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Abstract

This review focuses on recent advances in the field of microfluidic liquid chromatography from 

January 2013 through April 2015. Articles are organized by the type of stationary phase support 

focusing on device fabrication, column preparation, and use for specific applications. Additionally, 

a comprehensive table comparing chromatographic figures of merit for the work described is 

included as Appendix A as a reference for readers.
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 1. Introduction

In their 2012 review on column technology [1], Gritti and Guiochon discussed future 

directions for small diameter (10 – 300 μm) liquid chromatography (LC) columns used at 

high pressures and speeds. Because of these small diameters, a 50 mm long column packed 

with 1 μm particles would have a band variance (for an analyte with k’ = 3 at a reduced plate 

height of 3) of as small as 3 nL2, which would be unsuitable for standard instrumentation 

that can have extra-column variances (due to injection, detection, and connecting tubing) on 

the order of 10,000 nL2 [1]. Indeed, the need to reduce extra-column band broadening in LC 

microcolumns has been a key challenge to researchers in the field for over thirty years [2]. 

Additionally, for a column of this size packed with these smaller particles, optimum linear 

velocities would generate pressures up to 4,000 bar. Higher speed separations with such a 

column would require endfittings that can handle pressures far exceeding this value. To 

resolve these issues, they suggested the fabrication of a single device capable of 

withstanding up to 10,000 bar with integrated injection and detection directly on the column 

[1]. While such an engineering feat is likely many years away, recent work in microchip 

liquid chromatography focused toward this ultimate goal is described here, along with an 

evaluation of how these innovations might be further developed in the future and alternate 

trends that may sacrifice some of these ambitions to reduce cost and complexity. This review 
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emphasizes advances since previous in-depth reviews [3-6]. Here we will direct our focus to 

the LC column and separation; further information on coupling such devices to MS has been 

previously described [7-10].

Literature searches using Web of Science, SciFinder, PubMed, and Google Scholar revealed 

that over 350 articles pertaining to microchip liquid chromatography were published from 

January 2013 until April 2015. A large majority of these articles focused on the use of 

commercial chip-LC systems by Agilent Technologies [11], Waters Corporation [12], and 

Eksigent Technologies (now part of SCIEX) [13] and emphasized specific applications. 

Rather than discuss the use of these widely available systems, we highlight technologically-

driven investigations that might guide future developments in the field.

 2. Discussion

The first experimental demonstration of LC on a chip was reported twenty years ago [14]. 

The system consisted of a microfabricated silicon-glass fluidic network that incorporated a 

split-injection tee, a channel packed with 5 μm reversed phase particles adjacent to a series 

of smaller channels that could act as a particle-retaining frit, and an optical detection flow 

cell. The chip was placed inside a clamping device that enabled connection of fused silica 

capillary to and from the chip for connection to an external pump and injector [14]. 

Although the efficiency of this first chip-LC column was poor, its early design spawned 

much research into new ways of preparing columns, integrating components, and 

applications [15-17]. Of particular interest have been the different column types 

incorporated into chips as particles, monoliths, or pillar arrays have all been used as 

stationary phase supports. In principle, open-tubular LC columns on chip are also possible; 

however, few articles have been published on this format in the past 2 years. The advantages 

and disadvantages of the different supports are summarized in Table 1 [3]. A summary of the 

column dimensions and performance metrics of several examples of the different column 

types is given in Appendix A.

 2.1 Particle-Packed Columns

 2.1.1 Particle-Retaining Frits—As described in Table 1, one of the drawbacks of 

packed beds on microchips is the need for retaining frits to keep the particles in place [3]. 

While a number of fritting techniques have been developed for capillary LC columns [18], 

most chip-LC frits have relied on the blockage of particles through channel constrictions or 

weirs (relying on the keystone effect) [3]. One drawback of these types of frits is that usually 

only the outlet end of the column can have a frit on it, which limits flow to a single direction 

and can lead to particle loss at the column inlet. Recently, a two-weir column channel was 

described that eliminates both particle loss and the need for a connecting channel between 

the sample injector and the head of the column [19]. A side packing channel is used to 

enable the filling of the channel. This packing channel then is completely closed off to flow 

using a UV-polymerized monolith solution, eliminating any extra-column broadening that 

might occur due to this layout [19]. This polymer technique was later modified so that the 

actual monolith itself could be used as a frit [20]. With these porous polymeric monolith 

(PPM) frits (Figure 1), beds can be packed in reverse from the column outlet and then fritted 
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in a specific desired position, which allows flexibility in where the column is located on the 

device as well as facilitating different column lengths with a single chip design [20,21]. 

Other novel particle retaining techniques for packed beds on chips include the use of an 

embedded microstructure fiber (containing an array of evenly spaced channels) that acts as 

both a frit and an emitter spray tip [22] and a stationary phase doped with magnetic 

nanoparticles that can be controlled by an external magnet to generate a site-specific frit 

[23].

 2.1.2 Metal Substrates for Increased Pressure Limitations—Glass is a very 

common substrate for microfluidics owing to its high chemical resistivity and optical 

transparency, which are both important characteristics for analytical separations and 

detection [15]. Many chip-LC columns have been prepared in glass devices [3] including 

those highlighted in the previous section [19-21]. However, the pressure limits of 

microfluidic LC columns in glass devices are often far lower than capillary columns. To 

increase the pressure range of integrated packed beds, the use of metal substrates has been 

implemented to improve device strength. Titanium microchips containing 320 μm column 

channels packed with sub-2 μm porous particles that have pressure limits exceeding 1,000 

bar have been reported [24,25]. The columns were used to study peak focusing in gradient 

elution. A selective laser melting (SLM) 3D printing technique for the fabrication of both 

stainless steel and titanium alloy chip-LC columns (both with particles and monoliths) 

utilized integrated fitting connections that can withstand over 400 bar [26]. By using a coil 

design, a 0.9 × 600 mm channel fit on a 5 × 30 × 58 mm chip, demonstrating the possible 

miniaturization of such columns. However, chromatographic efficiency for these 3D printed 

metal chips was low (see Appendix A) due to the surface roughness of ~40 μm that results 

from particles used in the SLM process, a limitation that will have to be overcome to 

improve performance. While the use of metal substrates limits on-column optical detection, 

these types of columns could eventually be used for high pressure, high efficiency “omics” 

separations coupled to MS. Chip-LC separations are especially appealing to couple with MS 

as the lower flow rates used with these column dimensions are more compatible with 

electrospray ionization (ESI) than standard-bore LC columns and lower injection volumes 

can be used (conserving precious biological samples) [7].

 2.1.3 PDMS Substrates for Packed Bed Columns—Although metal columns show 

promise for high pressure applications, many researchers still depend on PDMS 

(polydimethylsiloxane) as a device substrate due to its relative ease of fabrication. In 

principle PDMS is a poor choice of column for pressure-driven LC because it is elastomeric 

and tends to absorb organic solvents; however, several interesting uses have been found [15]. 

One trend in packed columns in PDMS devices has been the fabrication of several parallel 

columns on a single device. To enable uniform bed geometry throughout the packing 

process, over 500 small bypass channels along the side of their chromatographic column (20 

mm length) were used to balance the flow impedance of the bypass channels with the 

growing packed bed (ensuring a consistent flow rate throughout packing) [27]. Once the bed 

is packed, the column is stabilized using an integrated microvalve which also helps compress 

the bed and eliminate wall effects (by forcing the particles into microindentations in the 

substrate). For the simultaneous separation of a fluorescently-tagged 50-mer DNA strand 
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across four parallel columns (all packed with 5 μm strong anion-exchange beads) on the 

same device, retention times had a standard deviation less than 1% [27]. Gradient elution 

was then used in such a device to demonstrate the separation of a single-stranded DNA 

ladder (100-500 base pairs in 50 base pair increments) with near-baseline resolution as well 

as the capability to purify and recover size-specific strands following PCR with recovery in 

excess of 90% [28]. A similar but simplified chip design with an integrated bottleneck frit 

enabled the simultaneous packing of up to 12 parallel columns [29]. This 12-column chip 

was then used for the preconcentration and analysis of Cr(VI) by flame atomic absorption 

spectrometry through the connection of a pneumatic nebulizer to chip reservoirs where 

eluted analytes are collected [30]. There are limits to what PDMS devices will ultimately be 

used for in LC due to the properties of the material [15]. PDMS is incompatible with organic 

solvents typically used in LC (especially acetone and toluene commonly used for reversed 

phase particle packing [27]). Also, the hydrophobic nature of PDMS can lead to the 

adsorption of biomolecules onto channel walls and flexibility of this elastomer limits 

pressures to just a few bar [15]. These constraints suggest that ion exchange chromatography 

methods that rely on pH and salt gradients in aqueous solutions [27,28,31] might be the most 

promising use of packed beds in PDMS, especially for short lengths used for solid phase 

extraction that require lower pressures [32].

 2.1.4 Component Integration with Packed Beds—Particle-packed columns have 

also been used in devices designed to integrate other aspects of LC instrumentation (pump, 

injector, and detector) into a single chip. An interesting direction has been to incorporate 

elements along the wall of the channel to enable detection. A polyethylene terephthalate chip 

containing an array of electrodes embedded along an LC column wall was used for whole-

column electrochemical detection of neurotransmitters [33]. For the separation of proteomic 

samples from cell extracts, a chip containing integrated EOF pumps (which are closed to 

enable pressure-driven flow) for gradient LC was used [34]. By limiting an elution gradient 

to one column volume, they were able to spread the entire sample across the separation 

channel and then pump an elution solvent from perpendicular channels directly to an array 

of reservoirs for MALDI-MS (matrix-assisted laser desorption/ionization-mass 

spectrometry) detection.

Exciting progress is also being made on a fully integrated, portable LC-MS device by a 

group from NASA (and their collaborators) developing an Organics Analyzer for Sampling 

Icy Surfaces (OASIS) [35,36]. The LC chip is fabricated by bonding silicon and Pyrex 

wafers together to give a cylindrical channel that maintains flow stability beyond 275 bar. 

With an oval-shaped column shape, they could vary the length from 40-100 mm in a 10 × 5 

× 1 mm footprint [35]. The LC column was then integrated with an electrospray tip and 

electronics that enabled both column temperature control and spray voltage [36] for the 

eventual coupling to a small (30 × 18 × 13 cm) TOF-MS (time-of-flight MS) analyzer 

developed separately to create an integrated system that could weigh ~5 kg and only 

consumes 3 W of power. The ultimate goal with the OASIS instrument is the extraterrestrial 

analysis of amino acid enantiomers [35] and other small organic molecules [36].
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 2.1.5 Particle Selectivity for Targeted Analysis—A key advantage of particle-

packed beds is the wide availability of different support materials and stationary phase 

coatings that already exist (see Table 1) and can be used for targeted separation needs. A few 

recent papers have utilized unique particle types for specific bioanalytical purposes, 

typically for sample extraction and clean-up prior to analysis. For example, viral particles 

were purified and enriched 7-fold using hydroxyaptatite particles packed into a PDMS 

device which was developed to aid diagnosis [37]. A dual-channel device was designed to 

facilitate two packed beds containing particles for both sample preparation and separation 

[38]. In the first channel AminoLink particles are used to immobilize glycoproteins, which 

can then be washed with an enzyme solution to release glycans from the glycoproteins. The 

released glycans are then washed toward the LC column packed with porous graphitic 

carbon (PGC) particles (which are commonly used for glycan separations) and analyzed by 

MALDI-MS [38]. A similar scheme for binding and release of DNA prior to further 

processing implemented using both ChargeSwitch beads and carboxylated microspheres that 

were packed utilizing a metering channel that allowed for flexible control of the total bed 

volume [39]. The particle types described here are just a few of the many supports that can 

be utilized for specific analysis needs [32, 40], although only very few have been utilized in 

microfluidic LC thus far. With the widest range of selectivities and chromatographic modes 

available for targeted analyses, particles are likely the best option for future on-chip column 

development focused on biomolecular separations.

 2.2 Monolithic Columns

 2.2.1 Different Monolithic Structures for Microfluidic LC—A wide range of 

different organic and inorganic monolithic stationary phases have been reported in the past 

[41] and some have been implemented in different ways for microfluidic LC in recent years. 

A polymethacrylate monolith photografted into a PDMS device which was then 

functionalized to act as a weak anion exchange column (5 mm in length) was used to 

demonstrate the separation of intact proteins and study different separation parameters using 

this type of monolith [42]. Liquid phase lithography was used to form a poly(ethylene 

glycol) diacrylate (PEGDA) channel design sandwiched between two glass slides [43]. A 

butyl acrylate monolithic column was incorporated into the resulting channel. Two-photon 

excitation fluorescence detection was used demonstrating a way to achieve UV fluorescence 

detection for polyaromatic hydrocarbons (PAHs) with substrates that would usually block 

such wavelengths [43]. An organic-inorganic hybrid monolith integrating alumina 

nanoparticles was used for the extraction and separation of 2-amino-4-chlorophenol in a 

PMMA (poly(methyl methacrylate)) chip [44]. Following the sample extraction, the analyte 

was detected using an integrated optical fiber connected to a UV-Vis spectrometer with 

reported limit of detection values under 10 ppb. Finally, an inorganic UV-polymerized silica 

sol-gel monolith functionalized with boronic acid (an affinity ligand for carbohydrates) was 

used for the separation of glycosylated proteins and peptides in a PDMS chip [45].

 2.2.2 Cyclic Olefin-Based Polymer Substrates—Another trend in chip-LC 

monolith columns has been their use in low-cost polymer substrate devices. Although such 

substrates usually cannot hold pressures as high as glass or silicon substrates [15], monolith 

columns typically have lower flow resistance than particle-packed beds [41] and as such are 
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more amenable to devices made with these materials. Cyclic olefin polymers (COPs) and 

cyclic olefin copolymers (COCs) are two such substrates becoming more popular as 

microfluidic substrates due to their high chemical resistance (including common LC mobile 

phases), good optical transparency, and ease of fabrication [46-48]. These materials can be 

especially useful for monolithic columns because of their compatibility with the solvents 

needed to form monoliths and their high transmission of UV light for photopolymerization 

[46]. A technique for the ex situ formation of a variety of porous polymer monoliths that can 

then be integrated into COC chips has been developed [49]. Fabricating trapezoidal shape 

monoliths allowed for easy alignment into similarly shaped channels which were then 

bonded and sealed into place with the polymeric substrate (see Figure 2 for a diagram of this 

process). Although the brittleness of the monoliths limited the aspect ratios of the porous 

structures that could be implemented (0.5 < L/W < 2), they show promise for use in solid 

phase extraction and other sample purification techniques [49]. Finally, monoliths in COC 

substrates have been used for an integrated two-dimensional chromatography device [50]. In 

their COC chip, a larger (1 mm × 1 mm × 42 mm) 1D column intended for isoelectric 

focusing is connected perpendicularly to 21 smaller parallel channels (0.5 mm × 0.5 mm × 

29 mm) that contain an ester-based methacrylate monolith for the second dimension 

separation. This initial study focused on chip design that ensured sufficient flow distribution 

across the device while preventing flow out of the 1D column into the 2D channels during 

analysis [50]. As 2D-LC is becoming more and more prominent for the analysis of complex 

biological samples, future iterations of this chip could greatly simplify the complex valving 

systems currently required for these types of methods. Furthermore, this is a good example 

of a type of channel arrangement that is not attainable using standard capillary techniques 

and demonstrates the use of microfabrication techniques for not only miniaturization but 

also for previously unachievable chromatographic methods.

 2.3 Pillar Array Columns

 2.3.1 Radially Elongated Pillars—Microfabricated pillar arrays as stationary phase 

supports for LC columns were first reported in 1998 [51]. These pillar arrays are generated 

using photolithography and deep reactive-ion etching (DRIE) techniques and have high 

potential as a stationary phase support because they enable highly reproducible structures 

(moreso than random-packed beds and synthesized monoliths) and high production 

throughput [51]. This arrangement has seen a resurgence of interest due to several advances. 

A major improvement was the use of radially elongated pillars to reduce longitudinal 

dispersion (B-term) effects by limiting the available diffusion paths in the axial direction 

(albeit at the expense of higher column flow resistance) [52]. Sidewall effects that can limit 

column efficiency (due to the change in the fluid velocity at the wall compared to the rest of 

the pillar array) are reduced in radially elongated pillars (and essentially negligible above an 

aspect ratio of 9) because the distance covered by the analytes near the wall is lower relative 

to the rest of the pillar path length than it is with smaller aspect ratio pillars [52,53]. 

Experimentally, it was shown that plate heights could drop over 80% by increasing the pillar 

aspect ratio from 1.2 to 15, mainly due to a 25-fold reduction in the measured B-term [52]. 

The results suggest that the high efficiency of the radially elongated pillar arrays enables 

shorter column lengths, allowing for smaller column footprints in a miniaturized device. 

Further fundamental studies on pillar array design have found that transversal dispersion of 
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analyte bands across different inter-pillar flow paths is limited at high linear flow velocities 

because diffusion steps between adjacent paths are limited in this high velocity regime (even 

if significant disorder is present in the array) [54] and elongated “foil” pillars (oval-shaped) 

can be used to improve an electrokinetic injection mechanism and generate flat band profiles 

onto the pillar array [55].

 2.3.2 Sample Loadability and Retention in Pillar Arrays—One of the drawbacks 

of pillar array columns is their low sample loadability (Table 1) [3]. A variety of methods to 

increase surface area for stationary phase support have been reported. Electrochemical 

anodization was used to create 300 nm porous layers on 5 μm pillar arrays to increase the 

surface area by a factor of 30 compared to non-porous pillars (Figure 3) [56]. This 

electrochemical method (a progression from techniques reported earlier [57,58]) was found 

to be beneficial in both its uniformity across the entire column and the tunability in pore size 

achieved by varying the applied potential. The increased surface area allowed for 

significantly higher retention than the non-anodized pillars while also demonstrating plate 

heights on the order of 6 μm [56]. Other methods to help increase sample loadability (and/or 

analyte retention) have also been either modeled or demonstrated experimentally. A model 

was proposed that uses similar overall array structure to that utilized by many of the other 

reports described here but is further modified with pillars that are each made up of smaller 

nanoarrays with an inter-pillar distance of ~15 nm as a way of increasing surface area to 

replicate fully and superficially porous chromatographic particles [59]. In this theoretical 

study it was found that while these nanopillars could slightly decrease efficiency compared 

to nonporous pillars, they do allow for more structural uniformity in the pores of a stationary 

phase support than is feasible with a traditional particle. Carbon-nanotubes integrated into a 

pillar array structure have been shown to increase pillar hydrophobicity analyte retention 

[60]. Alternatively, COP chips with a pillar array column containing 10 μm diameter 

diamond pillars (4 μm inter-pillar distance) embossed from a silicon master with the 

hydrophobic nature of the substrate acting as a stationary phase for LC separation [61]. 

Bioanalytical applications utilizing pillar array columns with reversed phase functionality 

have included separations of DNA strands [62] and branched chain amino acids [63].

 2.3.3 Planar Chromatography with Pillar Arrays—Pillar arrays can also be used 

for planar chromatography. Silicon wafers with 1-3 μm diameter, 15-20 μm tall cylindrical 

pillars in a 1 cm × 3 cm array (spacing of 2-6 μm between pillars), modified with a C18 

reversed phase coating, were tested for efficiency as thin-layer chromatography (TLC) plates 

[64,65]. Compared to commercial TLC plates, chromatographic efficiency was ~3-5 times 

better for the pillar array [64]. To further improve performance, pillar dimension were 

reduced to 0.2-0.4 μm (diameter) by 1-2 μm (height) to which aided in stacking and focusing 

effects that reduced band broadening.

 2.3.4 Future Possibilities Utilizing 3D Printing—In a look at what might be 

possible in the future utilizing additive manufacturing techniques, a fully printed 3D column 

structure was demonstrated for the first time [66]. Similar to a pillar array column, the entire 

stationary phase support structure can be designed and fabricated as desired to ensure ideal 

flow distributions, although no separations were attempted with this initial report that 
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focused on flow profiles. An advantage of this technique is that an entire column structure 

(including flow distributors, fittings, etc.) can be printed in a single, integrated device, 

although improvements to printer resolution will likely be required for high efficiency 

separations.

 3. Conclusions

Although more progress is needed to obtain the type of integrated column device described 

by Gritti and Guiochon in [1], the papers detailed here demonstrate advancements towards 

that ultimate goal. Improvements in both device robustness [24-26] and instrument 

integration [33-35,39,50] are enabling technology that will be required for high efficiency 

on-chip chromatographic separations. For low-cost separation techniques, monolithic 

stationary phases in polymeric chips can be implemented [42-50] and it is possible that 

further advances in embossing techniques to generate pillar array columns [61] could 

eventually lead to disposable, one-use chromatography columns. Perhaps the most disruptive 

technology that could impact the future of microfluidic LC is 3D printing [67], whether in 

substrate fabrication [26] or the manufacturing of a fully integrated instrument-column 

hybrid [66], although further improvements in printing technology are needed before it 

supplants the other types of columns and fabrication techniques described here. An 

important question is if microfluidic LC research will (or should) focus on pushing the limits 

of separation efficiency or on rugged, portable, fast separations of targeted analytes [3]. 

While the answer is still not clear, in the papers described here it would seem that industry is 

driving the technology for the former [11-13,24,25] while the biomedical research 

community is focused on the latter [37-39], with more traditional separations-focused 

groups falling somewhere in between. Perhaps it is in this region of overlap where high 

efficiency, fully portable LC devices may eventually come to fruition.
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Highlights

• Advances in on-chip microfluidic LC columns are described.

• Stationary phase supports for chip-LC include particles, monoliths, and 

pillar arrays.

• Different substrate materials and selectivities can be used for specific 

separation needs.
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Figure 1. 
Fabrication of a packed bed utilizing porous polymeric monolithic frits (PPMs). First, the 

inlet frit is formed adjacent to an injection cross (A) then a column bed is packed in reverse 

against this frit (B, with column cross-section shown in C). Then, an outlet frit is 

polymerized at a position equal to the desired length of the column, with any remaining 

particles then flushed out of the outlet (D). Used with permission from Elsevier from 

reference [20].
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Figure 2. 
Method for forming an ex situ monolith, functionalizing it, and then integrating it into a 

microfluidic chip (A). Optical micrograph of an ex situ monolith is shown in (B) with an 

SEM image of the chip cross-section after the monolith has been integrated into a chip and 

bonded (C). In (D), two monoliths (with a different dye covalently attached to each) are 

embedded in the same channel. Used with permission from Elsevier from reference [49].
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Figure 3. 
SEM images for an electrochemically anodized pillar with the white rectangular box in (A) 

indicating the zoomed-in region shown in (B) and the same magnification scheme for (C). 

The pillar diameter is 5 μm, the pillar height is 18 μm, the inter-pillar distance is 2.5 μm, the 

porous shell thickness is 300 nm, and the pore diameter is ~30 nm. Used with permission 

from the Royal Society of Chemistry from reference [56].
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Table 1

Some advantages and disadvantages of three different stationary phase supports. Used with permission from 

Elsevier from reference [3].

Support Type Advantages Disadvantages

Particles • Many stationary phases selectivities available
• High batch-to-batch reproducibility
• High loadability

• Packing quality dependent on packing skills
• Retaining frit required
• Higher back pressures generated

Monoliths • Lower back pressure than particle-packed beds
• No packing or frits (mostly) required
• Different base chemistries available

• Inherent variations in synthetic approach (lower batch-to-
bath reproducibility)
• Synthesis procedure can depend on chip substrate

Pillar Arrays • Ordered structure can give higher efficiency than random-
packed bed
• Can be fabricated by nanoprint lithography (for mass 
production)

• Limited loadability
• Hard to make porous (and doing so can hurt performance)
• Sophisticated fabrication techniques required
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