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Abstract

Thermoplastic nanofluidic devices are promising platforms for sensing single biomolecules due 

to their mass fabrication capability. When the molecules are driven electrokinetically through 

nanofluidic networks, surface charges play a significant role in the molecular capture and 

transportation, especially when the thickness of the electrical double layer is close to the 

dimensions of the nanostructures in the device. Here, we used multivalent cations to alter the 

surface charge density of thermoplastic nanofluidic devices. The surface charge alteration was 

done by filling the device with a multivalent ionic solution, followed by withdrawal of the solution 

and replacing it with KCl for conductance measurement. A systematic study was performed using 

ionic solutions containing Mg2+ and Al3+ for nanochannels made of three polymers: poly(ethylene 

glycol) diacrylate (PEGDA), poly(methyl methacrylate) (PMMA) and cyclic olefin copolymer 

(COC). Overall, multivalent cations within the slip plane decreased the effective surface charge 

density of the device surface and the reduction rate increased with the cation valency, cation 
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concentration and the surface charge density of thermoplastic substrates. We demonstrated that 

a 10-nm diameter in-plane nanopore formed in COC allowed translocation of λ-DNA molecules 

after Al3+ modification, which is attributed to the deceased viscous drag force in the nanopore by 

the decreased surface charge density. This work provides a general method to manipulate surface 

charge density of nanofluidic devices for biomolecule resistive pulse sensing. Additionally, the 

experimental results support ion-ion correlations as the origin of charge inversion over specific 

chemical adsorption.
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1. Introduction

Unique transport phenomena and the capability of high sensitivity sensing in nanoscale 

confinement have made nanofluidic devices such as nanochannels [1, 2] and nanopores 

[3] ideal platforms for single-molecule analysis. In nanofluidic sensing applications, single 

molecules such as DNAs are introduced into the nanochannel or nanopore and their 

physiochemical properties are measured optically and electrically [4–7]. Thus, one of the 

most important prerequisites is to design the device structure and material that facilitate 

filling of fluid/reagents and driving of single molecules into the nanostructures. The rate 

of molecules driven into the nanostructures depends on the geometries, dimensions, and 

chemical properties of the nanostructures contained within the nanofluidic device as well as 

molecules to be transported through the device [8–10].

Recently, nanofluidic devices made of thermoplastics such as poly (methyl methacrylate) 

(PMMA) [11], cyclic olefin copolymer (COC) [12] and polycarbonate (PC) [13] have 

drawn tremendous attention as alternative candidates to replace silicon (Si)- and glass-based 

nanofluidic devices due to their low-cost and large-scale fabrication capability. However, the 

hydrophobic nature of most pristine thermoplastic substrates prevents easy filling of fluids 

and reagents into the nanostructures. To overcome this limitation, surface modification of 

Jia et al. Page 2

Colloids Surf A Physicochem Eng Asp. Author manuscript; available in PMC 2023 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



thermoplastic polymers via O2 plasma or UV/O3 treatment has routinely been performed 

[14–16], which improves the wetting of the substrate by increasing the surface energy. The 

modified hydrophilic surface also prevents biofouling by analytes such as DNAs, RNAs, 

proteins or cells during fluidic operation because of the low polymer-water interfacial 

energy [17]. Despite such advantages, O2 plasma or UV/O3 treatment also makes the device 

surfaces more negatively charged, which often plays a detrimental role affecting the rate of 

entry of single molecules into the nanostructures, especially when the physical size of the 

nanostructure is comparable to the electrical double layer thickness [8,18]. In such cases, the 

ability to modify the surface charge after the cover plate bonding of nanofluidic devices will 

enable easy entry of biomolecules into the nanostructures.

Surface charge density is a key material property of nanofluidic devices related to the ionic 

and molecular transport in the nanostructures [19–21] and thus the ability of controlling 

the surface charge density is critical to the design and fabrication of nanofluidic biosensors 

[8, 18, 22–24]. When a negatively charged (anionic) molecule is electrokinetically driven 

into a nanofluidic device with negative surface charges, the negative surface charges lead 

to a strong electroosmotic flow (EOF), which is opposite to the molecular motion by 

electrophoresis (EP). Therefore, the anionic molecule can be driven into the nanostructure 

electrophoretically only when the force by EP (FEP) is larger than the viscous drag force 

by the EOF (FEOF), and thus Feff = FEP – FEOF > 0 [8, 9, 25, 26]. Here, Feff is the 

effective driving force. Surface charge density of a device not only determines the direction 

and magnitude of EOF but also modifies the electric field strength in the nanostructures, 

affecting both FEOF and FEP, thus Feff [8]. The more negative charges on the polymer 

substrate result in greater FEOF, which may lead to an insufficient Feff for molecules 

to overcome the entropy barrier [27–30] to the nanostructure. Our group experimentally 

demonstrated that double-stranded λ-DNA could only be translocated through in-plane 

nanopores when the device was made of polymers with low surface charge density, which 

also agreed well with the Feff obtained by COMSOL simulation with the same device 

structure [8]. The results indicated that polymer nanofluidic devices with low surface charge 

density were desirable for single molecule analysis and that the ability to control the device 

surface charge density is critical to keep the rate of entry of single molecules into the 

nanofluidic sensors.

There are several ways to manipulate surface charge density of nanofluidic devices [31,32]. 

Inorganic and organic coatings via methods such as atomic layer deposition (ALD), layer-

by-layer self-assembly and silanization could modify surface charge density and surface 

morphology of nanofluidic devices permanently [33]. Al2O3 [34] and HfO2 [35] have 

been deposited on solid-state nanopores using ALD to fine-tune nanopore surface charge 

density, pore size and thus translocation performance. Various surface modification methods 

specifically for nanopore sensing applications can be found in an excellent recent review 

paper by Eggenberger et al. [33] Poly(ethylene glycol) (PEG) has been successfully grafted 

onto various substrates, such as Si3N4 [36], PMMA [14,37] and polydimethylsiloXane 

(PDMS) [38], to suppress EOF and biofouling. pH-tunable zwitterionic polymer brushes 

were grafted on polyimide (PI) conical nanopores to manipulate surface charges and thus 

current rectifications [39]. Compared to the above-mentioned techniques, dynamic coatings 

by surfactants or adding multivalent metal containing salt to the existing buffer is more 
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convenient, flexible, and cost-effective. Polyvinylpyrrolidone (PVP) has been used mostly 

for Si- or glass-based nanofluidic devices [40–42].

However, the existence of surfactant in the carrier buffer may affect the accuracy of 

biomolecule analysis based on resistive-pulse sensing (RPS) and mass spectrometry [14]. 

Another way to modify the substrate surface charge is by introducing multivalent metal 

salts directly into the carrier buffer[43,44]. Unlike commonly used monovalent electrolytes 

(such as KCl [45], NaCl [46] and LiCl [47]) for biomolecule RPS, both numerical and 

experimental studies demonstrated that multivalent cations can reduce or even invert the 

effective surface charge density of silica [48], glass [44] and polyimide [49] substrates 

and thus are good candidates for surface charge alteration of polymer nanofluidic devices. 

Multivalent ions play important roles in many cellular physiology and functions [50]. For 

example, Mg2+ stabilizes polyphosphate compounds in biological cells and acts as a cofactor 

of many enzyme reactions [51, 52]. Therefore, understanding of how the presence of 

multivalent ions affects the physiochemical properties of the device surface and the resultant 

rate of entry and transport of single molecules through nanostructures is critical toward the 

development of polymer nanofluidic biosensors.

In this study, we modified surface charge density of polymer nanofluidic devices to facilitate 

biomolecule translocation by using different multivalent cations: bivalent cation, Mg2+, and 

trivalent cation, Al3+. Unlike previous studies [44, 48, 49, 53, 54] where multivalent cations 

were used in carrier buffer directly, multivalent cations were used to pretreat the slip plane 

of the device surface and the mobile cations in the diffuse layer were replaced by the 

carrier buffer solution for either fluorescence observation (e.g., TE buffer) or ionic current 

measurement (e.g., 1 M KCl solution). The surface modification process used in this study 

is shown in Fig. 1a. Multivalent cation modifications were applied to nanochannels made 

of three polymer substrates via nanoimprint lithography: cyclic olefin copolymers (COC), 

poly(methyl methacrylate) (PMMA), and poly(ethylene glycol) diacrylate (PEGDA). The 

imprinted devices were then bonded to thin COC cover plates. It should be noted that 

prior to bonding the imprinted COC and PMMA substrates were treated with O2 plasma 

while PEGDA substrates were bonded without O2 plasma treatment. The bonded devices are 

denoted as COC-COC (substrate-cover plate), PMMA-COC and PEGDA-COC, respectively. 

In this way, fair comparison on the effect of surface charge alteration by multivalent cations 

could be made. Besides, the electrostatic properties of biomolecules remained unchanged 

when differently treated device surfaces were used. We also studied the effect of surface 

charge alteration by multivalent cations on adsorption and translocation of DNA molecules 

through thermoplastic in-plane nanopores.

2. Materials and methods

2.1. Fabrication of polymer nanochannels

Surface charge modification by Al3+ was conducted on nanofluidic devices made of three 

polymer substrates: cyclic olefin copolymers (COC), poly(methyl methacrylate) (PMMA), 

and poly(ethylene glycol) diacrylate (PEGDA). Their effective surface charge density was in 

a decreasing order of COC (more negative) > PMMA > PEGDA (less negative), as reported 

in our previous work [8]. Nanofluidic devices used for conductance measurements consisted 
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of five nanochannels with the width, height and length of 154 nm, 203 nm and 20 μm, 

respectively, and were fabricated on target substrates via thermal (COC and PMMA) and UV 

(PEGDA) nanoimprint lithography (NIL) at different imprinting conditions. The imprinted 

devices were then bonded to thin COC cover plates. Prior to bonding, the imprinted COC 

and PMMA substrates were treated with O2 plasma for 30 s while no O2 plasma treatment 

was performed for PEGDA substrates. The bonded devices are denoted as COC-COC 

(substrate-cover plate), PMMA-COC and PEGDA-COC, respectively. Details on the device 

fabrication can be found in our previous works [8, 55, 56]. Supporting information Fig. S1 

describes fabrication steps for the polymer nanofluidic devices. SEM images of Si master 

mold and imprinted nanochannels on PEGDA, PMMA and COC are shown in Fig. 2a and 

Fig. S2a-d.

2.2. Surface charge modification by multivalent cations

For surface charge modification of polymer nanofluidic devices, MgCl2 (Sigma-Aldrich) 

and AlCl3 (Sigma-Aldrich) were used as model bivalent and trivalent salts, respectively. 

The step-by-step surface modification process is illustrated in Fig. 1. Nanofluidic devices 

were filled from one side of the microchannels via capillary force. After the microchannel 

was wet, the nanochannels were filled spontaneously by the capillary force. Before each 

conductance measurement, the device was inspected to make sure that all the nanochannels 

were wet and no air bubbles were trapped at nanochannel/funnel inlet interfaces, as 

presented in Fig. S3. We first measured the conductance of nanochannels filled with 10−6 

M KCl (pH 7.0, Tris-HCl) as a baseline. For multivalent ion modification, the KCl solution 

in the nanochannel was withdrawn by a vacuum pump and the device was filled with a 

multivalent salt (MgCl2 or AlCl3) solution of a certain concentration (e.g. 10 mM, 100 mM, 

500 mM and 1 M). After modification, the multivalent salt solution was withdrawn by a 

vacuum pump and the mobile multivalent cations outside the slip plane were replaced by K+ 

through withdraw-and-refill cycles with 10−6 M KCl solution.

Nanochannel conductance was measured every four withdraw-and-refill cycles. The 

conductance decreased as the multivalent salt solution in the nanochannel was replaced by 

KCl solution. We stopped the withdraw-and-refill process when the measured conductance 

value became stable. Then we proceeded to the next multivalent ion concentration. For 

each type of multivalent salt solution, conductance measurements were performed on 

eight nanofluidic devices. AXopatch 200B (Molecular Devices) was used for conductance 

measurements. As documented in Fig. S4, when modified by Al3+, the nanochannel 

conductance tended to saturate from the fourth withdraw-and-refill cycle. The modification 

was stable while a continuous conductance measurement under 1 V bias for two hours was 

performed, as recorded in Table S1.

2.3. Translocation of λ-DNA through Al3+ modified COC in-plane nanopore

Prior to DNA translocation experiment, the binding behavior of negatively charged DNA 

to Al3+ modified COC-COC devices was studied for devices modified with different 

concentrations of AlCl3 solutions (0 M, 10 mM, 100 mM, 500 mM and 1 M). 5 ng/μL 

λ-DNA (New England BioLabs) stained with YOYO-1 (ThermoFisher Scientific) was 

introduced into COC microchannels. DNA solution was withdrawn after 2 min and the 
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microchannel was rinsed with 1× TE buffer (Sigma-Aldrich, containing 10 mM Tris-HCl, 

1 mM EDTA, pH 8.0). DNA molecules binding to microchannel walls was observed by a 

fluorescence microscope (Olympus IX70) with a 100× oil immersion objective (Olympus). 

Fluorescence images were captured by a CCD camera (Photon Max, Princeton Instruments) 

and the number of binding molecules on the microchannel surface was counted using the 

ImageJ software (National Institutes of Health).

DNA translocation experiments were conducted in a COC nanofluidic device containing an 

in-plane nanopore with 10-nm diameter (equivalent diameter after thermal fusion bonding) 

before and after 100 mM AlCl3 modification. SEM images of the in-plane nanopore device 

are shown in Fig. 2b, Fig. S5 and our previous work [8,57]. 1× TE was filled into the 

nanopore device as buffer and then a solution of 5 ng/μL double-strand λ-DNA stained with 

YOYO-1 dye was added to the cis side of the microchannel. Pt electrodes were used to drive 

DNA molecules with a commercial power supply (BK Precision DC power supply 1735).

3. Results and discussion

3.1. COC surface charge modification by MgCl2 and AlCl3

To quantify the variation of surface charge density of the polymer nanochannel walls upon 

multivalent ion modification, we measured the nanochannel conductance in the presence of 

10−6 M KCl before and after the modification. With 10−6 M KCl, the corresponding Debye 

length is ~ 300 nm, significantly larger than the width and depth of the nanochannels. At 

such low salt concentration, the nanochannel conductance, Gs, is governed by the number 

of mobile charge carriers inside the nanochannel, which is proportional to the substrate 

effective surface charge density [58], σeff, as given by,

Gs = 2μopp × σeff × n × w + ℎ /L 1

where n is the number of nanochannels in the device. w, L and h are the nanochannel width, 

length and height, respectively. μopp is the mobility of the counterion and σeff is the effective 

surface charge density.

σeff of a nanochannel wall is defined as the charge density exerted at the slip plane in the 

electrical double layer and thus includes the effects of the surface charge density from the 

bare polymer surface, – σbare, and immobilized counterions within the slip plane, σcounter, as 

given by

σeff = − σbara + σcounter 2

Based on strongly correlated liquid (SLC) theory, as bulk multivalent electrolyte 

concentration increases, the absolute value of σeff will decrease and then increase again 

after charge inversion [48,59]. Accordingly, the measured nanochannel conductance at low 

KCl concentration is expected to decrease as multivalent cations start to bind to the surface 

and then increase again upon further binding after surface charge inversion.
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Fig. 3a and b show nanochannel conductance with 10−6 M KCl solution after the 

nanochannel surface was modified by different concentrations of MgCl2 and AlCl3 

solutions, respectively. For each measured conductance, the surface charge density was 

estimated simply using Eq. (1) with the following experimental parameters: w = 154 nm, h 

= 203 nm, L = 20 μm, n = 5 and μopp = 7.619 10−8 m2V−1s−1 (K+ as counter ions). The 

use of this equation in the estimation of surface charge density can be justified because a 

sufficiently low KCl concentration (10−6 M) was used to measure the conductance.

Overall, the measured conductance decreased dramatically as the multivalent ion 

concentration increased to 100 mM, which is followed by a slight decrease as the 

ion concentration further increased. The decrease in conductance indicates binding of 

multivalent ions to the negatively charged COC surface, leading to a decrease in σeff. It 

should be noted that charge inversion did not occur. The surface modification by Al3+ ions 

resulted in more dramatic decreases in conductance due to a stronger electrostatic interaction 

with the negatively charged COC surface as shown in the insets of Fig. 3. The results agree 

with previous studies, where bivalent cations are less effective to screen [48] or invert [49] 

the surface charge because of their lower Gibbs free energy of ion hydration [44,60] or 

weaker binding energy [61].

Charge inversion or overcharging occurs on surfaces with high surface charge density in 

the presence of multivalent ions [62] and was experimentally observed on silica [48], glass 

[44] and polyimide [49] substrates. For glass substrates, the charge inversion concentration, 

cinv, was as low as 0.5 mM when AlCl3 was used as the electrolyte[44]. The σeff of flat 

glass and silica plates with monovalent electrolytes ranged from − 0.2 to − 40 mC/m2 at 

pH 7 [63,64]. The σeff of the COC-COC nanochannel in KCl (σeff,KCl as indicated in Fig. 

1a) was measured to be − 73.8 mC/m2 [8], higher (more negative) than that for glass and 

silica. However, in our experiment, we did not observe charge inversion even at an AlCl3 

concentration of 1 M. The main difference from previous studies is that, in our work, after 

the device surface was modified with multivalent cations the mobile cations in the diffuse 

layer were replaced by K+ ions, so that the multivalent cations were only confined within 

the slip plane. In previous studies where charge inversion was observed, the multivalent 

cations are present beyond the slip plane, which may impact the effective surface charges 

[62]. According to Lyklem [62,65], it is still an open question if overcharging (charge 

inversion) of a surface in multivalent electrolytes would take place beyond the slip plane. 

If the binding of Al3+ to the negatively charged COC surface is much stronger than the 

binding of K+ to the same surface and thus that the counterions distribution within the 

slip plane (which forms a sharp boarder separating the mobile from immobile counterions) 

remains unchanged upon replacing the residual Al3+ ions by K+ ions, our results support 

the hypothesis that overcharging takes place beyond the slip plane. This also indicates 

that ion-ion correlations would be the dominant contributor for overcharging compared to 

specific chemical adsorption [62, 65, 66].

Comparing Fig. 3a and b, Al3+ reduced the COC surface charge density more efficiently 

than Mg2+, which can be attributed to its stronger binding energy to the negatively charged 

polymer surface [61], and it is in good agreement with previous numerical [59,61] and 

experimental [43, 44, 67, 68] studies. In a similar manner, polymer substrates with higher 

Jia et al. Page 7

Colloids Surf A Physicochem Eng Asp. Author manuscript; available in PMC 2023 January 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(more negative) surface charge density can be screened more effectively by the same 

multivalent ions, leading to greater surface charge reduction rates [68]. Our previous work 

showed that before multivalent cation modification, the magnitude of σeff, KCl increased in 

the order PEGDA-COC < PMMA-COC < COC-COC devices, with σeff, KCl being − 24.1, − 

51.7, and − 73.8 mC/m2, respectively [8]. For those polymer devices, we evaluated the effect 

of the substrate surface charge density on the magnitude of the surface charge modification 

by Al3+ ions, which is shown in Fig. 4a and b. For all the polymer nanochannels, 

the conductance rapidly decreased at lower AlCl3 concentration, which then showed an 

attenuated decreasing rate as the AlCl3 concentration increased. Fig. 4b shows the surface 

charge reduction rate upon AlCl3 modification versus the effective surface charge density, 

σeff,KCl, of different polymers prior to the modification; the Al3+ modified COC-COC and 

PEGDA-COC devices showed the largest and smallest reductions, respectively. In general, 

nanochannels with more negative surface charge prior to multivalent cation modification 

resulted in more surface charge reduction, which is attributed to the stronger electrostatic 

attraction to the counterions.

While our analysis considered the electrostatics aspect only with the assumption that binding 

of multivalent ions to the surface is much stronger than the binding of monovalent K+ 

ions, adsorption of ions on a surface is not an irreversible process and depends not only on 

the valence but also other factors such as ion radius and surface charge [69]. In general, 

the smaller cation or the multivalent cation is preferentially adsorbed at the negatively 

charged surface [69]. The ionic radii of K+, Mg2+, and Al3+ in water are 1.33, 0.65, and 

0.50 Å, respectively, and their hydration radii are 3.3, 4.3, and 4.8 Å, respectively [69,70]. 

The multivalent ions used in this study are slightly larger in hydration radius than K+. 

The Monte Carlo simulation and density functional theory results by Valisko et al. shows 

that when the ionic diameter and valence competes in ionic adsorption, the electrostatic 

advantage of the multivalent ions dominates at lower surface charges, whereas at higher 

surface charges the entropic advantage of the small ions dominates [69]. In their study, 

when monovalent ions with a diameter of 2 Å and divalent ions with a diameter of 4.24 

Å are competing in adsorption at a negatively charged surface, adsorption of the small 

monovalent ions dominated at the surface charges larger than − 900 mC/m2. When divalent 

cations are smaller than monovalent cations, adsorption of small divalent cations dominated 

irrespectively of the surface charge. Because the surface charges of polymer substrates used 

in this study are relatively small, our assumption of the preferential adsorption of Mg2+ and 

Al3+ over K+ and the analysis based on the electrostatics aspect can be justified.

3.2. Adsorption and translocation of λ-DNA through Al3+ modified COC in-plane 
nanopore

Strongly charged polyelectrolyte, for example dsDNA, binding to substrate surface with 

opposite charges has been studied extensively[61, 71]. We studied the effect of Al3+ 

modification on the adsorption and translocation of ds-λ-DNA using an in-plane nanopore 

device made of COC. Fig. 5a-e shows fluorescence images after 5 ng/μL λ-DNA stained 

with YOYO-1 was introduced into and withdrawn from COC-COC microchannels. Even 

though the results from the conductance measurements showed that the COC substrate after 

Al3+ modification (up to 1 M) still held a negative σeff, AlCl3, the number of DNA molecules 
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bound to the surface increased as the concentration of the AlCl3 solution used for the 

surface charge modification increased. Interestingly, the plateau located close to the AlCl3 

concentration of 100 mM, which is consistent with the conductance measurement result in 

Fig. 3b. Besides, the results indicated that binding of Al3+ and the negatively charged bare 

COC substrate with O2 plasma treatment is strong and that local overcharging [54] might 

cause the electrostatic binding of DNA.

We also tested how multivalent cation modification of the COC-COC device affected the 

translocation of λ-DNA molecules through an in-plane nanopore when the molecules were 

driven electrokinetically. In our previous study we could not observe any translocation of 

λ-DNA molecules through the COC-COC in-plane nanopore, which was attributed to the 

increased magnitude of FEOF due to the high surface charge density leading to Feff < 0[8]. 

Fig. 6 shows an optical micrograph of the COC-COC device with an in-plane nanopore and 

the fluorescence images of λ-DNA translocation through the device with and without the 

Al3+ modification taken with a 100× oil immersion lens. Note that the scale bar in the figure 

corresponds to 5 μm. Even though the image was not as sharp, the translocation, piling up, 

and stretching of DNA were identifiable. Prior to AlCl3 modification, all incoming DNA 

molecules electrophoretically driven at a driving voltage of 800 mV piled up in front of the 

nanopore without any translocation. After the modification with 100 mM AlCl3, the DNA 

molecules were driven toward the nanopore and passed through the nanopore under the same 

voltage bias. That can be explained by the reduced magnitude of FEOF due to the lowering of 

σeff on the nanopore wall.

Even though COC-COC devices were modified by AlCl3 solution with a moderate 

concentration, some binding of DNA molecules was observed especially on the pillar 

structures designed for DNA pre-stretching prior to the nanopore. Compared to the DNA 

binding study conducted in the microchannel (Fig. 5), the more confined geometry in the 

nanopillar region, thus higher surface-to-volume ratio, seemed to increase the DNA binding. 

This DNA binding may be associated with the enhanced attraction of DNA molecules 

mediated by multivalent ions existing within the slip plane [72]. Thus, the use of multivalent 

cations to enhance translocation in nanofluidics may require selection of cations with 

appropriate valence and ionic strength, careful design of micro/nanostructures in the device, 

and determination of optimal electrokinetic conditions for the translocation.

The presence of multivalent ions in the nanopore or nanochannel devices is known to affect 

the translocation behavior of biomolecules. When multivalent ions, for example Mg2+, were 

added to buffer solution directly, the translocation velocity of DNA through nanopores was 

reduced due to stronger screening of counterions at both the nanopore surface and the 

chain of the DNA molecules [46,53]. The decreased effective surface charge density on the 

negative DNA strand leads to a decrease in the DNA electrophoretic velocity. Introducing 

multivalent cations within the slip plane only, as demonstrated in this work, would increase 

the counterion screening at the nanopore surface, but the counterion screening on the DNA 

molecules remains unchanged. Therefore, while FEP on the DNA molecule remains similar, 

the decreased effective surface charge density at the nanopore wall reduces FEOF, which 

would lead to a higher DNA translocation velocity compared to the use of KCl buffer 

or adding multivalent salt to the buffer directly. The optimal electrokinetic conditions for 
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biomolecule translocation will be determined depending on the target application, and the 

multivalent ion modification that is presented in this work may be useful for applications 

where an increased translocation velocity is desired. One example of such applications 

includes exonuclease sequencing where an increased velocity of mononucleotides clipped 

from DNA/RNA via enzymatic reaction would reduce diffusional misordering of chipped 

mononucleotides before entering into the nanopore sensor [73]. Binding of DNA molecules 

at the wall of nanopore may also affect the translocation velocity. In our work, however, 

DNA binding was mostly observed at the pillar array region prior to the in-plane nanopore. 

It would be an interesting research topic to study the effect of DNA binding to the nanopore 

surface on the translocation velocity of subsequent DNAs.

It should be noted that the stability of the modified surface is critical to use this surface 

modification method for various applications. Table S1 of the Supplementary information 

shows the time-dependent conductance of 10−6 M KCl up to 2 h after modifying the COC 

nanochannels by 500 mM AlCl3 solution. After 2 h, only 3% of conductance variation 

was observed, indicating a stability of the multivalent ion modification during this period. 

While such stability can be attributed to a strong short-range electrostatic force between 

the multivalent ions and the surface charges, the long-term stability needs to be further 

investigated in the future.

4. Conclusions

In this work, we present a general method to modify the surface charge density in polymer 

nanofluidic devices by using multivalent cations. After filling the nanochannels with a 

multivalent electrolyte, the electrolyte was withdrawn and replaced with KCl, so that 

the bare surface charges on the polymer substrate were screened only by the stagnant 

multivalent cations within the slip plane. We found that the extent of the surface charge 

modification is dependent on the valency of cations and the charge density of the polymer 

substrates. Compared with Mg2+, Al3+ reduced the surface charge of polymer nanochannels 

more efficiently. Despite the reduction, no charge inversion was observed for Al3+ modified 

COC. Overcharging in electrical double layers have been observed when multivalent ions 

are present in both the stagnant and diffuse layer. Our results associated with the absence 

of detectable overcharging in highly negatively charged polymer substrates may indicate 

that overcharging in the electrical double layer takes place beyond the slip plane and 

that ion-ion correlations would be the dominant contributor for overcharging over specific 

chemical adsorption. Surface charge reduction by Al3+ was more effective for polymer 

substrate possessing more negatively charged surface. After Al3+ modification, we could 

translocate λ-DNA molecules through a COC-COC nanofluidic device equipped with an 

in-plane nanopore. However, electrostatic adsorption of λ-DNA molecules observed in 

the multivalent cation modified polymer substrate is an issue to be considered before 

implementing this technique for enhancing translocation of biomolecules in polymer 

nanofluidic devices.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Surface modification process. The left panel describes how the electrolyte solution was 

introduced into the nanofluidic devices and the right panel presents schematics showing the 

changes of ion distribution inside the nanochannel (cross-section view along the channel). 

Step 1: Nanochannel conductance measurement before multivalent ion modification. A 

nanofluidic device was filled from one side of the microchannels with 10−6 M KCl. 

Once the microchannel was wet, the nanochannels were filled spontaneously by capillary 

force. From the measured conductance, σeff, KCl was calculated as a baseline. Step 2: 

Surface modification by multivalent ions. The KCl solution in the nanofluidic device was 

withdrawn by a vacuum pump and the device was filled with multivalent electrolyte (MgCl2 

is shown as an example) having different concentrations. Step 3: Conductance measurement 

after modification. The mobile multivalent cations outside the slip plane were replaced 

with 10−6 M KCl by repeating withdrawal and refilling process multiple times. This step 

was monitored by measuring the nanochannel conductance every four withdraw-and-refill 

cycles. If the measured conductance was not saturated to a stable value (lower than the 

baseline), this step was repeated. σeff, MgCl2 was calculated from the saturated nanochannel 

conductance value after the modification.
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Fig. 2. 
(a) Si master mold for thermoplastic nanochannels replication, top-view. It contains five 

nanochannels with the width, height and length of 154 nm, 203 nm and 20 μm, respectively. 

Inset, the cross-section SEM image of one of the nanochannels (scale bar 200 nm in white). 

The structures in the Si master mold were replicated twice to produce final devices in 

PMMA, COC, and PEGDA. (b) Si master mold containing a single in-plane nanopore 

for DNA translocation, top-view. Pillar arrays were milled before and after the pore for 

DNA stretching. Funnel inlet/outlet were built to connect the microchannels. Inset, high 

magnification SEM image of in-plane nanopore top-view. (scale bar 500 nm in white).
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Fig. 3. 
Conductance and effective surface charge density of COC nanochannels after modification 

by MgCl2 (a) and AlCl3 (b), with different ion concentrations of 0 mM, 10 mM, 100 mM, 

500 mM and 1 M. The effective surface charge density values were calculated from Eq. 

(1). Values in brackets indicate the conductance/surface charge density reduction rate in %. 

The insets illustrate schematics on the electrostatic interaction between the cations and the 

negatively charged COC surface.
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Fig. 4. 
(a) Conductance and effective surface charge density of PEGDA-COC, PMMA-COC and 

COC-COC nanochannels after modification by difference concentration AlCl3 solution. 

Nanochannel conductance decreases monotonically as AlCl3 concentration increases. Values 

in brackets indicate conductance/surface charge density reduction rate in %. (b) The surface 

charge reduction rate upon AlCl3 modification versus the effective surface charge density, 

σeff, KCl, of different polymers prior to the modification. Nanochannels with more negative 

surface charge prior to multivalent cation modification resulted in more surface charge 

reduction due to stronger electrostatic attraction to counterions.
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Fig. 5. 
λ-DNA binding to Al3+ modified COC microchannel wall. (a)-(e) fluorescence image of λ-

DNA binding to COC microchannel wall modified by AlCl3 having different concentrations. 

The scale bar is 15 μm in white. (f) the number of binding DNAs as a function of AlCl3 

concentration. Data at 1 M is not available due to a large amount DNA was stuck to COC 

surface and got stretched during withdraw-and-refill process. Inset illustrates how negatively 

charged stained DNA binding to Al3+ modified COC substrate.
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Fig. 6. 
DNA translocation through a COC device with an in-plane nanopore. (a) Bright filed top-

view image of the COC in-plane nanopore device. (b) Before multivalent ion modification, 

all the incoming DNA molecules piled up in front of nanopore and no translocation event 

was observed. (c) After modification by 100 mM AlCl3, DNA translocated through the in-

plane nanopore. The results indicated that a surface charge reduction for the COC in-plane 

nanopore facilitated the translocation of DNA through the nanopore Some DNA molecules 

were found binding to the pillar structure before and after the nanopore. The image was 

taken with a 100× oil immersion lens and the scale white scale bar corresponds to 5 μm.
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