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ABSTRACT: Synthetic solid-state nanochannels modified with polyelectrolyte brushes
are an important class of stimuli-responsive nanofluidic déhisesork theoretically
addressethe design of a voltage-triggered nanomechanigate using the collapse
transition ofa hydrophobic polyelectrolyte brush within a long nanocharngloor

solvent conditions, polyelectrolyte brush grafted to the inner surface of a nanochanr{g ;‘I‘fyr/' F;Oelx::slr
can either collapse to its walls or stretch toward its axis in order to form a central de IE

plug. An applied transmembrane potentfaivors polyelectrolyte chain conformations z

that are tilted in the direction ofthe electric fieldand thereforethe transmembrane " y
potentialcan trigger a transition from the collapsed-to-the-center state to the collapsed- X Y

chain density

to-the-wallstate.This work studied this transition as a function dhe length ofthe
polyelectrolyte chainthe hydrophobicity othe polymer backbonend the pH and

ionic strength of the solution. The optimal conditions to achieve a sharp voltage-triggered
transition between the collapsed-to-the-walll the collapsed-to-the-centgructures

were identified.This work also explored the effecbf the voltage-triggered collapse
transition on the transport of probe particles of different sizeshown that there is a balance between the permeability of the
channebnd the selectivity of the two different collapse states for the partittie. particular system explored in this wéhis
balance makes the structurahsition mostly effective to gate the transport of species witlinréftéi ~1 nm range.

~
L

.INTRODUCTION results from the redistribution of the ion concentrations within

The transportof ions through biological nanoporesand the system asa function of the applied pqtentiaP'”'zélln
nanochannels is a complex phenomemdrose selectivity is ot_he_r wordsthe concen.tratlons_dhe ions in each position
granted by the interactions between the ion and the amino within the system are different in the open and closed states.
acids lining the internaburface ofthe channel:? Biological These differences in the concentration profiles are responsible
channels have the ability to allow or block the translocation der the different conductances of these two states.
ions by switching between open and closed states in responseGrafting polyelectrolyte chains to the inner walls of synthetic
to chemicabtimulior changes in the membrane poterifial.  nanochannelis a common strategy to tune theitransport
These channelshave inspired synthetic nanoporesand properties??"?’~*%Previous work ofour group has shown
nanochannelthat aim to reproduce the transportselectiv-  that the structure ofshort nanopores modified by polyelec-
ity"">®and gating behavidrs’found in natureln particular, trolyte brushes gradually deforms as the applied poteistial
the types of stimuli that can gate transportin synthetic increased. In the presenceof an applied potential,
nanochannels have impressively grown over the Iadsfy&ars. polyelectrolyte chains tend to stretch in the directiontbé

The transmembrane potential is an atypical stimulus becawggervoithat has an opposite electric charge to thef the
it can modulate the conductivity odiurrent-rectifying nano- po|ye|ectro|yteVo|tage-driven deformation (@rafted po|y-
Channel@nd it iS,at the same tlmdhe driVing force for ion e|ectro|yte chaingas also been proposed by S|Wy and co-
transportCurrent-rectifying nanofluidic elements exhibit largeyorkers to explain their experimental current-potential curves
currents in their open state and[lupon reversing the polarity;y, pNA-modified nanopore&2~3* The deformation of the

of the applied electric potential(dlow currents in the closed polyelectrolytebrush in responseto the applied trans-
state'® " Current rectification requires an asymmetric charge

distribution with respect to the plane of the membrahiech i
can be achieved either by introducing an asymmetric surfac&eceived: January 12020
charge in a shape-symmetric nanocharfnel, a cylindrical ~ Revised: March 4,2020
channel)?'® by havinga shape-asymmetrizhannel(i.e., Published: March 242020
conical or bullet-shaped channels) with a homogeneous surface

chargé® 2* or by using solutions of different compositions in

the reservoirs>?® In all these casescurrent rectification
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membranepotential affectsthe ionic currents within the In this work,we theoretically design a nanochabeaking
channef*?*both due to electrostatic and steric interactionspositively charged polyelectrolyte chains tehbwsa sharp
In the case where the steric interactions domithetesystem  structural transition with the applied transmembrane potential.
is a voltage-triggered nanomechanicabgaise conduct can  Figure 1 shows a scheme of the proposed dé&igronsider
be opened or blocked in response to changes in the applied
transmembrane potentfal.

The biological counterpartsof the artificial voltage-gated

SRS TH T

nanochannelgiscussedabove are the voltage-gatedon _ °e ° 9
channelsThis important classof transmembraneroteins E =0 o GSEaascaascecapienine o ©
can open/close as a response of the transmembrane potenti o © ({((( ‘ (((“( e

The combination of exquisite ion-transport selectivity (i.e., Ni
vs K')? and gating by voltage enables very selective voltage
activated ion fluxesshich change the state pbélarization of B.
the membrane andultimately,triggeraction potentialsand

IX
z
M/

nerve impulsed.he gating mechanism in biologiciannels ° “’(‘L‘.x"ii!‘bf:’."&(?ﬁ!!lf o
involves a conformationahange in the channéhduced by = 0 o © ° + ©
the electric field across the membradné&or examplein K* 4 R
voltage-gatedon channels,the electric field acrossthe RN R ICS) °

membrane interacts with an a-helix rich in positively chargec
amino acids (S4 heli%)>° The interaction of the electric field
with this voltage-sensingsiduetriggersa conformational
change thatmodifiesthe conductivity state ofthe channel.
Note that while in synthetic current-rectifying channetlse
voltage-dependent conductance results from the reorganiza

Figure 1. Schemeof proposeddesignof a voltage-triggered
nanomechanicgate.A cylindrical nanochannedf radiusR and

length L (R < L) is modified with a brush of a weak polybase with a
hydrophobicbackbone(i.e., the backboneis in poor solvent
tééﬂditions).The nanochannatonnectdwo identicalreservoirof

of the ion concentrations within the system (i.e., a an aqueous solution containing salt anions and ddtiame] OH
reorganizatiorof the local concentrationsof the species  jons.In the proposed desigthe polyelectrolyte is collapsed to the
being transported)in biological ion channels the voltage- axis of the channel (collapsed-to-the-center state) in the absence of an
gated conductance i@ result of structuralchangesn the applied potentigpanelA). After applying a large enough potential

channelitself (i.e., a reorganizationof the environment between electrodes in the resentbiesiorce exerted by the electric
responsiblefor transport). Becauseof these fundamental field on the polybase chains is expected to trigger a conformational
differencessingle voltage-gated biologicalhannelsexhibit ~ transition to the collapsed-to-the-wiite (paneB). In each panel,
sharp on—off transitioné,whose probability depend on the one polymer chain is shown in red to empathize the conformational
transmembrane potenti@n the other handman-made ion- change.

rectifying nanochannelshow gradualconductance changes

with the tfansmembrane potential. A key question i§ how sharpsingle cylindrical nanochannelradius < length) in a
voltage-triggered structurehangescan be produced inan ~ membrane separating two identieslervoirsA potentialAV
artificial nanochannel with a diameter much larger than the sig@pplied between electrodes in each thie reservoirsWe

of a singleion. In this work, we proposeto use the refer to this potentials the transmembrane poteritiatause
hydrophobiccollapseof a polyelectrolytebrush in poor the accessresistanceis much smaller than the channel
solventconditions (i.e.jts microphase separatf’g)wfor this resistance for this systé?'rand thereforethere is no Ohmic
end. drop in the reservoirs and the potentifference across the
End-grafted layersof polymersor polyelectrolytesvith membrane isAV. The inner surface ofthe nanochanneis

hydrophobic backbonesan aggregate in micro-/nanostruc-  coated by a brush of a pH-responsiveositively charged
tures of different morphologies in order to avoid contact withpolyelectrolytayhose backbone is in poor solvent conditions,
the solvent® >’ Changesn the effective segment-segment and thereforethe uncharged state ofhe polyelectrolyte is
attractive strength, by changing either the quality of the solvgidorly soluble in wate®ne example of a polyelectrolyte with

or the average charge per mononesylt in steep transitions these propertiess 4-poly(vinylpyridineg}’ The pH of the
between self-assembled nanostructures with different morphgystem is tuned to allow hydrophobic interactions to dominate

ogies. When the polymer layer is confined within a over electrostaticrepulsionsand, therefore, collapsethe
nanochannethere is a particularly interesting morphological polyelectrolyte brust. Moreover,by proper choice of the
transition between structuresthat are collapsedon the polyelectrolyte chain lengthge collapse occurs in the center

channel'sinner walls (collapsed-to-the-wallstates) and of the channelin equilibrium conditions (collapsed-to-the-
structures in which the polymer chains collapse to the axis ofenter state azero applied potentiagee Figure 1A)Upon

the channel forming a centralplug (collapsed-to-the-center increasingthe transmembrangotential, the electric field
state)’’**The conductance behavior of channels modified byithin the channelsustained by an ionic current) stretches
pNIPAM brushes has been associated with the existence of the polyelectrolyte chains and tilts them in the diiettion.
thesetwo collapseconfiguration$®*° In another example, At a given threshold potential, the electrophoretic force exerted
Speyer and Pastorino studied the transition between the twoby the electric field on the polyelectrolyte chains is expected to
collapse states induced by an applied pressure using molectitigger a transition from the collapsed-to-the-center state to the
dynamics simulatiori8.Based on these previous workhg collapsed-to-the-waitate (see Figure 1B)We theoretically
transition between the collapsed-to-the-center and collapsedstudied this system with a moleculartheory?"*"*2which
to-the-walkstates emerges as an interesting strategy to createxplicitly considers the molecular details of all chemical species
nanochannels with sharp stimuli-induced structural transitioria.the systentheir intra- and intermolecular interactiars]
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the presence ofhe coupled acid—base equilibrium (see the
TheoreticalMethods section and Supporting Information).
The theory used in this work is a nonequilibrium molecular

theory*’because it models the system in the presenee of

steady-state ionic currentVe used the theory to find the
optimal conditions forthe voltage-gated transition from the

collapsed-to-the-center to the collapsed-to-the-wall state and to

evaluateif this transition can be used to control the
translocation of probe particles of different sizes.

.THEORETICAL METHODS

The theoreticatool used in thiswork is a moleculartheory that

pa= | a®in(a®o) -1t or
3 [ aemamw - 1 ar

i=A,CHOH"

+ pGj Y. B{r a)in(B{r a))ds

+j. j‘wz_“mp(l)xnp(ll))dﬂf

+ J ooy - Tenvuniar

o [ apotfoncty + - fome - o pe
o | @ pue + 4 = FO) pugioe

explicitly incorporates molecular details of the system such as the size, _ Z 20 Bu(dr

shapeghargecharge distributioand conformations of all molecular
species in the systethalso considers the intra- and intermolecular

interactionsamong these speciesand the presenceof coupled
chemicalequilibria. In previousworks, the predictionsof the
moleculartheory were found to be in excellentagreementvith
experiments.*>*4We will provide in this section an outline ihie

theoretical framework used in this work, but we refer the reader toga

Supporting Information for a detailed descriptiotheftheorythe
molecularmodel, and the methodologyused for obtainingthe
numericasolutions.

i=A,CH0OH"

-f (1= 1(9) ")) fugy-(dr
)

The first two terms in the right hand of eq 2 representthe
translationabr mixing entropy ofhe solvent and ionsespectively.
The third term is the conformationahtropy ofthe polyelectrolyte
ainsand the fourth term is the effective attractive energy between
ﬁ/mer beads thatpresents the hydrophobicitytbé backbone.
The fifth term is the electrostatic energy of the sytersixth and
seventh contributions to Q are the chemical free energy of the acid—
base reaction3he lasttwo terms resulfrom the factthat Q is a
grand canonicabtentialwith respect to the mobile iort3ur semi-

The formulation of the theory is based on a previously developefirand canonicapotential does not include intermoleculaisteric

nonequilibrium molecular thedhj?which follows the ideas of local
equilibrium approximatidi:*® This approximation statehat the
equilibrium relationships betweenthkkrmodynamic variables in a
nonequilibrium system hold approximatelyaafocal length scale.

Assuming steady-state conditions (the properties of the system dot

repulsions which are accounted for through a packing constraint.
The semi-grand potenti@ldepends on functions that define the

structure of the system and are a priori unkeoemas the number

density of solvent and ions at each pogi{ignwith i = solvenC,

A, H*, OH7; the position-dependent electrostatic potep(iy the

fraction of protonated polymer segments at r, f(r); and the probability

d|j1st{ibution function of the polymer chaj(isaP Note that in eq 2,

he chemicapotentials ofthe ions, pi(r), depend on the position

depend on time}he starting point of the nonequilibrium molecular within the system because the system is in a nonequilibrium steady

theory is a generalized formFatk’s second law dfffusionwhich
relates the mass fluxes in the system with gradiettie chemical
potentials of the corresponding species.

()

—— ==V J() =V[Dp(9 Vpu(n1= 0

at (1

where i= A, C, H*, or OH™ for the anionscations protons,and

hydroxyl ions, respectively, r is the position vector, that is, r = (x, Y14

D; is the diffusion coefficient for the different mmsand y(r) are
the density and chemicgbotentialof the species at position r,
respectiveland B = 1/kT, where k is Boltzmann’s constant and T

is the temperature.
Our approach to obtain an expression fqr(r) and solve the

state rather than in equilibrium (wherespould be constantJhe
functionalextrema ofeq 2 with respecto the unknown functions
mentioned aboveprovidesanalyticalexpressionfor them. The
resulting sebf equationsincluding the equations thdescribe the
fluxes in the system (eq 1)is solved using numericalethods in
order to obtain the nonequilibrium steady-stastructureof the
system and the fluxes of ions.

A main characteristic of the molecular theory is that all interaction
fields and the distribution and chemical states of all species are highly
coupledthus the equations of the theory are solved self-consistently.

In the case of the nonequilibrium molecular thetorgture and ion

sport in the system are also coupled, and therefore, they should be
solved self-consistently (see ref 31). However, in the particular case of
a very long nanochanmiécussed in the present witrls possible

to decouple these two aspects of the problem, which greatly simplifies
its computationareatmenfsee Long-Nanochannfgbproximation

in the Supporting Information). Decoupling of structure and transport
requires to negleatoncentration changes and Ohmic dropshat
reservoirswhich is a very good approximationfor very long

molecular organization of the system is to write down an expressidlhanne|§1- Under this approximatiothe densities obns,solvent,

for the semi-grand canonicéilee-energy potentiaf the system,
which describes a system with fixed chenpictntialfor the ions
and fixed number gbolymer chaindn the present cas¢he semi-
grand canonic8linctionais

2618

and polymer within the very long nanochammelhomogeneous in

the z (axial) direction and inhomogeneities in the/>plane.The
long-nanochannapproximation allowas to map the (computa-

tionally demanding) problem of calculating the steady-state properties
of the three-dimensional system into an equilibrium calculation on the
cross-sectional area of the chamhellatter calculation differs from

https://dx.doi.org/10.1021/acs.macromol.0c00082
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a standard equilibrium calculdtiém an additional term included in  direction, we still keep track ofthe fully three-dimensional

the calculation otthe probability ofeach chain conformation that  coordinates oéll segments afach polyelectrolyte conforma-
accounts for the force exerted by the electric field on the charges ¢fon. Thereforean electric field in the axial direction increases
the polyelectrolytelt should be stressed thatthe long-channel the probability ofthose conformations thatre tilted in the

approximation used in thisvork is invalid for short channelsfor : : . L :
which structure and transport are irremediably coupled (see ref 31§|re<_:t|on of the field. As we explain in the Theoretical Methods
ection and the SupportingInformation, the long-channel

The moleculatheory has some limitationsnd approximations, , . )
which are important to discuss. First, there are approximations ~ @Pproximation allowsis to decouple the problemsof ion
inherent to the theorguch as treating intermolecular interactions intransportand polyelectrolyte organizatiowhich makeshe
a mean-field approximation and using a coarse-grainetbntbgéel  present system computationally tractable.
polymer. The validity of these approximationsis empirically The collapsebehavior of neutral polymer brushesin
supported by the good agreemergtween theory and experiment  channels with rotationa(laxisymmetrigf and axial(transla-
for severaboft-matter systems;****including polymer-modified  tional)*® symmetries in equilibrium has been already discussed
nanochannel$:* A specific approximation involved in the present jn detailin the literature so we willlimit the discussion to a
formulation of the theory is that of homogeneity in the axial dlrectlcraw casef interestfor the design ofthe voltage-triggered

This approximation igeasonable fothe very long nanochannels . o .
studied here, although it has the disadvantagef precluding nanogate. In Figure 2, we present the equilibrium (zero applied

microphase separation (aggregate formation) in the dixéadtion.
In a previous papéf,we showed that the translatiossainmetry of A. Good solvent (x= 0 kgT)
the system can be broken by polymer collapse which creates N=20 .

N = 28 0.10
inhomogeneities along the axiabrdinate (z)In the present case, I [ [
° -0.028 . =0.036 ‘ =0.05

0072 N=40

such symmetry breaking is forbidden by the assumptionof
homogeneity in the axialdirection.However,in ref 37, we also
showed that the aggregates formed by brushes microphase-separ

5 nm

r

in the axialdirection have collapsed-to-the-center and collapsed-to ~0.000 =0:000 —0.00
the-walktatesThereforethe main conclusions of the present paper N=40 065 N=60 0y N=70 ;100
will be valid even for a channel where aggregate formation also oc E I [ [
in the axial direction. The current formulation of the molecular thec ¢ ‘ Lo.032 ‘ Lo.0as ‘ L oos2
also neglects electroosmotic fldWe.importance of electroosmotic 1
flows decreases famcreasing chann&ngt’® and hydrodynamic - —
friction with the polymer brush will also reduce solvent flows; thus, _ —0:000 oslal
believe that neglecting electroosmotic flow is not a crigimad for B. Poor solvent (x= 1.5 k)
the very long polymer-modified channels considerdeitahgwe B =20 shicl M= gy NS ;.
neglected heaproduction inside the nanochannkeécause othe E [ [
Joule effect. This effect can be relevant in microchawhédh,can n o £0.034 . 2016 » Lo
sustain largecurrents(i > 1 mA); however,t is negligiblein ]
nanochannelghere currents are of the order of the nanoamperes. = ! 0.000 ! o.00
‘ . -0.00
. N=40 .., N=60 .., N=70 _,.
RESULTS AND DISCUSSION £ [ [ I
c
Structure of the Nanochannel in Equilibrium (Zero © 0 £0.048 O Lon ‘ fo11
Transmembrane Potential). The organization ofa poly- s
electrolyte brush within a nanochannel is a complex functiony|_ —0.000 —0.00 - 0.00
its radiusthe length of the polymeric chains, the quality of the *
solvent,31a?p7q3gq§ 4£>H and salt concentration of the Figure 2. Color mapsof the polyelectrolyte volume fraction on a

solution’ if order to find the optimal conditions  plane normalo the channehxis The figure shows the effecttb
for the nanomechanical gate proposed in Figwewill first radius of the nanochannel and chain length on the morphology of the
explore the effects athanneradius and chain length in the  polymerbrush. System conditionspH = 8.5, pK, =8, surface
absenceof an applied potential (equilibrium state). This coverage = 0.05 chains/Arand saltconcentration = 0.1 M(a,b)
analysis wilprovide the conditions to form the collapsed-to- Cases of hydrophilic (x = 0) and hydrophobic (x T)pllymer
the-center statt a second stepie will scan the pH and salt backbonesespectively (good and poor solvent conditions).
concentration to find the threshold conditions under which the
system transitionsto the collapsed-to-the-waditate. The electric field) structure of the polyelectrolyte as a color map of
rationale behind this approachis that the voltage-gated the polymer volume fraction (fraction of the volume occupied
transition from the collapsed-to-the-centerthe collapsed- by polymer segments) in the plane normalo the axis for
to-the-walbtructure wilbe optimalwhen the system is inits  different nanochannel radii and chain lengthgood solvent
most sensitivestate, that is, when the polyelectrolyteis conditions (Figure 2A), we observe a transition from a partially
collapsed to the centéyt a small change in variables such asoccluded channel for short chains (N = 20 for R=5nm and N
pH or ionic strength wiltrigger a transition to the collapsed- =40 for R = 8 nm) to a homogeneously occluded channel for
to-the-walbtate. long chains (N =40for R=5nmand N = 70 for R = 8 nm).
We consider here a very long channel (L > R) and use th&he maximum volume fraction inside the channel in the latter
approximation that aitructurabroperties othe system are  case is rather lowdp) = 0.1. This result is consistent with a
homogeneous in the axial direction (all properties are invaridmtush that is fully extended in order to minimize electrostatic

with translationsalong the z-axis).Note that this approx- repulsions.
imation does not preclude the polyelectrolyte chains to stretch On the other handn poor solvent conditions (Figure 2B),
in the axial direction in the presence of the electric field the structure of the polyelectrolyte brush collapses to increase

becausegven though we assume homogeneity in the axial the number of segment—segment contacts. For short polymers,

2619 https://dx.doi.org/10.1021/acs.macromol.0c00082
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the preferred aggregation mechanism collapses to the nanostatic repulsions.For strong segment-segmerdttractions
channel wallsyhile increasing the polymer chain length favorglarge x) and/or low charge density (high pH)the system
collapsing to the channel axis. This result is in good agreemaabpts the most compact conformatianich corresponds to

with the experimentalobservation®f Zhang et al.>® who the collapsed-to-the-center stddetween these two limiting
proposed the existence thie two different collapse states to  scenariosye observe the collapsed-to-the-wall strublote.
explain the different gating behaviorsobserved for nano- that the collapsed-to-the-centerstate exhibits a larger

channelsgrafted with pNIPAM brushesof different chain maximum volume fraction (i.é js more compact) than the

lengths.Interestinglyjn some conditions,we observe that  collapsed-to-the-waliate.

polymer collapse breaks the rotational symmetry of the systerJsing the resultsof Figure 3, we aimed to choose the

(see Figure 2B for R = 8 nm and N = 60)This result is in conditionsthat minimize the applied potentialrequired to

agreementvith previous theoreticairedictions® Increasing  trigger the transition between the two collapsed statese

the radiusof the channelfavorssymmetry breaking in the conditions will correspond to a system that is in the cc_)l_lapsed-

angularcoordinate(such as that observed in Figure 2B) to-the-center state but near the threshold to the tr_ansmon to

because the increase in the circumference provides additionfi€ collapsed-to-the-wathorphology.In an experimental

room for the formation of individual polyelectrolyte aggregatégalizationthe interaction strength x will be fixed by the
Based on the results of Figuren® decided to explore the ~chemistry othe polymerbut the solution pH can be easily

effectof the applied potentiafor R = 5 nm (to avoid the controlled Assuming a value of = 1.5 kgT, we choose the

additional complexity of structureswith broken angular ~ Minimum pH required to obtain the collapsed-to-the-center

symmetry) and an intermediate chain lendth= 28, to be structure in Figure 3, pH = 8.5. These values of X and pH were

near to the transition from the collapsed-to-the-center to the used to analyzethe.effc—:‘.ct of an externalgpplled b|a§on

collapsed-to-the-wall stafieing these parametews, studied ~ Polymer conformation in the next section. The final

the balance between electrostatic interactions (controlled bycqmblnatlon .ofx, pH, chain Igng?hand channera_d|us‘that

the solution pH, lower pHs correspond to strongeglectro- W'lll be US?d n ﬂ;e next_ gect|on Lg,cfoursgrf]ot ur;:que. thg'

static repulsions) and hydrophobic interactions (controlled b%o tage—trlgﬁgrr]e transmonl.can he ound for other c]?m 'Ra'

the segment-segment attraction streggtiigher x indicates ions as well, however believe that our strategy to find the

stronger hydrophobic attractiorisyure 3 shows the effect of _best conditions for th_e voltage—t_rlggered strupitnaalsﬁmns
is generaland potentially usefulin both experimentaland
pH and x on the structure ofthe polymer layerThree well-

defined regimes are apparimihe first regimehe solvent is theoreticabpproachedhe charge of the polyelectrolyte is an

d for th | backb —ond h b important additional design parameterthat controls the
good for the polymer backbone (X. =8)d,as shown above, sharpness of the structural transition because a certain number
the polyelectrolyte chains stretch in order to reduce electro-

of charges are required to couple with the exterlattrical
field, but too many chargeswill increase electrostatic

X/kBT repulsionsbetween chaingnd preventthe collapse ofthe
brush.Thus, for highly charged polyelectrolytege do not
0.00 1.25 1.50 1.75 observe a sharp conformational transition but rather a smooth
reorganization of the layer with the applied potential, similar to
that already reported in ref 31.
9.0 o . . Structure of the Nanochannel in the Presence of an

Applied Transmembrane Potential. We will now consider
the effect of an electric field in the axial direction (which

results from applying a potentlibs between the reservoirs)
8.5 o ‘ . on the structure ofthe polyelectrolyte layeNote that this
T electric field creates ionic currents in the system; therefore, the
system is in a steady state rather than in equilibritiiThe
o starting conformation corresponds to the case pH = 8.5 and x

8.0 o o . =1.5kgT in Figure 3, which is a collapsed-to-the-center

structureFigure 4A shows that for a salt concentration of 0.1
M (same salt concentration as in FiguretBgre is a sudden
transition from the collapsed-to-the-centestate to the
7.5 o o o collapsed-to-the-wadtate upon increasingthe strength of
. the applied electric fieldl he transition occurs between E =
1.03 and 1.29 V/pnDetailed calculations show that the exact
threshold for this transition is E = 1.09 V/untor a typical
y | — nanochannehembrane of L = 10 um prepared by etching of
an ion track'” the transition willrequire an applied potential
X 0.00 0.225 0.45 between the electrodes in the reservoirs of AV = 10.9 V, which

is in the upper limit of those typically used to probe these

4 . .
Figure 3. Color maps ofthe polyelectrolyte volume fraction on a system§. This argumentassumethat all the Ohmic drop

plane normal to the channel axis as a function of the solution pH angeurs within the channeheglecting the access resistances,

the hydrophobicity of the polyelectrolyte backbone, x (larger value¥Bich is an excellent approximation for long Ch_é_hﬁ%'rﬂe
X indicate StrongerSegment—segmemydrophobicattractions). transmembrane pOtentIal reqUIred for the tranSItlon, AV = EL,

Conditions: R =5 nmi\ = 28, pH = 8.5,pK, = 8, surface coverage can be decreased by using channethorterthan 10 ym;
= 0.05 chains/nfand salt concentration = 0.1 M. however, for very short pores, the Ohmic drop in the reservoirs

2620 https://dx.doi.org/10.1021/acs.macromol.0c00082
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pH: (A) pH=8.5and E =0 V/um. (B) pH = 8.5 and E = 1.03 V/um.
oo0t—m——mr—u (C) pH = 8.5 and E = 1.29 V/um(D) pH = 8.0 and E = 0 \V//um.
0.0 02 04 06 08 1.0 Conditions:R = 5 nm, N = 28, pK, = 8, surface coverage = 0.05
[salt] (M) chains/nrfy salt concentration = 0.1 M.

Figure 4. (A) Effect of the electric potential and salt concentration on . o .
the polymerconformation(B) Effect of saltconcentration on the €€ the coordinate system in Figure 1fror a zero applied

average dissociation fraction of the polymer chains. Conditions: Rogential(Figure 5A),the polyelectrolyte chain is symmetri-
nm,N = 28,pH = 8.5,pK, = 8, surface coverage = 0.05 chain/nm cally distributed with respect to the normiathe surface and
its density profile is elongated near the adsxpected for a
due to the accessesistancewill compete with the Ohmic chain-formingpart of the central plug. As the potential
drop inside the pordn those systemihie electric field inside  increases, the chain interacts with the electric field and deforms
the pore will be smallerthan AV/L. For polyelectrolyte- in the axial directiofror E = 1.03 V/um (see Figure 5B)e
modified nanochannels similar to that discussedieehave  chains are tilted in the direction of the field but sbllapsed
previously shown that the access resistances can be neglecteshr the channel axfgove the threshold potential (E = 1.29
up to L =100 nm to 1 pm (the exact value depending on theV/um, Figure 5C),the electrostatic coupling triggers a steep
charge ofhe polyelectrolyte brush),which should resultin  conformationalrearrangementThis transition placesthe
threshold potentialsn the range of AV =0.109-1.09 V. chains almosparallelto the wall and the layerswitches to
These values are welithin the range of those typically used the collapsed-to-the-watbnformation.lt is interestingto
in conductancemeasurementdn summary,this analysis = compare Figure 5C (E = 1.29 V/upHl 8.5) with Figure 5D
indicatesthat the proposed voltage-gated collapsed-to-the- (E = 0 V/um, pH 8.0). In both casesthe polyelectrolyte is
center to collapsed-to-the-wtadinsition is feasible in current  collapsed to the walls, but in Figure 5C, this structure is due to
nanochannelevices. the externatlectricafield, while in Figure 5Dfhis structure

In order to show that the change sfructures observed in  arises from the increase in the charge of the polybase because
Figure 4 is in facttriggered by the proposed conformational of the decrease in pH (see Figure 3n the latter casethe
rearrangementse analyzed the average segment distributiorchain doesnot extend in the axial direction,but it is still
of a single chain within the channel. Figure 5 shows color map#iapsed on the wall.
for the segment density of a single chain (left panels) and the Figure 4A shows that the applied potentialrequired to
volume fraction othe whole brush (righpanelsthe single- switch the conformation nonmonotonically depenats the
chain density profiles are shown as a white contour plot in théalt concentration§; and it has a minimum for intermediate
figure) in the (x, z) plane (this plane contains the channel axisalt concentrations {{= 0.1 — 0.5 M). This effect is ascribed
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to the well-known double role that increasing electrostatic guesses used to solve the molecular thédmgn solving the

screening plays in weak polyelectrolyte systéfnsStarting ~ molecular theorye use a previous solution as an initial guess

from a high-saltoncentrationdecreasing & has the main for the next calculation;therefore,solvingthe theory for

effect of reducing the electrostatic screening between chargéttreasing ordecreasing valuesf E can produce different

polyelectrolyte segmentSirongersegment-segmeméepul- results if the system is bistable. All calculations presented so far

sions favor the collapsed-to-the-wtdte over the collapsed- in Figures 4 and 5 correspond to calculations where E was

to-the-center one (increasing,®roduces in this regime the increased from the equilibrium system (E = 0) to the desired

same effect as decreasing pH; see Figure 3). A further decrdisdvalue.

of salt concentration, on the other hand, produces the oppositel he differentmorphologies observed fdine forward and

effect:it stabilizes again the collapsed-to-the-center structurebackward scans in Figure 6 strongly suggest the possibility of

This effect can be traced back to the decrease in the fractiorhgsteresis in an experimentaalization ofthe systemThe

charged polymesegments because tife charge regulation ~ current—potential curves of many nanochannel systems exhibit

effect. Briefly, a decrease in the salt concentration increaseshygieresisndicating kinetic bistabilit§f:>*>*°>"-%fh some of

electrostatic repulsions between positively charged segmentéiese systemihie bistability has been directly associated with

This process results in an increase in the free energy requirg®lymer relaxati ;34,57

to protonate a segment dfie polybasethereforethe acid- Effect of the Polyelectrolyte Structure on Transport.

baseequilibrium of the basic segmentsshifts toward the In this section,we addresshe question of how the sharp

neutralstate.This arguments supported by the plobf the structural transition predicted by the theory affects the

average fraction charged segments in the brugh, versus  transportthrough the channelThe total flow of a charged

Csarin Figure 4Bwhich shows that (f) rapidly increases with species through the pore is given by (see eq S48 in the

increasing G, for smallsalt concentrations and then plateaus Supporting Information)

for large saltconcentrationslhe decrease in the fraction of

charged segmentswith decreasingCq,; in the low-salt- O F Ej Mi({pe(X, Y)) p(X, Y)dX 3)

concentration regime favotke formation of the collapsed-

to-the-center structure because it is the most compact structifgere the integralins over the cross section of the channel,

(it has a maximum volume fraction hightéfran that of the the subindex“z” indicatesthat the flow occursin the z

collapsed-to-the-walructure). directionpi(x, y) is the number density of species i at position
In previous studiesof polymer brushesin poor solvent  (x, y) (in the long-channaipproximatiorthe concentrations

conditionsye have observed the possibility of having bistablere independenbn the axial position, see the Supporting

systems in equilibriurmhere the molecular theory predicted |Information and Theoretical Methods section) and

the existence of more than one Idtak-energy minima with ~ M,((dp(x, y)») is the ionic mobility ofthe species iwhich is

very different morphologies”°® In order to test whether  related to its diffusion coefficied, as

bistability is presentin the current systemwe solved the

molecular theory for increasing values of the applied potential Mi(<¢e(X,)) = D({pp(X, %)) B9, (4)

until we obtained the conformatiorteainsition,and then we

decreased the electric field back to the equilibrium conditionwhere q is the charge ofspecies and = 1/k gT (kg is

(E = 0). The results of this calculation (Figure 6) show that fdsoltzmann’sonstantand T is the temperature)Note that

some valuesf E, two differentstructurescan be obtained, ~ both D and M are allowed to depend on the localolume

which indicate that this system is bistatlehould be noted  fraction of the polymerge(x,y)). Equation 3 shows that the

that our theory models a steady state; therdf@erocesses ~ transport rate depends in our theory on both the concentration

depicted in Figure 6 are not really a time-dependent potentig®f the transported speciesithin the channel,p, and their

scan,but rather they result from the choice of the initial mobility, M. N
We will first discuss the effect tfe collapse transition on

the density of probe particles within the channel. In our theory,
the concentration of a molecular specasposition r within

‘ £ ‘ £ . (N ‘ & ‘ =Y o the channelis given by (see eq S45 in the Supporting
®

Information)

153
®-9-0-0 A, Y) = g exp o (%, ) = 2 = 4py(x, )

®)

¢ where 11(X, y) is the osmotic pressure at position (s ¥eu
0.00 0.26 0.52 0.78 1.03 1.29 volume of species i, arfifxyy) is the electrostatic potential at
y E(V/um) a position (x, y) at the left entrance ofthe channel(axial
] position z = 0) Equation 2 is valid for very small partidtes,

0.00 0.16 0.32 which 1(x,y) and (x, y) can be considered constant in the

X whole volume of the particléor larger particlesg 5 can be
generalized 6°°
Figure 6. Color maps in the (x, y) plane of the volume fraction of the
polyelectrolyte for a calculation increasing the applied eléetdcal _ buk , bulk
from E = 0.0 V/um to E = 1.29 V/pm (forward sc@per row) and A%, ) = p ex;(—ﬂ§ [w(X, Y, V)(=(X, V) = °7)
a calculation decreasing the electric field from E = 1.29 V/umto E =0
V/um (reverse scanlowerrow). The plot shows the existence of - qi(x .Y, .J)/jy,o(x’,y’)]d r')
bistability in the syster8ame conditions as in Figure 5. (6)
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where r'= (X', ¥, Z') and y(x, y, r')dr’and q(x, y, r')dr’ are In order to evaluatethe effectivity of the proposed
the volume and chargespectivelyhat a probe particle with nanomechanicglate to controlthe transportof particles of
its center at position (x) has in the volume element between differentsizeswe calculate the average concentratiothef
r and r' + dr’. Assuming that the density of the probe is smalparticles within the chann€lwhich we denote &

then the fields%x, y) and 1(x, y) in the presence of the probe 1

are approximated to be the same ashose determined by (" = —j p(X, Y)dxy
solving the molecular theory in the absence of a probe. A

In all our calculationswe allow the strlfcture of the where k = center or walls when the polyelectrolyte layer is in
polyelectrolyte brush to depend on x and y;howeverfor the collapsed-to-the-center in collapsed-to-the-watitate,
simplicity we choose to use solutions with angular symmetry espectively (we also dropped the subscfiptélarity). The
to explore the voltage-triggered structural transition. Therefor,qegra“n eq 7 runs over the area othe channelwhich is

the solutions discussed in the previous section depended ongyya to A. We will study the concentration of the probe within
on r, the radialcoordinateFigure 7A shows the densities of the channelwith respectto that in the bulk, that is, the

()

partition ratiogp*)/p °“k for k = center or wall§he partition

A. 06 Center R =0.7nm indicates whether the probe particle is enricHegh 45> 1,
04 TS\ 77" Walls or depleted(p®/p Pk < 1, within the channeSmall values of
2 02 ’ (P/p P will indicate small transportrates of the probe
"Q. 0.0 particle through the chanr(gloor permeability)We are also
Q. 0.047, R,=1nm interested in the relative ratio afoncentrations between the
- collapsed-to-the-wadind the collapsed-to-the-centstruc-
' \ tures, (p"@'$/(p °*"e5  This value indicates the relative
0.00 S selectivity ofthe probe particle for one of the two states.

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0

Valuesof (p"a'$/(p ce"eS far from unity, thereforejndicate

B r/nm that the structuralrearrangemerdf the polymerlayercan

) ¥ efficiently gate the transport of the probe partitiet is,the

10 channel will allow its passage in one configuration and block it
1P in the other.

10_2 """"""""""""""" Figure 7B ShOWS(pwa"s)/p bulk’ <pcente5/p bulk1 and <pwall§/

16° (peenter)/pbulk (p°e"es (calculated using eqs 6 and 7) as a function dhe
P Sl e (o radius of the particl&,. Probe particles with a radius smaller

107 ... (pwaltsy g pcentery than 1 nm have a concentration inside the chafioelboth

10" collapse states) similar to or slightly higher than in the bulk,

04 06 08 1.0 1.2 14

that is, (p*/p°k >1, becauseof the particle-brush

Rp / nm electrostatic attractiongor particles with R> 1 nm, steric

Figure 7. (A) Density of probe particles with radius,Re 0.7 nm repulsions dominate and the probe concentration inside the

; ; bulk
(upper panel) or 1.0 nm (lower panel) along the radial coordinate ocfhannels IS Sma".er thar_1 in the butﬁ‘)/p <1
the channelor two different states dhe polyelectrolyte brusihe The concentration ratio between the collapsed-to-the-wall

collapsed-to-the-center polymer layer (solid blue lines, correspond3hé collapsed-to-the-centsystemsp"*'5/¢p °", (solid

E = 1.03 V/um) and the coliapsed-to-the-wall state (dashed red linb¥je line in Figure 7B)increases with increasing particle size
corresponds to E = 1.29 V/um)B) Relative concentration tifie because of the increase of steric repulsions between the particle
nanoparticle inside the nanochamit respect to the bulk for the  and the centraplug in the collapsed-to-the-center chkee
collapsed-to-the-center channel (solid blue line) and the collapsedtteat this increase in selectivity comes along with a decrease in
the—wallchanneKdashed red Iine) and ratio ofhe concentrations the permeabi"ty ofthe nanochanne't’hat iS, a decrease of

inside channels in the two different states (short-dashed black Iine2§\§/p buk |n other words, large values Bfiagy o centes (high

a function of the radius of the probe particle. selectivity) occur for small values 8f'5gp Uk and (G°"e5/

p*Uk (poor permeability) and vice ver§ae balance between
probe particles as a function pfvithin nanochannels in the  selectivity and permeability is a recurrésgue found in the
collapsed-to-the-cent@olid blue lines, correspondso the design of synthetic nanochannels for ion sepaf4tfon.

system with E = 1.03 V/um ang,& 0.1 M in Figure 4) and The estimationsof the probe concentration within the
collapsed-to-the-wdtiashed red linescorrespondso E = channelshown in Figure 7 suggestthat the voltage-gated

1.29 V/um and G, = 0.1 M) states.Results are shown for  transition willbe inefficient to contrdhe passage of particles
particles of two different radiidR 0.7 nm and R= 1.0 nm) with a radius smaller than 1 nm because their concentrations
with a single negative charge located at the derdércases,  are very similar in both collapsed stddesause ions havg R

the density ofthe probe is normalized by the bulk density, <1 nm,large changes in conductance are not expected during
ok For both particle sizésigure 7A shows that the smallest the voltage-gated transitiofihis argumentis based on the
density is obtained at the axis thfe channe(r = 0) for the concentration of charge carriers in the chaamdtherefore,
collapsed-to-the-centeonformation and nearthe channel does not consider possible changes in probe mobility triggered
walls forthe collapsed-to-the-waase This resultindicates by the collapse transitiomhich is another factor that dictates
that steric repulsions (i.¢he first term within the integrah the flux of particles through the channel (see eq 3). In the case
eq 6) dominate over electrostatic attractions (second term inof smallions,ion mobility within the polyelectrolyte-modified

the integralin eq 6). As expected from this conclusion, channels a problem difficult to analyzghich is beyond the
increasingthe size of the nanoparticledecreasegs local capabilities obur theory Luijten and co-workers studied ion
density (see density scales in the two plots of Figure 7A).  mobility in flat polyelectrolyte brushes and showed ttat
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mobility strongly dependson the density of the brush? solvent transport. Extending these theoretical efforts to systems
Moreover, different authors have put forwarded simple including soft and biomaterials is challenging because of their
analyticalmodelsthat relate apparendiffusion coefficients =~ molecularcomplexitybut it is also a highly attractive and

within a polymeric gel to the polymer density in th&’yile potentially rewarding research directidrich willenable the

attempted to use these simple models to provide an estimatidesign of novedmart nanofluidic devices.
of the possible effect of the voltage-gated transition on the toi

ion current through the channel (see the Supporting ASSOCIATED CONTENT
Information).In all casesyur results indicate that the changes *  gyporting Information

in ion conductancedue to the collapsed-to-the-center/ 1o gypporting Information isavailablefree of chargeat

collapsed-to-the-walansition will be rather small (<5%). httos://pub 1doi/10.1021/ 1.0c00082
This result can be rationalized by considering that in the two pS:pUbs.acs.orgrdonis. acs.MacromoL.ye '

collapse states the total amount of polymer is the same and the Detailed description ofthe theoreticalmethodsand
polymeraggregates have a similaslume fractionalthough molecular modePDF)

the position of the aggregate changésis,the collapsed-to-

the-centerconformationblocks ions flowing through the .AUTHOR INFORMATION

centralchannelnd the collapsed-to-the-watle blocks ions

flowing near the wallut the totalconductance is similar in Corresponding Authors
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