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Abstract 

A significant growth of research in nanofluidics is achieved over the past decade, but the 

field is still facing considerable challenges toward the transition from the current physics-

centered stage to the next application-oriented stage. Many of these challenges are associated 

with materials science, so the field of nanofluidics offers great opportunities for materials 

scientists to exploit. In addition, the use of unusual effects and ultrasmall confined spaces of 

well-defined nanofluidic environments would offer new mechanisms and technologies to 

manipulate nanoscale objects as well as to synthesize novel nanomaterials in the liquid phase. 

Therefore, nanofluidics will be a new arena for materials science. In the past few years, 

burgeoning progress has been made toward this trend, as overviewed in this article, including 

materials and methods for fabricating nanofluidic devices, nanofluidics with functionalized 

surfaces and functional material components, as well as nanofluidics for manipulating 

nanoscale materials and fabricating new nanomaterials. Many critical challenges as well as 

fantastic opportunities in this arena lie ahead. Some of those, which are of particular interest, 

are also discussed. 

 

 

 



This is an author final version of the paper published in Advanced Materials:  
Y. Xu, Adv. Mater., 2018, 30, 1702419; doi:10.1002/adma.201702419. 
The published version can be downloaded at the official website of Advanced Materials.  
http://dx.doi.org/10.1002/adma.201702419 

          

3 
 

1. Introduction 

Nanofluidics is the study and application of fluids in and around geometries with nanoscale 

characteristic dimensions. The field of nanofluidics is not brand-new. Some issues associated 

with nanoscale fluidics have been occasionally dealt with by researchers in membrane science, 

colloid science, and chemical engineering for many decades.  Nonetheless, nanofluidics has 

never attracted as much attention as it does now, owing to advances in nanofabrication, which 

give a boost to the recent growth of nanofluidics.[1–5] The increased availability of 

nanofabrication methods over the past two decades allows the fabrication of well-defined 

nanofluidic geometries such as nanochannels and nanopores to form novel nanofluidic 

devices.[6–8] Such devices, usually solid-state, planar, and transparent, are compatible with 

some available tools used in chemistry, physics, biology, and engineering. Such devices 

therefore provide accessible experimental platforms allowing the study of nanofluidics by 

researchers with different backgrounds, and in turn new tools and methodologies are 

increasingly being developed. As a result, exploration and application of nanoscale fluid 

behaviors and related phenomena in a controllable, reproducible, and predictable way 

gradually become possible.[9–17] In this article, the selected topics are mainly discussed in the 

context of nanofluidics confined in such nanofabricated devices with well-defined nanofluidic 

environments.  

Nanofluidics is usually considered to be a realm evolved from microfluidics, but is 

obviously not just an extension of microfluidics. New physical phenomena and mechanisms 

which are not observed at microscales or in bulk start to emerge and dominate at nanoscales, 

opening up a virgin research territory to explore new scientific insights and applications of 

fluids. The representative phenomena and effects that have been unveiled include nonlinear 

transport (such as concentration polarization,[18–23] ion-current rectification[24–28]) and altered 
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liquid properties of water (such as lower dielectric constant,[29,30] higher viscosity,[29–31] and 

higher proton mobility,[32–34] than in the bulk), mostly stemming from ultra-high surface-to-

volume ratios, surface charge, and electric double layer overlap exhibited in nanochannels 

(Figure 1). The discussions of these phenomena, as shown in Figure 1, mainly focus on a 

range of length scales between 1 nm and 100 nm, which are the typical scales of nanofluidics 

(herein referred to as “classical nanofluidics”).[1,2,5] In many occasions, the discussions even 

extend scales over 100 nm to several 100 nm, which falls in a range of scales sometimes 

called “extended nanofluidics” (10–1000 nm; Figure 1).[4,35] From a perspective of application 

potential, the length scales of the so-called extended nanofluidics embrace a much wider 

range of nanometric objects, for example, nanoparticles, DNAs, viruses, exosomes, lipid 

vesicles, and polymers (Figure 1), which are of great interest in materials science, physics, 

chemistry, biology, energy, bioengineering, drug discovery, and clinical medicine. In addition, 

even though in the cases of handling such nanometric objects in extended nanofluidic 

environments with features larger than 100 nm (i.e., beyond the range of classical 

nanofluidics), the length scales of interspaces/fluids among the nanometric objects or between 

the channel walls and the nanometric objects often lie in the range of typical scales of 

classical nanofluidics (i.e., 1–100 nm). In such cases, physics and principles of classical 

nanofluidics can be of course applied or further explored. From these views, therefore, 

“nanofluidics” discussed in this Progress Report covers both regimes of “classical 

nanofluidics” and “extended nanofluidics” (Figure 1).  

In the past decade, nanofluidic transport phenomena and effects have been intensively 

investigated, and a few striking applications (for example, nanopore-based DNA 

sequencing,[36–39] nanofluidic diodes or transistors[28,40–43], and resistive-pulse sensing[12,44–46]) 

have been demonstrated. The progress in these aspects has been reviewed extensively in the 
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abovementioned recent publications and we will not go into details in this article. However,  

nanofluidics is still in its young stage, especially in comparison with its booming "brother" 

microfluidics. Because nanochannels are ultra-small closed space systems, most standard 

tools widely used in microfluidics as well as in nanosciences for open planar systems are 

difficult to directly apply to the field of nanofluidics. The technologies and methodologies 

enabling low-cost, high-throughput nanofabrication of nanochannels, nanofluidic control, 

nanofluidic measurement, function integration, molecular detection are still lacking. These 

major challenges not only hinder the involvement of much more researchers in many other 

fields to work with nanofluidics, but also impede the transition of nanofluidics research from 

the current physics-centered stage to the next application-oriented stage.  

However, these challenges are also big opportunities for researchers with different 

backgrounds, for example, materials science. Materials science is expected to play an 

important role in not only nanofabrication, as it has already contributed to the field of 

nanofluidics, but also others. For example, well-defined nanofluidic environments would be a 

new arena to exploit possibilities of materials unachievable in the bulk and microscales. This 

is not only because of the aforementioned unique phenomena and effects of nanofluidic 

transport, but also because nanochannels are predicted to display unusual properties closely 

related to materials, due to their ultrahigh surface-area-to-volume ratios, ultra-short diffusion 

lengths, and ultra-short heat transfer distances. In addition, as listed in Figure 1, many 

important materials of great interest to the multidisciplinary community lie in the same length 

scales as nanofluidics, so nanofluidics opens up possibilities to separate, isolate, detect, 

manipulate, assemble, and organize these nanometric materials with a spatial and temporal 

resolution which is ever unattainable. Meanwhile, the assembly and manipulation of 

functional nanometric materials in nanochannels will in turn provide well-controlled 
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additional functions and promise to greatly improve the capabilities of nanofluidics for the 

creation of versatile new systems and applications.  

Some efforts and trials on the exploration of associating functional materials with 

nanofluidics have been carried out in the past few years, though not a lot. The goal of this 

article is to provide a selected overview of the recent progress, rather than a comprehensive 

review of the entire field. As conceptually depicted in Figure 2, the progress is summarized 

into five main directions: (1) materials and methods for fabricating nanofluidic devices 

(Figure 2a), (2) nanofluidics with functionalized surfaces (Figure 2b), (3) nanofluidics 

integrated with functional material components (Figure 2c), (4) nanofluidics for manipulating 

biological and nanoscale materials (Figure 2d), and (5) nanofluidics for the fabrication and 

synthesis of nanomaterials (Figure 2e). These five directions also form the following sections 

of this article, focusing on subjects of materials associated with the nanofluidic devices 

having well-defined nanochannel structures, as shown in Figure 2. To provide a full picture of 

recent progress in the first direction, new materials such as carbon nanotubes and two-

dimensional materials to form alternative types of nanofluidic devices are also involved. In 

addition, in both past (as described in the very beginning of the article) and present, there is 

also a fairly significant intersection between micro-, meso-, and macroporous materials and 

nanofluidics, primarily driven by separations and catalysis, for example, molecular sieves 

(e.g., zeolites),[47–49] capacitive deionization,[50–52] metal–organic frameworks,[53–56] etc. These 

subjects are not covered here and interested readers are directed to other excellent reviews and 

articles on these subjects. 

 
 
2. Materials and Methods for Fabricating Nanofluidic Devices 

2.1. Major Materials and Methods  
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Out-of-plane nanopores and in-plane nanochannels are two typical nanofluidic structures. 

Nanopores can be biologically formed in lipid bilayers,[57] nanofabricated in thin solid-state 

membranes (for example, polymer membranes and silicon compound membranes such as 

silicon nitride membranes),[57–59] created in two-dimensional (2D) materials such as 

graphene,[60] or made in a hybrid of these materials. Nanopores have been applied to single 

molecule detection and DNA sequencing based on a principle of ionic or transverse tunneling 

current sensing through a nanopore. The materials, fabrication, and applications of nanopores 

have been well described in recent review articles[44,61–65] and will not be considered here.  

Nanochannels are the core components of most nanofluidic devices. The methods for the 

fabrication of nanochannels vary depending on the substrate materials. Silicon was used to 

fabricate nanochannels in the early time via the direct transfer of nanofabrication technologies 

well established in the field of microelectronics.[66–68] In the past years, the fabrication of 

nanochannels in glass (fused-silica glass, in general) substrates was developed. Afterwards, 

glass became a major substrate material for the fabrication of nanofluidic devices, because of 

its excellent properties which are favorable for chemical and biological studies and 

applications. These excellent properties include superior optical transparency, thermal 

stability, chemical/biological inertness, mechanical robustness, and hydrophilic nature which 

is favorable for liquid introduction. However, besides the high cost of glass substrates,  glass 

nanochannels are generally fabricated using expensive nanofabrication technologies such as 

e-beam (EB) lithography combined with plasma dry etching[69,70] or focused ion beam (FIB) 

lithography[71,72] through a series of delicate, sophisticated, and time-consuming processes 

conducted in high-class clean rooms. Such strict and expensive conditions have unfortunately 

restricted the development of glass nanofluidic devices to only a few research groups. 

Therefore, new alternative materials and methods for the fabrication of nanochannels are 
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being explored for the purpose of efficient and economical promotion and acceleration of the 

development of nanofluidics. 

 

2.2. Alternative Materials and Methods  

Polymer-based materials are attractive alternatives, because of their low cost and flexible 

processing.[73–77] While polymer-based materials have been widely used to fabricate 

commercial microfluidic devices, their use in the fabrication of nanofluidic devices is still 

relatively rare.  Unwanted deformation during the replication of nanochannel structures is a 

critical problem. Some groups have attempted to resolve the problem.  For example, Park et al. 

achieved a significant reduction of unwanted substrate deformation during a direct single-step 

imprinting process by using a polymer stamp comprising a UV-curable resin.[73]  The use of 

the technique enabled them to fabricate sub-100-nm nanochannels on 

poly(methylmethacrylate) (PMMA) substrates.  

Similarly, fabricating nanochannels in soft materials like polydimethylsiloxane (PDMS) 

has faced many challenges, despite its popularity in the fabrication of microfluidic devices. A 

major challenge is dimensional instability and roof-collapse of channel structures after 

bonding, resulting from the low stiffness of regular PDMS (due to the low Young's modulus). 

While the use of hard-PDMS (h-PDMS) can somewhat alleviate the problem,[78–80] previous 

studies on the mechanism of such channel collapse have brought about new strategies of 

nanofluidic fabrication through active manipulation of the collapse.[81,82] Craighead et al. 

demonstrated the cost-effective fabrication of PDMS nanochannels based on the controlled 

collapse of microchannel structures.[83] PDMS nanochannels as small as 60 nm was achieved 

and DNA elongation experiments were demonstrated in the fabricated nanochannels. 
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However, due to the insufficient controllability of the geometric dimensions, further study is 

necessary to improve the fabrication repeatability and reproducibility of this technique.  

In 2015, Kim et al. reported an alternative technique for fabricating PDMS nanofluidic 

devices based on another type of materials failure—cracks.[84] Cracks are often considered 

unfavorable especially in micro-/nanofabrication, but have been actively utilized to form 

micro-/nanopatterns sometimes. The technique developed by Kim et al., called cracking-

assisted photolithography, overcome several crucial weakness and limitations of conventional 

cracking-based micro-/nanopatterning, such as limited substrate materials and incapability of 

manipulating crack development. In their study, to form cracks, micro-notch structures were 

first fabricated by using a standard photolithography process on a previously ultraviolet-

exposed photoresist (SU-8) film (Figure 3a), which exhibited a gradient in cross-linking 

density (elastic thin layer and viscoelastic foundation) along the direction normal to the 

substrate (Figure 3b). These micro-notch structures as well as tensile stresses resulting from 

the gradient structures of the photoresist layer enabled well-controlled crack initiation, 

propagation, and termination (Figure 3a, b), during the development process.  Nanopatterns 

resulting from the cracking could be easily controlled by the shape of the micro-notch 

structures and other process parameters. Hence, the technique allowed the production of 

various nanopatterns (for example, nanochannels) with accurately controlled geometric 

dimensions on a large area. The nanopatterns could be employed as master moulds to 

replicate complex nanofluidic devices using h-PDMS though soft lithography. A high-

throughput nanofluidic device which has 1,000 pairs of microchambers connected through 

crack-assisted nanochannels for nanofluidic transport was also demonstrated (Figure 3c–g). 

Therefore, the cracking-assisted photolithography provides a promising way to fabricate 

nanofluidic devices without using high-cost conventional nanolithography. In addition, it also 
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holds the potential to derive different approaches based on the same concept. For example, 

more recently, the fabrication of PDMS nanochannels with controllable channel size and 

spacing by taking advantage of solvent-induced crack formation was reported by Li et al.[85]  

 

2.3. New Materials 

Carbon nanotubes (CNTs) have emerged as new materials for studying unusual transport 

phenomena confined on length scales corresponding to molecular dimensions, because it can 

be directly employed as nanofluidic channels without complicated lithography processes.[86,87]  

In the early time, however, it was difficult to fabricate a CNT nanofluidic device, so 

researchers used molecular simulation as the first tool to study fluid characteristics in 

CNTs.[88–90] In the past few years, experimental studies were achieved first with CNT 

membranes and thereby opened up the road to exploit unique transport effects in CNTS and 

potential applications. Because the probed transport are averaged behaviors across numerous 

nanochannels in the CNT membrane, more recently there is a trend to experimentally study 

transport in isolated single CNTs to unveil detailed fluidic characteristics in CNTs. Some 

groups have built single-CNT nanofluidic platforms by overcoming the great challenge to 

embed single CNTs in micro/nano devices via various approaches.[91–95] These platforms offer 

great potentials to utilize CNTs as building blocks to flexible build devices with complex 

nanofluidic networks in the future.  

Two-dimensional (2D) materials such as graphene, graphene oxide (GO), and other related 

materials are another new material family of great interest for nanofluidics.[96,97]  Like CNTs, 

the layered structures of these 2D materials based large-scale membranes allow the 

fabrication of nanofluidic devices through non-lithography approaches. The concept stems 
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from the fact that the interlayer spaces between 2D materials form nanoscale channel 

networks, allowing 2D confinement and transport of ionic species and molecules.  

The concept was experimentally proved by Huang et al. in 2012.[98] They demonstrated the 

feasibility of fabricating cation selective nanofluidic devices through 2D layered materials. 

Large-scale arrays of nanochannels with height of ∼ 1 nm were formed by restacking 

exfoliated GO sheets into a multilayer structure. GO sheets were negatively charged when 

dispersed in water, due to various oxygen containing groups presented on them. Surface-

charge-governed nanofluidic ion transport (i.e., enhanced ionic conductivity) through such 

reconstructed layered GO sheets was observed for electrolyte concentrations as high as up to 

50 mM. The work manifested that the use of 2D layered materials would be an innovative 

solution to the facile creation of flexible and large-scale (centimeter-long) nanofluidic devices.   

The concept was also proved by others later.[99,100] For example, Jiang et al. constructed a 

macroscopic nanofluidic network in a layered graphene hydrogel membrane (GHM) with 

interlayer spacing of approximately 10 nm.[100] The layered GMH membrane was prepared 

through a simple solution process with low cost. In their design, electrolytes pass through the 

membrane vertically, generating a cross-membrane ionic current. The study also suggested 

that the layered GHM-based nanofluidic circuits could be used as fluidic energy conversion 

devices.  

In 2015, Huang et al. further demonstrated the proof of concept of such kind of nanofluidic 

devices using more readily available clay layers rather than GO and graphene-based 2D 

materials.[101] They selected vermiculite as a model clay material in their study. Vermiculite is 

a layered magnesium aluminosilicate comprising two tetrahedral phyllosilicate sheets for 

every one magnesium-based octahedral sheet (Fig. 4a). The reassembly of chemically 

exfoliated vermiculite sheets by vacuum filtration created a thin vermiculite film (Fig. 4b) 



This is an author final version of the paper published in Advanced Materials:  
Y. Xu, Adv. Mater., 2018, 30, 1702419; doi:10.1002/adma.201702419. 
The published version can be downloaded at the official website of Advanced Materials.  
http://dx.doi.org/10.1002/adma.201702419 

          

12 
 

having a uniform lamellar microstructure with well-defined interlayer spacing (Fig. 4c), 

which forms nanochannels for experiments (Figure 4d). The vermiculite nanochannels 

showed higher-than-bulk proton conductivity (Figure 4e) and remarkable thermal stability 

greatly better than that of GO nanochannels. These features are favorable for the development 

of nanofluidic devices with low cost for long-term use. 

More recently, Cheng et al. demonstrated that the interlayer spacing of layered graphene-

based membranes can be continuously tuned by a solvent exchange method.[102] This made it 

possible to measure unusual scaling behaviors of both diffusive and electrokinetic ion 

transport in nanochannels with sizes across the entire range of sub-10-nm, which has been 

technical difficulties for conventional nanofluidic platforms. 

The use of carbon nanotubes and 2D materials provides alternative ways to flexibly 

fabricate large-scale nanofluidic devices without using traditional nanolithography 

technologies. Considering these advantages, we can expect that these new materials will have 

a more and more important role in the field of nanofluidics in the future. 

 

3. Nanofluidics with Functionalized Surfaces 

Due to ultrahigh surface-to-volume ratios of nanochannels, surface properties dominate 

both “surface-charge-governed” and “geometry-governed” transport phenomena in 

nanofluidic devices, as well as capabilities and performance of various nanofluidic 

applications. Hence, the ability to modify and functionalize the surface characteristics of 

nanochannel walls is of great interest in the field of nanofluidics. The surface modification 

and functionalization are not only greatly helpful in the elucidation and exploration of unusual 

nanofluidic effects, but also indispensably crucial in the creation of novel devices and 

applications through making full use of the unusual effects. However, because nanochannels 
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are ultra-small closed space systems, their surface modification and functionalization are not 

very easy. Especially, nanochannels tend to get clogged much more easily in comparison with 

microchannels, resulting in difficulties to use most useful methods of surface modification in 

microfluidics or for open surfaces.  

Despite these challenges, some advances have been made recently. The major motivation 

of surface functionalization in most recent cases has been to obtain means to enable the 

“smart” control of nanofluidic transport behaviors (for example, ionic gating, ionic current 

rectification, nanofluidic diodes/transistors, and biomimetic ion channels), to response various 

environmental variables such as pH,[26,103–106][40] temperature,[40,107] ions,[104,108] specific 

molecules,[108–110][40] and electrochemical potential.[26] A variety of chemical substances 

including small molecules,[26,104,105] supramolecules,[108] biomolecules (for example, 

DNA),[110] and polymers[26,106,109]  have been used to modulate surface charge,[104,106,111] 

wettability,[104,112] polarity,[106] functional groups,[26,103,105,106,109,110] through a wide range of 

methods such as chemical coupling,[26,103,104,108] ultraviolet (UV) irradiation,[105,112] physical 

adsorption,[111] self-assembly,[106,110,111] graft,[106,109] electrochemical polymerization,[26] 

spontaneous self-polymerization.[106] These advances have been reviewed elsewhere[24,113,114] 

and herein we will not further discuss in details. 

As nanofluidics shows promise in single-molecule studies of biomolecules such as proteins 

and DNAs, the development of nanofluidic devices for these studies has increased recently 

and will attract more attention in the future. In comparison with ions and water molecules 

which have been the main players in previous studies of nanofluidic transport, biomolecules 

are usually larger molecules whose sizes approach characteristic dimensions of the 

nanochannels. Hence, surface effects get more dominant and hold greater impact on 

biomolecules. Then, intimate interactions between biomolecules and nanochannel walls 
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simultaneously offer both opportunities and challenges. For example, the use of these 

interactions provides a promising way to directly observe, manipulate, and even probe 

organization of single biomolecules, but clogging, debris, and nonspecific adsorption resulting 

from undesired interactions are critical issues significantly affecting results. To tackle the 

challenges, surface modification of nanochannel walls is essential, but so far little progress (in 

terms of recent published papers) has been made because of difficulties. Herein, we select one 

impressive work reported by Tegenfeldt et al.[115] to make a simple introduction. To resolve 

the problem resulting from nanospecific protein adsorption in their study on the interaction of 

single DNA with proteins in nanochanenls, they developed a method for surface modification 

of nanochannels based on a lipid bilayer (LBL), which is a universal component of most cells 

and has ability to suppress non-specific bindings. In their method, they first introduced lipid 

vesicles (approximately 70 nm in diameter) to a microchannel (100 nm order), where the lipid 

vesicles ruptured, and formed a LBL to coat entire microchannels (Figure 5a). Then, the LBL 

in the microchannel spontaneously spread into nanochannels. As a result, a uniform lipid 

bilayer with fluidity and continuity formed in the nanochannels.  Because the lipid bilayer 

exhibited high capability to avoid nonspecific adsorption of proteins (Figure 5b, c), it enabled 

the rapid movement of protein-DNA complexes in the nanochannels (Figure 5d). Therefore, 

the lipid bilayer-based coating is very useful to facilitate the direct visualization of the 

structure and the dynamics of protein-DNA complexes in nanochannels.[115–121]  Last but not 

the least, it is worthy of attention that more recently Kitamori et al.[122] demonstrated that the 

use of a nanochannel coated with a lipid bilayer allowed sampling of a single cell content, 

which has been a challenge in single cell analysis because of the ultra-small volume.  

Nonetheless, functionalization and modification of nanochannels are still facing 

considerable challenges. For example, solutions to accurate and selected modification of 
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partial surface of nanochannel walls are still lacking, though some promising methods[123–126] 

have been reported (one of them, namely nano-in-nano integration,[126] will be described in 

the next section).  In addition, due to quite large size of polymer molecules, surface 

functionalization with polymers is practically difficult, though many studies based on 

simulation and modeling have suggested that the involvement of polymers on nanochannel 

walls would bring about not only desired unusual effects on nanofluidic transport but also 

versatile nanofluidic applications.[127–131] 

 

4. Nanofluidics Integrated with Functional Material Components 

To advance the transition of nanofluidics research from the recent physics-centered phase 

to the next application-oriented phase, abilities allowing the integration of various kinds of 

functional material components into nanofluidic devices are indispensably required. 

Functional materials can serve as fluidic, chemical, biological, electrical, optical, thermal, and 

magnetic components in nanofluidic devices. Through the integration, unusual phenomena of 

nanofluidic transport and characteristic effects of confined nanospace are coupled with 

diverse properties of various functional materials. Synergy effects beneficial from such 

integration would offer formidable opportunities to create groundbreaking ideas as well as 

breakthrough applications. Hence, the integration possesses great potential to trigger 

formation of new fascinating interdisciplinary fields (for example, “nano-optofluidics”).  

However, the lack of methods for such integration has been one of the most critical 

bottlenecks in the field of nanofluidics, due to physical barriers arising from the ultrasmall 

and closed feature of nanochannels.  

Integration before bonding and integration after bonding are considered to be two basic 

strategies. For integration after bonding, it is physically difficult to achieve by using current 
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available nanofabrication approaches, due to the ultrasmall and closed feature of 

nanochannels. For integration before bonding, nanoscale-accuracy alignment and component 

material-friendly bonding are two significant technical hurdles. The first hurdle is because the 

integration of components in nanochannels usually requires multiple-step nanofabrication, 

which generally consists of a first step of nanofabrication of open nanochannels followed by 

steps of formation of dissimilar material components on exact locations in the open 

nanochannels in a controlled manner. Therefore, nanoscale-accuracy alignment during the 

multiple-step nanofabrication steps is necessary, but is greatly challenging. The second hurdle 

is because bonding of nanofluidic devices is usually performed under strict and harsh 

conditions, for example, harsh cleaning processes, high temperature, high pressure, as 

described in other excellent reviews[8][132][14][6] and articles[133,134] on bonding of nanofluidic 

devices. The conditions may bring about damage of the integrated components. Therefore, 

component material-friendly bonding is required for in situ integration of functional 

components in nanochannels. 

 

4.1. Integration Bypassing Technical Hurdles 

Despite the difficulty, some impressive works through bypassing the hurdles have been 

reported. Most of these works focused on the integration of electrical components (for 

example, electrodes) to enable electrical measurements (impedance[135] and resistance[136]), 

electrochemical reaction and detection,[137–139] or external physical operation[140,141] for 

nanofluidic devices.  

Three major strategies which allow bypassing the hurdles have been demonstrated in the 

above-mentioned works. A first strategy is to place functional material components in 

microstructures (for example, microchannels and microchambers) which are connected to 



This is an author final version of the paper published in Advanced Materials:  
Y. Xu, Adv. Mater., 2018, 30, 1702419; doi:10.1002/adma.201702419. 
The published version can be downloaded at the official website of Advanced Materials.  
http://dx.doi.org/10.1002/adma.201702419 

          

17 
 

nanochannels, or in one separate layer (usually soft materials like PDMS) which can be easily 

bonded with another layer comprising nanochannels. Through certain transduction 

mechanism, the actuation of such components located around or in the outside of 

nanochannels allow the regulation of fluidic behaviors in the nanochannels. For example, 

surface acoustic waves (SAW)-actuated nanofluidic structures (Figure 6a–c) developed by 

Friend et al.[141] fall into this category. Their nanofluidic device (Figure 6a) was integrated 

with external interdigital electrodes (IDTs) to generate SAW (Figure 6b) along a nanochannel 

formed from bonded transparent lithium niobate (LN) wafers (Figure 6c). The use of SAW 

generated by the external IDTs enabled to fill and drain fluid from the nanochannel. In 

addition, a three-state nanofluidic field effect switch (Figure 6d–g) developed by Prakash et 

al.[140] also falls into this category. In their nanofluidic device, gold gate electrodes were 

fabricated on a second glass substrate and bonded to the glass substrate with channel network 

through an intermediate PDMS layer (Figure 6d, e). By controlling the gate potential (Figure 

6f, g), field effect current switch with a forward (positive), off (zero), and a reverse (negative) 

current state for tunable control of ionic transport was demonstrated. A second strategy is to 

direct use nanoscale volumes enclosed by microfabricated planar electrodes which 

simultaneously act as electrochemical components. By using this smart strategy, Lemay et al. 

developed nanofluidic electrochemical systems for integrated detection of electrochemical 

processes and enzymatic reactions in sample volumes of few femtoliters (Figure 6h, i).[137,138]  

A third strategy is to fabricate nanochannels with embedded transverse electrodes, as 

presented by Ziaie,[135] Yamamoto,[136] and Bohn.[139] Because nanoscale accuracy alignment 

is not necessary for this case, conventional photolithography can easily meet the requirement 

of fabrication. Furthermore, PDMS is usually used to package the device so that device 

bonding can be achieved in a mild condition without bringing about damage to the integrated 
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electrodes. These devices integrated with transverse electrodes have been applied to 

measurements of resistivity[135] and impedance[136] in nanochannels, as well as 

electrochemical generation of oxygen on chip (Figure 6j–m).[139] 

 

4.2. In-situ Integration Surmounting Technical Hurdles 

In contrast to these strategies bypassing the technical hurdles (i.e., nanoscale-accuracy 

alignment and material-friendly bonding), Xu et al. developed a new strategy (called ‘nano-

in-nano integration’, Figure 7a) based on two key techniques which enable to direct surmount 

both hurdles. One is a technique allowing bonding of glass nanofluidic devices at low-

temperature[70,126] or even room-temperature (25 °C)[142] through a simple surface activation 

using plasma treatments. Bonding of glass micro-/nanofluidic devices has been 

conventionally performed by using a fusion-bonding process at high temperatures (for 

example, ~1000 °C) and high vacuum;[133,134,143,144] such severe condition has been a major 

obstacle impeding nanofluidic integration. By using a two-step plasma surface activation 

process which consists of an O2 reactive ion etching plasma treatment followed by a nitrogen 

microwave radical activation, they achieved a direct bonding of glass nanofluidic chips at 

around 200 °C in ambient air.[70] After that, the process was further modified. A strong, 

nanostructure-friendly, and high pressure-resistant room-temperature  (25 °C) bonding 

method based on a one-step surface activation process with an O2/CF4 gas mixture plasma 

treatment was developed. These plasma treatments are able to adjust surface groups[145] as 

well as the wettability[146,147] of the substrates, which is considered to facilitate bonding in 

mild conditions, but the bonding mechanism is still not very clear and need further elucidate. 

The use of the new bonding techniques thoroughly eliminates the obstacle of bonding for 

functional component integration in nanochannels. Another is a technique capable of the 
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placement control with a precision of several tens of nanometers for multiple-step 

nanofabrication.[126] The technique was based on accurate positioning of the fabrication 

placement assisted by a pair of gold reference marks, which could be searched manually and 

recognized by using a backscatter detector. The use of the technique allows the fabrication of 

arbitrary (for example, quasi-0D, quasi-1D, 2D, and 3D) features of functional materials in 

tiny open nanochannels, with nanoscale accuracy. 

As conceptually depicted in Figure 7a, the nano-in-nano integration based on these two 

techniques comprises primary nano-in-nano patterning before bonding by using top-down 

approaches, low-temperature/room-temperature bonding, and/or secondary molecule 

patterning after bonding by using bottom-up approaches. As a versatile methodology and 

technique, the nano-in-nano integration open up a way to in situ integrate a wide range of 

functional material components (such as fluidic, chemical, biological, electrical, optical, 

thermal, and magnetic ones) in nanochannels. For example, fabrication of high-density gold 

nanoarrays for biomolecule immobilization and recognition in arrayed femtoliter 

nanochannels (Figure 7b, c),[126,148] integration of nanoscale probe electrodes enabling in situ 

probing of unusual effects of nanofluidic transport (Figure 7d–f),[29] and local assembly of 

soft matter-regulated nanovalves with nanoscale accuracy in nanochannels allowing the active 

regulation of femtoliter-scale fluid flows (Figure 7g–j),[149] have been demonstrated. Such 

integrated functional components are very useful for single cell omics studies, high-

throughput single molecule detection, accurate operation of liquids of ultra-small volumes, 

and single molecule manipulation in the near future.  

 

 
5. Nanofluidics for Manipulating Biological and Nanoscale Materials 
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Current understanding of nanoscale transport and knowledge of physics, biology and 

materials science allow us to envision new mechanisms and novel techniques to achieve fast , 

high-throughput manipulation of individual nanoscale objects—whether biological or non-

biological entities—with super-high spatial–temporal resolution, rather than masses of all at 

once. To reach this goal, the considerable development of technology is required. Nanofluidic 

technology is of course necessary. This should come as no surprise, considering that the 

dimensions of nanochannels approach the dimensions of many biological and nanoscale 

objects of interest in a wide range of disciplines, as summarized in Figure 1. Therefore, in this 

section the current trend on ‘manipulation’ of ‘single’ nanoscale objects using well-defined 

nanochannels is focused, while many early works on analysis and separation of biological and 

nanoscale materials using nanofluidic devices, as well as nanoporous media in macroscopic 

and microfluidic channels, are not discussed here (review articles[1,6,12–14] can be referred to). 

 

5.1. Manipulation of Single DNA Molecules 

Nanochannels have been emerged as a promising tool to manipulate single DNA 

molecules.[150–153] Optical[154,155] and magnetic tweezers[156] are traditional tools capable of 

single DNA molecule manipulation, but the DNA molecule need to be tethered to solid 

surfaces or beads. In contrast, a single long DNA chain can be extensively confined and 

linearly stretched in a nanochannel without such tethering, allowing direct visualization,[157] 

probing,[158] mapping,[159] barcoding,[160,161] and in future sequencing of DNA on its own 

entire length scale. This advantage provides possibility to study single DNA molecules of any 

lengths, in a real-time, high resolution, high throughput, and massively parallel manner.  

Thus far, a number of studies have been conducted towards this end,[150,159,162,163] but the 

flexible regulation of DNA translocation through nanochannels is still a critical one among 
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various issues. Part of the motivation comes from developing nanochannel-based DNA 

sequencers, which are expected to enhance the sequencing performance by resolving typical 

challenging problems of current nanopore-based sequencing. The problems may involve, for 

example, DNA folding and extreme rapid DNA translocation across the nanopore, which 

either adversely affect the sequencing efficiency or impede the sequence from being identified 

at single-base resolution. The extensive confinement of the entire chain of a stretched DNA in 

a nanochannel having a diameter far below the persistence length of DNA, would refrain 

DNA from staying in a folded conformation, in terms of an energy favorable state. 

Furthermore, owing to ultrahigh surface-to-volume ratios of nanochannels, the DNA 

translocation speed could be reduced by surface functionalization to enhance interactions 

between DNA and the nanochannel wall. Such prediction has been supported by experiments 

recently. For example, Yobas et al. reported that DNA translocation through a nanochannel 

can be effectively slowed by electrically tuning the wall surface charge through an external 

gate bias (Figure 8).[164]  The experiments were conducted on a nanofluidic field-effect 

transistor (NFET). The device involved a dielectric capillary (alumina; 50 nm in diameter), 

which was surrounded by an integrated gate electrode along its entire length (Figure 8a). The 

integrated gate electrode allowed for electrically modulating the surface charge of the 

dielectric alumina wall. In their experiments, a positive gate bias was observed to significantly 

reduce the translocation speed of DNA by one order of magnitude (Figure 8b), owing to 

enhanced electrostatic attraction between DNA chains and the capillary surface under the 

externally applied positive gate bias (Figure 8a). If the device could be further integrated with 

nanopores or tunneling electrodes in the future, it would be very promising for high-resolution 

DNA sequencing.  
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5.2. Manipulation and Tracking of Single Nanoparticles and Viruses  

Recently, there is a trend towards the adoption of nanochannels to handle 

nanoparticles[165,166] and biological nanometric particles (for example, viruses[166,167]), despite 

potential issues posed by clogging. Manoharan et al. presented a high-speed tracking method 

of single dielectric nanoparticles and viruses by using optofluidic nanochannels (Figure 

9a).[166] In their nanofluidic experimental platform, an open hollow cylindrical geometry 

inside the core of a single silica optical fiber was employed as a nanochannel (Figure 9b). 

Liquid containing unlabeled dielectric nanoparticles or viruses was introduced into the 

nanochannel by capillary forces. As claimed by the authors, clogging was not observed in 

their experiments, possibly because of repulsive electrostatic interactions between the channel 

wall and the nanoparticles or viruses. Then, light was guided into the core of the optical fiber 

to track the particles (Figure 9a, c). Because the diameter of the nanochannel (approximately 

247 nm) is subwavelength of light, in the fiber a part of the optical mode overlaps with the 

cross-section of the nanochannel (Figure 9c). As a result, the guided light scatters off the 

nanoparticles or viruses. Through capturing scattered light by a microscope objective 

mounted perpendicular to the propagation direction (Figure 9a), tracking of individual 

unlabeled latex nanoparticles (as small as 19 nm in diameter; Figure 9d) and single cowpea 

chlorotic mottle virus virions (26 nm in size) was achieved, at high speeds of thousands of 

frames per second, for long durations of tens of seconds. These small viruses are usually 

difficult to track in the bulk using elastic scattering due to active Brownian motion. In contrast, 

a lowered diffusion coefficient was measured in the nanochannel, suggesting that Brownian 

motion of nanoparticles would be hindered due to the confinement[166] and thereby would 

contribute to the achievement of the unlabeled tracking. Hence, the study demonstrated an 

alternative method for tracking nanoscale particles which have been traditionally performed 
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using confocal or fluorescence microscopy. Meanwhile, the study also suggests that through 

the combination with nanochannels, the performance of traditional techniques for 

manipulation or detection of nanoscale entities could be remarkably enhanced in terms of, for 

example, size, speed, resolution, duration, detection limit.  Such enhanced performance would 

open up some new possibilities. For example, this reported method, owing to its high-speed 

and long-duration features of tracking, may allow the study of kinetics or dynamics of the 

assembly process of individual biological objects such as viruses. It is worthy of attention that 

in the same year Jacobson reported electrokinetic trapping  of  single virus (for example, 

hepatitis B virus) capsids in nanochannels (Figure 9e,f), allowing real-time monitoring 

kinetics of assembly reactions of single virus capsid formation (Figure 9g) via resistive-pulse 

sensing.[167]  

 
 
6. Nanofluidics for the Fabrication and Synthesis of Nanomaterials 

Nanofluidics can provide flow processes with features of nanoscale confinement, ultrasmall 

volumes below the picoliter scale, and strictly ordered steady streamlines, undergoing a 

variety of unusual fluidic and liquid effects as aforementioned. Such flow processes are very 

favorable for the fabrication or synthesis of nanomaterials with well-defined sizes and 

geometries, highly-ordered architectures, well-regulated orientation, and desired unusual 

properties, which are difficult or impossible to achieve via the bulk or microscale processes. It 

is a promising and exciting direction of nanofluidics, where a few exploratory studies have 

been reported recently.[168–173] 

Serghei et al. presented the fabrication of polymer nanowires using a nanofluidic 

approach.[172] A main part of their nanofluidic device (Figure 10a) was a highly ordered 

nanoporous membrane (anodic aluminum oxide membrane) with a pore diameter of 40 nm 
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and a typical length of 100 μm. Melting a bulk layer of the polymer (poly(vinylidenefluoride-

co-trifluoroethylene), PVDF-TrFE), which was attached to the membrane, initiated flows of 

the melted polymer into nanochannels in the membrane (Figure 10a). After a certain time, the 

melted polymer confined in the nanochannels was crystallized during the flow process by 

cooling to room temperature, and as a result nanowires formed in the nanochannels. The 

formed polymer nanowires could be released from the nanofluidic device after partially or 

totally dissolving the membrane in a chemical solution. The obtained polymer nanowires 

exhibited a high aspect ratio and a well-defined diameter which is equal to the pore diameter 

of the membrane (Figure 10b). In addition, melting/crystallization of the polymer in the 

nanochannels could be real-time monitored in real time, by means of permittivity 

measurements. The measurements were achieved by using integrated electrodes, which were 

sputtered thin gold layers on the top and bottom surfaces of the porous membrane through a 

well-controlled sputtering process (Figure 10a). The information obtained via the real-time 

monitoring are very useful to manipulate the crystallization processes and optimize flow 

conditions, which would be helpful to facilitate the fabrication of nanowires with desired 

orientation and crystalline structures in the future.  

The use of open nanochannels, despite simultaneously losing some advantages stemming 

from complete nanoconfiment of fluids, might be a smart strategy to synthesize nanomaterials 

using nanofluidic flows, as recently demonstrated by Horváth et al.[173] In their study, guided 

growth of nanowires of a photovoltaic compound (CH3NH3PbI3) were achieved, by means of 

a process involving drop casting, solvent evaporation, metastable solvatomorph deposition, 

and crystallization in arrayed open nanochannels, which were easily formed by high 

resolution e-beam resist nanopatterns (Figure 10c–f). The method allows the synthesis of 

perovskite nanowires with controlled sizes, aspect ratios, cross-sectional shapes, and 
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orientation on wafer-scale surfaces (Figure 10g, h), which have been difficult to achieve 

through traditional deposition techniques. The study offers a unique way to utilize nanofluidic 

flows, avoiding many difficult chip fabrication processes and complicated nanofuidic 

regulation. Such flexible way would be welcomed by some researcher (for example, materials 

scientists) who attempt to use nanofluidics but are hampered by technological barriers of 

fabricating nanofluidic devices. 

Other interesting studies which have been reported in this direction may include the 

fabrication of nanoscale salt deposits,[171] nanofibers,[169] droplets,[170] nano-

/microparticles,[170] and polymeric conical structures[168] by using nanofluidic flows. Although 

so far striking demonstrations are still lacking, much progress can be expected in the future. 

Of course, considerable development of nanofluidic methodologies and technologies, 

especially which enable versatile regulation of flows and powerful manipulation of materials 

in nanochannels, are required to reach the goal.  

 

 
7. Outlook 

We have witnessed a significant growth of nanofluidics over the past decade. Chemists, 

biologists, as well as mechanical scientists and engineers have contributed much to the growth 

but are still facing considerable challenges. Many of these challenges are associated with 

materials science, so meanwhile offer great opportunities for materials scientists to exploit. In 

addition, the use of unusual effects and confined spaces of nanofluidic environments opens up 

new mechanisms and technologies to manipulate nanoscale objects as well as to synthesize 

novel materials. Therefore, nanofluidics will be a new arena for materials science. Fortunately, 

we have experienced burgeoning progress which has been made towards this trend in the past 
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few years, as partially summarized in this article. However, many challenges lie ahead. Some 

of particular interest are described as follows. 

(1). Membranes of new materials (such as CNTs, 2D materials) can be directly used as 

nanofluidic devices without using expensive nanolithography technologies and are promising 

for applications such as separation, water purification, and high-efficient energy harvesting, 

but nanofluidic devices fabricated on solid-state substrates (such as glass)  possess advantages 

in the ease of integration into a lot of available analytical methodologies and instruments, 

which would bring innovative devices and applications serving a variety of chemical, 

biological, and medical purposes. The development of new materials, low-cost 

nanolithography, and non-lithography technologies allowing the flexible fabrication of large-

scale, high-throughput, three dimensional, solid-state in-plane nanochannels are required to 

broaden the commercial products and applications of the solid-state nanofluidic devices in the 

future.  

(2). Clogging and fouling are critical issues occur in almost all applications of nanofluidics, 

due to the ultrasmall and closed feature of nanochannels. For fundamental studies on ionic 

transport in nanochannels, the use of ultrapure water and ultrapure solvents during the 

experiments as well as careful rinsing and drying after experiments is quite effective to avoid 

or alleviate clogging and fouling in nanochannels. However, for handling biological and 

nanoscale materials, clogging and fouling will frequently occur, due to the characteristic 

lengths of many biological and nanoscale materials are comparable to the dimensions of 

nanochannels, as shown in Figure 1. Clogging and fouling may be alleviated by delicate 

design of nanochannel structures and coating of channel walls to decrease interactions 

between these nanomaterials and channel walls as well as nonspecific adsorption of 

biomolecules.  Coating with polymers widely used microfluidics usually bring about severe 
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clogging, so coating with small molecules will be a feasible strategy. Therefore, synthesis of 

small molecules enabling to modulate surface energy and suppress nonspecific adsorption in 

nanochannels will be important in the future. 

(3). To reach the goal of single cell omics which is a large-scale task in current biology and 

medicine, abilities allowing high-throughput manipulation and detection of subcellular 

entities are required. Nanofluidic devices are promising tools for these purposes due to 

subcellular volumes of nanochannels. The development of technologies and materials for 

fabricating nanoarray of functional surfaces or material domains in tiny nanochannels to 

selectively capture subcellular entities, as well as efficient mechanisms for simultaneously 

handling a large number of subcellular entities in nanochannels, would be an important 

direction in the future.   

(4). If selective manipulating local fluids with ultrasmall volumes in nanochannels is 

achieved, accurate assembly of nanometric materials (ultimately single molecules) as building 

blocks in the liquid phase would become possible. This will revolutionarily impact on 

material fabrication and chemical synthesis in the future.  

We expect materials science will have an important role in the future development of 

nanofluidics, since these challenges are difficult to resolve without the participation of 

materials scientists.  
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Figure 1. Representative materials and nanometric objects at the same length scales as 
nanofluidics, where unusual transport phenomena and effects occur.  
*Sometimes, nanofluidics may also include flow through sub-nanometer channels like in 
zeolites, though there is no common definition. This regime is not included in the definition of 
nanofluidics in this article. 
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Figure 2 
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Figure 2. Conceptual drawing of nanofluidics associated with materials science. a) Materials 
for fabricating nanofluidic devices; b) nanofluidics with functionalized surfaces; c) 
nanofluidics integrated with functional material components; d) nanofluidics for manipulating 
biological and nanoscale materials; e) nanofluidics for the fabrication and synthesis of 
nanomaterials. 
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Figure 3 
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Figure 3. Fabrication of PDMS nanofluidic devices by taking advantage of well-controlled 
material cracking. a) Schematic drawing of the fabrication of the master mould with well-
defined nanopatterns through cracking formation, b) resulting from the micropatterned notch 
structures in a SU-8 photoresist film undergoing isotropic tensile stress during swelling.  c-f) 
A large-scale, high-throughput nanofluidic chip on PDMS replicated from a SU-8 mould 
which is fabricated using the cracking method; g) fluidic transport in the nanochannels is 
confirmed by introducing a solution of fluorescein isothiocyanate (FITC). Reproduced with 
permission.[84] Copyright 2015, Nature Publishing Group. 



This is an author final version of the paper published in Advanced Materials:  
Y. Xu, Adv. Mater., 2018, 30, 1702419; doi:10.1002/adma.201702419. 
The published version can be downloaded at the official website of Advanced Materials.  
http://dx.doi.org/10.1002/adma.201702419 

          

43 
 

Figure 4 
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Figure 4. Nanochannels resulting from a) self-assembled interlayer spacing in b, c) a large-
scale membrane of a 2D material (vermiculite) exhibits d, e) higher-than-bulk proton 
conductivity under d) a nanofluidic experimental setup. Scale bar in b) is 1 cm and scale bar 
in c) the cross-sectional SEM image of the vermiculite membrane is 1 μm. Reproduced with 
permission.[101] Copyright 2015, Nature Publishing Group. 
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Figure 5 
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Figure 5. Lipid bilayer-based coating of channel walls to suppress nonspecific adsorption of 
proteins in the nanochannels. a) Schematic drawing of the coating process using lipid vesicles, 
which are first introduced into a microchannel, then rupture in the microchannel, and finally 
spontaneously spread into the nanochannels to form lipid bilayers in both the microchannel 
and the nanochannels. b) A fluorescence image of nanochannels partially (right-hand half) 
coated with fluorescently labeled lipid bilayer observed at 540 nm excitation. c) Nonspecific 
adsorption of RecA proteins, observed at 475 nm excitation, occur only in the uncoated area 
(left-hand half) of the nanochannels. d) RecA−DNA complexes nonspecifically bound to the 
uncoated area (left-hand half) of the nanochannels, due to the nonspecific adsorption of 
fluorescently stained RecA proteins to the channel walls, during motion of the DNAs driven 
by fluid flows, whose directions are indicated by the arrows. Reproduced with permission.[115] 
Copyright 2012, American Chemical Society. 
 



This is an author final version of the paper published in Advanced Materials:  
Y. Xu, Adv. Mater., 2018, 30, 1702419; doi:10.1002/adma.201702419. 
The published version can be downloaded at the official website of Advanced Materials.  
http://dx.doi.org/10.1002/adma.201702419 

          

45 
 

Figure 6 
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Figure 6. a-c) SAW-actuated nanofluidic device; a)schematic drawing of the device 
integrated with IDT to generate b) SAW along (c) an etched nanochannel (nanoslit) which 
was formed from bonded transparent LN wafers (SEM image). Reproduced with permission. 
Copyright 2016, Wiley-VCH.[141] d-g) A three-state nanofluidic field effect switch; d) 
schematic drawing of the device; gold gate electrodes were fabricated on a second glass 
substrate (top) and bonded to the glass substrate with channel network (bottom) through an 
intermediate PDMS layer; b) SEM image of the cross section of the nanochannel; f) exploded 
side view of the device; g) assembled side view of the experimental setup with the applied 
axial (Va) and gate (Vg) potentials. Reproduced with permission.[140] Copyright 2015, 
American Chemical Society. h) A nanofluidic electrochemical device for i) integrated 
detection of enzymatic reaction. Reproduced with permission.[138] Copyright 2014, American 
Chemical Society. j) A nanofluidic device consisting k) a nanochannel with embedded 
transverse electrode for electrochemical reaction; fluorescence images showing fluorescence 
intensity change due to electrochemical generation of H+ during electrochemical oxidation of 
water l) before and m) after application of a working potential pulse. Reproduced with 
permission.[139] Copyright 2015, Springer. 
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Figure 7 
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Figure 7. a) Nano-in-nano integration technology for b-h) the in situ integration of functional 
material components in nanochannels. a) Schematic drawing of the nano-in-nano integration 
process. b) A bright-field image of gold-nanopatterned nanochannels and c) a fluorescence 
image of a fluorescent molecular nanoarray formed on the gold nanopatterns via molecular 
self-assembly in the arrayed nanochannels. Reproduced with permission.[126] Copyright 2015, 
The Royal Society of Chemistry. d) A glass nanofluidic device with e) a pair of integrated 
probe electrodes f) for the in situ measurement of streaming currents in a single nanochannel. 
The measurements reveals a discrepancy between in situ nanoscopic experimental results and 
macroscopic laws of electrokinetic phenomena, suggesting unusual liquid properties confined 
in the nanochannel. Reproduced with permission.[29] Copyright 2015, Wiley-VCH Verlag 
GmbH & Co. KGaA. g) Conceptual drawing of an active nanofluidic valve using short-chain, 
thermoresponsive polymer brushes locally self-assembled in a nanochannel. The integrated 
nanovalves in femtoliter-scale nanochannels exhibit either h) a closed state above the lower 
critical solution temperature (LCST) of the polymer brushes or i) an open state below LCST, 
during flowing a solution of sulforhodamine B which can be observed by fluorescence 
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microscope. Reproduced with permission.[149] Copyright 2016, Wiley-VCH Verlag GmbH & 
Co. KGaA. 
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Figure 8 
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Figure 8. Manipulation of single DNA translocation in a nanofluidic field-effect transistor. a) 
Schematic drawing of the concept and b) translocation times of λ-DNA under a floating gate 
in comparison with those under a +9 V gate bias, experimentally observed during field-effect 
regulation of λ-DNA translocations with 1 M KCl buffer under a source-to-drain bias of 1 V. 
Reproduced with permission.[164] Copyright 2016, American Chemical Society. 
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Figure 9 
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Figure 9. Manipulation and tracking of single nanoparticles and viruses in nanochannels. a) 
Tracking of single unlabeled latex nanoparticles (19, 25, and 51 nm) in b) a nanofluidic 
optical fiber by c, d) detecting weakly scattered light on the nanoparticles illuminated by a 
guided light, whose optical mode calculated at 670 nm is described in c). Reproduced with 
permission.[166] Copyright 2015, American Chemical Society. e) A glass nanofluidic device 
allowing f) electrokinetic manipulation and g) resistive-pulse monitoring the assembly of 
hepatitis B virus core protein dimers into T = 3 and T = 4 icosahedral capsids under 
biologically relevant concentrations. Reproduced with permission.[167] Copyright 2015, 
American Chemical Society. 
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Figure 10 
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Figure 10. Fabrication of nanowires using nanofluidic approaches. a) Schematic drawing of 
the fabrication of PVDF-TrFE nanowires through melting/crystallization of the polymer in a 
highly ordered nanoporous membrane, which is integrated with electrodes allowing real-time 
monitoring the fabrication process; b) a SEM image of PVDF-TrFE nanowires fabricated by 
the method. Reproduced with permission.[172] Copyright 2015, American Chemical Society. c-
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f) Schematic drawing of the sequential process of the fabrication of CH3NH3PbI3 nanowires in 
open nanofluidic channels; Colored SEM images of g) curved CH3NH3PbI3 nanowires and h) 
an array of extremely long CH3NH3PbI3 nanowires on SiO2 fabricated by the method. 
Reproduced with permission.[173] Copyright 2016, Nature Publishing Group. 
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The use of nanofluidics opens up a new arena for materials science.  Burgeoning progress 
is made, including new materials and methods for fabricating nanofluidic devices, 
nanofluidics with functionalized surfaces and functional material components, as well as 
nanofluidics for manipulating nanoscale materials and fabricating new nanomaterials.. 
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