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Abstract

:

Advances in micro and nano fabrication technologies have enabled fabrication of smaller and more sensitive devices for applications not only in solid-state physics but also in medicine and biology. The demand for devices that can precisely transport material, specifically fluids are continuously increasing. Therefore, integration of various technologies with numerous functionalities in one single device is important. Scanning probe microscope (SPM) is one such device that has evolved from atomic force microscope for imaging to a variety of microscopes by integrating different physical and chemical mechanisms. In this article, we review a particular class of SPM devices that are suited for fluid dispensing. We review their fabrication methods, fluid-pumping mechanisms, real-time monitoring of dispensing, physics of dispensing, and droplet characterization. Some of the examples where these probes have already been applied are also described. Finally, we conclude with an outlook and future scope for these devices where femtolitre or smaller volumes of liquid handling are needed.
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1. Introduction


Atomic scale movement of matter was demonstrated by manipulating single atoms at low temperature in ultra-high vacuum using a scanning tunneling microscope (STM) tip (e.g., quantum corrals) [1]. It was done by picking, pulling or shifting the atoms on the surface and placing them in the desired location. The latest creative manipulation was the generation of world’s “smallest” movie, entitled “A boy and his atom” [2]. If such a controlled manipulation could be achieved with liquids by selectively aspirating and dispensing at sub-femtolitre level (corresponding to sub micron features), it would have a variety of applications in surface patterning, localized growth, surface modification, manipulating contents of single cells, picking contents from single cells and bottom-up fabrication of devices, to mention a few.



Various tools are available for handling fluids at different volume range (Figure 1). A micropipette, the ubiquitous fluid-handling tool, can manipulate liquids at desired locations. It works on the principle of partial vacuum being created inside the tip with a mechanical piston. This pressure difference enables to aspirate a well-defined volume of liquid. The aspirated liquid can be transported and released at a desired location. Typically, with a manually operated laboratory micropipettes millilitre (10−3 L; mL) to microlitre (10−6 L; μL) volumes of liquid can be handled. Below this range, it becomes more elaborate. Syringe pumps with precision stepper motors allow expanding the range to the femtolitre (10−15 L; fL) domain. They can dispense and withdraw liquids. For very fast dispensing of droplets, inkjet printing techniques are used [3,4]. These popular techniques were originally developed for printing ink on a paper [5]. Lately, it is also being used to print polymers [6], functional devices [7,8], in biology to print/spot DNA microarrays [9], protein microarrays [10] and cells [11,12]. In this technique, the liquid is squeezed out of a nozzle by applying a pressure wave using, e.g., piezoelectric actuators on the flexible tube that carries the liquid to the nozzle. The pressure wave is applied very close to the nozzle at frequencies in the range of 1 Hz to 100 kHz [3]. Other methods include electrostatic inkjet and thermal inkjet [13]. Inkjetting is a non-contact technique and can only be used for dispensing. To dispense fL to zeptolitre (10−21 L; zL) volumes, electrospray technique can be applied. In this technique, a high electric potential is used to create a strong electric field at the tip of the glass capillary from where an electrically conducting liquid is ejected. The forces balanced between the applied electric field trying to pull the liquid out of the capillary and the surface tension of the liquid trying to keep the liquid inside the capillary produce a cone of fluid at the capillary tip, which is referred to as Taylor cone [14,15]. This cone becomes unstable when the electrical field is increased such that the length of the cone reaches 1.9 times its equatorial diameter. The highly charged droplets will then get radially ejected due to coulomb repulsion. This spray of uncontrolled tiny charged droplets is deposited on the substrate. In a controlled form, electrostatic autofocussing was used to dispense less than fL volumes of liquid [16]. Electrospraying is also a non-contact technique and only suited for dispensing. A review of non-contact printing is given elsewhere [13]. For controlled dispensing of small volumes of attolitre (10−18 L; aL) to zL volumes, scanning probe microscope (SPM) based techniques can be used. In this review article, we discuss this particular technique in detail. This includes the steps for fabricating the device, its working principle and important characteristics, as well as the methods of handling the fluids and the physics involved in dispensing such small amount of volumes. We conclude by describing some of the applications where these devices have already been used and discuss the outlook for this class of SPM probes.
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Figure 1. Various dispensing techniques and their respective droplet diameter and volume range that can be obtained. 
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2. Extending the Abilities of AFM for Fluid Manipulation


The atomic force microscope (AFM) enables to reveal and investigate the features down to the atomic level [17], due to its atomically sharp tip, precise and high resolution motion. The AFM is not only used for high precision imaging, but considerable research activities are also aimed at exploiting the AFM for nanofabrication by mechanically, thermally and/or electrochemically modifying the surface [18]. Especially, extending the AFM with the ability to dispense as well as aspirate liquids opens up plenty of new possibilities for surface engineering. The concept is based on chemically or biologically modifying the surface in a highly localized and precise manner. This enables the AFM as an SPM-based tool for fluid manipulation.



Dispensing liquids locally with AFM is affected by different parameters: (a) a cantilever with sharp tip to precisely place the liquid; (b) the microfluidic handling system; (c) the fluid or “ink” consisting of the desired content mixed/dissolved in a carrier liquid; (d) the substrate surface where dispensing is done; (e) surrounding medium (air or liquid) and (f) the local micro environment (temperature, humidity and pressure).



The evolution of various AFM cantilever based fluid manipulations system are classified in Table 1 and subsequently discussed. It started by simple dipping and writing technique called Dip Pen Nanolithography (DPN) technique using commercially available AFM probes. To increase the reproducibility and on-chip liquid storage capability, Nanoscale Dispensing (NADIS), Nanofountain Probe (NFProbe) and Scanning Ion Pipette (SIP) devices were developed. A variety of experiments like dispensing biomolecules, inorganic substances and even manipulation of single cell were performed to prove their capabilities [19,20,21]. The challenges arise in simultaneously controlling multiple parameters (mentioned above) affecting the dispensing process.



In addition to AFM-based devices, there are also other nanoscale fluid handling systems like Nanofountain Pen (NFPen), Scanning ion conductance microscope (SICM) and Bioplume that are classified in Table 2 and discussed subsequently. Other microfluidic devices like scanning electrochemical cell microscopy (SECCM) and microfluidic Probe (MFP) were also developed. The details of these devices are not discussed in this review.
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Table 1. Different types of scanning probe microscope (SPM) based nanoscale fluid handling Probes.
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SPM Based Dispensing

	
Schematic

	
Working Principle






	
(a) Dip Pen Nanolithography (DPN) [20]

	
 [image: Micromachines 05 00954 i002]

	
AFM tip is dip-coated with the ink which is then transferred via water meniscus formed between tip and substrate.
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(b) Nanoscale Dispensing (NADIS) [22]
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An aperture outlet hole is milled into the hollow tip apex. The ink is placed as a large droplet into the hollow tip which serves as reservoir.
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(c) Nanofountain Probe (NFProbe) [23]
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A continuous supply of ink to the tip is achieved by on-chip reservoir and a capillary connection between them. Liquid is dispensed through a volcano-like tip.
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(d) Scanning Ion Pipette (SIP) [24,25]
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On-chip reservoir connected to the tip through a hollow cantilever; continuous supply of ink. Liquid is dispensed through an aperture near the hollow tip.
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Table 2. Other fluid handling nanoscale probes.







Table 2. Other fluid handling nanoscale probes.







	
Dispensing Probe

	
Schematic

	
Working Principle






	
(a) Nanofountain pen (NFPen) (Nanonics) [26]
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Glass capillaries pulled into cantilevers [26]. Works similar to NFP and SIP.
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(b) Scanning Ion Conductance Microscope (SICM) [27,28]

	
 [image: Micromachines 05 00954 i012]

	
Made of glass capillary and operated in physiological buffer. Pipette sample distance is controlled by maintaining constant ion current.
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(c) Bioplume (Bioforce Nanosciences) [29]
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The cantilever has an open fluidic channel and liquid transfer is achieved by direct contact of the tip and surface. Piezoresistive sensor is integrated to control theplacement.
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2.1. Different Types of Probes


Different types of fluid handling probes were implemented by various research groups.



2.1.1. Dip Pen Nanolithography (DPN)


Deposition of organic molecules by the tip of the scanning probe microscope was first reported in 1995 [30]. Subsequently, in 1999 a systematic study of this process with controlled deposition was reported. The process was called dip pen nanolithography for the first time (Table 1, item a) [31]. It was similar to the ancient way of writing with a quill by repeated dipping it into a pot of ink. When dipped, the tip is coated with a thin layer of the ink. Upon contact of the sharp tip with the substrate, the molecules start to diffuse from this point-contact to the surface through a water meniscus, forming a small spot of monolayer of molecules [32]. This enabled to print very well defined spots and lines. Features as small as 15 nm diameter dots at a spacing of 5 nm were demonstrated. These dots were formed by dispensing 16-mercaptohexadecanoic acid solution on a single crystal gold substrate [33]. The formation of the ink layer on the tip, the loss of ink layer thickness due to the evaporation of the solvent, diffusion of ink on both (tip and sample) surfaces and the meniscus formation between tip and substrate were crucial parameters for the smallest feature size and the printing speed. Therefore, DPN was performed in environment-controlled (humidity, temperature and airflow) chambers. The technique was applied to form patterns of variety of materials like DNA [34,35], peptides, proteins [36,37,38,39,40], viruses [41,42], bacteria [43], metal nanoparticle precursors [44], magnetic nanoparticles [45], silanes [46,47], polymers [48], solid-state features using sol-precursors [49] on conductors, semiconductors, and insulating substrates. In principle, DPN can be extended to pattern any material virtually on any substrate if there is a driving force for the molecules to move from tip to the substrate [50]. To increase the throughput, a massively parallel DPN pen arrays of 55,000 cantilevers with a pen spacing of 90 μm and 20 μm in x and y directions respectively in a 1 cm2 area were fabricated. This enabled to print 450,000,000 sub-100 nm features in 30 min [51]. To decrease the device cost of the high throughput parallel pen arrays, soft elastomeric tip arrays made of PDMS were fabricated enabling polymer pen lithography. Arrays with as many as 11 million pyramid-shaped pens with a writing resolution of 90 nm were demonstrated [52]. The resolution was further improved by fabricating silicon hard-tips mounted onto an elastomeric backing. This hard-tip, soft-spring lithography technique could create any chosen patterns of sub-50 nm resolution over centimeter scale areas [53]. The drawback of the array DPN technique is that individual tips were not addressed. Also, once the ink adsorbed on the DPN tip surface is exhausted, the tip needed to be re-inked and re-positioned on the sample to continue the printing process. Furthermore, they do not have the capability to aspirate and dispense on-demand. The only control parameter is the humidity, which in-turn controls the water-meniscus between the tip and the substrate defining the minimum writing dimensions. The evolution of DPN technique is shown in Figure 2.





[image: Micromachines 05 00954 g002 1024] 





Figure 2. The evolution of Dip Pen Nanolithography (DPN). Reprinted with permission from [54]. 
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2.1.2. Nanoscale Dispensing (NADIS)


In the NADIS technique, a hollow tip to be used as a reservoir has been fabricated for increasing the storage of liquid on the cantilever (Table 1, item b). An aperture outlet hole was milled at the tip apex for dispensing [22]. The ink was placed as a droplet inside the hollow tip. The capillary forces held the liquid. Once the tip touched the sample surface, a meniscus was shaped around the outlet hole. Receding the tip from the sample surface broke the meniscus and left a droplet of ink behind. Like in the DPN technique, the environmental conditions were controlled. Less volatile inks were used to prevent evaporation, especially, from the large ink-air interface at the hollow tip. The evaporation of the solvent had also a strong influence on the dimensions of the meniscus around the aperture hole. Furthermore, the printing conditions changed over time due to evaporation of the ink’s solvent. This resulted in an increasing concentration of dissolved dispensing molecules. Writing experiments were performed with glycerol on a polished silicon wafer with a native silicon dioxide layer on top. Ink volumes of 40 aL were dispensed in 0.5 s. A single filling of the NADIS probe was able to dispense more than 1000 of such droplets [55,56].



The hollow probe tip, which was used as an ink reservoir, allowed extended writing times compared to DPN technique. The principle of liquid transport from the aperture to the substrate was still via water meniscus.



An additional technique for transporting liquid from the aperture to the substrate could be performed with these probes. Liquid droplets could be ejected or sprayed to the substrate by applying an electric field between reservoir and substrate. Without any water meniscus involved in this process, atto to zeptolitre volume droplets were deposited by varying the duration time, amplitude, and polarity of the applied voltage [57]. Similar to DPN, the major limitation of this method is the lack of liquid aspiration capability.




2.1.3. Nano Fountain Probe (NFProbe)


A mechanism that continuously supplies liquid through a fluidic connection from a large reservoir via a hollow cantilever to an outlet hole in the tip is used in this method (Table 1, item c) [23,58]. In order to maintain the high-resolution writing capabilities, the sharp tip was kept as a point-contact and was surrounded by the capillary outlet forming a volcano-like tip. The continuous flow of liquid was maintained by the on-chip reservoir and the molecules diffused to the substrate through the tip via a water meniscus. Apart from the ink diffusion from the tip to the substrate, condensation and re-condensation of the ink occurred in close vicinity of the capillary outlet. NFProbes were also operated in environmentally controlled chamber similar to DPN and NADIS. Patterns were written with a resolution of 40 nm. For controlled dispensing of the fluid, a membrane pump near the tip was integrated on the chip. By pushing the volcano-tip against the surface, the membrane deflects allowing fluid to reach the tip [59,60]. Dispensing was also done by applying an electric field between the liquid and the substrate resulting in an electrophoretic or electro-osmotic type of deposition [61]. An array of 12 cantilevers, fed by two on-chip reservoirs was manufactured for increasing writing speed and the diversity of ink. One of the main challenges of operating cantilever arrays was to precisely control the tip-sample distance for each tip. In the experiments reported, only one of the cantilevers was monitored by the feedback system of the AFM. The remaining cantilevers were expected to interact with the sample surface in the same manner. Writing tests were performed with an ink consisting of 16-mercaptohexadecanoicacid dissolved in acetonitrile. A line with a width of 78 nm was reliably printed with a speed of 15 μm/min [62].




2.1.4. Scanning Ion Pipette (SIP)


Comparable to the NFProbe technique, the SIP improved the NADIS technique for continuous printing. In contrast to NFProbe, the SIP devices were made of hollow silicon dioxide capillaries and cantilever (Table 1, item d) [24]. The tip pyramid was made of silicon nitride ensuring hardness and hence the tip shape even after multiple dispensing cycles. Focused ion beam (FIB) milling was used to make the aperture on the tip for dispensing. The advantage of using FIB milling was that the aperture could be made on the apex—forming the tips with opening on the apex like in NADIS, or in close vicinity to the tip apex like NFProbe. Similar type of device entirely made of silicon nitride was also reported [63,64]. Writing experiments were also performed in water to avoid evaporation. This idea could be further improved by dispensing in a non-miscible surrounding liquid, for example, water-based inks in an oil-based surrounding liquid. This would result in a well-defined smaller ink meniscus shape for high-resolution printing. Spots of streptavidin in HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) buffer were printed on a functionalized surface with a copolymer of polylysine and polyethylenglycol. The resulting spot diameter was 3 μm, using an aperture hole of 1 μm. The dispensing was initiated by applying an external pressure pulse of about 2 mbar for 2–3 s [65]. Furthermore, to show the versatility and applicability of the SIP, experiments were performed to selectively introduce a fluorescent dye into a cell [25]. The latest advancement is the demonstration of non-contact printing [66] and the self-sensing capability of the device, obtained by integrating gold piezoresistors [67]. Another type of transparent cantilever was made by silicon rich nitride. It had less tensile stress compared to silicon nitride and higher stiffness than silicon dioxide [68]. The SIP device can dispense and aspirate like a pipette, along with weighing liquids and imaging surfaces [69].




2.1.5. Nano Fountain Pen (NFPen)


Without using any microfabrication techniques, glass can be pulled to make fine glass capillaries that can be used to dispense/aspirate liquids (Table 2, item a). Glass capillary with an outer diameter of 10 nm and a nozzle of 3 nm was shaped into a L-type cantilever, with 12 microns of short-length and 300 microns of long-length. With gold coating on the capillary, the cantilevered NFPen was used as a regular AFM probe. They have resonance frequencies of several hundred kilo-hertz and force constants of tens of N/m to tenths of N/m. Fountain pen nanochemistry was first demonstrated by etching a 16 μm long, 1.5 μm wide, and 200 nm deep trench in a chrome layer within 40 s at room temperature [26]. Electrophoretic protein printing [70], printing of protein array [71,72], deposition of single walled carbon nanotube [73], polymer lenses [74], molecularly imprinted microstructures [75,76] were also demonstrated using this technique. One of the challenges of this technique is the reproducibility in making the pens and their arrays for high throughput applications.




2.1.6. Scanning Ion Conductance Microscope (SICM)


In this technique, a fine glass pipette (nanometer aperture) probe filled with a contact reference electrode and an electrolyte solution scanned a substrate surface. The second reference electrode is in the bulk solution (Table 2, item b) [77]. The ion-conductance through the nanopipette between these two electrodes in the electrolyte solution is measured when the opening of the pipette is in close proximity to the substrate surface. The ion-conductance value is used as a feedback signal to maintain a constant separation between the tip and the surface to obtain the image of the surface [78]. In the other operating mode, tip position is modulated perpendicular to the surface, and the resulting alternating current is used as the feedback signal. A spatial resolution ranging between 2 nm and 3 nm was demonstrated using a 13 nm nozzle nanopipette and the imaging membrane proteins in a living cell [79]. It was operated in various modes to improve the speed and resolution of imaging [80]. These devices can be used, e.g., in order to tightly aspirate a biological cell and monitor the flow of ions through the membrane—a technique known as patch clamping. A variation of the device with two separate channels inside the same nanopipette is also demonstrated [81]. This is referred to as scanning electrochemical cell microscopy (SECCM). It allows simultaneous recording of electrochemical conductance as well as topographical visualization of surfaces and interfaces [82,83,84,85,86]. A scaled-up version of this type of multifunctional probe called Microfluidic Probe (MFP) is also reported [87]. Major limitation of this technique is that the nanopipette has to be a charge sensitive surface like glass and the liquid has to be electrically conducting.




2.1.7. Bioplume


Bioplume is a cantilever-based dispensing device with integrated piezoresistors. The design of the device was inspired by geometrical features located on the nib of a fountain pen (Table 2, item c). It has a reservoir and a long open split channel at the tip for fluid flow from reservoir to the substrate. The channel in the center of the cantilever with an electrode embedded is used as a path for fluid flow from the reservoir to the dispensing tip. The electrode allowed electrowetting and electrochemistry of the liquid inside the channel. This was achieved by applying an electric potential between the fluids and the substrate. The electrode was slightly receded inwards near the cantilever tip to avoid its direct contact with the substrate. The length, width, and thickness of the beam were 1500, 120, and 5 μm respectively; the length and width of the fluid channel were 200 and 4 μm respectively; the length and width of the reservoir were 200 and 24 μm, respectively. The cantilever had a spring constant of 103 N/m. The droplets were deposited by simply touching the substrate. The size of the droplet was dependent on the time of contact and the wetting properties. Typically, droplet diameters ranging from 1 to 100 μm at the rate of about 10 drops/s were deposited. The self-sensing piezoresistors were made out of p-doped silicon with a resistivity of 4.1 × 10−3 ohm-cm and a resistance of 5.7 kiloohms [29,88,89]. With an applied voltage range of 0 to 210 V, droplets of 5 to 40 μm diameters with volumes 20 fL to 14 pL were deposited [90]. The deposition of polymers, biological solutions, and metal particles were also demonstrated [91,92]. The aspiration of liquid by electrowetting was possible with this device [93].



The major drawback of the technique was that it used an open fluid channel. The liquid tended to evaporate and change the concentration before deposition.





2.2. Comparison of Important Characteristics of Various Probes


Depending on the type of application and the technical constraints a particular probe is suitable. The important characteristics related to material, fluids, dispensing and their respective advantages and disadvantages of the probes mentioned in Section 2.1 are compared in Table 3.
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Table 3. Comparison of various characteristics of fluid handling SPMs.
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SPM-Based Tool

	
DPN

	
NADIS

	
NFProbe

	
Bioplume

	
SIP

	
NFPen

	
SICM






	
Cantilever Material

	
Si

	
Si3N4 Tip; Si/SiO2/Si3N4 Cantilever

	
Si3N4

	
Si

	
SiO2/ Si3N4

	
Quartz

	
Quartz




	
Dimensions

	
L = 125 μm

	
L = 145–620 μm

	
L = 300–500 μm

	
L = 1500 μm

	
L = 155 μm

	
L = 300 μm

	
Nozzle Diameter = 10 nm




	
W = 30 μm

	
W = 110 μm

	
W = 20 μm

	
W = 120 μm

	
W = 6.4 μm

	
Diacapillary = 12 μm




	
T = 4 μm

	
T = 7–8 μm

	
T = 1.5 μm

	
T = 5 μm L

	
T = 4.9 μm

	
Tip_Height = 12 μm




	
Tip_height = 10–15 μm

	

	
W_Channel = 5 μm

	
L_Channel = 200 μm

	
W_Channel = 3.7 μm

	
Nozzle Dia = 0.1–0.5 μm




	

	

	
T_Channel = 0.5 μm

	
W_Channel =4 μm

	
T_Channel = 2.2 μm

	




	

	

	
Tip_Height = 4 μm

	
L_Reservoir = 200 μm

	
Nozzle_Dia =0.1–1 μm

	




	

	

	

	
W_Reservoir = 24 μm

	

	




	
Type

	
Contact

	
Contact

	
Contact

	
Contact

	
Contact and Non-contact

	
Contact

	
Non-contact




	
Droplet Diameter

	
~15 nm (Alkanethiols on Gold)

	
~70 nm (Glycerol/water mix on hydrophobic Surface)

	
~40 nm (Alkanethiols on Gold)

	
~ 8 μm (Glycerol/water mix on hydrophobic Si)

	
~ 100 nm (Diethylcarbonate on Hydrophobic Silicon surface)

	
~1 μm (Proteins on epoxy coated glass)

	
NA




	
Droplet Volume

	
~10 zL

	
~100 zL

	
~100 zL

	
~ 0.5 pL

	
~ 100 zL

	
~ 100 aL

	
NA




	
Environment

	
High humidity (33% to 57%)

	
Atmospheric conditions

	
Atmospheric conditions

	
Atmospheric conditions (but high boiling point liquid added)

	
Atmospheric conditions and liquid

	
Atmospheric Conditions and liquid

	
Liquid




	
Stored volume

	
None

	
20 pL (on-cantilever)

	
~19 nL (on-chip reservoir)

	
~28 pL (on-cantilever)

	
~19 nL (on-chip reservoir)

	
~34 pL (inside capillary)

	
None




	
Possible liquids

	
Organic, biological

	
Organic, biological

	
Organic, biological

	
Organic, biological

	
Organic, biological

	
Organic, biological

	
Organic, biological




	
Substrate restriction

	
Flat

	
Flat

	
Flat

	
Flat

	
Flat

	
Flat

	
Flat




	
Read-out method

	
Optical

	
Optical

	
Optical

	
Piezoresistive

	
Optical or Piezoresistive

	
Optical

	
Ion-conductance




	
Pumping mechanism

	
None

	
None

	
External means/on-chip

	
None

	
Evaporation based, Electro-osmotic, pressure based

	
External

	
None




	
Advantage

	
Cheap, Simple, Massive parallelization

	
Electrowetting, Parallel

	
Parallel, Controlled dispense and Continuous flow

	
Parallel, Disposable, Electrowetting, Dispense and Aspirate

	
Imaging Capability, parallel, Transparent, Disposable, Controlled dispense and Aspirate

	
Simple fabrication, Dispense

	
Imaging Capability, Transparent, Evaporation controlled, Parallel, Disposable.




	
Disadvantage

	
Premature evaporation, no aspiration capability, less control on dispensing

	
Premature evaporation, liquid contamination, laborious alignment, without imaging capability

	
Premature evaporation, laborious alignment, without imaging capability, non transparent system

	
Premature evaporation, exposed to liquid contamination, without imaging capability, big size

	
Limited viscosity, laborious alignment (without piezoresistors)

	
Irreproducible, fabrication cannot be scaled

	
Limited viscosity










2.3. Microfabrication Steps of Various Liquid Dispensing Devices


For DPN, commercially available cantilevers can be bought and for NFPen and SICM, the glass pipettes are heated and pulled to obtain small apertures needed. For all the other techniques, the devices are not commercially available and hence we describe their fabrication steps in Figure 3.
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Figure 3. The microfabrication process steps for (1) Nanoscale Dispensor (NADIS), (2) Bioplume, (3) Scanning Ion Pipette (SIP), and (4) Nano Fountain Probe (NFProbe) are shown in separate columns. The details of the steps from (a–e) for each device are described in the text. 
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2.3.1. Nanoscale Dispenser [56]


The microfabrication of the NADIS was based on a molding process, combined with anisotropic KOH silicon etching. It begins with a photoresist masking for creating the tip by photolithography on a silicon wafer that was previously thermally oxidized. The wafer was etched by reactive ion etching (RIE) to remove the unprotected SiO2 layer, and the remaining photoresist was stripped-away. Then the wafer was etched in KOH solution. The etching followed the (1,1,1) planes of the silicon, forming a pyramid below the SiO2 layer that was eventually removed. Once the pyramid was formed, the wafer was again thermally oxidized (oxide thickness of ~50 nm) and a low stress low-pressure chemical vapor deposition (LPCVD) silicon nitride (Si3N4) layer of 1 μm was deposited (see Figure 3, Column 1a), which created a mold of the oxidized pyramid. A spin-coated thick layer of photoresist left the apex of the newly formed uncovered tip and the resist was patterned through photolithography to define the cantilever shape. RIE was then used to open the nitride and dioxide layers that were uncovered by the resist. As a result, the tip apex was etched without any lithography step as shown in Figure 3, Column 1b. After stripping the resist, the wafer was dipped in the buffered hydrofluoric acid (BHF) oxide etch, which transferred the opening in the Si3N4 layer into the underlying SiO2 layer. Therefore, the silicon core of the tip was etched by dipping the wafer once again in KOH (see Figure 3, Column 1c). Photolithography on the backside of the wafer was employed to open a window in Si3N4 and SiO2 layers over the future cantilever area by means of RIE (see Figure 3, Column 1d). This allowed the formation of a membrane in KOH underneath the cantilever. A subsequent photolithography and RIE step were used to pattern the front side Si3N4 layer in order to define the cantilever. Finally, the cantilever was released and the hole underneath the tip was finalized by KOH etching as shown in Figure 3, Column 1e.




2.3.2. Bioplume [93]


The fabrication of the Bioplume was based on standard micromachining techniques. The process begins with an n-type silicon-on-insulator (SOI) wafer, with a 1 μm thick buried oxide layer and a 50 μm thick top silicon layer. The first step consisted in creating the piezoresistor in the bulk silicon (Figure 3, Column 2a). In order to optimize its sensitivity, the cantilever was patterned along the crystal axes, for which the longitudinal coefficient is maximum, i.e., along the (1,1,0) direction in the case of a p-silicon piezoresistor. The localization of the piezoresistive layer at the anchored edge of the cantilevers was accomplished by using SiO2 as a masking layer. Therefore, 300 nm of SiO2 was thermally grown and patterned with a photolithographic step. After removing the oxide masking layer in BHF, the cantilever shape was created by deep reactive ion etching (DRIE) of the top Si layer (Figure 3, Column 2b). The final shape of the piezoresistor was achieved with this anisotropic dry-etch process. The channel and the reservoir were also fabricated during this step. A 200 nm thick plasma-enhanced chemical vapor deposition (PECVD) oxide layer was deposited to protect the piezoresistors and to electrically insulate the bulk silicon from the metal lines to be patterned. Contact holes were opened, and a 200 nm-thick AlSi layer was sputtered and patterned in order to obtain electrical contacts for the resistors (Figure 3, Column 2c). After the shape of the cantilever was delineated, the electrodes required inside the channel for the electro-assisted methods were fabricated (Figure 3, Column 2d). The connecting metal lines and bonding pads were fabricated along with the metallic electrodes by metal lift-off technique. Finally, the cantilevers were released by DRIE-etching the backside of the silicon wafer, followed by RIE of the buried SiO2 layer (Figure 3, Column 2e).




2.3.3. Scanning Ion Pipette [24]


The fabrication of the SIP was based on obtaining closed, partially freestanding capillaries. The design steps are covered over two wafers: one containing the fluid reservoir and the other one patterned with the fluidic system (namely the cantilever and the tip). To begin with, a 300 nm thick thermal SiO2 layer was grown on a double-side-polished 300 μm thick Si wafer. The cavity for the tip was outlined by RIE into the SiO2. Subsequently, the pyramidal pit for the mold of the tip was etched by KOH in the Si wafer. Then the deposition of LPCVD Si3N4 of 200 nm was done to form the tip inside the tip mold. As a last step, patterns with 5 μm deep trenches were etched with DRIE to define the fluidic system and the cantilever. In the other wafer, fluid reservoir was patterned. Once again, the process begins with a 300nm thick thermal SiO2 layer and a subsequent 150 nm thick LPCVD Si3N4 layer grown on a double-side-polished 300 μm thick Si wafer. The handling part of the chip, as well as the fluid reservoirs were then outlined by RIE through the Si3N4 and SiO2 layers, stopping at the Si surface. The cavities for the edges/borders of the chip’s handling part and the reservoir were etched in a KOH solution through the entire wafer thickness. The cross-section view of the two resulting wafers is shown in Figure 3, Column 3a. Subsequently, both wafers were cleaned and activated in a standard radio corporation of America (RCA) solution followed by a thermal fuse bonding process (Figure 3, Column 3b). Prior to the bond process, the wafers were aligned in such a way, that the trenches of the fluidic system in one wafer were connected through the fluid reservoir in the opposite wafer. The wafers were pressed together with 0.6 MPa pressure. The resulting wafer sandwich was thermally oxidized to grow a SiO2 thickness of 1.5 μm (see Figure 3, Column 3c). The oxidized wafer stack was then etched in KOH solution from the fluidic-system-wafer into the opposite wafer (Figure 3, Column 3d). The KOH etching was stopped once it was optically confirmed that the cantilever had been fully released. At this point, the individual chips were released from the wafer (Figure 3, Column 3e). Finally, the aperture in the tip was milled with FIB, in order to connect the on-chip reservoir to the Si3N4 tip.




2.3.4. Nano Fountain Probe [94]


The fabrication of the microfluidic nanofountain probe started with the manufacturing of the tip precursors through anisotropic KOH etching oxidation sharpening and oxide removal. When the wafer containing the pyramidal tips was ready, LPCVD Si3N4 was deposited (Figure 3, Column 4a). The nitride layer was patterned with photolithography in order to define the reservoir. It was followed by the deposition of a SiO2 sacrificial layer and Si3N4 layer to form the top wall of the microfluidic channel. Photolithography was once again performed to delineate the channels. An under-etching of SiO2 was necessary to create the channel lumen. Subsequently, an oxidation step was performed to close the channel sides. Furthermore, lithography and dry etching were performed on topside for delineating the cantilevers as shown in Figure 3, Column 4b. This was followed by backside lithography for defining the reservoir and chip boundaries (Figure 3, Column 4c), and KOH etching; during the nitride-etching step, the tips protruded from the photoresist and started getting etched. The oxide was exposed to wet chemical etching for connecting the volcano-tip with the microchannels and releasing the cantilevers and chip (Figure 3, Column 4d). Finally, the chip was released.





2.4. Comparing Microfabrication Processes of NADIS, Bioplume, SIP and NFProbe


The development of these four devices requires a careful analysis to define the pros and cons of their fabrication. Among these ones, NADIS has the advantage of having, in principle, the simplest and fastest fabrication, as it requires fewer photolithography steps. However, one should pay special attention to the timing of the last KOH etching step (Figure 3, Column 1e) because over-etching the Si would completely destroy the device. The fabrication of NADIS results in a cantilever whose aperture is directly connected to a small fluid reservoir near the cantilever tip, and therefore only a limited amount of volume could be stored. The fabrication of the NFP and the SIP, on the other hand, results in an inner channel that increases the amount of liquid volume that can be stored for dispensing. However, fabricating the NFP is a simpler process, it does not involve wafer bonding in comparison to the SIP (Figure 3, Column 3b). Wafer bonding is a very delicate step that requires major attention on the surface roughness on the bonding side of the both wafers. Therefore, it is crucial to protect the polished surface from damages during the etching steps. Nonetheless, fabricating the channels via wafer bonding, as done for the SIP, gives more flexibility in deciding the ideal cross section for the fluidic channels. In the case of the NFP, the fluidic channel dimensions are limited, because the size of the channel and particularly the height is defined by the limited thickness of the SiO2 layer obtained after the wet oxidation step (Figure 3, Column 4a). This is then removed in BHF, resulting in a hollow cantilever made of Si3N4. Achieving a thickness of the thermal oxide higher than 1.5 μm is possible but difficult and extremely slow. Additionally, the hollow cantilevers fabricated for NFP are typically made of only Si3N4. Other materials, like SiO2, are possible, but this could considerably increase their fabrication complexity. The fabrication process of the SIP, however, allows the cantilever to be made of SiO2 or Si3N4 without changing the steps. The advantage of cantilever made of oxide is that, it will be transparent and typically more hydrophilic than nitride. The tip is still made of nitride that is a harder material than oxide, reducing the wear and ideal for AFM-imaging purposes. Moreover, the SIP, unlike NADIS and NFP, has the advantage of choosing the aperture not to be created during the main fabrication process, thus increasing the flexibility for the user to decide the exact size and position. However, the drawback is that, each device has to be individually milled with FIB, which makes the process very slow. Finally, Bioplume could be the most tedious for fabrication as doping and metallization steps are required. Also, the process is more expensive and slower to accomplish. The fabrication results in a cantilever with open channels, which exposes the liquid to contamination and premature evaporation. The major advantage of Bioplume is that it is a doped silicon piezoresistive self-sening fluidic device. However, SIP with all the microfabrication advantages with fluidic system has also been demonstrated to have self-sensing property by metal piezoresistors [68].





3. Handling of Fluids within the Probes


The SPM-based fluid handling devices have evolved from simple dipping and writing to on-chip fluid reservoirs for a continuous supply of the liquid sample. For a controlled flow of liquid from the reservoir to the tip, various pumping techniques were developed. In this section, we review the pumping techniques based on liquid evaporation [95], thermal energy [96], electro-osmosis [97], pressure [25] and syringe pump [69]. Pumping becomes even more significant for dispensing in liquid environment due to the absence of capillary forces. For dispensing in air, once the liquid has reached the tip, capillary forces between the substrate surface and the dispensing liquid dominate the dispensing process. Better control of dispensing, understanding the physics involved in this dispensing process and real-time monitoring of dispensing are important. After the droplet is dispensed, the lifetime of the dispensed droplet is influenced by the surrounding droplet environment conditions like temperature and humidity. Different imaging techniques are used to confirm the dispensed droplets. All these aspects will be discussed in this section.



3.1. Loading of the Fluid


In DPN technique, the cantilever tip was inked with the molecules to be dispensed. External reservoirs of liquids were kept very close to the cantilever for quick and easy access when dipping the tip into them. However, this method of dipping gave an uncontrolled loading of the tip, leading to irreproducible deposition results. Depositing defined amount of droplets on the tip by inkjet spotting solved this problem [98]. The time spent during inking the tip was dead time for the spotting process.



For the devices where an electric field was applied to the tip, i.e., Bioplume, electro-active loading was used. A DC voltage applied between the liquid to be loaded and the electrode on the cantilever resulted in liquid flow into the cantilever. Such method was also used to aspirate liquids [90].



All other probes discussed in this review have fluid storage reservoir connected directly to the aperture at the tip from where the dispensing happens. The hydrophilic nature of the channels allows self-filling of the cantilevers with ink due to capillarity once a tiny droplet is loaded in the reservoir. However, if the cantilevers are left in the air after fabrication, even surfaces like silicon-dioxide or silicon-nitride become slightly hydrophobic. This happens due to the physisorption of hydrocarbons present in the air inside the hollow cantilever surface. This could be, momentarily solved by cleaning in oxygen plasma or piranha-solution, which makes these channels hydrophilic again. The channels would become hydrophobic again within few minutes when left in the air. If that happens, the liquid has to be driven into the channel using pumps. Furthermore, pumping of liquid is also needed if the hollow cantilevers are used for aspirating liquids or when operated in a liquid environment.




3.2. Pumping Mechanisms


3.2.1. Evaporation Pump


Evaporation-induced pumping represents a straightforward implementation of a micropump into an SPM-based nanopipette. The implementation of such a pump does not require any additional fabrication steps. Only the geometry of the capillary outlet area needs to be increased to enhance the evaporation thus inducing pumping. The working principle of an evaporation induced pump integrated in a SIP is exemplarily explained in Figure 4a [95]. A water-based solution was filled into the inlet (reservoir). Capillary forces instantaneously filled the hydrophilic SiO2 fluidic system and the hollow cantilever. Once the fluid has reached the specially shaped capillary outlet (the evaporation cell), it started evaporating. The evaporation cell is designed such that the capillary is spread into a manifold of top open capillaries. This increased the liquid air surface area, and hence, increased the evaporation. The capillary pressure kept the evaporation cell capillaries wet, and thereby, replaced autonomously the evaporation loss by drawing additional water through the capillaries. The increase of the evaporation area at the outlet results in an increased pumping flow, which also increases the pressure drop between inlet and outlet. As a result, two different flow regimes were considered as sketched in Figure 4b. In the low flow regime, the pressure drop between inlet and outlet is lower than the capillary pressure of the top open channels in the evaporation cell. Hence, all capillaries remained wet and the flow was determined by evaporation rate only. In the high flow regime, the pressure drop between the inlet and outlet, induced by the hydraulic resistance of the fluidic system and the high flow rate, exceeded the capillary pressure of the top opened capillaries. Hence, the evaporation cell was only partially filled and the capillary pressure in the outlet limited the flow rate.



The pump rate (Q) of such an evaporation-based pump was experimentally verified (Figure 5). The fluidic part of the SIP consisted of two capillaries arranged in series. Each capillary had a cross section of 2.25 μm × 3.75 μm and a length of 2.1 mm between the inlet and the outlet. These capillaries were connected to the evaporation cell, which ended in a manifold of 48 top-open capillaries. The geometry of the evaporation cell had the shape of an inverted truncated pyramid with a bottom plane of 30 μm × 480 μm and a height of 390 μm. The sidewalls were inclined with the KOH specific angle of 54.7°. The evaporation-based pump was designed to operate in the low flow regime, where the capillary pressure pc dominates the pressure drop psys over the fluidic system.



Fluorescent-labeled microspheres were used for the experiments to determine the flow rate. Instead of measuring their velocity in the capillaries, their accumulation in the evaporation cell was observed. Each of the microspheres represents a certain water volume defined by the concentration. Hence, the accumulation is a measure for the pump rate. In order to study the dependence of Q with temperature T, the temperature at the water-air interface was increased with time during the experiment.



The pumped water volume according to the accumulation of microspheres is shown in Figure 5a represented by open circles. The non-linear increase of flow rate was due to the deliberate increase of temperature during the experiment. Merging this graph together with the measured temperature finally yields the temperature dependency of the pump rate as shown in Figure 5b. With the present setup, a pump rate ranging from 7 pL/s at 23 °C up to 53 pL/s at 65 °C was achieved [99].
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Figure 4. (a) Sketch of a SIP with an integrated micropump. Evaporating water-induced suction flow inside the SPM-chip. (b) Different filling levels of the evaporation cell (with open capillaries). This depends on flow-induced pressure drop over the fluidic system psys and capillary pressure pc at the water-air interface inside the evaporation cell [99]. 
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Figure 5. (a) Pumped water with an increasing pump rate by increasing the temperature (experimental data, open circles o; fitted model, dots). (b) Dependency of the pump rate Q on the temperature T. Reprinted with permission from [99]. 
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3.2.2. Thermal Pump


If the channels are hydrophobic, sufficient pressure needs to be generated to flow the liquid to the nozzle for dispensing. To address this difficulty, a cartridge-like system with liquid stored in a closed volume of on-chip reservoir with integrated heater was developed [96]. A thin PDMS lid was bonded to a chip already loaded with liquid as shown in the Figure 6. This formed a well-sealed nanopipetting cartridge, which helped avoid sample contamination and evaporation. A thin conducting wire was embedded into the reservoir. An electric current heated the wire, the heat energy was transferred to the liquid, which generated a pressure, pushing the liquid into the hydrophobic microchannel to reach the nozzle at the tip.
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Figure 6. (a) A wire was embedded within the polydimethylsiloxane (PDMS) lid; (b) it was placed on top of the chip resulting in a soft-lid with an integrated thermal pump, allowing the free loop to be located inside the reservoir, such that an over-pressure could be created simply by passing current and heating the wire; (c) cross-section view of the schematic picture with wire embedded inside the reservoir; and (d) photograph of the integrated thermal pump on the chip. Reprinted with permission from [96]. 
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The reservoir shown in Figure 7a was filled with fluorescent liquid. The hydrophobic capillary leading to the tip did not fill (Figure 7a). The pressure generated by heating the wire overcame this counter-acting capillary pressure (Figure 7b).



Due to the small dimensions of the fluidic channel, the flow was completely laminar with very low Reynolds number. Moreover, the flow was dominated by the interaction between the fluid and the walls of the microchannel rather than by bulk effects. The hydrophilicity or hydrophobicity of the surface was determined by the contact angle (θ) value. The net capillary force on the circumferential meniscus in the microchannel can be approximated by using:


     F  c a p   = C *  γ c o s θ  = 2  (  w + h  )  γ  c o s θ     



(1)




where C is the circumference of the meniscus, w and h are the geometrical size in width and height of the rectangular channel respectively, γ is the interfacial surface tension between air and liquid (γ = 72.8 mN/m for water at room temperature), and θ is the contact angle of the liquid on the channel surface. For liquid flow in microchannels, this effect is represented as capillary pressure difference (ΔPcap) and given by:


     Δ   P  c a p   =    N e t     F o r c e     A r e a    =   2  (  w + h  )   γ c o s θ    w h   = 2  γ c o s θ   (   1 w  +  1 h   )     



(2)







The transparent cantilever allowed the real-time visualization of the advancing meniscus (Figure 7b). Using a current of around 300 mA for heating the thermal pump was sufficient to evaporate liquid inside the reservoir, causing a high enough pressure to overcome the resistance of the capillary pressure, which was estimated to be 87 kPa (0.87 bar) for a contact angle of 140°. The advancing speed of the meniscus had a value of up to ~2.4 μm/s corresponding to a pumping speed of about 19.5 fL/s. From the changes in the mechanical resonance of the nanopipette the volume of a typical dispensed droplet was estimated to be 30 fL [96].
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Figure 7. (a) The on-chip reservoir filled with fluorescent liquid with connected hydrophobic channels; (b) These Figures show the advancement of the air-liquid meniscus inside the capillary as function of time. The pressure generated by the pump overcame the capillary pressure in the hydrophobic channels, allowing fluidic motion; (c) Resonance frequency shift due to decrease in the effective mass of the cantilever as droplets were dispensed until the cantilever was empty. Reprinted with permission from [97]. 
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3.2.3. Electro-osmotic Pump


Electro-osmostic (EO) pumping [97] exploits the interaction of an electric field with an ion containing liquid. EO requires an electrically charged capillary surface. Ions in the solution are attracted to at the capillary surface. A certain amount of these ions is only loosely bound and can be moved by applying an electric field parallel to the capillary surface. These ions drag bulk of the solution resulting in electro-osmotic flow. This phenomenon can be especially exploited in the microfluidic domain to pump liquids, because capillaries have an advantageous surface to volume ratio. Due to the required ionic interaction between liquid and capillary surface, the range of solutions is limited to mainly water based solutions with low ionic concentrations.



A key challenge in implementing EO pumps into SIP type of devices is integration of the electrical connection into the solution. Furthermore, having electrodes inside the solution initiates electrolysis of the liquid resulting in gas formation. These gases emerge as bubbles and may block the conductive path between the electrodes and, thus, inhibit a further actuation of the pump. Entering of the electrolyzed gases into the fluidic system must be avoided. The possible solution for an EO pump based on Platinum electrodes was presented [97]. The emerging gas bubbles were removed in a novel gas-liquid separator and by special tapering of the capillary sidewalls at the electrode. They were guided away to an exhaust capillary. The specially tapered sidewalls of the capillary present the gas bubbles from interrupting the electrical path between the electrodes within the EO pump which would stop the pumping. A microscope image of such a pump configuration is shown in Figure 8a). The investigated EO pump consisted of capillaries with a diameter in the range of 10 μm to 1.5 μm. The total footprint of the pump was less than 100 μm × 100 μm.



Flow experiments with this type of EO pump were performed. The Figure 8b shows the measurement as a function of the electrical current. The inflow Qin and outflow Qout of the pump were measured. Four contributions to the measured flow can be distinguished. At zero current, the median of the Qin and Qout represents the evaporation-induced flow through the exhaust capillaries. The difference between Qin and Qout was caused by hydrostatic pressure (height difference between the level of the inlet and outlet for the liquid). Due to a slight misalignment of the electrodes within the EO pump, the slopes of the electroosmotic-induced flow for Qin and Qout were slightly different. For deionized water, an EO pumping characteristic of 5 pL·s−1·nA−1 was determined which equals a pump rate of 50 pL/s at an actuation voltage of 5 V.



Electrolysis is omitted by using electrodes like Ag/AgCl. They have the advantage that during pumping, the electrochemical reaction transforms Ag into AgCl and vice versa, rather than electrolyzing the liquid. Furthermore, these Ag/AgCl electrodes are the most common and well understood electrodes for biological and electrochemical measurements [100]. As a disadvantage, this oxidation of Ag or AgCl leads to an altering and the consummation of the electrodes during pumping, and they need to be regenerated by changing the pumping direction. Ag electrodes can be electroless deposited into the capillaries of the SIP [101] and further partially transformed into Ag/AgCl based on an oxidation with ferric chloride (FeCl3). First experiments using polymeric capillaries with 65 μm channels a flow rate of 0.12 nL·s−1·V−1 was obtained [102].
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Figure 8. (a) Image of an electroosmotic pump with Pt electrodes. The gas bubbles, emerging due to the electrolysis of water, are guided away from the pump by a novel liquid gas separator [97]; (b) Electroosmotic flow measurements. Next to the electroosmotic-induced flow into the pump (Qin) and out of the pump (Qout), the evaporation induced flow via the exhaust capillaries (median at zero current) and the hydrostatic induced flow (difference Qin and Qout at zero current) can be deduced. Reprinted with permission from [99]. 
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3.2.4. Syringe Pump or Pneumatic Pump


The most common way of pumping fluids in microchannels is either by using a syringe pump (constant volume) or pneumatic pumps (constant pressure) as shown in Figure 9 [103]. In contrast to previously described techniques that are on-chip solutions, these pumping techniques need bulky external peripherals. Presently, the state-of-the-art syringe pumps can reach pL/min flow rates. Precision small angle stepper motors are used to reach such low values. Despite such capability, they suffer from oscillation in the flow due to stepping action and slow response at low flow rate. This is attributed to mechanical compliance of syringes, tubing and chips. It can take seconds or even minutes to stabilize. In the pneumatic pumps, the pressure inside the fluidic channel is controlled instead of flow rate. A pulse-free flow, fast response time (tens of milliseconds) can be achieved with this technique. The flow rate has to be calibrated for applied pressure for every given channel dimensions. In the electrical analogy [104], syringe pump is similar to a current source, the pneumatic source is similar to a voltage source and the flow rate is similar to current.
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Figure 9. Syringe-based pumping and pressure-based pumping. 
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3.3. Fluid Dispensing


The simplest way to dispense fluids using cantilevered probes is by touching the cantilever loaded with liquid at the desired location on the substrate. The surface energy of the substrate and the surface tension of the liquid define the amount of fluid dispensed. In the following section, all the parameters involved in dispensing the liquid are discussed.



3.3.1. Monitoring of Fluid Handling


The fluid handling constitutes, monitoring fluid loading inside the cantilever and droplet dispensing on the substrate. The dynamic and static behavior of the cantilever are analyzed to obtain these parameters.



Dynamic Mode for Cantilever Filling and Droplet Dispensing:


The loading of the cantilever with fluid can be measured by monitoring the change in the effective mass of the cantilever. This is obtained by measuring shift in the resonance frequency of the cantilever. For DPN or NADIS type cantilevers, since only the tip of the cantilever is loaded, it is similar to a point-mass loaded cantilever. The mass addition is given by the equation:


    Δ m = − 2  M f  Δ f    



(3)




where, Δm is the mass of the droplet added to the cantilever, M is the effective mass of the cantilever before mass loading, f is the resonance frequency before mass loading and Δf is the shift in resonance frequency after the sample droplet is added. The resonance frequency decreases, when mass is added. The loaded cantilever is used for dispensing droplets on the chosen substrate. The resonance frequency shift for every drop that is dispensed can be measured if the resonance curve has a quality factor to resolve the difference in resonance frequency before and after dispensing a droplet. Using a DPN cantilever of mass 11.3 ng and a fundamental resonance frequency of 306.7 kHz, a solution containing 1 mol % of fluorescently labeled DOPC phospholipids was picked and dispensed. A mass of 2.3 pg at 65% relative humidity (RH) and 1.5 pg at 50% RH was measured for each dispensed droplet by monitoring the change in resonance frequency after dispensing of each droplet [105] (Figure 10).
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Figure 10. (a) Decrease in the resonance frequency of the cantilever before and after dipping in the solution (black squares to red circles). Increase in the resonance frequency after dispensing 50 droplets (red circles to green triangles). (b) Closer view of the increase in the frequency after a mass equivalent of 50 dots is released from the cantilever. Reprinted with permission from [105]. 
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For NADIS cantilever with 300 nm wide aperture, droplets ranging from sub-micrometer to 5 μm were deposited with masses ranging from 20 pg to 0.2 pg with the corresponding volumes between 15 fL and 150 aL. A separate quad beam resonator was used to measure the dispensed mass [106].



For a hollow-cantilevered beam like NFProbe, NFPen or SIP, the same equation holds to measure the amount of liquid loaded into the cantilever. However, the distributed mass should be considered instead of a point mass and the change in the spring constant is neglected. Most importantly, the energy dissipation (quality factor) remains constant for empty and filled cantilever [107] (which is in contrast to the cantilever vibrating in liquid [108]). Unlike in DPN and NADIS technique, where the effective mass of the cantilever decreases after every droplet dispensed, the fluid in the reservoir immediately replaces the lost mass of the cantilever. This makes impossible to determine the mass of the dispensed droplet from the resonance frequency of the cantilever. Therefore in these types of devices, resonance frequency can be used only to determine empty or filled cantilever and not dispensed droplet mass. However, from the data of dispensed droplet dimensions and density of the liquid, the dispensed droplet mass can be determined indirectly.




Simultaneous Static and Dynamic Mode for Droplet Dispensing:


In the static mode, the force experienced by the cantilever tip upon contact with the substrate surface, is measured by cantilever deflection as a function of z-scan (deflection-distance or force-distance curves). In addition, if the cantilever is set to resonate, the amplitude of the resonance frequency can also be monitored simultaneously along with the deflection (the average position of the resonating cantilever). This approach and retract curves are shown in Figure 11.



For an empty cantilever, during approach when it is a few nanometers away from the surface, capillary condensation happens between the tip and the substrate due to atmospheric humidity. This phenomenon snaps the cantilever to the substrate. This is shown as a kink in the black approach curve in Figure 11a. Once in contact with the substrate, the deflection of the cantilever will continuously increase as it gets pushed against the substrate. During retraction, shown by the red curve, the capillary forces of the meniscus hold the cantilever in contact for a longer z distance compared to snap-in distance before it snap-off from the surface. If the cantilever spring constant is measured, the area between the snap-in and snap-off position gives the amount of work needed to pull the cantilever away from the surface.



When the cantilever is filled, the liquid reaches the tip aperture and is held in equilibrium inside the cantilever due to surface tension. During approach, shown by the green curve, the cantilever again gets snapped to the surface due to capillary condensation. But, in this situation, the liquid inside the cantilever near the tip aperture gets coalesced with the capillary bridge, breaking the liquid equilibrium inside the cantilever and establishing a path for the fluid inside the cantilever to flow. The surface energy of the substrate pulls the liquid out of the cantilever causing dispensing of the liquid till a new equilibrium between surface tension of the liquid and surface energy of the substrate is reached. During retraction, the cantilever is held for even longer distance of vertical displacement than when the cantilever was empty because of the stronger capillary force of the dispensed droplet, shown by the blue curve.



In the dynamic mode, the amplitude of the resonance frequency remains constant when the cantilever is far away from the surface during approach, shown by the black curve in Figure 11b. When the cantilever touches the surface, the amplitude of resonance frequency becomes zero because the cantilever doesn’t oscillate anymore. It regains its amplitude during retraction, shown by the red curve at a different distance again due to the capillary forces. The distance between the snap-in and snap-off will increase when a droplet is dispensed by liquid-filled cantilever, shown by green and blue curve.
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Figure 11. Simultaneous measurement of static and dynamic mode. (a) The static deflection of the cantilever and (b) amplitude of the resonance frequency plotted as a function of tip distance from the substrate. Black and red curves represent data for empty cantilever, while green and blue curves represent the data for liquid-filled cantilever. Reprinted with permission from [96]. 
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3.3.2. Physics of Dispensing


The various parameters that influence the droplet size are given below. These parameters are intrinsically related. Controlling all the parameters at the same time is quite complex. Some of them are discussed in detailed in this section. They are clustered into four categories:

	
Liquid properties: Reynolds Number, Surface tension, Capillary forces, Viscosity, Laplace pressure, and Concentration.



	
Tip-Surface Interactions: Bond Number, Capillary Length, Adhesion mechanism, Molecular transport mechanism, Contact angle, Contact time, Number of contacts on the same spot and Withdrawal speed of the tip.



	
Environment Conditions: Humidity, Temperature and Evaporation rate.



	
Geometrical properties: Shape of the tip, Nozzle size and Nozzle position.








Reynolds Number:


The physical behavior of the liquid inside a microfluidic channel is defined by this number. It is defined as the ratio of the inertial forces to the viscous forces [109,110]:


     R e  =   2  R h   ρ  υ   μ      



(4)




where, Rh is the hydraulic radius (typically radius of the fluid channel), ρ is the fluid density, v is the mean fluid velocity, and μ is the dynamic viscosity. A value of Re = 2000 is the empirical limit between laminar (Re < 2000) and turbulent (Re > 2000) fluid flow. If the channels are rectangular, then Rh is defined as 2A/P, where A is the cross-sectional area and P is the perimeter. For all the channeled SPM-based dispensing devices Re < 1, making the flow profiles always laminar.




Bond Number and Capillary Length:


When the characteristic height of the liquid meniscus in a liquid bridge between the surface and the tip is quite smaller than the capillary length     λ C  =    γ  ρ g        (where, γ is the surface stress, ρ is the liquid density, and g is the acceleration due to gravity) the effect of the hydrostatic pressure due to the gravity (Ph = ρgh) can be neglected. This is also expressed in terms of bond number Bo [111], which is a dimensionless number and a ratio of the gravitational forces to the surface tension forces (    B o  =   ρ g  L 2   γ    ), where ρ is the density of the liquid, L is the characteristic length of a capillary surface (height or radius of a droplet or radius of a channel) and g is the acceleration due to gravity. For Bo < 1, surface stress forces dominates and for Bo > 1, surface effects are neglected. For a dispensed droplet (sessile drop) in the spherical cap shape, the largest dimension is the base of the droplet, which is smaller than the capillary length. For SPM based dispensing, for a droplet of 1 micron diameter Bo << 1 for which the gravity effects can be neglected. The capillary length of water is 2.7 mm and the channel dimensions of the cantilever are in the microns range; therefore, the effect of gravity for the fluid flow inside the hollow channels can also be neglected.




Adhesion Mechanism:


The behavior of the cantilever tip with the substrate during dispensing and not dispensing of a droplet is described in Section 3.3.1 (Figure 11). When a tip comes in contact with the substrate, there exist capillary attractive forces within the contact area leading to adhesion of the tip to the substrate. From the behavior of deflection-distance curves, the strength of the adhesion forces can be measured. For an uncoated silicon tip, capillary adhesive forces were observed to be present even at 0% humidity (dry nitrogen environment) [112] (Figure 12). The meniscus disappeared only in the ultra high vacuum (UHV) environment. For a tip coated with hydrophilic molecules, the capillary adhesive forces increase with humidity, whereas, for tip coated with hydrophobic molecules, the adhesive forces were decreased with humidity. Furthermore, the adhesion mechanism for the hydrophobic tip is more due to the intermolecular interaction between the molecules on the tip and the substrate than the capillary forces due to water meniscus. A ring-like pit pattern was formed on a NaCl substrate at 20% RH with a tip coated with hydrophobic molecules. This happened because the hydrophobic molecules on the tip displaced the water layer on the substrate and formed a meniscus on the tip edges. Dispensing of biomacromolecules like DNA and proteins require sufficient amount of humidity forming a meniscus between the tip and the substrate indicating that the capillary forces are responsible for the adhesion of the cantilever to the substrate [112].
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Figure 12. Force distance curves measured for a bare silicon tip as a function of chamber humidity content varying from 22% relative humidity (RH) to ultra high vacuum (UHV). The difference in the adhesion force between atoms (can be estimated by JKR theory [113]) in UHV conditions and capillary forces at 22% RH is quite significant. Reprinted with permission from [112]. 
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Molecular Transport Mechanism:


Once the cantilever is in contact with the substrate by capillary adhesion, the molecules get transported from the tip to the substrate (Figure 13).



In DPN, when the tip comes in very close proximity of the substrate a nanoscale water bridge in the form of meniscus is formed between tip and substrate. The meniscus formation is either due to the capillary condensation from the environment or the coalescence of already existing water layers present on both the surfaces. If the cantilever tip is coated with hydrophilic molecules or amphiphilic molecules, they use this water meniscus to get transported from the tip to the substrate. The final droplet size obtained depends on (1) ink dissolution into the meniscus; (2) ink diffusion through the meniscus; (3) ink adsorption onto the surface of the substrate; (4) outward ink diffusion along substrate surface; and (5) binding of the ink to the substrate. But the question arises, how do the hydrophobic ink molecules that are insoluble in water would be transferred to the substrate surface. What would be the role of the meniscus for transfer of the ink molecules and their subsequent diffusion on the substrate?



Sheehan and Whitman [114] have proved that it was possible to deposit hydrophobic molecules even at 0% humidity, concluding that meniscus is not needed for depositing the molecules. When the tip came very close to the surface, the molecules diffused from the tip surface to the substrate surface. In fact, a tip with hydrophobic molecules treated with different solvents resulted in different writing dynamics. The transfer is controlled by the chemical nature of the physisorbed molecules on the tip. The spot size depends on the surface diffusion of the ink molecules chemisorbed on the substrate surface. Two models were developed to describe this ink diffusion. One assumes tip as a source of molecules with constant flux [32] and the other as constant concentration [114]. These models explain the time dependent growth of the spot size. At higher humidity conditions, the meniscus acts slightly detrimental for hydrophobic molecules by decrease in spot size. To further understand the role of water meniscus, experiments were performed to see the water meniscus formation between the tip and NaCl substrate. The idea was that capillary condensation of water between the tip and the water would generate a pit in NaCl substrate. Interestingly, it was observed that pits were formed in the NaCl even at 0% humidity condition indicating that water meniscus does exist and has influence on the spot size. Pits were formed even for hydrophobic tips [112,115]. Therefore, the question still remains, what is the exact role of the meniscus in dispensing hydrophobic molecules in DPN? However, it can be concluded that the deposition always happens in the presence of water meniscus, the magnitude of the effect depends on the solubility of the ink molecules in the meniscus [116].
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Figure 13. Dispensing mechanism for different probes. (a) DPN with diffusive molecular dispensing; (b) Tips with nozzle (Nanoscale Dispensing (NADIS), Scanning Ion Pipette (SIP), Nanofountain Pen (NFPen), Bioplume) perform non-diffusive liquid dispensing; (c) NFProbe also performs diffusive molecular dispensing with liquid source very close to the tip [117]. 
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In the techniques with a nozzle on the tip (NADIS, SIP, NFPen, Bioplume), the liquid flows from the nozzle to the substrate till equilibrium between surface energy at the substrate contact and energy due to Laplace pressure in the liquid bridge is reached. For a hydrophilic tip and hydrophilic substrate (like SiO2 surface), the entire NADIS tip reservoir was emptied during droplet dispensing. By treating the surface with hydrophobic amine, the droplets were controlled based on the contact time. The aperture size on the tip had no influence on the droplet size. This indicates that surface energy has a greater role to play on the droplet size [118]. The dispensed droplet size does not dependent on how long the tip is in contact after the equilibrium has reached. Therefore, this lead to the conclusion that the liquid transfer is a non-diffusion process, completely in contrast to the mechanism involved in DPN [118], especially for the alkanethiol molecules on gold substrate.



With volcano tip and liquid source at the very close proximity of the tip, the dispensing mechanism of NFProbe is still molecular transport similar to DPN.




Shape of the Tip:


Usually, sharper the geometric shape of the tip, smaller the droplet obtained. The pyramidal silicon nitride tips are usually around 10 nm at its sharpest point (Figure 14). Typically, the shape of the tip is pyramidal. This is a result of wet etching of Si along (111) plane. Techniques like DPN, SIP, NADIS use this pyramid-shape tip (Figure 14a,b). The NFProbe has a volcano-type tip (Figure 13c) and the other bio-probes have needle-shaped tip (Figure 14c) [119]. The advantage of volcano-type tip is that the liquid inside the cantilever will not be in direct contact with the substrate but it will be close enough to keep the required humidity of vapors near the droplet. Whereas the sharp tip helps in the biological applications for probing into samples like cells without making big incisions.
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Figure 14. Different tip shapes of the dispensing cantilevers. (a) Pyramidal tip used in DPN, NADIS, and SIP; (b) the zoomed-in view of the tip; and (c) a hollow sharp needle-like tip. Reprinted with permission from [119]. 
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Aperture Size and Position:


For hollow cantilevers with on-chip reservoirs, an aperture has to be created on the cantilever tip for fluid dispensing. For SIP or NADIS devices where aperture is made at the end using FIB milling, the aperture size and position can be controlled. If the aperture is made on the tip, the size of the droplet is proportional to the size of the aperture (see Figure 15). The aperture can also be made on the wall of the tip, keeping the sharp tip intact. The sharp tip helps both to keep the droplet size smaller and achieve high-resolution imaging. An example of a tip with the aperture on the tip wall and one with the aperture on the apex are shown in Figure 16a and Figure 16b, respectively.
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Figure 15. The spot sizes obtained for various aperture diameters deposited by a hydrophobic tip on a hydrophobic amine substrate surface with various aperture diameters made on the tip apex (NADIS). Reprinted with permission from [118]. 
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Figure 16. (a) Nozzle on the wall of the pyramid, keeping the tip sharpness for imaging; and (b) nozzle on the tip apex for direct transfer of liquid to the substrate. 
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Contact Angle on the Substrate:


The contact angle is one of the crucial parameters for dispensing in a non-liquid, non-mixable environment. It is extremely difficult to handle and control. It is sensitive to a monolayer of molecules on the substrate. The contact angle is given by the Young’s condition. It can be viewed in a vector form (Figure 17) [120]:


       γ →   S  =    γ →    S L   +    γ →   L   c o s θ     



(5)




The vectors       γ →   S    ,       γ →    S L      and       γ →   L     are the surface tension (surface energy) values referring to solid-vapor, solid-liquid and liquid-vapor interfaces respectively and θ is the contact angle of the droplet with the substrate. These forces acting at the triple line per length gives the droplet its shape.
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Figure 17. Various surface tension vectors acting on a droplet with a contact angle θ. 
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Laplace Pressure and Capillary Force:


There are two instances where Laplace pressure is important in the context of liquid dispensing using cantilevers. First, during the fluid flow inside the hollow cantilever (already discussed during thermal pumping section) and the second, during dispensing of the droplet. In this section, we discuss the Laplace pressure in the liquid bridge meniscus formed during dispensing of the droplet. Young, Laplace and Kelvin equations determine the capillary forces established due to the capillary bridge between the tip and the substrate. The size of the capillary bridge depends on the humidity, geometry and the chemistry of the surface.



The Young-Laplace equation equates the pressure difference between two phases and the curvature of the surface:


     Δ  p =  γ   (   1 l  +  1 r   )     



(6)




where Δp is the Laplace pressure, γ is the interfacial surface tension, l and r are principal radii of curvature, also referred to as azimuthal and meridional radii of curvature respectively, or simply radii of curvature of two normal sections of meniscus perpendicular to each other.



For a flat water surface in thermodynamic equilibrium, if partial vapor pressure is same as saturated vapor pressure then evaporation is same as condensation. Then the relative humidity     (   R h  =    P v     P  s a t     = 1  )    , where Pv is partial vapor pressure and Psat is saturated vapor pressure. For a convex meniscus obtained due to capillary condensation, the equilibrium occurs at     (     P v     P  s a t     > 1  )    . In other words, due to the curvature, the thin water layer can be in thermodynamic equilibrium with undersaturated vapor pressure     (     P v     P  s a t     < 1  )    . This happens because of the adhesion force between water molecules and tip surface closer to the substrate surface. It results in higher pressure for the water layer next to the interface,    P =  P 0  +  Π d    , where     Π d     is called disjoining pressure [121,122]. For a thin liquid layer closer to the surface, the evaporation/condensation equilibrium will be shifted towards condensation. The exact value of     (     P v     P  s a t      )     is given by Kelvin equation [123]:


     1   R k    =  1 l  +  1 r  =   R T  l o g   (   P V  /  P  s a t    )     γ  V      



(7)






     Δ  p =   R T  l o g   (   P V  /  P  s a t    )   V     



(8)




where, Rk is Kelvin radius, V is the molar volume, T is the absolute temperature, and R is the gas constant. Rk remains constant at any given point of the meniscus, while l and r will change. ΔP gives the pressure inside the capillary bridge.



For water with γ =72.8 mN/m Equations (7) and (8) can be written as [123],


     R k   (   n m   )  =   0.54    l o g   (   P V  /  P  s a t    )       



(9)






     Δ  p  (   M P a   )  = 134.8    l o g   (   P V  /  P  s a t    )     



(10)







For 50% RH, Rk = −0.8 nm, ΔP = −93 MPa.



The azimuthal radius l and meridional radius r are perpendicular to each other and are shown in the Figure 18. The first one is considered as positive because the radius lies inside the liquid meniscus and the second one is considered negative, because it is concave and the radius lies outside the liquid meniscus. The Laplace pressure is given by    Δ p = γ  (   1 l  −  1 r   )    . The pressure inside the capillary bridge is lower than outside than that of outside the bridge. This leads to a force of    F = − π  l 2  Δ p   , responsible for pulling them together. The other force is the surface tension acting over the perimeter of the meniscus (usually, the surface tension is only a small percentage of the force due to capillary pressure) [123]. Therefore, the total capillary force is given by [123,124,125,126],


     F  c a p   = −  π   b 2   Δ  p + 2  π  b  γ s i n    Θ  2     



(11)






     F  c a p   = −  π   b 2   γ   (   1 l  −  1 r   )  + 2  π  b  γ  cos  (   φ  −   Θ  1   )     



(12)




where,


    r =    b   t a n φ    + D   sin  (   φ  −   Θ  1   )  +  c o s    Θ  2       



(13)






    l = b − r [ 1 −  c o s   (   φ  −   Θ  1   )     



(14)









[image: Micromachines 05 00954 g018 1024] 





Figure 18. Schematic of a liquid bridge responsible for the capillary force between the tip and the substrate. 






Figure 18. Schematic of a liquid bridge responsible for the capillary force between the tip and the substrate.



[image: Micromachines 05 00954 g018]





For DPN, the capillary force depends on the size of the liquid bridge which in-turn depends on the humidity. For dispensing by NADIS, apart from capillary bridge obtained by the capillary condensation, there is a source of liquid attached to the bridge. Due to this, the capillary force measurements obtained from the force-distance curves were different for 200 nm aperture and 35 nm aperture. For 200 nm aperture, the dispensing was due to constant pressure. The volume did not remain constant but the droplet was fed by the reservoir during retraction. It is believed that the liquid could flow into the capillary bridge so that hydrostatic equilibrium is established between the meniscus and the reservoir. This was no longer true for 35 nm aperture. The dispensing volume remained constant. The droplet was no longer fed by the reservoir. As the capillary force term has two components; one due to the Laplace force and the other due to the surface tension force along the contact line, it was concluded that in the larger aperture, the capillary force was dominated by the surface tension force only and the Laplace force was negligible, whereas for smaller aperture, both of them contributed. This was corroborated by the maximum of the normal force due to 35 nm aperture being twice that of 200 nm aperture [127].




Contact Angle on the Outer Tip Wall:


If a loaded tip is brought in contact with a hydrophilic substrate, the liquid will start to spread out due to the small contact angle on the substrate. Retracting the tip quickly before reaching the equilibrium between the substrate surface energy and surface tension of the fluid inside the meniscus will stop such a spreading. Furthermore, if the tip possesses a hydrophilic outside wall the liquid spreads on the tip wall increasing the dispensing spot diameter much beyond the aperture size as shown in Figure 19 [56].



To prevent the wetting of the outer tip wall on hydrophilic substrate surfaces, the cantilever tips deposited with gold are chemically treated to form hydrophobic (e.g., Hexadecanethiol) outer tip wall. This prevents the wetting of the outer tip wall, and allows the deposition of smaller droplets compared to the ones obtained with a hydrophilic tip on a hydrophilic substrate.
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Figure 19. The amount of dispensed liquid on a hydrophilic substrate is large when the tip is hydrophilic (left panel) and small when the tip is hydrophobic (right panel). 






Figure 19. The amount of dispensed liquid on a hydrophilic substrate is large when the tip is hydrophilic (left panel) and small when the tip is hydrophobic (right panel).
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Contact Time:


If the tip is retracted before the equilibrium between the substrate surface energy and surface tension of the fluid is reached, then smaller droplets will be dispensed. Therefore, shorter or longer contact times could lead to smaller or bigger dispensed droplets, respectively. If the tip is brought in contact several times on the same spot before the equilibrium is reached, then the amount of transferred liquid would also increase. These two effects (contact time and the number of contacts) can be potentially investigated by analyzing the diameters or the heights of the droplets. In this case, the contact time refers to the time during which the tip remains immobile, as the z-scanner is moving. For further investigation on the influence of the contact time and number of contacts on the amount of dispensed liquid, one can think of measuring the droplet height by getting successive deflection-distance curves on the same spot.



In DPN, the spot size of hydrophobic molecules increases with time even after 60 s of contact time indicating its molecular diffusion mechanism [128] (Figure 20). In NADIS, the droplet size reaches saturation within one second after equilibrium is reached (as shown in Figure 6 in reference [129]). This is because, DPN uses diffusive dispensing mechanism and NADIS uses non-diffusive dispensing mechanism.
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Figure 20. Using DPN, (a) The spot size of hydrophobic alkanethiol molecules obtained with the contact time on gold substrate at various relative humidity conditions (reprinted with permission from [114]); (b) The spot sizes obtained for DNA molecules on gold substrate. Reprinted with permission from [34]. The spreading regime was characterized with a behavior of spot radius r ~ t1/2. 






Figure 20. Using DPN, (a) The spot size of hydrophobic alkanethiol molecules obtained with the contact time on gold substrate at various relative humidity conditions (reprinted with permission from [114]); (b) The spot sizes obtained for DNA molecules on gold substrate. Reprinted with permission from [34]. The spreading regime was characterized with a behavior of spot radius r ~ t1/2.
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Humidity of Environment:


The capillary condensation of nanoscale water bridge formation between the tip and the substrate surface depends on the RH. The meniscus size is estimated from the Kelvin equation (7) [130]. The formation of meniscus at 98% RH condition is shown in Figure 21. The meniscus size defines the size of the spot on the substrate. It increases with the increase in RH [116]. As mentioned earlier in the section of Adhesion Mechanism, in an experiment to observe the meniscus formation by pits in NaCl substrate, it was confirmed that meniscus was formed even at 0% humidity condition in dry nitrogen environment [112]. It was absent only in vacuum. For hydrophilic molecules on the DPN tip, the spot size increased with humidity, whereas, it decreased for hydrophobic molecules [115].
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Figure 21. Electron microscope image of meniscus at an AFM probe tip. The radius of meniscus was observed to be 200 nm at 98% RH. Reprinted with permission from [130]. 






Figure 21. Electron microscope image of meniscus at an AFM probe tip. The radius of meniscus was observed to be 200 nm at 98% RH. Reprinted with permission from [130].
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Effect of Temperature:


The effect of temperature on the spot size was more pronounced than humidity (Figure 22). The growth rate increased exponentially with the temperature both for the hydrophobic and hydrophilic molecules. The hydrophobic molecules get less influenced compared to the hydrophilic molecules for temperature changes. As the molecule dissolution in the liquid bridge between the tip and the substrate increased with temperature, the number of solvated molecules taking part in the transport process has also increased [131].
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Figure 22. The effect of temperature on the droplet size for hydrophilic (MHA) and hydrophobic (ODT) molecules on a DPN at different % of RH levels is shown. Reprinted with permission from [115]. 






Figure 22. The effect of temperature on the droplet size for hydrophilic (MHA) and hydrophobic (ODT) molecules on a DPN at different % of RH levels is shown. Reprinted with permission from [115].
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3.3.3. Droplet Characterization


Spherical Cap:


The volume of the dispensed droplet can be calculated by measuring geometrical dimensions of the droplet. The dominant force influencing the droplet shape is the surface tension. The mean surface curvature is thus constant over the entire droplet and the shape can then be approximated to a spherical cap. The volume V of a spherical cap is given by:


    V =    π  h  6   (    3  e 2   4  +  h 2   )     



(15)




where e is the diameter of the droplet base and h is the droplet height. The height can be determined from the snap-off position of the deflection-distance curves during droplet dispensing by properly accounting for the droplet shape. The height and diameter of the droplet can be obtained by imaging the droplet in the non-contact mode immediately (in a humidity chamber, before evaporation of the droplet begins) after dispensing. The tip radius artefacts (broken tip, adhered particles), if any, on the measurements obtained should be accounted.



The diameter of the droplet is obtained by measuring the contact angle of the liquid and using the expression (16). The contact angle does not change (until gravity of the droplet becomes significant) with droplet size for the same substrate conditions. Therefore, contact angle measurements can be performed separately and the value can be used for the droplets dispensed by the cantilever. However, care should be taken about the hysteresis caused by the surface contamination.


    h =  1 4  e  θ     



(16)








Meniscus Bridge Break-Up Distance:


The volume (V) of the droplet can also be calculated from the meniscus bridge break-up distance (h) obtained from distance—displacement (force—distance) curve [132]. For geometry of a spherical tip and a flat substrate, the following relationship holds good [133].


    h =  (  1 +   θ  4   )   V   1 3    − 2  (  1 +   θ  4   )     V   2 3      5 R      



(17)




where, θ is the contact angle near the tip and the substrate and R is the tip radius. For hydrophilic surfaces, and small water bridges    θ ≅ 0   , the volume of the meniscus bridge is approximately equal to cube power of snap-off distance (h3) [134].





3.3.4. Droplet evaporation rate


The shape of the droplet is not influenced by the gravity if it is less than 2 mm in diameter. For our case, as the droplets are in the order of micron or less, effect of gravity is neglected. The droplets have higher vapor pressure than planar liquids as quantified by Kelvin. Thus vapor pressure increases with decreasing droplet size (Figure 23). There are two evaporation regimes during the droplet evaporation: in the beginning, the evaporation happens in the constant contact radius mode and later, decreases linearly with time (Figure 24) [135]. For a 100% saturated vapor pressure, the evaporation time of the droplet is given by:


    τ =  1  2  π       V  L O    D     k B  T    P 0   V m   λ  f      



(18)




where, VLO is the initial drop volume, D is the diffusion constant of the vapor molecules in the gas, kB is the Boltzmann constant, T is the absolute temperature, P0 is the vapor pressure, Vm is the molecular volume in the liquid phase,    λ =   2 γ  V m     k b  T     , and f = 0.5(0.00008957 + 0.6333θ + 0.116θ2 – 0.0887θ3 + 0.01033θ4). While for a 99% saturated pressure the evaporation time of the droplet is given by:


    τ =  1 4     (   3  π    )    2 / 3        (   V  L O    )    2 / 3    D     k B  T   β   1 / 3      P 0   V m  x f      



(19)




where, β = (2 + cos θ)(1 + cos θ)2 and x = 1 − RH. The evaporation time increase is proportional to (VLO)2/3 at 99% humidity, and to VLO at 100% humidity [136,137].
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Figure 23. (a) Sessile droplet in equilibrium; (b) laplace pressure acting downwards on the droplet and the surface tension component γLsinθ acting perpendicular to the substrate [135]. 
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Figure 24. (a) Evaporation of a water droplet of 32 microns radius on a silicon surface with time at 25 °C, 30% RH, contact angle of 63° and surface tension of 72 mN/m, the contact angle is in the top panel and the contact radius is in the bottom; (b) Evaporation time with initial volume for different contact angles and RH [135]. 
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3.3.5. Imaging the Dispensed Droplets


To visualize the dispensed droplets usually optical techniques including fluorescence methods are routinely used. However, to image droplet diameters of 1 micron or less, scanning electron microscope or various modes of atomic force microscope are used.



Scanning Electron Microscope (SEM):


Unlike optical techniques of imaging, the SEM involves creating vacuum, and therefore the chosen liquid should have very low vapor pressure. Ionic liquids are good candidates for this purpose [138]. An ionic liquid is a salt in the liquid state, typically used as the liquid electrolyte. They have vapor pressure values in the range of 10−10 Pa at 25 °C, which keep the droplets intact even under the vacuum. As a comparison, water has a vapor pressure of 3.3 kPa at the same temperature. However, the ionic liquid is about 20%–40% more viscous than water. Nevertheless, they can be made to flow through the hollow channels of the microcantilever (like SIP, NADIS, NFProbe).



For water-based liquids, the droplets should leave residues after they evaporate, clearly marking the droplet boundaries by “coffee-ring” effect. Having nanoparticles or salt solutions that leave crystals after evaporation, are best suited.




Atomic Force Microscope (AFM):


The droplets can be imaged before they evaporate by operating the AFM in non-contact mode [69]. Considering necessary correction factors, the droplet diameter and height can be derived from the image obtained. However, for the droplets which form monolayer of molecules on the substrate surface after evaporation, Lateral Force Microscopy (LFM) is often used for imaging [128]. It exploits the different friction characteristics of the substrate areas with droplet and without droplet producing enhanced edges of the topographic features.



In DPN, if the cantilever tip can be cleaned after dispensing the droplets, the same tip can be used for imaging the dispensed droplets. In the other techniques like SIP and NADIS, if the aperture can be made on the tip wall, the tip sharpness can be kept intact for imaging purpose. Tip should be cleaned before it is operated in the imaging mode for all the techniques.







4. Applications


4.1. Microarray


A microarray is typically a micron-scale spots of DNA, RNA, proteins, carbohydrates or peptides. They are widely used in the selection, assessment and quality control of the drugs in the pharmaceutical industry. They are also used as gene identification method in diagnostics and therapeutics [139]. Inkjet printing is typically used to print these microarrays with a reliable smallest size of 11 microns and above (Affymetrix chips) [140]. Packing more spots in a given area would further increase the multiplexing capabilities of the microarray leading to nanoscale arrays. Using DPN technique, it has been shown that spots of 70 nm are possible. However, 100 nm could be reliably produced. The technique was applied to form patterns of variety of materials like DNA [34,35], peptides, proteins [36,37,38,39,40], viruses [41,42], bacteria [43], metal nanoparticle precursors [44], magnetic nanoparticles [45], silanes [46,47], polymers [48], solid-state features using sol-precursors [49] on conductors, semiconductors, and insulating substrates.




4.2. Single Living Cell Manipulation


Cells are particularly complex and dynamic biochemical entities. Even among cells of the same type, there is still significant biochemical heterogeneity, which can arise via different mechanisms including mutations, localized damage and differential exposure to external signals (e.g., chemical gradients and vesicles) among others. Consequently, understanding the reason of why these differences arise is critical towards a better understanding of cell biology and for the ability to detect early disease stages so that they can be potentially treated before major health consequences appear. The analysis and manipulation of single cells present a variety of challenges. Eukaryotic cells are generally on the order of 8–20 μm in diameter and therefore have volumes of only 0.1–8 pL. Therefore, for an accurate manipulation it is important to have the means to inject the cell with volumes that are much smaller than its own volume, opening the need for a nanotool that can handle volumes in the range of fL and below. Such control can be given by the SPM-based nanopipette, whose dispensing capability could go down to few fL. This enables to introduce different signaling factors such as individual vesicles or other molecules of interest (mRNA and proteins) into the cell. In addition to metering/dosing the liquids, the mass sensing capability that such a nanotool can offer would ensure the accuracy during the delivering of the molecules of interest. In the case of pipettes such as the SIP or NFProbe, the sensitive force feedback allows controlled approach of the tip for local modification of the substrate surface even in liquid environments [141]. Furthermore, the probes with low spring constant guarantee that the cell (particularly the lipid membrane) is handled gently. From the force-distance curves, reliable discrimination between gentle contact with a cell membrane or its perforation was obtained [25], as shown in Figure 25. The electroporation technique using NFProbe was also used to inject molecules into single cells [142,143]. By extracting targeted material from cells, single-cell biopsy was demonstrated [144,145]. Other possibilities of actions that can be performed on a cell are summarized in Figure 26.
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Figure 25. Intracellular injection (a) could be monitored by the force-distance curves (b) in order to control the force necessary for perforation of the cell membrane without generating a major damage. If the aperture is made beside the apex, the sharp tip is preserved, which facilitates the membrane perforation. Reprinted with permission from [25]. 
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Figure 26. Various actions that can be performed on a living cell using hollow AFM cantilever. The scale bars are 20 microns. Reprinted with permission from [146]. 
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5. Conclusions and Future Scope


To conclude, various SPM-based contact-printing techniques are compared in this review. Their characteristics and fabrication methods were discussed. The complexity of multiple parameters that influences the fluid handling processes along with the physics involved in dispensing are described in detail. These devices have already shown to be useful in applications like genomics, proteomics and cell-biology. We conclude that SPM-based techniques remain attractive for generating small spot sizes in the range of one micron in diameter (less is also demonstrated) amounting to fL volumes. By monitoring multiple parameters like deflection, resonance frequency and phase change, information on the amount of force applied on the sample, mass of the injected liquid and image of the sample under investigation can be obtained. These features make SPM-based techniques more versatile compared to inkjet techniques. Furthermore, these devices can be mass-produced on a wafer scale. DPN and NADIS probes are useful for only dispensing, whereas the NFProbe and SIP are more versatile with additional advantage of control over fluid manipulation like controlled dispensing and aspiration.



As an outlook, these devices would be very useful in combinatorial screening, i.e., catalytic activity of different composition or crystal orientation of new solid-state materials [147,148]. AFM chips with liquid handling could also be extended to provide on-chip analysis of the aspirated solution, i.e., determining the mass of bio-molecules by a shift in resonance frequency of the cantilever [107,149,150]. Commonly known techniques from lab-on-a-chip or micro-total analysis systems could also be used to analyze the aspirated solution of different bio-molecules. The solution of biomolecules can be separated by, already existing systems, such as capillary electrophoresis. The identification of the aspirated molecules can be performed by either amperometric [151,152] or cyclic voltammetry detection [153]. However, this would also require new approaches to perform active on-chip liquid handling. Importantly, a high variety of different liquids, individually stored on-chip, should be addressed and dispensed through the tip.



These SPM-based devices have great potential for further exploitation as an active tool in bioanalytics. Korchev et al. [154] employed conventionally pulled microcapillaries to determine the distribution of ion conductive channel proteins. For this, a combination of the patch clamp technique [155] and SICM [78] was used. An SPM-based tool has the distinct advantage of dispensing highly localized bio-active solutions stimulating and enhancing the ion transfer through the channel proteins. Integration of an electrode, preferably at the tip has an added advantage of monitoring mechanical characteristics of the cells along with electrical characteristics. Apart from dispensing, aspiration [69] of liquids would open plethora of opportunities.



In industrial applications, a commercially attractive market can be seen in the printing of nanoarrays, i.e., for biomolecular recognition like protein identification, DNA sequencing and combinatorial drug-testing. Competing with well-established techniques, like inkjet printing or spotting, an AFM with liquid handling is a promising approach to push down the printed spot sizes below one micrometer. This would increase the density of the arrays as well as reduce the amount of expensive liquids used. However, to successfully compete, still a lot of research has to be conducted mainly to increase the reliability of the printing process and to increase the speed of printed spots per time. It is important to note that regardless of the fabrication complexity, a modified liquid handling AFM chip remains an indispensible laboratory accessory for liquid handling at small scale. Wear on the sharp tip and cross contamination require a frequent exchange of chips. With control on surface-energy, adding more functionality and integrating more in-situ cantilever control parameters, a multifunctional SPM-based fluid handling device with numerous applications are envisaged (Figure 27).
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Figure 27. By integrating various in-situ capabilities, gaining access over many control parameters and integrating more functionality onto the hollow AFM cantilever the device can be applied to numerous applications. 
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