et al. [28].  

 

Fig. 5 (a) Power generated by a single nanopore as a function of the NaCl concentration ratio 

at pH 3 (green, circle), 5 (blue, diamond), 7.6 (red, triangle) and 10 (black, square). (b) Power 

density generated by a multipore membrane of 2 106 pores cm-2 as the function of the NaCl 

cTip/cBase (red open square day 1 and red full square day 3). The blue circle corresponds to 
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experiment performed using artificial seawater and tap water. The rectangle areas 

correspond to the energy reported for classical RED membrane [5] (light green). 

Conclusion 

To summarize, we have demonstrated that a conical nanopore functionalized by layers of 

CH/PAA is a simple and efficient route to design a membrane used for osmotic current 

generation. The accessible performance for a single nanopore is in the same order of 

magnitude as for a single BN nanotube. Compare to the latter the upscale to multipore 

membrane is suitable as demonstrated in the case of low density membrane. From this 

proof of concept, we can expect to substantially improve the performance of the membrane 

for the production of a power density reaching several W m-2. We guess that the present 

strategy permits to consider the manufacturing at large scale of membranes and therefore a 

real-life application for the production of “blue energy”. 
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Introduction 

Energy and environment are currently two of the main topics for modern society thanks to 

the global warming. Until today, fossil fuels are used as the primary energy source to 

support human life and also generate both environmental and ecological problems254–256. 

Although, a variety of sustainable energy sources are being exploited such as biofuel257, 

solar258, wind259, geothermal electricity260 and water261. In this context, the osmotic energy 

(called also blue energy) which takes advantage of the salinity difference between sea water 

and river water could be a good candidate thanks to the renewability of the resource, the 

pollution free, relatively low cost and rich reserves167. The estimated production of blue 

energy is closed to 2 TW which can fulfill the electricity demand today262.  

To practically make use of this large energy from water, the efforts were made to develop 

two methods based on membrane separation processes41: pressure retarded osmosis (PRO) 

and reversed electro-dialysis (RED). For the PRO facilities, a semipermeable membrane is 

placed between river water (feed solution with low osmotic pressure) and sea water (draw 

solution with high osmotic pressure). Water pass from feed to draw solution driven by the 

osmotic pressure difference249,263. By equipping a turbine to the reservoirs of draw solution, 

the energy of this water flow is converted to electricity. In RED technology, stacked ion 

exchange membranes (IEMs) are used. The ions move selectively from concentrated salt 

solution to diluted one driven by salinity gradient40,264. The charge flow of the ion separation 

is converted into electric current by redox reaction of electrodes. The energy harvested by 

this technology is relatively low and to make it suitable for real application an effort is 

essential to improve the performance of membranes. 
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To develop both anion exchange membranes and cation exchange membranes, many 

materials were used to improve the power density, the energy efficiency and the cost of 

membranes261,265.  Recently the investigation at single nanopore level has allowed major 

fundamental breakthrough for further application. Indeed, Siria, A. et al. measured giant 

osmotic energy through a single boron nitride nanotube with a diameter between 100 nm 

and 200 nm, providing a power generation of 20 pW pore-1 (Cmax/Cmin = 1000)158. Feng, J. et 

al. synthesized a single sheet of MoS2 nanopore with a diameter of 5 nm and a membrane 

thickness of only 0.65 nm. This single sheet structure generates an osmotic current at more 

than 8 nA and a single pore power at almost 0.5 nW (Cmax/Cmin = 1000)150. Despite impressive 

result at single pore scale, these nanopores cannot be scaled up on large area of multipore 

membranes for practical uses by now. Besides of these, 2D materials based on graphene 

oxides have also been considered for RED application J. Ji et al. utilized a negative/positive 

charge graphene oxide membrane to get a power density of 0.77 W m-2 266. As nanotube, 

these 2D materials are particularly efficient since they combine both surface charge and/or 

large slippage to generate osmotic energy165,267. Beside the surface charge, the asymmetrical 

structure of nanopore generates also the ionic selectivity194,268,269. Recently, L. Jiang’s group 

has developed a package of asymmetrical heterogeneous membranes which take advantage 

of both charge and membrane asymmetry. They used mesoporous carbon/macroporous 

alumina membrane270 to achieve a power density at 3.46 W cm-2. Two block copolymers271 

are synthesized to get a power density of 2.04 W cm-2.is from combining porous block 

copolymer with track-etched PET membrane a power density of 0.35 W cm-2  was reached 

252. While they suffer from fragility of alumina support, complexity of fabricating composite 

membranes or the low pore density of conical nanopore.  

In this work, we want to tackle the main issue related to conical nanopore obtained by track-

etched method to propose a membrane stack with high nanopore density taking the 

advantage to a polymer support. Indeed the fabrication and physical-chemistry properties of 

such membranes have been well exploited97,272–275. It is thus possible to play with both 

asymmetrical geometry and surface charges to develop an ionic diode like ion exchange 

membranes from single pore scale to high density multipore membranes. The control of 

pore number, their shape and their surface properties allows many applications such as 

biosensing235,244,276–278, stimulus responsive ionic channels9,218,279,280, energy harvesting281 
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and so on. To involve high charge density, the functionalization with polyelectrolytes seems 

a good solution regarding previous study8,281. However another option could be more 

efficient. Recently by learning from electric-eel, M. Mayer’s group obtain an open-circuit 

potential differences of over 100 V by stacking thousands of highly charged and salinity-

containing hydrogel cells282. But limited by the current density, the power density at 27 mW 

m-2 can be improvable. Following this work, we synthesize in-situ a cation-selective gel using 

3-sulfopropyl acrylate and an anion-selective gel using (3-

acrylamidopropyl)trimethylammonium directly inside nanopore. Due to the high densities of 

sulfonic and quaternary ammonium groups, we assume that these hydrogels will involve a 

high concentration of counter-ions inside the nanopore generating a high ionic selectivity. 

On the same time, we consider two nanopore geometries: conical and cylindrical. As the 

conical pore has ionic diode propertied, we expect that the ionic selectivity will be 

enhanced; meanwhile this shape limits the membrane at low pore density due to the large 

diameter of base side. Conversely, the cylindrical pore does not have a broken symmetry and 

thus the performance could be lower, but it can be scaled up to a high pore density.  

So our investigation will begin with conical and cylindrical single nanopores filled with 

hydrogels. Through these nanopores the ionic transport properties, ionic selectivity and 

energy conversion ability are studied. Then hydrogel functionalized conical and cylindrical 

multipore membranes are studied to evaluate the power generation. Finally, the power 

density is measured on a stacked of membranes. A clear relationship between single 

nanopore and a stack of high density membranes is shown.  

Materials and methods 

Materials 

13 μm thick PET films, with biaxial orientations were purchased from Goodfellow (ref 

ES301061). 3-sulfopropyl acrylate potassium salt (SPAK) (251631), (3-acrylamidopropyl)-

trimethylammonium chloride (APTAC) (448281), acrylamide (01700), 2-Hydroxy-4’-(2-

hydroxyethoxy)-2-methyl-propiophenone (photoinitiator) (410895), N,N'-

Methylenebisacrylamide (BIS) (M7279), tetramethyl-ethylenediamine (TEMED) (T7024), 

ammonium persulfate (APS) (A3678), sodium chloride (71380) are purchased from Sigma-

Aldrich.  Chloride acid (20248.290) and sodium hydroxide (28245.298) are purchased from 
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VWR Chemicals. Water used in these experiments was purified by Q-grad®-1 Milli-Q system 

(Millipore). 

Synthesis of ion selective gels 

Anionic gel: Chemicals are weighed and dissolved in water to prepare a precursor solution at 

2 ml with 2.0 M 3-sulfopropyl acrylate (potassium salt), 0.045 M photoinitiator, 1.9 M 

acrylamide and 0.055 M BIS. For the experiments with different amounts of BIS to compare 

the effect of different gel reticulation degrees, three concentrations of BIS are used as R3 = 

0.055 M, R2 = 0.037 M and R1 = 0.018 M. Then 0.005 M APS and 0.033 M TEMED were added 

to the solutions as catalyst. Very quickly the nanopore membrane is immerged into the 

solution and make sure that both sides of membrane are well infiltrated. The solution is well 

isolated from air and the reaction is during overnight. Cationic gel: The same procedure is 

applied with a different precursor solution with 2.0 M (3-

acrylamidopropyl)trimethylammonium chloride, 2.75 M acrylamide and 0.034 M BIS. 

Track-etched nanopores 

Single nanopores and multipore membranes were obtained by track-etched methods. The 

tracks were produced by Xe irradiation (8.98 MeV u-1) in PET film at GANIL, SME line (Caen, 

France). For single track, a hole (diameter 1 mm) with a shutter was placed on ion beam 

path. The control of track number was provided by a detector placed behind the sample. For 

multipore membrane the beam directly irradiates the sample. For conical single and 

multipore membrane, after being activated by UV irradiation (Fisher bioblock; VL215.MC, l= 

312 nm) during 9 hours for the tip side and 15 hours for the base side, the PET film was 

mounted in a Teflon cell with two chambers. An etchant solution (9 M NaOH) and a stopping 

solution (1 M KCl and 1 M acetic acid) were used for each side to have an asymmetrical 

conical shape. A reference was placed in the stopping solution and a working electrode the 

etchant solution. A potential 1 V was applied across the film to control the pore opening by 

measuring the current as a function of time using an amplifier (HEKA EPC10). Then the 

etching process was stopped by replacing the etchant solution with stopping solution and 

finally the membrane was immerged in 18.2 MΩ cm pure water for 24 hours. 

For cylindrical single and multipore, the same UV treatment was performed then the PET 

film was immerged in an etchant solution (3 M NaOH) at 50°C during 10 minutes to obtain a 
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pore diameter about 100 nm. Finally, the membrane was also let in 18.2 MΩ cm pure water 

for the next use. 

The diameter of single nanopore is calculated from the dependence of the conductance G 

measured in the linear zone of the I–V curve (-60mV to 60mV) in 1 M NaCl solution. 

  
    

  
           (1) 

where, κ is the ionic conductivity of the solution assuming a bulk like transport, L is the 

nanopore length (13 μm). For cylindrical nanopore d = D, meanwhile, for conical nanopore d 

and D are the tip and base diameter respectively. D is calculated from the total etching time 

t using the relationship D = 2.5 t (the factor 2.5 is determined in our experimental set up 

using multipore track-etched membranes). 

Current-voltage measurement 

Current-voltage measurements for single nanopore were performed using a patch-clamp 

amplifier (EPC10 HEKA electronics, Germany) with Ag/AgCl, 1 M KCl electrodes. As shown in 

figure S2 the pore is in the same Teflon cell of etching procedure. The two chambers of the 

cell were filled with the same electrolyte solution for the symmetric measurements. For 

asymmetric measurements, the cis side (ground electrode) had the same concentration 

while the concentration varied on the trans side (working electrode). For conical nanopore, 

tip side is always with cis side. Current traces were recorded as a function of time from 1 V 

to -1 V by steps of 100 mV during 2 s each and from 100 mV to -100 mV by steps of 10 mV 

during 2 s each. 

The current and voltage measurement for multipore membrane were performed by an 

electrometer (Kethley 610) and a multimeter (Agilent 34410A) with Ag/AgCl electrodes. The 

unitary membrane is measured in the same Teflon cell as single pore while stacked 

membranes are mounted in a Plexiglas cell. The solution flow is driven by peristaltic pump 

mimipuls 3 (Gilson) 

Results and discussions 

Single nanopore design and characterization 
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Fig. 1 Schematic representation of cylindrical and conical track-etched nanoporefabrication 

and functionalization by polyacrylamide hydrogels. 

For nanopore functionalization with anionic or cationic polyacrylamide hydrogel, the 

gelation procedure inside the pore was carried out by adding the precursor solution and 

catalyst directly at both sides of nanopores. As showed in figure 1, for cationic hydrogel, a 

quaternary ammonium containing molecule APTAC is polymerized with acrylamide and 

cross-linked with BIS, while for anionic hydrogel, a sulfonic acid terminated molecule SPAK is 

used for negative charges. The reactions were let during whole night well protected from air 

which can destroy the polymerization. 
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Fig. 2 I-V curves of single cylindrical nanopore (diameter D = 92 nm) before (raw) and after 

being filled by anionic polyacrylamide hydrogel  (a) measured in 1M NaCl solution pH 7.0 (b) 

measured in 10-3 M NaCl solution pH 7.0.  I-V curves of single cylindrical nanopore (diameter 

D = 101 nm) before (raw) and after being filled by cationic polyacrylamide hydrogel  (c) 

measured in 1M NaCl solution pH 7.0 (d) measured in 10-3 M NaCl solution pH 7.0. 

First of all, we have to prove that our protocol to synthetize the gel inside the nanopore 

works. To do so, current−voltage (I−V) measurements were performed before and after 

filling gels to show the changes of ionic transport properties for each single nanopore. For 

cylindrical nanopores, the experiments were first performed with NaCl solution at high 

concentration (1 M). After gel addition, the I-V curve (figure 2, a and c) show a decrease of 

slope which means a decrease of electrical conductance. In the case of nanopore with a 

diameter about 100 nm at 1 M of NaCl, the Debye distance is negligible. Thus the 

conductance can be assimilating to the bulk solution. So the decrease of conductance can be 

assigned to a reduction of the pore volume which is occupied by polymer chain of the gel. 

For the pore with anionic gel (figure 2 a), additionally to a decrease of conductance, we 
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observe a rectification lower than 1 which means that the nanopore is selective to cation as 

conical one. Conversely to 1 M, the I-V curve slope measured at low NaCl concentration (10-3 

M) increase a lot after filling with gel.  This can be assigned to the presence of a large 

amount of counter-ions inside the pore which shield the polymer charge, these evidences  

confirm that the pores is filled with gel functions. 

For conical nanopore (figure S1), the rectification is observed for both two gel functionalized 

nanopore at high concentration as shown in figure S1. The pore with anionic gel is selective 

to cations with a rectification factor (Rf = |I+1V/I-1V |) smaller than 1. On the contrary the 

cationic gel is selective to anion and thus the Rf higher than 1. In dilute solution, cationic gel 

conical pore has always a high rectification because of the highly charged gel at the entrance 

of the tip side and anionic pore shows a high conductance which confirms the large amount 

of counter-ions for another time. 

Ionic transport properties 

To better investigate the effect of gel on the nanopore charges, we investigate the 

conductance for a series of NaCl concentration from 10-4 M to 1 M (figure 3). For 

functionalized nanopores with anionic and cationic gel, we can find a cross between 

conductance-concentration curves before and after gel addition. At low salt concentration 

the counter ions that ensure the nanopore electroneutrality drive the conductance. With the 

increase of salt concentration the steric effect becomes dominant and the conductance with 

gel is lower than the one without gel. For the positive charged pore, the ionic conductance 

slightly changes from 10-4 M to 1 M compared with the pore without gel. This suggests that 

the gel makes the nanopore highly charged due to a dense framework. In this case, the ionic 

transport is strongly dominated by counter ions rather than bulk solution. For anionic pore, 

we synthesized the gels with different amounts of crosslinker (R3 > R2 > R1). We can observe 

at low salt concentration a higher conductance with the increase of crosslink degree (figure 

3, b). In this case, the gel becomes denser increasing the concentration of counter ion. For 

the conical nanopore (figure S2), cationic gel has the same effect as in cylindrical one. The 

ionic conductance raises a lot at low salt concentration with the presence of charges and 

decrease at high concentration due to the steric effect. 
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Fig. 3 Conductance of cylindrical nanopore (a) with cationic gel (D = 101 nm) and (b) with 

anionic gel (BIS concentration R3 > R2 > R1) according to salt concentration (DR1 = 95 nm, DR2 = 

92 nm, DR3 = 92 nm.). 

With the high charge density inside the pore and a conductivity driven by the counter ion, 

the nanopore should be highly selective especially with the conical shape. The first indication 

of that comes from the property of ionic current rectification characterized by the 

rectification factor (Rf). Figure 4 shows the rectification factors varying with NaCl 

concentrations for cylindrical and conical pores filled with cationic and anionic gel. For the 

cylindrical pore filled with cationic gel (figure 4, a), the Rf closed to 1 regardless of the 

electrolytes concentration with and without gel. This means that even if the gel charges 

governed ionic transport regime, ionic accumulation and depletion do not occurs inside the 

membrane. On the contrary, the anionic gel induces an ionic current rectification. The Rf 

lower than 1 between 10-3 M and 1 M show a selectivity to cation that is consistent with the 

negative charge of the gel. We observe also that with a higher crosslink degree Rf value 

decrease. This means that when the gel is more dense and thus the nanopore more charged 

the ionic rectification factor is closer than 1. This agrees the behavior observe for the 

nanopore functionalized with cationic gel. The origin of current rectification is not well 

elucidated. However one assumption can be expressed. An inhomogeneity of gel distribution 

along the nanopore could create some ion depletion zone inducing rectification behavior.  
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Fig. 4 Rectification of cylindrical nanopore with (a) cationic gel (D = 101 nm) (b) anionic gel 

(DR1 = 95 nm, DR2 = 92 nm, DR3 = 92 nm.), of conical nanopore with (c) cationic gel (d = 79 nm, 

D = 497 nm) (d) anionic (d = 70 nm, D = 412 nm) gel in terms of salt concentration, with 

Cmax/Cmin = 1000. 

For the conical nanopore, a very distinct Rf change is observed after functionalization with 

cationic gel (figure 4, c). With the conical geometry, ionic depletion occurs near the positive 

charge dominated membrane which involves high selectivity to anion. While with anionic 

gel, rectification behavior takes place only at high concentration selective to cations. At low 

concentration, a high ionic conductance reduces impact of the ionic accumulation and ionic 

depletion, thus the rectification becomes negligible. 
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Fig. 5 Reverse voltage generated by gel functionalization in (a) conical nanopore (b) 

cylindrical nanopore and ionic selectivity corresponding in (c) conical nanopore (d) cylindrical 

nanopore, with Cmax/Cmin = 1000. Cylindrical pore Danionic = 92 nm, Dcationic = 101 nm, conical 

anionic d = 70 nm, D = 412 nm and conical cationic d = 79 nm, D = 497 nm. 

The nanopore selectivity can be directly obtained from the reverse voltage under 

transmembrane concentration gradient. To do so a NaCl solution of 1 M at pH 7.0 and a NaCl 

solution of 10-3 M at pH 7.0 are added in each side of the cell, for cylindrical nanopores. For 

conical nanopores, the high concentration is placed on the tip side; and the low one to the 

base side. From the I-V curves, we can directly get the intercepts on the current and voltage 

axes which present short-circuit current (ISC) and open-circuit voltage (VOC). The VOC has two 

contributions: one is from the osmotic diffusion effect and the other one is from redox 

Nernst potential on the electrodes. For all results showed here, this second term is 

subtracted by using Vrev= Voc – Eredox. 
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Figure 5, a and b show the reversal voltage measured for nanopore filled with gels. From this 

value, we calculate the corresponding ionic selectivity calculated via the Goldman–Hodgkin–

Katz voltage equation283: 

       
   

 
  (

 
   

                 

                     
)                                                                                (2) 

where          is the selectivity, Chigh and Clow are the electrolytes concentrations, kB is the 

Boltzmann constant, T is the solution temperature and e is the electron charge. 

As the non-functionalized PET nanopore has –COOH groups on the inner surface wall, at pH 

7.0 the surface has negative charged. This gives to the nanopore a cationic selectivity 

confirmed by the reversal voltage at around 0.02 – 0.03 V. After filling with anionic 

hydrogels, the nanopore charges increase, so a significant higher reverse voltage is obtained 

up to 0.10 V which also present a cation selectivity about 50-70. Meanwhile, with cationic 

gel, the nanopore gets inversed selectivity characterized by a negative reversal voltage. In 

this case the anions can be much easier to pass through the nanopore). It is interesting to 

notice that the ratios           are close for the conical and the cylindrical nanopore. This 

result was totally unexpected, however, it is relatively consistent with the fact that the ionic 

transport though the nanopore is governed by the gel. In this case, the effect of geometry on 

the conductance and the selectivity seem shield. 

Energy generated from single nanopore 

The energy conversion performance is also investigated by applying a transmembrane 

concentration gradient under salinity gradient of Cmax/Cmin = 1000. 
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Fig. 6 Osmotic current generated by gel functionalization in (a) conical nanopore (b) 

cylindrical nanopore, and single pore power corresponding in (c) conical nanopore (d) 

cylindrical nanopore. Cmax/Cmin = 1000. Cylindrical pore Danionic = 92 nm, Dcationic = 101 nm, 

conical anionic d = 70 nm, D = 412 nm and conical cationic d = 89 nm, D =497 nm. 

The osmotic currents (Ioms) are calculated using Iosm=Imes - G×Eredox, where Imes is the 

intercepts on the current axes which present short-circuit current (ISC).Like reversal 

potentials, the raw PET pore has a small osmotic current due to the presence of –COO- 

groups at pH 7.0 (figure 6). After filling with gel, we observe a huge increase of osmotic 

current from about 10 pA up to about +/-200 pA. Together with the reversal potential, we 

calculate the power generated with a single nanopore. The single pore power is obtained at 

around 20 pW regardless of the pore shape or gel charge. It is competitive compared with 

other single nanopores such as boron nitride nanotube (20 pW)158 and monolayer 

molybdenum disulfide (500 pW)150. 

Energy generated from multipore membranes and membranes stacks  
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To go further on harvesting of osmotic energy, the gel inclusion process was implemented 

on multipore membranes (Figure 7). First, the experiments were carried out on membranes 

with low pore density (5.105 pores cm-2). The same track-etching procedure is adopted for 

multipore membrane fabrication. The membrane thickness is always 13 µm . Two 

geometries are tested to compare their performance. Cylindrical membrane has a pore size 

of 156 nm ± 22 nm and 172 nm ± 29 nm for each side while conical nanopore has a pore size 

of 753 nm ± 42 nm for base side and 77 nm ± 11 nm for tip side. The transmembrane voltage 

under per multipore membrane equals to 0.1 V as the same of the single nanopore. The 

membrane surface measured here is 0.28 cm2.  For anionic cylindrical and conical 

membranes, the current density is measured as 0.29 A m-2 and 0.23 A m-2. Multiplied by 

voltage, we get a power density as 0.03 W m-2 and 0.02 W m-2. If we calculate the theoretical 

power density based on the values of single nanopore (20 pW pore-1), we can get it as 0.1 W 

m-2. It has an obvious loss on power density for multipore membrane. 

With stack of four membranes the transmembrane voltage generated by the difference of 

salinity are summed to reach about 0.4 V. Another time we get quite similar results between 

cylindrical and conical pores as cylindrical membranes get 0.41 V and 0.86 µA while conical 

membranes get 0.81 µA. This result confirms again that the ionic transport is governed by 

gel charges rather than the nanopore geometry. According to that the cylindrical pore can be 

used as conical one to generate osmotic current. The interest of cylindrical pore is the 

possibility to fabricate membranes with higher pore densities. By using the membrane 

surface as 0.28 cm2 of each cell, the power density is calculated as 0.01 W m-2. By stacking 

membranes, global power density decreases almost two third because of the high resistance 

which comes from the long distance between two cells and the low concentration at 10-3 M. 

The same procedure was used to design membrane with a pore density of 3.109 cm-2 of 

cylindrical nanopore. By stacking 4 membranes, the voltage stays at 0.39 V and the current 

reach at 107 µA so the total power is obtained as 37.7 µW (each membrane surface 0.28 

cm2).  The power density is calculated as 0.37 W m-2. From 2.105 to 3.109 the pore density 

becomes 15000 times larger while the current increases only 51 times.  With this high pore 

density, the tracks can be crossed and the pore shapes can be non-regular, so when the pore 

density becomes large enough, there will not be a linear relation between the pore density 

and the current density. However this can be improved using a low fluency coupled with a 
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large number of ion beam passage to perform track. In addition, one limit of our stack is the 

distance inter-membrane of 1 cm that involves a very large resistance decreasing the 

performance. 

 

 

Fig. 7 Voltage and current measured across the functionalized multipore membranes with a 

pore density of 2.105 cm-2. Membrane thickness = 13µm. 
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Conclusions 

In summary, in this work we demonstrate the use of a track etched polymer nanopore 

membrane for harvesting the osmotic energy. The nanopores were functionalized by filling 

with highly charged hydrogels. The ionic transport properties investigate at single nanopore 

scale show that it is governed essentially by the gel charge shielding the effect of geometry. 

Because the performance of energy conversion is almost independent of the nanopore 

shape, the cylindrical geometry is proved as a good candidate for high pore density 

membranes. The functionalized nanopores show high ionic selectivity and good energy 

conversion ability with a power density of about 0.37 W m-2 working in pH 7. By improving 

the direction of tracks and the inter membrane distances we could improve the energy yield 

and thus consider such membrane for real application. 
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Discussions 

This chapter focuses on the track-etched nanopore for application in osmotic energy 

harvesting. This energy takes advantage from difference of chemical potentials between sea 

water and river water. It can be collected by membrane processing including pressure 

retarded osmosis and reversed electrodialysis. In the case of charged porous membranes, 

the ion transport is dominated by electrical double layer close to the surface. The thickness 

of this layer depends on the salt concentration. When the membrane is mounted between 

two reservoirs of different concentrations, a selective diffusio-osmotic ion flow driven by 

salinity gradient will generate an electron flow if two redox electrodes are immersed in these 

reservoirs. There are several methods to improve the membrane performance including 

increasing membrane porosity, increasing surface charge density, decreasing membrane 

thickness and decreasing membrane resistance. In this chapter, we aimed to improve the ion 

selective membrane by increasing charge density using polyelectrolytes. This 

functionalization in track etched nanopore can give it anion or cation selectivity and 

increases both osmotic current and reversed voltage.  

The first work used chitosan (ChS) and poly(acrylic acid) (PAA) in conical nanopores. This 

functionalization method was performed by layer-by-layer of polyelectrolytes has been 

studied in the previous chapter. ChS is chosen here because of its non-solublility are pH 

upper than 6. This property avoids polyelectrolytes swelling in different salt concentrations 

that reduce the pore conductance as discussed in chapter 2. PAA has a very high density of 

negative charges, so it is a good candidate to couple with ChS to dope the nanopore with 

negative surface charge. Conical nanopores have diode-like behaviors due to their 

asymmetrical geometry. The ion selectivity can enhance the membrane performance. Other 

than that, compared to symmetrical nanopore, the asymmetric geometry decreases the 

concentration polarization inside the pore improving the salinity gradient. As ChS has less 

charge density than PAA, the pore surface has an excess of negative charges after 5 bilayers 

of deposition. The weak base and acid groups on the polyelectrolytes make this kind on 

nanopores sensible to pH. The charge density is much higher at pH 10 rather than pH 7.6 or 

pH 3. Besides of pH, this nanopore is also sensitive to specific metal ions because of the 

specific chelating effect of ChS to Cu2+ and Co2+. The existence of these bivalent cations can 

be captured by ChS and block the pore leading to a small ion conductance.  
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The asymmetric measurement of the functionalized nanopore was carried out under salinity 

gradient. Under 1M NaCl at tip side and 1mM NaCl at base side (Ctip/Cbase=1000), the 

maximum of extractable power of one single nanopore is obtained as around 20 pW at pH 

7.6 and pH 10. This value has the same amplitude of previously reported boron nitride 

nanotubes which are limited as single nanopore level. The single nanopore can be easily 

scaled up as the ion fluency can be easily controlled during the track process. The same 

functionalization was achieved in multipore membranes with a pore density of 2 106 cm-2. A 

power density of 0.1 W m-2 was obtained. If we calculate the theoretical power output for a 

multipore membrane according to power provided by a single pore, the power density 

should be 0.4 W m-2. This energy lose can be attributed to the uncompleted pore openings 

and uncompleted pore functionalization. The real power output is relatively high regarding 

to the low pore density; however, the pore density is limited by the large base side of the 

conical pore. The pore diameters used in this experiment is around 30 nm. As we know that 

larger the pore diameter, larger the power density. A higher pore diameter can generate 

higher osmotic current, but it is limited by the thickness of EDL. As the generation of 

diffusion-osmotic current is an interfacial phenomenon and happened within the EDL, a 

larger pore diameter will cause low ion selectivity. These limitations seem to need to be 

solved with a stereoscopic functionalization in order to create a larger EDL space inside the 

pore. 

Keeping in mind this purpose, the second work focused on 3D hydrogel functionalization in 

track-etched nanopores. This pore filling functionalization makes it possible for higher pore 

diameters. So in this work, cylindrical pores of about 100 nm and conical pore of 80 nm at tip 

and 400 nm to 700 nm at base were utilized. These freshly fabricated membranes were 

immersed in the solution containing monomers, crosslinkers, precursors and catalyzers so 

that the polymerization was achieved directly inside the pore. Two hydrogels containing 

anionic groups and cationic groups are separately synthesized to design cation selective 

membrane and anion selective membrane. Energy generation measurements show that 

hydrogel functionalized conical and cylindrical nanopores have similar performance and the 

power generated under salinity gradient of Ctip/Cbase=1000 is quite close to that of boron 

nitride nanotubes and ChS/PAA functionalized conical nanopore. This result confirms the 

essential role of hydrogel functions for osmotic energy generation; moreover the equal 
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performances of cylindrical and conical pore indicate that the ion selectivity is dominated by 

high charge density instead of pore geometry. This conclusion gives the possibility of up 

scaling the hydrogel functionalized track etched membrane with -high pore density. The 

functionalization was carried out in low pore density membrane of 2 105 cm-2. Power density 

of one membrane is obtained at 0.02 to 0.03 W m-2. This value can be compared with the 

theoretical power calculated according to pore density and single pore power which is 0.04 

W m-2. Like the ChS/PAA functionalized nanopore, an energy lose always presents; but it is 

clear that energy lose in hydrogel functionalized membrane is less than that of ChS/PAA. This 

information indicates a higher pore opening rate and functionalization rate with hydrogels 

because of the larger pore diameter. As in real electricity generation a high voltage is 

required, so the accumulation of reversed voltage is important. To test this feasibility, two 

anionic membranes and two cationic membranes were stacked alternatively on series. A 

global voltage about 0.4 V was obtained as a linear sum of each membrane. However, if we 

measure the global power density of the stacked 4 membranes, the value is 0.01 W m-2 

which is smaller than one single membrane. It is essentially because of the long inter-

membrane distance where 1 mM NaCl solutions give high resistance in our experimental 

devices.  

As the cylindrical pores and conical pores are confirmed having the same performance, a 

membrane of very high pore density in cylindrical shape is possible. So two membranes 

functionalized by both two hydrogels at 3 109 pores m-2 were stacked on series. A final global 

power density of 0.37 W m-2 was gained. From 2 105 to 3 109 pore m-2, pore density becomes 

15000 times higher while current density increases only 50 times. This non-linear relation 

should be attributed to the overlap of nanopores at such a high pore density. This result can 

be then improved by better oriented and distributed tracks in experimental devices with 

shorter distances. 

In this chapter, functionalization of polyelectrolytes from 2D to 3D has been studied to give 

track-etched membranes higher ion selectivity. The experiments from single nanopore to 

multipore membranes until stacked membranes show relations along the scaling-up. Such 

research gives a new strategy to develop ion selective membranes for osmotic energy 

harvesting even still many aspects remain to be improved such as pore size distribution 

unifying and entering resistance eliminating.  
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Introduction 

In this chapter, we take the advantage to conical track-etched nanopore for biosensors using 

polyelectrolytes/biomacromolecules functionalization. The two methods of nanopores 

sensing were used: ion current rectification and resistive pulse have been served to detect 

biomolecules. 

Oversulfated chondroitin sulfate (OSCS) is a contaminant found in heparin samples 10 years 

ago. It caused hundreds of death in US.  Its simple detection has been still a problem to 

ensure the security of heparins because of their similar chemical structures. By analysing the 

ion current rectification changes, a nanopore functionalized with poly-L-lysine (PLL) allows to 

quantitatively detect oversulfated chondroitin sulfate (OSCS) from the inhibition of 

heparinase. It also allows quantifying the heparin degradation with the time. This simple, 

low-cost and stable biosensor filled in the blank of OSCS detection with a good detection 

sensitivity and low global cost.  

Resistive pulse techniques based on Coulter counter principles were also investigated for 

single hyaluronic acid (HA) molecule detection. In a long conical nanopore, the translocation 

behavior of large HA molecules of more than 106 Da have been investigated thank to the 

blob models as well as the de Gennes’ scaling principles and following researchers. By 

grafting hyaluronidases in base side of nanopore, the enzymes did not lose their activity that 

allows real time analyzing the degradation products. More interestingly, by immobilizing 

hyaluronidases in tip side of nanopore with a diameter of several nanometers, the duration 

of intermediate complexion substrate-enzyme was measured for the first time inside a 

nanopore. 

The results presented in this chapter have been published as two articles:  

Conical track-etched Nanopore for a free-label detection of OSCS contaminants in heparin. 

Biosens. Bioelectron.137, 2019, 207-212 

Dynamics of Long Hyaluronic Acid Chains through Conical Nanochannel for Characterizing 

Enzyme Reactions in Confined Space, submitted. 
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Articles 

Single conical track-etched Nanopore for a free-label detection of 

OSCS contaminants in heparin 

Tianji Ma, Emmanuel Balanzat, Jean-Marc Janot, Sébastien Balme 

Contribution: I design the work with Sebastien Balme. I,  did the experiments, the data 

analysis and the figures. I also participated to write the paper.. 

Introduction 

Heparin (HEP) is a commonly used anticoagulant to treat several clotting disorders. 10 

years ago, a sanitary problem from contamination of oversulfated chondroitin (OSCS) has 

caused the death of about 200 patients around the world284,285. Since this event, an effort 

was made to detect small amount of OSCS from heparin mixture that is not easy due to their 

close structures286. To this end, the classical methods based on chromatography were the 

first considered. However they are limited to a detection limit around 0.3 % in weight and 

required expensive instruments such as mass spectrometer or NMR to identify the OSCS287. 

More recently, the fluorescence based sensors allow to improve the detection limit until 

from 10-2 % until 10-9 % weight288. The OSCS detection is usually indirect since they used 

ability to inhibit the HEP degradation by Heparinase. Despite their low detection limits, the 

major weakness of these fluorescence sensors is that they require fluorescent probe289,290, 

nanoparticle288 and/or biomolecule291 engineering for the specific detection of heparin as 

well as fluorescence spectrometer microscope equipment. Thus provide a simple and cheap 

technology to detect OSCS from HEP sample is still highly challenging. 

The single nanopore is versatile method for macromolecule sensing that emerged last two 

decades114,131. Using the resistive pulse technique through solid-state nanopore, a sample of 

HEP contaminated by OSCS can be identified292. However, the concentration cannot be 

obtained by this way. In addition, the major problems of solid-state nanopore are the short 

lifetime and the low success rate of experiments which limit the real application, despite 

recent improvement by PEG functionalization6,293,294. The conical track-etched nanopore is a 

good alternative to design label-free sensor based on the modulation of ionic current 

rectification (ICR)245,295. Based on that, small molecules as well as protein can be specifically 
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detected by a ligand/receptor systems239,296–298. However, these sensors are often one-off 

especially when the ligand binding is not totally reversible. Recently, we have shown that the 

reversible functionalization with poly-L-lysine (PLL) could be promised for biosensing 

applications299. Another, advantage to use polyelectrolytes (PE) inside nanopore is that the 

layer-by-layer deposition can be monitored and the kinetic depends on their properties (size 

and charge) 269. Following our previous investigations in this field, we propose here to design 

a reusable sensor for OSCS contained in a HEP sample. Our strategy is based on (i) the 

reversibility of PLL/HEP functionalization of a conical nanopore and (ii) the degradation of 

the HEP by heparinase which is inhibited by the OSCS. Here, we assume that action of 

enzyme will decrease the affinity between degraded HEP and the PLL. This would impact the 

nanopore surface charge and thus the ICR.  

In order to prove the concept that conical nanopore could be a suitable alternative to detect 

the HEP contamination by OSCS, we present our work in several following step. First, we will 

demonstrate the reversibility of the PLL/HEP deposition as well as their impact on the IRC. 

Then, we will evaluate the impact of the HEP concentration on the IRC in order to evidence a 

dose-response curve. The OSCS contained in HEP solution will be detected using heparinase. 

Thus, we will follow the kinetic of degradation of HEP by heparinase by nanopore and 

compared the result with classical methods. Then, using this strategy, we will study the 

relationship OSCS concentration ICR to establish the dose-response dependence. The last 

sections will be dedicated to discuss the reproducibility of sensing experiments and the 

nanopore sensor lifetime. This last step will aim to validate our sensor. 

Material and methods 

Materials 

Poly(ethylene terephthalate) (PET) film (thickness 13 µm, biaxial orientation) was purchased 

from Goodfellow (ES301061). Sodium chloride (71380), potassium chloride (P3911), sodium 

hydroxide (30603), hydrogen chloride (30721), trizma hydrochloride (T3253), CAPS (C2632), 

sodium acetate (W302406), ethylenediaminetetraacetic acid (EDTA) (E5513), Poly-L-lysine 

hydrobromide (PLL) (30 kD-70kD P2636), Heparin sodium salt from porcine intestinal mucosa 

(HEPep) (H4784), Heparinase I and III Blend from Flavobacterium heparinum (H3917), 

Heparinase II from Flavobacterium heparinum (H6512) were purchased from Sigma-Aldrich. 
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Over Sulfated Chondroitin Sulfate (OSCS) Standard (3125401) was purchased from SERVA. 

Ultra-pure water was produced from a Q-grad®-1 Milli-Q system (Millipore). 

Track-etching nanopores and current –voltage measurements 

The PET films (13 µm) were irradiated by a single Xe irradiation (8.98 MeV) (GANIL, SEM line, 

Caen, France) to create single tracks and thus a single nanopore. Then, the latter was 

exposed to UV irradiation during 9 hours for tip side and 15 hours for base side (Fisher 

bioblock; VL215.MC, λ = 302 nm). The activated PET film was mounted between two 

chambers of a Teflon cell. The etchant solution (NaOH 9 M, 1.6 ml) was added on the base 

side and the stopping solution (KCl 1M and CH3COOH 1M, 1.6 ml) on the tip side. An 

electrode (Pt) is immersed in the stop solution and the working one (Pt) in the etchant 

solution and then a potential of 1 V was applied across the membrane. The nanopore 

opening was characterized by the current as a function of time recorded by a patch-clamp 

amplifier (EPC-10 HEKA electronics, Germany). The etching process was stopped by 

replacement of the etching solution by the stop one when the current reach a value of 

several hundred pA. 

The tip diameter d of the conical nanopore was determined from the dependence of the 

conductance G measured in the linear zone of the I–V curve (typically between - 60 mV to 60 

mV) assuming a bulk-like ionic conductivity inside the nanopores (equation 1).  

  
    

  
  (1) 

Where, κ is the ionic conductivity of the solution, L is the nanopore length (13 μm) and D is 

based diameter which was calculated from the total etching time t using the relationship D = 

2.5t (the factor 2.5 was determined in our experimental set up using multipore track-etched 

membranes). 

The I-V curve were obtained from the current traces recorded as a function of time from 1 V 

to -1 V by 100 mV steps for 2 s and from 100 mV to -100 mV by 10 mV steps for 2s using a 

sampling rate 50 kHz.  

Nanopore functionalization and reversibility of PLL/HEP layer 

The same buffer solution (50 mM Tris-HCl, 75 mM CH3COONa, 100 mM NaCl) was used for 

polyelectrolyte adsorption and enzymatic degradation. The pH is adjusted to 7.5 by addition 
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of chloride acid and sodium hydroxide. For the functionalization with PLL, 10 µl of the 

polyelectrolyte solution (1mg/ml) was added in the tip side of the nanopore. A voltage -1V 

was applied from the tip side to the base one during 3 minutes. Then a various volume of 

HEP (1mg/ml) was added in 1.6 ml buffer solution at tip side of the cell. The 1 V for HEP was 

applied for 3 min. The I-V curves were recorded after replacing polyelectrolyte solution by 

buffer. After each detection of HEP, the PLL-HEP layer was desorbed using a buffer at pH 12 

containing 100 mM KCl, 5 mM Trizma-HCl and 1 mM EDTA. 

Enzymatic degradation 

50 U of Heparinase I and III was dissolved in 2.5 ml of storage solution containing 20 mM 

Tris-HCl, 100 mM NaCl, 1 mM EDTA at pH 7.5. 10 U of Heparinase II is dissolved in 1 ml of the 

same buffer. 0.25 ml of Heparinase I and III at 20 U/ml and 0.5 ml off Heparinase II at 10 

U/ml are mixed and then diluted 10 times. So the final solution has a concentration of 1.33 

U/ml of total enzyme.  

The enzymatic reaction is carried out at ambient temperature ~25°C during time from 0 to 

250 min in the buffer solution pH 7.5 containing 50 mM Tris-HCl, 75 mM (CH3COO)Na, 100 

mM NaCl . For each essay, 3 µl of HEP (1 mg/ml) and 5 µl of enzyme cocktail solution (1.33 

U/ml) are added in 1.5 ml of the reaction buffer solution. So the concentrations of HEP and 

Heparinase for reaction are 2 µg/ml and 4.43 mU/ml respectively. 

For OSCS detection, 2 mg OSCS is dissolved in 20 ml storage solution described above. Then 

1 ml of this solution is dissolved by 10 times (10 µg/ml) and 1 ml dissolved by 1000 times (0.1 

µg/ml). To obtained the OSCS/heparin ratio 10%, 1%, 0.1%, 0.01% w/w, 30 µl, 3 µl of OSCS 

(10 µg/ml) or 30 µl, 3 µl of OSCS (0.1 µg/ml) was added in 1.5 ml of reaction solution 

containing HEP at 2 µg/ml. Then 4.43 mU/ml of enzyme solution was added. The enzymatic 

reaction was carried out at 25 °C during 200 min. 

Results and discussions 

The strategy to obtain the nanopore sensor is illustrated on the figure 1. It consists to open a 

single conical nanopore on a PET film and decorated it by adsorption of PLL. Then, as 

mention in introduction, our methodology has follow three steps of detection (i) the HEP (ii) 

the  HEP degraded by heparinase and (iii) the the  HEP degraded by heparinase in presence 

of OSCS. 
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Fig. 1 Sketch of experimental methodology follows in this work. The first step is the 

nanopore functionalization by PLL. The second step is the different experiments performed 

to detect HEP and OSCS.  

Heparin detection by conical nanopore decorated with PLL 

The PET single conical nanopores were obtained by track-etched methods under 

dissymmetrical condition as previously described300. Shortly, we used the electrostopping 

method. The Dbase is deduced from the etching time. In order to confirm the factor used is 

suitable and evaluate the impact of the dispersity of the base diameter, we performed the 

same experiment on low density membrane (105 pores/cm2) to avoid the nanopores overlap.  

In Figure S1 are reported the SEM of several nanopores obtained after etching time 156 min. 

From the etching time and conductance measured on a single nanopore performed in the 

same condition, we obtained a Dbase = 390 nm and a dtip = 22.5 nm. Accoring to the dispersity 

observed on the multipore membrane (Figure S1) the error on the dtip about 1.5 nm. After 

alkaline etching, the nanopore inner wall exhibits carboxylate moieties which confer it a 

negative surface charge. The  I-V dependence recorded at pH 7 NaCl 100 mM shows ICR 

behavior characterized by the rectification factor Rf = |I(1V)/I(-1V)| < 1 (Figure 2). The first 

set of experiment is dedicated to show the nanopore functionalization by PLL and the HEP 
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detection. To do so, the PLL was added in the tip chamber and a voltage -1 V was applied 

until inversion of I-V curve that is characteristic to the inversion of the nanopore surface 

charge (Figure 2 and S2). After washing, the heparin was added to the tip chamber under 1 V 

during 3 min.  

 

Fig. 2 (a) Sketch of experimental functionalization and heparin detection using conical 

nanopore, (a) I-V curve of raw single nanopore (black, square), after PLL deposition (red, 

circle) and after heparin deposition (blue, triangle), (b) Rectification factor obtained for raw 

single nanopore (black, square), after PLL deposition (red, circle), heparin deposition (blue, 

triangle) and washing at pH 12 (green triangle). The experiments were performed on a single 

nanopore dtip = 22.5 nm and Dbase =390 nm.  

The I-V curve was again inversed due to the excess of negative charge from heparin. This 

evidences that each polyectrolyte can be detected by the conical nanopore. The first 

targeted property of our nanopore sensor is its reusability. To prove that, we have 

performed several cycles of PLL/HEP adsorption followed by a washing at pH 12 under 1V 

during 5 min to remove the PE layers on different nanopores with similar size. The Rf as well 

as the conductance recorded after each step are similar for the 18 cycles (Figure 2 and S3) 

and 4 cycles (SI-3). This confirms as expected that conical nanopore is reusable for the 

heparin detection. 
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Fig. 3 (a) I-V dependence after HEP adsorption at different bulk concentrations (b) Rf as a 

function of HEP bulk concentration. The blue dash line corresponds to the Rf measured after 

PLL adsorption and the full line to non-linear fit by equation 1. The experiments were 

performed on a single nanopore dtip = 35 nm and Dbase = 300 nm for a total number of cycle n 

= 28. 

Our nanopore is suitable to detect HEP using the IRC. We have to demonstrate if the value of 

Rf is dependent on the HEP concentration in order to establish a dose-response curve. We 

can notice that at low concentration, the adsorption of PE onto a charged surface is usually 

described by a Langmuir model. Here, the detection method by ICR does not give the exact 

interfacial concentration of PE but it is sensitive to the modification of the global surface 

charge. We measured the I-V dependence after adsorption of HEP for different bulk 

concentrations following the cycle PLL/HEP adsorption and washing at pH 12 (Figure 3). The 

rectification factor after each step for two consecutive quantitative analyses was reported 

on figure S54 to confirm the constant values after PLL adsorption and after washing. 

Conversely, the rectification factor decreases with the heparin concentration in the bulk. 

This means that the positive charges of PLL are counterbalanced by the increase of HEP 

amount adsorbed inside the nanopore. Assuming that the HEP adsorption on PLL is mainly 

governed by the electrostatic interactions, the amine groups of PLL layer can be seen as 

binding sites for acidic moieties of the HEP. In this case the rectification factor can be 

assimilated to the bound fraction of HEP on PLL as following equilibrium. 

[PLL] + [HEP] ⇄ [PLL - HEP] 
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The plot of rectification factor as a function of HEP concentration in the bulk can be fitted by 

a classical sigmoidal equation (eq. 2) equation where the asymptotic values are the 

rectification factor induced by only the PLL (Rf PLL) and after saturation by HEP (Rf HEP). The 

sigmoidal curve comes from the fact that to modify the IRC a sufficient amount of HEP has to 

be adsorbed to impact the nanopore surface charge. At low concentration, the amount of 

HEP adsorbed is not sufficient to significantly modify the nanopore surface charge and thus 

the IRC. In this case, the transport is mainly dominated by the PLL charge. With the increase 

of HEP concentration, more and more HEP are adsorbed and thus affect the IRC. In this 

range, the nanopore sensor is suitable to obtain the dose-response of HEP based on the Rf. 

Finally, when HEP concentration reaches a certain value the adsorption is very fast and the 

Rf  become constant.  

             
           

    (         ) 
                                                                                          (2) 

where the half maximal effective concentration EC50 is the bulk concentration where HEP 

reaches 50% of PLL coverage, c the concentration of HEP in the solution and p the equivalent 

of Hill coefficient which gives information about degree of interaction between the binding 

sites of PLL and the HEP. The non-linear fit (Figure 3b) gives an EC50 = 435.9 ng/ml and a p= -

2.79 10-3. The p value below 1 means that when a HEP is bound on PLL its affinity for another 

HEP molecule decrease. This result highlights that the HEP adsorption inside the nanopore 

should not be described by a Langmuir isotherm since this model assumes that binding sites 

are completely independent. This result opens numerous questions about our basic 

conception of polyelectrolyte adsorption under confinement that is crucial for the 

understanding the membrane functionalization using such macromolecules. 

OSCS detection by conical nanopore decorated with PLL 
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Fig. 4 Enzymatic degradation of HEP by heparinase follows by absorbance-based methods 

(black, circle) and nanopore functionalized by PLL. The experiments was performed on one 

nanopore dtip = 29 nm and Dbase =340 nm following 5 cycles of PLL-HEP adsorption/washing 

at pH12. 

Our concept for OSCS sensing is based on its ability to inhibit the HEP degradation by 

heparinase.  As first step, we have to establish a correlation between the IRC and the 

degradation degree of HEP. To do so, we adsorbed the HEP after different degradation time 

by heparinase.. As shown on figure 4, the rectification factor increases with the degradation 

time of HEP. This can be explained by a weaker affinity of oligosaccharide from the HEP with 

the PLL due to their lower molecular weight. The kinetic of HEP degradation obtained by 

nanopore experiment is compared with the one obtained by a classical method which 

consists of dose the oligosaccharide by absorbance at 214 nm (Figure 4 and SI-6). It follows 

an order 1 kinetic law (eq. 3). 

[ ]  [  ]   (   )                                                                                                                (3) 
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where P is the product of Hep degradation. The value of kinetic constant k obtained by 

nanopore detection (k =1.12 10-2±0.6 10-2) and absorbance (k =1.56 10-2±0.06 10-2) are very 

close proving that the nanopore functionalized with PLL is a good candidate to follow easily 

the enzymatic degradation of PE. It could be noticed that using a single nanopore, the 

enzymatic degradation was only characterized by resistive pulse method276,301. 

Because the IRC depends on the degree of heparin degradation, we expected that the 

inhibition by OSCS can be also detected by nanopore. The first experiment was to compare 

the I-V curves after addition of heparine degraded by heparinase after 200 min incubation at 

25°C with and without 10 % weight of OSCS (Figure 5a). Without the inhibitor, the 

rectification factor decreases from 5.22 to 1.86 because the affinity of oligosaccharides with 

PLL is too weak to provide efficient charge compensation. In presence of OSCS the 

heparinase is inhibited and the HEP is less degraded. The long chains of heparin have a 

better affinity with the PLL inducing more efficient charge compensation characterized by a 

decrease of Rf until 0.9. The range of OSCS dose-response is reported on Figure 5b and S7. 

The experiments conducted on two individual nanopores with tip diameter 12 nm and 36 

nm show the same trend. The value Rf decreases with the OSCS concentration.  For both 

nanopores the Rf is boundary between two asymptotic values the one obtained after 

heparin degradation without inhibitor and the one obtained after adsorption of non-

degraded heparin. For all tested nanopores, the detection range where the Rf is dependent 

on the OSCS concentration is found from 0.1 to 10-4 w/w. 

 

 Fig. 5 (a) Sketch of the OSCS detection using single PLL functionalized nanopore (b) I-V 

curves recorded after PLL adsorption (red, square), after HEP (blue, circle) degraded by 
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heparinase in presence (orange, triangle) or not (violet, triangle) of OSCS 0.1 % weight (c) 

Rectification factor as a function of OSCS concentration (black, circle), in green and blue line 

are reported the two asymptotic values obtained without addition of OSCS and for non-

degradated heparin. The results were obtained with a single conical nanopore dtip = 12 nm 

and Dbase =540 nm. 

Stability and reproducibility of nanopore sensor 

As mentioned in introduction, the main bottlenecks to use solid-state nanopore as sensor 

are their short lifetime and the difficulties to reproduce similar experiments several 

consecutive days without constraining experiments. We discuss now about the stability and 

the lifetime of our nanopore. For the heparin sensing, the experiments shown in figures 2, S-

2 and S3 where 18 cycles performed in the same day are reported. For the dose response 

experiments (Figure S5), 28 cycles was performed during two consecutive days. These results 

confirm that approach based on the reversible functionalization with PLL allows using the 

same nanopore for several experiments with a good reproducibility of results. The 

experiments about the OSCS sensing (Figure 5b and S7) were performed during two 

consecutive days. In order to provide a clear proof of the nanopore stability, we show in 

figure 6, a series of HEP and HEP after degradation with by heparinase in presence of OSCS 

1% detection experiments performed during 18 days. Between each experiment the 

nanopore was conserved in milliQ water. The result show that a good reproducility of 

results. Typically after each step the rectification factor stay comparable along the day. We 

notice also that after 18 days the nanopore is still working. 
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Fig. 6  Nanopore sensor stability and reproducibility: Rectification factor obtained for single 

nanopore, after PLL deposition (red, circle), and washing at pH 12 (green triangle) and (a)  after HEP 

(blue, triangle) and (b) after HEP degradated by heparinase in presence of OSCS 0.1 % weight (blue, 

triangle). The experiments were performed at different day on the same nanopore dtip = 29 nm and 

Dbase =340 nm. The gray zone correspond to storage period without experiment (1 or 2 days) 

Conclusion 

To sum up, the single nanopore sensor described herein can be used to detect easily a wide 

range of OSCS concentration contained in heparin sample. The detection limit about 0.01 % 

weights that is less sensitive compared methods based on fluorescence but in the good 

range for the characterization of contaminated sample of heparin. In addition, our approach 

(a)

(b)
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does not require the synthesis of fluorescent dyes, specific DNA ligands or nanoparticles nor 

expensive instrumentation. Indeed, the nanopore functionalization requires a couple of 

minutes and it is totally reversible which allows quantifying the OSCS after performed a 

calibration curve. It is also perfectly conceivable the integration of the nanopore inside a 

microfluidic device and use a miniaturized amplifier to build a portable system to analyze 

heparin sample.  So, we could expect that this nanopore sensor will enhance the quality 

control chain of heparin allowing avoiding the risk of patients' death. Beside the detection of 

heparin contaminant, two other applications are possible with our nanopore: the 

characterization of enzymatic degradation of PE and the mechanism of PE layer formation. 

Globally, this study highlight that a conical nanopore simply functionalized with PLL is 

powerful for many applications from enzymology to controlling quality of drug. 
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Nanochannel for Characterizing Enzyme Reactions in Confined 

Space  
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Introduction 

Enzymes as a biological catalyst play a vital role in living cells to accelerate chemical 

reactions in life conditions. The efficiency of enzymes comes from their highly precise and 

complex structures as well-designed machines. They find numerous applications in food 

industries, fine chemical synthesis and waste treatment from lab to industrial scale1. The 

enzymatic reactions can be performed under porous materials to design enzymatic 

membrane reactors (EMR)2. To this purpose, the enzymes were immobilized via physical 

adsorption, entrapment or covalent bonding in numerous porous materials3,4 such as silica5, 

clay minerals6, double layered hydroxides7, aluminum oxide8, celites9, agarose10, 

polyelectrolytes11 and metal-organic frameworks12,13 according to enzyme properties and 

reaction conditions. The enzymatic reactions have been proved to be well carried out in 

porous membranes by confirming satisfied products output1. However, much effort has to 

be done to understand what exactly happens when an enzyme is immobilized in a confined 

space. More than 100 years ago, Leonor Michaelis and Maud Leonora Menten proposed an 

equation (so-called Michaelis-Menten) to describe enzymatic reaction kinetics14: 

   
   
←  

     
→      

    
→       where    and     are the forward and reverse rate constants for 

substrate binding and      is the catalytic rate constant. The      is well confirmed by 

ensemble experiments, whereas, for each enzyme reaction, it should be different because of 

the general existence of fluctuations which is hidden at the ensemble level15. The recent 

advanced techniques based on fluorescence imaging microscopy and spectroscopy, as well 

as molecule manipulations make it possible to further characterization of the enzymatic 

reactions at single molecule level16–18. These techniques allow the real time observation of 
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each step and intermediates involved during enzymatic reaction. However, spectroscopy 

based techniques are limited to study enzymes under confined space.  

Nanopore technology is found as good way to investigate biochemical reaction19,20. On the 

one hand, the kinetic of enzymatic reactions have been characterized by ensemble 

experiments using both proteins and solid-state nanopores. Fennouri et al. achieved the 

characterization of enzyme activity by study of the translocation of degraded hyaluronic acid 

through biological nanopore21,22. Using track-etched nanopore, our group followed the 

enzymatic degradation of β-lactoglobulin amyloid by resistive pulse technique23 and heparin 

by ionic current rectification24. On the other hand, by immobilizing proteins inside single 

solid-state nanopores several groups achieved to detect specific bindings using resistive 

pulse technique. Wei et al. immobilized protein A (his-6-tragged) on nitrilotriacetic acid 

(NTA)-moieties attached to a gold-coated silicon nitride (SiN) nanopore and the kinetics of 

IgG antibody binding to Protein A was observed25. Yusko EC et al. immobilized biotin 

molecules on a lipid bilayer coated SiN nanopore26. Then, streptavidin was detected through 

the pore, resulting from the specific biotin-avidin interaction. Inspired by these previous 

works, we can hypothesize that nanopore approach is a suitable way to study enzyme 

activity directly inside a nanopore. We expect combine (i) the real-time analysis of enzymatic 

degradation products and (ii) characterization of enzyme-substrate interaction by measuring 

translocation duration change. 

Before characterizing the enzymatic reaction, inside a nanopore we should well 

understand the whole process of the flexible polymers flowing into a confined space.  This 

was investigated by theoretical studies and simulations since more than 40 years27. De 

Gennes and co-workers have proposed scaling theory for describing flexible polymers under 

confined space using Pincus’ blob model. This called Gennes’ regime is different from Odijk’s 

where channel/pore diameter h is smaller than twice of persistence length of the molecule a 

(h < 2a)28. De Gennes’ regime describes the cases where channel (or pore) diameter D is 

larger than 2a but still smaller than the coil diameter of polymers in bulk D (2a < h < D). In 

this regime, polymers can be considered as a series of blobs which contain a number of 

monomers. Peterlin, de Gennes and Pincus successively proposed and calculated a critical 

volumetric flow where a coil-like polymer would change to a stretched form in a nanopore29–

31. Based on that, Daoudi et al. described flexible polymers flowing inside conical channels by 
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identifying dilute regime and semi-dilute regime according to a possible overlap of polymer 

coils in bulk solution32. On the same way in developing de Gennes’ regime in conical 

nanochannel, relations between the number of monomers and the axis distance occupied in 

a defined conical channel was established33,34. Theoretical studies are far ahead of related 

experimental research due to the difficulty in preparing well-defined samples providing 

related confined space in nanoscale35. From 1990s, the progress in single 

nanopore technology36 for single molecule sensing37 draws more research interests on that 

especially to investigate voltage driven translocations. Numerous experiments of voltage-

driven polymer translocations through different kinds of asymmetric nanopore such as 

proteins14,15,18,38–40, nanocapillaries41–43 and polymer track-etched44 have been done 

However, there was never reported the experiments of translocating a large enough 

macromolecule in a conical channel with small enough tip aperture under de Gennes’ regime 

which are similar to conditions of above theoretical studies.  

This paper aims to investigate the enzymatic degradation of the polymer (the hyaluronic 

acid noted as HA) with high molecular weight (1.5 MDa < M < 1.8 MDa) directly inside the 

conical nanochannel at single molecule level. We first investigate the translocation of HA 

through conical track-etched nanochannels under dilute and semi-dilute regimes since such 

study is still missing. In that case, we aim to make an experimental evidence of the blobs 

model of flexible polymer inside conical channel. Then hyaluronidase was immobilized on 

the channel inner wall by a one-step chemical bonding. By controlling enzyme positions only 

in base side of the conical channel, a real-time analysis of enzymatic degradation was 

achieved. Finally, the grafting of enzymes in the narrowest of the channel (tip side) made 

possible to by measurement of the translocation duration changes to identification of the 

enzyme-substrate complexions. 

Results and discussions 

Influence of the regime on HA translocation through conical nanochannel 

The single conical nanochannel in polymer film was fabricated by track-etching method 

under asymmetric condition 45. It was mounted in a cell composed by two chambers filled 

with phosphate saline buffer (PBS) where NaCl concentration was adjusted to 1 M. For 

experiments in the dilute regime and semi-dilute regime, two similar conical nanochannels 
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(L= 13 µm) were used with base and tip diameters at Dbase = 715 nm, Dtip = 23.5 nm (α = 

1.52°) (noted as nanochannel 1) and at Dbase = 750 nm Dtip = 35.4 nm (α = 1.57°) (noted as 

nanochannel 2) respectively. Hyaluronic acid with a high molar weight between 1.5 to 1.8 

106 g mol-1 has a large hydrodynamic diameter which was estimated between 280 nm to 310 

nm under physiological saline solution according to literature46. Their chain length is 

estimated 4000 nm (monomer length at 1.1 nm). To switch from dilute to semi-dilute 

regime, hyaluronic acid should have a strong interaction between each other. Under 1 M 

NaCl and according to the polymer size, the critical concentration of hyaluronic acid is 

estimated 500 nM from de Gennes’ and Cowman’s theories33,46. Considering that, we 

performed translocation experiments at 120 nM or 600 nM of hyaluronic acid for 

nanochannel 1 (dilute regime) and nanochannel 2 (semi-dilute regime) respectively. The 

hyaluronic acid was added on the base side and transmembrane biases from 300 mV to 900 

mV were applied to drive polymers approaching, being captured and passing through the 

nanochannel. As our nanochannels have a conical shape and a base diameter more than 

twice larger than the hydrodynamic diameter of polymers, we can assume that the polymer 

entrance inside the channel requires overcoming a low energy barrier47,48. 

Figure 1a and b depict the schematic representations of the polymers inside the conical 

nanochannels. Examples of current traces recorded at 700 mV during 10 s for polymers in 

two different regimes are shown in Figure 1c and d with a zoom of several current blockades 

(Figure 1e and f). We can observe that the shapes of current blockades are different for the 

two regimes. In dilute one, the blockades show a clear asymmetric shape with a ΔImax value 

at the end of the event. This shape-depending signal can be referring to the chain coil 

compression from base side to tip side in a conical channel (Figure S1). In other words, the 

density of the coil gets increased during compression leading to a progressive increase of 

current blockade. More interestingly, the signals have double peaks each: a current blockade 

followed to an enhancement during the polymer expulsion outside the nanochannel. This 

current enhancement could be attributed to the ion concentration modulation when the 

polymer get out of the channel49,50. For the semi-dilute regime, the translocation is carried 

out in a channel with similar pore diameters and cone angle (α = 1.57°). The current 

blockade events are found much more symmetrical (Figure 1f). The lack of a compression 

under similar nanopore size as in dilute regime can be assigned to the existence of a polymer 
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matrix due to the overlap of coils. Indeed, under crowded environment the volume of a 

polymer chain is reduced. These observations agree with the theoretical studies of Daoud 

and de Gennes using a scaling method51. 

 

Figure 1. Sketch representations of hyaluronic acid through conical channel in dilute regime 

(a) and in semi-dilute regime (b). The sketches are not to scale. Examples of current trace 

recorded in dilute regime (c) and semi-dilute regime (d). Zoom of current blockade in dilute 

regime (e) and in the semi-dilute regime (f). Channel 1 in black: Dbase = 715 nm, Dtip = 23.5 

nm and Channel 2 in red: Dbase = 750 nm, Dtip = 35.4 nm.  
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Figure 2a shows an event map of hyaluronic acid translocation in two regimes under 700 

mV presenting two populations clearly. The different regimes of polymer solution induce in a 

different relative current blockade ratio ΔImax/I0 (Figure 2b obtained from Figure S3 amd S4). 

The de Gennes’ blob model has been used to describe flexible polymers in a long cone-

shaped channel by Nikoofard and Fazli[34,52]. The linear density of the monomers along the 

channel axis x can be written as: 
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where b is the monomer size, 
 

 
   equals to 0.7 as the Flory component    equals to 0.6 

in this case33,52 and ξ(x) is the blob size:  ( )     (   )     .    is the pore diameter 

of the tip side,   is the channel apex angle and   is the distance between beginning of the 

channel and the position of molecule beginning that can be fixed to 0. Thus, by integrating 

 ( ) along the distance L occupied by polymer in the channel, we can get the total number 

of the polymer N as: 
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From the equation 2, we can calculate L for hyaluronic acid in nanochannel 1 setting molar 

mass at 1.65 Mg mol-1,      at 0.027,    at 13.5 nm, b at 0.75 nm3 and   at 0. The L is 

obtained as 81 nm. Then, the ratio η of the volume occupied by the hyaluronic acid in this 

section can be calculated to be 7.7% using 1.1 nm as the length of a disaccharide unit and 

0.68 nm2 as the cross section of polymer chain. If we consider now that the channel contains 

two parts: one section is filled with one polymer and one section is full of electrolyte 

solution, we can define the nanochannel as a sum of two resistances R1 where the HA and R2 

(Figure S2). 

As the electrolyte solution has a NaCl concentration as high as 1 M, we neglect the 

conductance contribution of electrical double layer in the channel and the charge density of 

hyaluronic acid screened. Considering 7.7 % of the volume occupied by the molecule in   , 

the relative current blockade ΔG/G0 = ΔI/I0 is calculated to be 1.16 % (Figure S2). This value is 

quite close to average experimental data at about 1 % as shown in Figure 2b. As the channel 

has a length of 13 µm and a DBase of 715 nm, we cannot claim that only one molecule is 

inside the channel. However the relative good agreement ΔG/G0 between calculation and 
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experiment let think that in such dilute regime, only one molecule is strongly confined close 

to the tip side leading to the unique contribution of current blockade. Other hyaluronic acid 

molecules could be located in the channel but they are too far from the tip aperture and not 

compressed enough to contribute to the current blockade considering the large gyration 

diameter of HA. Therefore the de Gennes’ blob model as well as the calculation by Fazli et 

al.33,52 are perfectly suitable in the case of polymer translocation under dilute regime. If we 

do the same calculation in the case of a semi-dilute regime, 0.7% of conductance decrease is 

obtained. This value is far from experimental one from 3% to 4%. This can be explained by 

the polymer matrix that fills the channel and takes more space inside. 

 

Figure 2. (a) Event map for two regimes obtained under V = 700 mV. Blockade rate (b), 

dwell time (c) and frequency of events (d) of HA under dilute regime (black square) and 

semi-dilute regime (red circle) against applied voltage. (d) Event map for two regimes 

obtained under V = 700 mV. Channel 1 in black: Dbase = 715 nm, Dtip = 23.5 nm and Channel 

2 in red: Dbase = 750 nm, Dtip = 35.4 nm. The transparent error bars represent the full width at 
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half maximum of the Gaussian distributions and the solid error bars represent the standard 

error. In Figure d, the lines are the exponential fitting of equation (3). 

Now, we investigate the dynamic aspects of HA translocation through conical nanochannel. 

The dwell time of translocations in two regimes in responding applied voltage increase is 

given Figure 2c. In the semi-dilute regime, the dwell time decreases exponentially in with the 

voltage. The exponential dependence can be described by the function  ( )  

    (    )⁄  where A = 12074 µs and    = 900 mV. This means that the dwell time 

measured in the semi-dilute regime could be considered as a transport time. It has been 

found by Oukhaled et al. that the dwell time of translocation of poly(ethylene glycol) chains 

(>35 kDa) in the semi-dilute regime is governed by the reptation time in a protein pore with 

small aspect ratio. It means that the extraction of one single chain of the polymer network 

into a small protein takes more time than the transport time40. This is contrary to our case 

where the nanochannel length scale is much larger than the polymer size. The reptation time 

of the polymer being extracted from the matrix is relatively short compared to the transport 

time. So this procedure is highly dependant on aspect ratio of the nanopore/nanochannel. In 

dilute regime, dwell time keeps almost constant when the electrical bias increases until to 

900 mV. 

Then we compare translocations in two regimes in terms of energy. This difference of free 

energy barrier can be obtained from the frequency of blockade events as a function of 

applied voltage according to Van’t Hoff-Arrhenius law reading: 

        * 
 

  
+,                                                                                                               (3) 

where    is the frequency of blockades without applied electric bias 
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+,                                                                                                         (4) 

where,   is a probability factor, C the polymer concentration, D the diffusion coefficient, A 

the cross-section area of the channel, L the channel length,     are the Boltzmann constant 

and the temperature and U the energy barrier. By fitting the data in Figure 2d with equation 

(3),     ⁄  is obtained as 5.8 10-6 Hz nM-1 for dilute regime and 6.8 10-4 Hz nM-1 for the semi-

dilute regime. The calculation of the absolute value is relatively uncertain because of the lack 
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of precise values for  ,   and D39. Thus, we can calculate the difference of activation energy 

by removing these factors and assuming the same diffusion coefficient: 

      ⁄

        ⁄
    *

      

   
+.                                                                                                    (5) 

        is obtained as -0.16   . The value is still not precise because the diffusion 

coefficient of HA is not the same in two regimes (DSD is slightly smaller than DD). However 

the qualitative relation remains the same meaning as the energy barrier of translocation of 

hyaluronic acid through conical nanochannel in dilute regime is higher than that in semi-

dilute regime. Comparing these two regimes, the confinement energy of the polymer 

stretching in the elongation shear is relatively low because of the stretch conformation of 

polymers in the network of the semi-dilute regime. For dilute regime, the required energy to 

deform the large polymer coil under confined environment should be larger but it is still 

negligible when the pore angle is small32. Thus the different energy barriers could be 

explained by the friction between polymer coils and channel surface during the compression 

procedure to reach the tip aperture in such a long nanochannel. Thereof, the energy from 

the interaction with the surface becomes dominant.  

Influence of the tip aperture on HA translocation through conical nanochannel 

Another key factor which influences polymer translocation is the nanochannel diameter. For 

our conical nanochannels, the tip diameter plays a more important role rather than the base 

due to the location of the sensing zone. First, we had to choose one regime for following 

investigations. When the polymer solution flows in the channel with the shrinking of the 

channel diameter, dilute solutions may be concentrated inside the channel into the semi-

dilute regime. So to avoid this unexpected transition, we choose to conduct experiments 

under the same semi-dilute regime.  To compare with the results obtained in the 

nanochannel 2 (Dbase = 750 nm, Dtip = 35.4 nm α = 1.57°), we supply another set of 

experiments in nanochannel 3 (Dbase =1185 nm and Dtip = 6.1 nm α = 2.59°) (Figure 3a). In this 

experiment set, the tip diameter is close to 2a of the hyaluronic acid molecule (where a is its 

persistence length with a value around 4 nm to 9 nm53,54). 
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Figure 3. (a) Sketches of hyaluronic acid translocation through long conical channel with 

different diameters. The sketches are not to scale. (b) Example of current trace for channel 3. 

(c) Event map for two channels under 400 mV. Dwell time (d) event frequency (e) and 

blockade rate (f) of HA in channel 2 (red circle) and in channel 3 (blue triangle) against 

applied voltage. Channel 2 in red: Dbase = 750 nm, Dtip = 35.4 nm and channel 3 in blue: Dbase 

= 1185 nm, Dtip = 6.1 nm. The transparent error bars represent the full width at half maximum 
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of the Gaussian distributions and the solid error bars represent the standard error. In Figure e, 

the lines are the exponential fitting of equation (3). 

Figure 3b shows a recorded current trace for nanochannel 3 and Figure 3c shows an event 

map for two channels under 400 mV. The dwell time in the channel of 35.4 nm seems 

shorter meanwhile its current blockade is higher than that in the channel of 6.1 nm. Details 

of dwell time as a function of applied voltage are shown in Figure 3d (obtained from Figure 

S4 amd S5). Translocation duration of HA in both two nanochannels follows exponential 

dependence ( ( )      (    )⁄  with A = 48177 µs and    = 382 mV. This indicates that 

transport time has a dominating contribution to dwell time for the polyelectrolyte 

translocation in long conical nanochannel in the semi-dilute regime whatever the tip 

aperture diameter.  

The difference of energy barrier between two nanochannels has been calculated by fitting 

event frequency as a function of applied voltage (Figure 3e). From this figure, we can see 

that the frequency of blockade events is higher for the larger nanochannel. From the 

equation (5), we calculate the difference of free energy barrier:  

            ⁄

          ⁄
    *

          

   
+,                                                                                                (6) 

The value            is obtained as 0.66    . Here, the higher energy barrier for the 

small nanopore can be assigned to the friction as the interaction between molecules and the 

nanochannel surface is strong. This difference of friction in two regimes could be explained 

by the scaling law of de Gennes using blob models. The ratio of frictional forces for the semi-

dilute regime and dilute regime can be described by the ratio of the effective monomer 

mobility B-1 that includes the hydrodynamic interactions between monomers in confined 

space. Thus according to Daoudi and Brochard32, we have: 

   
  

  
    

  (      ⁄ )

  (    )⁄
                                                                                                                  (7) 

where    is the solution viscosity, for the semi-dilute regime,   is the mesh size of the 

polymer network which can be calculated as          , a is the monomer size, c the 

concentration,   the number of monomers inside a blob of diameter  40. This ratio can be 

simplified by substituting   (
 

 
)
  ⁄

 into Eq. (7) as: 
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The   is calculated using           with a of 1 nm and c the volume fraction of polymers 

assuming that hyaluronic acid has similar density of water. The volume fraction of a polymer 

in confined nanochannel (close to tip) can be obtained by calculating the distance L occupied 

by the molecule in nanochannel using equation (2). For the nanochannel with tip aperture of 

6.1 nm, its blob diameter   is obtained to be 3.6 nm as volume fraction is 18.4%; for the 

nanochannel with tip aperture of 35.4 nm, its blob diameter   is obtained to be 9.8 nm as 

volume fraction is 4.8%. Therefore, the friction coefficient in nanochannel of 6.1 nm is higher 

than in nanochannel of 35.4 nm. This is in accordance with the different energy barriers 

obtained previously that reduction of tip aperture of nanochannels will increase the frictions 

between polymers and the channel wall leading to a higher energy barrier. This difference in 

volume fraction due to the occupation of the polymer close to the tip aperture (18.4% for 

nanochannel of 6.1 nm and 4.8% for nanochannel of 35.4 nm) can also well explain the 

difference of current blockade rates in Figure 3f: with more occupation by the polymer, it 

has a higher current drop. So the equation (2) and (7) based on scaling law can be a good 

tool to predict quantitatively or qualitatively the translocation of large flexible 

polyelectrolytes through a long conical nanochannel. 

Detection of HA with nanochannels decorated with enzyme in tip 

After studying the polymer translocation through our conical nanochannels, we performed 

experiments involving grafted enzymes. Besides the shape controllability, PET track-etched 

nanochannels have also advantages on simplicity of surface modification due to carboxylic 

acid moieties. In the first set of experiments, we use conical nanochannel of Dbase=1000 nm, 

Dtip=4.3 nm, α = 2.19° (noted nanochannel 4). The hyaluronidase was grafted using EDC 

under MES buffer by addition on base side. The chemical grafting lasts for the whole night to 

assure a maximum enzyme immobilization. Regarding to the size of the tip diameter (4.3 nm 

smaller than the size of enzyme), we can assume that enzymes fill the nanopore but do not 

reach the tip end. After being washed and stabilized by PBS buffer, the functionalized 

nanochannel was used for hyaluronic acid translocation experiments. We notice that we 

used in the same condition as the previous experiment performed in the semi-dilute regime. 
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Figure 4. (a) Sketch of hyaluronic acid flowing into the long conical channel with 

hyaluronidase immobilized on the base side. The sketch is not to scale. (b) Example of a 

current trace recorded. Frequency (c), dwell time (d) and blockade rate (e) of translocation 

events against applied voltage. Channel 4: Dbase=1000 nm, Dtip=4.3nm. The transparent error 

bars represent the full width at half maximum of the Gaussian distributions and the solid error 

bars represent the standard error. 

Figure 4a is a schematic representation of enzymes immobilized in the nanochannel with 

small tip diameter. After enzymes immobilization, a slight diminution of effective channel 

diameter was measured (Figure S6) due to steric block of hyaluronidase close to the tip side 

of the nanopore. This allows confirming the success of functionalization. Effective tip 

diameter becomes 2.2 nm instead of 4.3 nm of the channel without enzymes resulting in 
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higher amplitude of relative current blockade (Figure 4c). Sporadic attachment of 

hyaluronidase is suggested in the light of the crosslinking conditions4. The HA driven into the 

channel by electrical bias will be bound and hydrolyzed by hyaluronidase, thus we could 

expect that more events will be detected. The experimental results show that translocation 

frequency gets an increase of a factor about 20 compared to the experiment in the channel 

of 6.1 nm without enzymes (Figure 4d and Figure 3e). We also observe a larger distribution 

of relative current blockades meaning that varieties of chain length are recorded (Figure 4 

and Figure S7). In addition, dwell times recorded here are much shorter than those of un-

degraded HA because the degraded polymers are shorter (Figure 4e).  With this base-

hyaluronidase-functionalized nanochannel, it could be possible to analyze the size 

distributions as of the enzymatic reaction products in real time after a calibration. The 

successful detection of enzymatic degradation products by immobilized hyaluronidase 

confirms that it remains reactivity after crosslinking conditions, under confinement and 

electrical bias. This evidence can allow us to further observing the direct interaction between 

HA and enzymes in order to measure the duration of the intermediate complexion at single 

molecule level in our channel. 

Detection of HA-Hyaluronidase interaction with nanochannels decorated with enzyme in  

base 

To do so, we functionalized the nanochannel 2 (Dtip =35.4 nm) with hyaluronidase following 

the same procedure as the one used for nanochannel 4 previously. The current-voltage 

curves before and after enzyme grafting was measured in PBS, 1M NaCl also showing clear 

reduction of the tip size and surface charge (Figure S8). This can be an evidence of the 

successful enzyme grafting inside the nanochannel. According to the large tip diameter, 

enzyme can be located on the tip entrance.  The translocation experiments in the semi-

dilute regime were repeated in this nanochannel and impressive long events were observed 

for the first time in our work (Figure 5a).   The current trace show several events with mean 

duration of 1022 ± 78 ms. Compared to our previous experiments, no relationship between 

the event duration and applied voltages was found indicating a static behavior of the 

polymer instead of a kinetic process. In addition, the duration of about 1 s is in agreement 

with a enzymatic reaction time scale usually reported between some hundreds milliseconds 

to several seconds55. Thus, these long events can be assigned to the enzymatic reactions 



Chapter 4 : Biosensors 

217 

 

between hyaluronic acid and hyaluronidase. More interestingly, some peaks inside these 

long blockades were observed as shown in Figure 5a. This could be explained by the 

presence of another HA that passes through the nanochannel when a polymer is bound to 

the enzyme. The dwell time of this peak is longer than the events without enzymes. This 

should be due to the reduction of the channel diameter by enzymes and/or interactions 

between polymers and enzymes. 

 

Figure 5. (a) Sketch of translocating hyaluronic acid through the channel 2 with 

hyaluronidase in the tip side and examples of current blockades. (b) Sketch of translocating 

hyaluronic acid through the channel 3 with inhibited hyaluronidase in the tip side and 

examples of current blockades. The sketches are not to scale. 

 To confirm the origin of these two kinds of events, we have added a hyaluronidase inhibitor 

(quercetin) to the tip side of the channel and then we continue to record the current traces. 

After addition of quercetin, long events (second time scale) have not been recorded but only 

short ones (tens millisecond time scale). As shown in Figure 5b, these events have very 

similar shape, amplitudes and duration of the peak inside long current blockade. This result 

confirms our assumption that the long events can be assigned to the specific binding of 
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substrate-enzyme and the short one to the passage of the polymer chain when an enzyme is 

working. This draws a very clear image describing what is going on in the channel when an 

enzyme is grafted inside. Thus, for first time, a direct measurement of off-rate duration of 

enzymatic reaction is achieved at single molecule level under condition commonly used in 

membrane science for enzymatic reactor membrane. 

Conclusion 

The translocation of hyaluronic acid with a molar weight at about 1.5 to 1.8 MDa was directly 

observed for the first time through a conical nanochannel using resistive pulse technique. The inner-

channel behaviors can be well explained by the de Gennes’s scaling theory. We studied the effect of 

the solution regime (dilute and semi-dilute) and pore diameter to better understand how these 

conditions control the transport and the polymer conformation inside the narrow aperture of the 

nanopore. Conversely than protein pores, the conical nanochannel the surface energy is 

predominant than the confinement. Then, hyaluronidase was immobilized inside the conical 

nanochannel for characterizing degradations of hyaluronic acid. Playing with the nanochannel 

diameter, a real time analyze of degradation products can be feasible after a simple calibration. 

Finally, by grafting the enzymes at the tip side of a larger nanochannel, the duration of enzyme-

substrate intermediate complex was measured for the first time under confinement at single 

molecule scale. This work opens a new gate in three distinct research and application fields. Firstly, 

the direct observation and validation of theory of polymers inside conical nanochannel will allow 

answering numerous questions in basic description of polymer translocation. We can expect that it 

will help the membrane design involving polymer filtration application. Secondly, the nanochannel is 

a suitable platform to investigate protein-protein/molecule interactions at single molecule level. 

Lastly, the nanochannel can provide answers to questions related to the impact of immobilization 

and the confinement on enzymatic activity. We can expect that this new approach to characterize 

individual enzymatic reactions will help researchers to understand the involvement of confinement 

on enzymatic degradation. This will allow optimizing the enzymatic grafting in numerous applications 

in material or membrane science. 

Experimental Section  

Materials:  

13 μm thick PET films, with biaxial orientations were purchased from Goodfellow 

(ref ES301061). Hyaluronic acid (53747), Hyaluronidase (H3631), phosphate buffer saline 
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(PBS) (P4417), 2-(N-morpholino) ethanesulfonic acid (MES) (M8250), potassium chloride 

(P3911) and sodium chloride (71380) were purchased from Sigma-Aldrich. Chloride acid 

(20248.290) and sodium hydroxide (28245.298) were purchased from VWR Chemicals. N-(3-

dimethylaminopropyl)-N'-ethylcarbodiimide (EDC) (AS-29855) was purchased from AnaSpec. 

Water used in these experiments was purified by Q-grad®-1 Milli-Q system (Millipore). 

Track etched single nano-channel fabrication: 

Single tracks are produced by Xe irradiation (8.98 MeV u-1) in PET film at GANIL, SME line 

(Caen, France). A hole (diameter 1 mm) with a shutter is placed on ion beam path. The 

control of track number is provided by a detector placed behind the sample. After producing 

tracks in PET films, they are sealed and stock away from light. The day before the 

experiment, the track is activated under UV irradiation (Fisher bioblock; VL215.MC, l= 312 

nm) during 9 hours for the tip side and 15 hours for the base side. Then, it is mounted in a 

Teflon cell with two chambers. An etching solution of 9M NaOH is added to the base side 

chamber and a stopping solution of 1M KCl and 1M acetic acid is added to the tip side 

chamber to inhibit the reaction by neutralizing NaOH. Pt electrodes connected to an 

amplifier (HEKA EPC10) are used to apply an electric field. An electrical bias of 1V is applied 

to provide electrostopping and monitor the pore opening by measuring the current as a 

function of time. When, we get an appropriate current level, the etching solution is replaced 

by stopping solution to completely stop the etching. After 10 minutes, the pore is washed by 

Milli-Q water several times and is stabilized in Milli-Q water during the night.  In such an 

asymmetric etching condition at room temperature, a long conical channel with a small 

angle can be obtained. 

The tip diameter Dtip of the conical channel was determined from the dependence of the 

conductance G measured in the linear zone of the current–voltage curve from - 60 mV to 60 

mV assuming a bulk-like ionic conductivity inside channels (equation 13).  

  
    

  
                                                                                                                             (13) 

where, κ is the ionic conductivity of the solution, L is the channel length (13 μm) and Dbase 

is the base diameter which was calculated from the total etching time t using the 

relationship Dbase = 2.5t (the factor 2.5 was determined in our experimental set up using 

multipore track-etched membranes). 
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The current-voltage curves were obtained from the current traces recorded as a function 

of time from 1 V to -1 V by steps of 100 mV for 2 s and from 100 mV to -100 mV by steps of 

10 mV for 2 s using a sampling rate 50 kHz. Ag/AgCl electrodes were used for the 

measurements. For conductance measurement to determine tip diameter, a solution of NaCl 

at 1 M was used. 

Recording of hyaluronic acid translocation: 

Hyaluronic acid translocations were recorded using the same amplifier (HEKA EPC10). The 

sampling rate is 100 kHz and a built-in low-pass filter at 10 kHz is used. Data analysis for 

event detection is performed using a custom-made LabView software with butterworth filter 

of 5 KHz, 3 orders and Savitzky-Golay filter of 1200 side points, 1 order. We take 5σ to detect 

events.  

Enzyme immobilization: 

The hyaluronidase immobilization inside the channel was performed in situ. The two 

chambers of the cell containing the channel membrane were filled with a solution containing 

0.1 M KCl, 0.1 M MES at pH 4.7. The pH of the solution was adjusted using HCl and NaOH 

solutions. The hyaluronidase was then added in cis chamber (tip side of the channel) or in 

the trans-chamber (base side of the channel) according to the need. At the end, 50 mM of 

EDC was added in both two chambers. The reaction was during the whole night for a 

maximum grafting. Then, the channel was well rinsed by Milli-Q water and then stabilized in 

PBS buffer for 1 hour. 

I-V curves of the channel before and after enzyme immobilization was recorded in PBS 

buffer with 1M of NaCl shown in Figure S1. The change of rectification and conductance can 

be the evidence of the enzyme grafting. 
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Discussion 

Nanopores have been used as sensing device. In this chapter, two works have been done 

using (bio)polyelectrolytes functionalized track-etched nanopores. These works utilized two 

different methods of characterization. The first one took advantages of the surface charge 

changes due to the polyelectrolytes adsorption on ionic diode behavior. So ion current 

rectification has been used to detect the analyte. The second study used resistive pulse to 

characterize polymer translocations through nanochannels. This method measures the 

current blockades of each molecule which can reflect polymer conformation, polymer size 

and polymer interactions with the nanopore surface. 

For ionic diode, the modulation of ion transport due to surface charge changes have been 

discussed in chapter 2. However, a biosensor based on this principle requires establishing a 

quantitative relationship between adsorbed polyelectrolyte and current rectification factor. 

The PLL has positive charges, it can be used to give track etched nanopore the ability to 

adsorb HEP. Moreover thanks to its weak electrolyte properties, the monolayer of PLL can 

be removed by increasing the pH upper than its pKa. This convenience makes it possible to 

reuse this sensor for more than 20 times and several weeks. The key point of this 

experiment is to make sure exactly the same manipulation for each time of PLL deposition. 

This is the most important to achieve quantitative detection because different PLL quantity 

adsorbed, different PLL covering length and different HEP detecting time make different 

results. Because of the adsorption equilibrium depends on the polyelectrolyte concentration, 

a quantitative relation between rectification factor and HEP concentration was established.  

After achieving quantitative detection of HEP, heparinases were involved to detect OSCS. 

The latter has very similar structure with HEP and the tiny difference at low concentration 

can deceive most of classical methods like FTIR, chromatography etc. But it can be precisely 

distinguisched by the enzyme. Heparinases can degrade HEP while OSCS inhibates it. Hence, 

the presence of OSCS traces more or less inhibits the activity of heparinases. The latter effect 

can be presented by a higher HEP concentration in the residues after enzymatic treatment. 

Thus OSCS contaminants can be quantitatively detected by heparinases coupled PLL 

functionalized nanopore. The nanopore sensor shows higher accuracy than classical 

methods like chromatography, mass spectrometer and NMR with comparable cost. 
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Compared to fluorescent sensors with fluorescent probe and nanoparticles, nanopore based 

sensor largely reduces the cost and can satisfy the market needs. 

In this first work, the nanopore was used to determine the follow kinetic of HA degradation. 

In general point of view, the enzymes have been largely used in membrane industries thanks 

to their irreplaceable catalyzing abilities. However enzyme interactions with substrate 

molecules as well as their behaviors in immobilized states remain to be studied. To know 

rate-off that is the time required for one reaction between enzyme and substrate at single 

molecule level is one challenge to learn more about enzymatic reactions. As single nanopore 

has been used for single molecule characterization, the resistive pulse method should also 

allow characterizing single enzymatic reaction. So the idea was to immobilize the enzyme 

inside a nanopore. The substrate behavior can be recorded in current change according to 

time.  

Before immobilizing enzymes inside the pore, experiments were focused on the behaviors of 

flexible long polymers hyaluronic acids through long conical nanochannel. The successful 

explications of dwell time, blockade rate and free energy related to translocation by de 

Gennes’ scaling law confirmed their theoretical predictions. Solution regime (dilute regime 

or semi-dilute) and pore diameters can significantly influence the HA translocations. After 

being clear of polymer behaviors in conical nanochannel, enzymes were immobilized inside 

the pore. When heparinases were immobilized at the base side, enzymatic degradations 

carried on like in bulk conditions. Then the products were translocated through the pore and 

a continuous analyze was achieved. This experiment confirmed the remaining of activity of 

heparinase after grafting reactions. So the immobilization of enzymes at the narrowest part 

of the nanochannel was then done. The polymers translocating without and with enzymes 

show a large difference in translocation duration. It changes from several milliseconds to 

second time scale. This increase can be contributed by two parts: one is due to the specific 

interactions between substrate molecules and enzymes; the other one can be attributed to 

the decrease of the channel diameter which is discussed in pore diameter effect section. To 

eliminate this latter contribution, the quercetin was added as inhibitors. Events of second 

time scale disappeared and we got only events of less than 200 ms. The prolongation of 

several milliseconds to 200 ms from nanochannel without enzymes to nanochannel with 

inhibited enzymes can be attributed to the decrease of pore diameter and the increases of 
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frictions between the polymers and the inhibited enzymes. Thus it can be confirmed that the 

long duration when polymer translocate in nanochannel with enzymes is principally due to 

the specific interactions between enzymes and substrates. 

Combining two works, track-etched nanopore with polyelectrolytes grafted inside shows 

strong ability to characterize enzymatic degradations. By using ion current rectification 

methods, kinetics of enzymatic degradation can be measured. If the experiments are 

repeated by different enzyme and substrate concentrations, the kinetics constant could be 

at macroscopic level. At microscopic level, resistive pulse can be used to measure the 

duration of reaction intermediate between single substrate molecule and single enzyme. The 

accuracy can be attained to millisecond. Accordingly, track etched nanopore with 

advantages of controllable geometry and simplicity of functionalization can be a reliable 

platform for polymer involved reaction characterizations. 
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The goal of this thesis was to functionalize nanopores to give abilities for different 

applications by the immobilization of (bio)polyelectrolytes inside nanopores.  The objectives 

were (i) the design artificial ion channels in responding to multiple stimuli (ii) the design 

biosensors as well as studying specific molecular interactions (ii) the design of ion selective 

membranes to generate osmotic energy. 

For stimuli-responsive ion channels, we utilized two strategies: one used layer-by-layer self-

assembly pH-sensitive polyelectrolytes (poly-L-lysine/polyacrylic acid and polyethylenimine/ 

polyacrylic acid) inside track etched single nanopores; the other one used chemical grafting 

of polymer functionalized with photo-switchable molecule (polyethylene glycol-spiropyran). 

Nanopores of conical shape were used as they can have ionic diode properties which can 

amplify the transport phenomenon. For the pH sensitive nanopore, three different channels 

were designed with PLL/PAA, PLL/PAA crosslinked and PEI/PAA. Charge compensations, 

swelling/deswelling and protonation/deprotonation were observed, these effects co-

influence the ion transport properties as a function of the pH. PEG-spiropyran functionalized 

nanopore showed close and open states by forming self-assembled structures under UV and 

visible light. In UV light, charges of merocyanines can also be regulated the ionic transport by 

pH.  

The successful functionalization of the ion channel by polyelectrolytes gives possibility to use 

this kind of device for osmotic energy generation. So layer-by-layer adsorption of chitosan 

and PAA were used to increase surface charge density inside the pore. Ion transport of single 

pore and bivalence metal chelation were firstly studied. Then, the osmotic energy 

generation was then measured under different salinity gradient. At pH 7.6 and 

Ctip/Cbase=1000, a maximum single pore power is reached at 20 pW. The same procedure was 

also done on multipore membranes with pore density at 2 106 cm-2, a power density of 0.1 

W m-2 was obtained at the same condition. Another strategy was also achieved by 

synthesizing highly charged hydrogel frameworks inside the nanopores. It is confirmed that 

in this case, the ion selectivity is dominated by charges of hydrogels and not by the 

assymetry. So, cylindrical nanopore becomes the best candidate because it can be scaled up 

to membranes with very high pore density. The energy measurements of single nanopores, 
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multipore membranes and stacked membranes were achieved. With Ctip/Cbase=1000 at pH 7, 

a power density of 0.37 W m-2 was obtained by stacking two pairs of membranes. 

The polyelectrolytes functionalized nanopore can also be used as biosensors to detect OSCS, 

a contaminant found in heparin. A PLL functionalized nanopore was designed to detect 

quantitatively heparin by ion current rectification. The heparin detection limit is determined 

at 25 ng ml-1. Heparinases were added to samples with heparin and different amounts of 

OSCS. As OSCS inhibates the degradation by heparinases, the quantitative detection of 

heparin in reaction residues was given by current rectification factors. The sensor has a 

detect accuracy of 0.01 % in weight of OSCS with a stability for more than 20 uses during 

three weeks. In this work, enzymatic reactions were characterized by analyzing the reaction 

products. Another work was to immobilize hyaluronidases inside the pore. After studying 

polymer translocation behaviors through conical channel, interactions between hyaluronic 

acid molecules and hyaluronidases were characterized. The duration of specific binding was 

measured at about 1 second. 

These researches were achieved but lots of questions remain to be answered such as how to 

switch the spiropyran based ion channel in visible light in water? Can we describe the ion 

transport analytically of polyelectrolytes functionalized cylindrical nanopores and how are 

the conformations of immobilized polymers inside the confined space in different pH and ion 

strength etc? So the next and the on-going project will focus on ion transport properties of 

single nanopore with polyelectrolytes/polymers inside.  

To establish analytical equations describing the ion transport in conical nanopore is still far 

from our ability. However, an approaching step can be done by constructing a bi-cylindrical 

pore using polyelectrolytes. The recently established models will be acted to describe the 

experimental data especially to distinguish two transport regimes: bulk and surface. 

PLL single layer functionalized conical nanopore showed strong ability to detect OSCS. 

However, it is more complicated than it seems. Recently numerical studies by solving PNP 

equations show the existence of a maximum current rectification with certain PLL cover 

length. The ion selectivity generated by polyelectrolytes still remains to be explored in 

details. This will be extended to other polyeletrolyte and bilayer systems. Finally, it will 

permit to optimize the nanopore functionalization. 
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We have used PEG chains to build light responsive ion channel using their conformation 

changes. The details of PEG chain conformation inside nanopore in different pH, ion strength 

is not still very clear. We aim to study the PEG chain conformation influencing by these 

parameters as well as specific biomolecules by both experimental and molecular dynamic 

studies.  

To sum up, ion and molecule transport properties through nanopore are always essential 

works of nanopore technology. During recent years, more and more new artificial nanopores 

are taken into accounts like 2D nanopores, optical nanopores and DNA origami nanopores. 

The understanding the fundamental behaviors and to functionalize these nanopores remain 

to be done. Together with other kinds of nanopores, nanopore technology will go further in 

single molecule detection or even beyond. 
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Résumé 
 
Les canaux biologiques sont des protéines de pores situées sur la membrane cellulaire pour maintenir l'équilibre des ions et le transport 
des molécules. Ces canaux protéiques peuvent répondre à de multiples stimuli tels que la lumière, le pH, la force des ions et le potentiel 
transmembranaire pour réguler leur perméabilité et leur sélectivité. Pour imiter ces pores biologiques, des nanopores artificiels ont été 
fabriqués et une technologie à base de nanopores a été développée pour le séquençage de l’ADN, la détection de biomolécules et la 
récupération d’énergie osmotique. Les avantages des nanopores artificiels à base de matériaux solides ou polymères sont la simplicité de 
fabrication et la stabilité mécanique et chimique. Cependant, les faiblesses sont également évidentes: ils ont généralement moins de 
sélectivité et de réactivité face aux stimuli externes. Pour améliorer leurs applications, la fonctionnalisation devient essentielle. La 
fonctionnalisation de la surface des nanopores peut modifier leurs propriétés telles que la perméabilité, la sélectivité ou leur donner la 
capacité de détecter des biomolécules spécifiques, afin d'étudier le transport ionique / moléculaire fondamental dans des situations 
spécifiques. 
Dans cette thèse, nous avons cherché à améliorer la fonctionnalisation des nanopores pour trois applications: canal ionique sensible aux 
stimuli, récupération de l’énergie osmotique et biosensing. Pour les canaux ioniques sensibles aux stimuli, nous avons construit deux 
canaux: l’un est sensible au pH et fonctionnalisé par auto-assemblage couche par couche de polyélectrolytes dans des nanopores track-
etched et l’autre peut répondre à la lumière et au pH sur la base d'un greffage chimique de chaînes spiropyran-PEG. L'isomérisation 
induites par la lumière et la protonation / déprotonation causées par le changement de pH peuvent modifier la charge et la conformation 
de molécules fonctionnelles. Ainsi, ces changements peuvent moduler la perm-sélectivité des ions du canal. Pour la récupération d'énergie 
osmotique, nous avons conçu deux stratégies pour améliorer la sélectivité ionique de la membrane afin d'obtenir un rendement 
énergétique supérieur. L'une utilisait le dépôt couche par couche de polyélectrolytes sur la surface des pores pour améliorer la densité de 
charge, et une autre utilisait un hydrogel hautement chargé synthétisé à l'intérieur des pores. Les résultats ont montré une production 
d'énergie élevée pour les deux stratégies de 20 pW par pore. La fonctionnalisation en hydrogel permet d'utiliser une géométrie cylindrique 
adéquate pour une membrane à haute densité de pores. Pour la biodétection, nous avons développé un nanopore fonctionnalisé par PLL 
afin de détecter la contamination par les OSCS dans des échantillons d'héparine sur la base des principes de la diode ionique. Après avoir 
été traitée aux héparinases, la concentration en héparine dans les résidus peut refléter la concentration en OSCS, car celle-ci peut bloquer 
les héparinases. La concentration en héparine peut ensuite être caractérisée quantitativement par un nanopore fonctionnalisé par PLL basé 
sur le changement ICR. Cette expérience a confirmé l'aptitude d'un nanopore gravé sur piste à caractériser la cinétique de dégradations 
enzymatiques. Pour aller plus loin, nous avons immobilisé des hyaluronidases dans le canal afin de caractériser les réactions enzymatiques 
au niveau d'une molécule à l'aide d'une impulsion résistive. Les résultats ont montré que la durée du complexe entre une hyaluronidase et 
une molécule d'acide hyaluronique pour une réaction est d'environ 1 seconde. 
Dans cette thèse, nous montrons la forte capacité des nanopore track-etched fonctionnalisés par polyélectrolytes. Ces systèmes bien 
conçus peuvent être facilement mis à l'échelle et ces principes bien développés peuvent être utilisés pour concevoir d'autres systèmes afin 
de résoudre plus problèmes de santé et d'énergie. 
 
 
 
 

Abstract 
 
Biological channels are pore proteins on the cell membrane to keep ion equilibrium and molecule transport. These protein channels can 
respond to multiple stimuli like light, pH, ion strength and trans-membrane potential to regulate their permeability and selectivity. To 
mimic these biological pores, artificial nanopores have been fabricated and nanopore technology has been developed for DNA sequencing, 
biomolecule detection and energy harvesting. The advantages of artificial nanopores based on solid or polymer materials are simplicity of 
fabrication and mechanical, chemical stability. However the shortcomings are also clear that they usually have less selectivity and 
responsiveness to external stimuli. To enhance their applications, the functionalization becomes vital. Functionalization of the nanopore 
surface can change their properties like permeability, selectivity or give them abilities to detect specific biomolecules, to study 
fundamental ion/molecule transport in specific situations. 
In this thesis, we aimed to improve nanopore functionalization for three applications: stimuli-responsive ion channel, osmotic energy 
harvesting and biosensing. For stimuli-responsive ion channel, we constructed two channels: One is responsive to pH and functionalized by 
layer-by-layer self-assembly of polyelectrolytes in track-etched nanopores and the other one can respond to light and pH based on 
chemical grafting of spiropyran-PEG chains. Light induced isomerization and protonation/deprotonation caused by pH change can change 
the charge and conformation of functional molecules. Thus these changes can modulate ion perm-selectivity of the channel. For osmotic 
energy harvesting, we designed two strategies to improve ion selectivity of membrane to get higher energy output. One used layer-by-
layer depositing of polyelectrolytes on pore surface to enhance charge density and another one used a high charged hydrogel synthesized 
inside the pore. Results showed a high energy generation for both two strategies of 20 pW per pore. The hydrogel functionalization makes 
it possible to use cylindrical geometry which is adequate for high pore density membrane. For biosensing, we developed a PLL 
functionalized nanopore to detect OSCS contamination in heparin samples based on ionic diode principles. After being treated by 
heparinases, the heparin concentration in residue can reflect the OSCS concentration as OSCS can block heparinases. The heparin 
concentration can then be characterized quantitatively by PLL functionalized nanopore based on ICR change. This experiment confirmed 
the ability of track-etched nanopore to characterize the kinetics of enzymatic degradations. To go further, we immobilized hyaluronidases 
in the channel to characterize the enzymatic reactions at single molecule level using resistive pulse. The results showed that the duration of 
complexion between one hyaluronidase and one hyaluronic acid molecule for one reaction is around 1 second. 
In this thesis, we show the strong ability of polyelectrolytes functionalized track-etched nanopore.  
These well-designed systems can be easily scaled up and these well-developed principles can be used  
to design other systems to solve more problems in health and energy. 
 
 
 



 

 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 
 
 


