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Abstract 22 

In spatial comprehensive three-dimensional chromatography (3D-LC) components 23 

are separated within a three-dimensional separation space that can lead to unprecedented 24 

resolving power, in terms of peak capacity and peak-production rate. The maximum peak 25 

capacity is the product of the peak capacities achieved in the individual dimensions when 26 

orthogonal retention mechanisms are incorporated. The parallel development of the second- 27 

and third-dimension separation stages overcomes the fundamental limitation of conventional 28 

multi-dimensional approaches, in which sampled fractions are analyzed sequentially. 29 

General considerations for chip design are discussed and possibilities and prospects to 30 

establish spatial comprehensive 3D-LC analysis are presented. 31 
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1. Introduction 45 

The analysis of very complex sample mixtures constitutes a major analytical 46 

challenge and generally requires a high-resolution chromatographic separation prior to the 47 

detection of individual sample constituents for identification and/or quantification purposes. 48 

An example of an application area where sample complexity may hamper the analysis is 49 

proteomics research, e.g., biomarker discovery. Current quantitative proteomics approaches 50 

rely on liquid chromatography (LC) coupled to tandem mass spectrometry (MS/MS) and 51 

typically allow to routinely assess more than 2000 proteins [1] and in some cases even more 52 

than 10,000 proteins [2]. A major limitation on quantitation by MS/MS sequencing is the 53 

extensive peak overlap inducing ion suppression [3,4]. Even with the introduction of ultra-54 

high-performance liquid chromatography and using longer (500 mm – 1 m) columns packed 55 

with sub-2-micron stationary-phase particles the resolving power remains insufficient to 56 

tackle contemporary life-sciences sample mixtures. Peak capacity (nc) is the most commonly 57 

used term when it comes to measuring the resolving power of a separation technique and is 58 

defined as the number of peaks that can be separated (from adjacent peaks at a specific 59 

resolution) into a path length or space provided by the separation method [5]. Since 60 

chromatographic retention follows a Poisson distribution, the number of separated 61 

compounds is only a fraction of the calculated peak capacity, and generally a twenty-fold 62 

excess in peak capacity is required to realize a baseline separation of all the constituents in 63 

the sample [6]. 64 

Two-dimensional liquid chromatography (2D-LC) allows to significantly increase the 65 

peak capacity [7], provided that orthogonal separation mechanisms are used [8], although not 66 
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up to a level that is required in modern proteomics. Furthermore, in a conventional 2D-LC 67 

set-up, fractions are sampled during the first-dimension development and analyzed 68 

sequentially, see Fig. 1A for the concept, which compromises the overall analysis time and 69 

hence the ability of the technology for screening of large numbers of clinical samples. 70 

Following this approach, the Jorgenson group established a three-dimensional liquid 71 

chromatographic (3D-LC) workflow coupling a size-exclusion chromatographic column via 72 

a modulator to a reversed-phase (RP-)LC column, which in turn was hyphenated to capillary 73 

zone electrophoresis (CZE) via a gated-injection modulation interface [9]. The resulting 74 

chromatogram was a 3D representation of the data-set by stacking the slices of data from 2D 75 

RPLC / fast CZE analysis, and the intensity of peaks was shown in inverted gray scale. 76 

Although a maximum peak capacity of 2400 was established, the sequential analysis of 77 

fractions remains a bottleneck when high-throughput screening of a multitude of samples is 78 

required. 79 

In spatial chromatography, components are separated in the spatial domain with each 80 

peak being characterized by X and Y coordinates in a plane in spatial 2D-LC or by X, Y, and 81 

Z coordinates in a three-dimensional separation body in spatial 3D-LC. Furthermore, all 82 

fractions are injected simultaneously from one dimension to the following, and their 83 

development occurs in parallel, see Fig. 1B for the concept explained for spatial 2D-LC, 84 

leading to a substantial gain in analysis time compared to conventional multi-dimensional 85 

LC. The first application of a spatial liquid chromatographic separation was based on thin 86 

layer chromatography (TLC). After spotting the sample mixture at one of the corners of a 87 

TLC plate, two developments were carried out successively, first on one side of the plate and 88 
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then (after a drying step) at the side which is perpendicular to the first one. The total spot 89 

capacity of the system in this case is the product of the spot capacities of each single 90 

development, provided that orthogonal separation mechanisms are being used. Ideally, 91 

orthogonality can be achieved using two different solvent systems during the subsequent 92 

developments [10–12]. Also, the use of bilayer plates has been reported, that integrates a 93 

narrow strip of one type of sorbent (e.g., silica) for the first-dimension (1D) development 94 

which is coated side-by-side with a broader strip of another sorbent (e.g., octadecyl-modified 95 

silica) for the second-dimension (2D) development [11,12]. In 1979 Tyihak et al introduced 96 

overpressured thin layer chromatography (OPTLC) with the use of a totally closed and 97 

pressurized ultramicro chamber that prevents evaporation of the mobile phase [13]. This 98 

approach yielded higher efficiencies in longer plates and offered an even better base for more 99 

efficient 2D-TLC separations. An excellent review on possibilities and limitations in TLC 100 

has been published by Poole [11]. 101 

The concept of spatial comprehensive three-dimensional (3D-)LC was introduced by 102 

Guiochon and Beaver 1983 [14]. Using a pressurized spatial 2D-LC device as starting point, 103 

it was envisioned that after finalizing a spatial 2D-LC separation and drying the permeable 104 

TLC plate, a 3D body can be placed on top of the plate allowing to develop the third-105 

dimension (3D) stage [15]. Fig. 2A shows a schematic illustration of the concept, where 106 

different colors indicate the three separation stages. Detection was envisioned by 107 

tomographic means or by a multiple array planar detector. Extremely high separation power 108 

may be realized given that the maximum peak capacity is the product of the three individual 109 

peak capacities: 110 
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3Dnc = 1nc × 2nc × 3nc         (1) 111 

provided that orthogonal separation mechanisms are utilized [8,14].  112 

In 2011 the Schoenmakers group demonstrated a prototype apparatus targeting spatial 113 

two-dimensional liquid-phase separations in a step towards spatial 3D-LC [16]. Almost thirty 114 

years after the concept of spatial 3D-LC was introduced, a first prototype microfluidic device 115 

for spatial 3D-LC was presented by the Eeltink group working together with Schoenmakers, 116 

see Fig. 2B [17]. This chip device was equipped with an interconnected microchannel 117 

structure composed of a 1D channel, 16 parallel 2D channels and 256 channels for the 3D 118 

stage, utilized physical barriers and flow distributors to confine and control the flow, and 119 

integrated polymer-monolithic stationary phases. 120 

 121 

2. Assessing the separation potential of spatial 3D-LC 122 

In 1959 Giddings and Keller laid the foundations for the description of spot 123 

distribution and size in one-dimensional thin-layer chromatography (1D-TLC) [18]. In this 124 

paper, equations for the calculation of spot area and length were derived using an asymmetric 125 

diffusion model where the axial and radial diffusion rates are unequal due to the kinetics of 126 

partition. In the late 70s and early 80s Guiochon and coworkers published a series of papers 127 

on the performance of TLC, based on the metric of spot capacity [19–21]. The spot size and 128 

shape were defined in function of the initial sample spot size, development length, plate 129 

characteristics and by taking into consideration the mass transfer kinetics and diffusion 130 

processes that control the spot length and width. According to these studies 1D-TLC can 131 

generate theoretical values up to 25 and observed spot capacities in the range of 10-20 132 
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[10,21]. Based on the obtained results, the same group of researchers advanced their concept 133 

towards two-dimensional (2D)-TLC by introducing equations for the calculation of spot 134 

capacity [22]. An important consideration made, was that the peak capacity will be smaller 135 

than the product of the spot capacities of the first- and second-dimension developments given 136 

the fact that when the second development starts the spots have already a certain size, 137 

originating from the radial diffusion of the analytes during the first development. The results 138 

demonstrated that with 2D TLC it is very easy to obtain spot capacities in the range of 100-139 

250 but very difficult (and only under optimal conditions) to reach 400 [11,22].  140 

In 1983, Guiochon et al. derived equations to describe the separation potential of 141 

spatial 2D and 3D-LC [14]. A distinction was made between separation systems that were 142 

operated either in the space-based domain (xLC  xLC  xLC for spatial 3D-LC) or where the 143 

last dimension was operated in a time domain (xLC  xLC  tLC). Fig. 3 shows the predicted 144 

peak capacity that can be generated in spatial xLC  xLC  tLC as function of retention factor. 145 

The calculations were made considering the use of 10 µm, 7 µm, 5 µm, and 3 µm particles 146 

in a 100  100  100 mm3 separation space, using equation (5) from Table 1. Peak capacity 147 

increases quickly at the beginning with increasing retention factor (k’) in all cases but even 148 

more rapidly with increasing the ratio of column length to particle size. The steepness of the 149 

curves starts decreasing for values higher than 10 implying that there is a limit at large k’. In 150 

fact, according to Guiochon et al at very large k’ it is almost not feasible to achieve higher 151 

efficiency in isocratic xLC  xLC  tLC than in xLC  xLC  xLC for a device with the 152 

characteristics described above [14]. Theoretical predictions show that peak capacities of 153 

several tens of thousands and even up to 100,000 are considered possible in spatial 3D-LC 154 
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[14]. In Table 1, a summary of the derived equations is presented for the simplified case 155 

where sample spot size (σi) is negligible and the plate characteristics (i.e., channel length, 156 

plate height, diffusion coefficient, and mobile-phase velocity) are the same in all dimensions. 157 

Nevertheless, this might not be the same as in the case of modern spatial 2D and 3D-LC 158 

systems where different selectivities as well as column lengths are intended to be used in the 159 

different developments. 160 

The Schoenmakers group investigated the separation potential of (spatial) 2D- and 161 

3D-LC using a Pareto-optimality approach [23,24]. Pareto optimization is a chemometric 162 

approach that uses a single expression in order to correlate all the different experimental 163 

criteria (objectives) that need to be optimized in a multi-objective problem. An experiment 164 

is Pareto optimal when there is no other experiment which has better results on any of the 165 

objectives without having a detrimental effect on the other objectives [25]. In these studies, 166 

maximizing peak capacity and minimizing analysis time were set as the objectives, while 167 

operating the device at high-pressure conditions (50 bar) [23,24]. Pareto fronts for spatial 168 

2D-LC performed in the spatial domain (xLC  xLC) were calculated based on the peak-169 

capacity equation for isocratic separations derived by Guiochon [23]. This equation was also 170 

extended to incorporate a 3D development in gradient mode [24]. It was reported that pareto 171 

fronts for xLC  xLC using a sorbent of TLC quality and operating a device at a maximum 172 

pressure of 50 bar yielded significantly better peak-production rates than a UHPLC  UHPLC 173 

system operating at 1000 bar in the time domain [23]. Davydova et al. reported that xLC  174 

xLC  xLC performed best in terms of maximum achievable peak capacity in shorter analysis 175 

time but the main disadvantage of operating in the space-based domain is that analytes are 176 
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retained in the separation body, which complicates detection [24]. In a follow-up study, 177 

Pareto-optimal fronts were reported showing the total peak capacity as function of analysis 178 

time for the spatial 3D-LC device containing 16 2D channels and 256 3D channels depicted 179 

in Fig. 2B and a  xLC  xLC  tLC separation was considered and compared to the case when 180 

the number of 2D channels is doubled in combination with 1024 3D channels [17]. The latter 181 

chip design yielded almost a 3-fold increase in peak-production rate. 182 

 183 

3. Chip design for spatial 3D-LC 184 

3.1. General considerations 185 

When effectively utilizing a three-dimensional separation body like the one depicted 186 

in Fig. 2A, the total peak capacity will be inherently higher than in the case that some of the 187 

available separation space is sacrificed by integrating microchannels. In the latter device 188 

however, flow control will be evidently easier to achieve, and the integrity of the subsequent 189 

separations will also be maintained once analytes are situated in the microchannel for the 190 

next development stage. Furthermore, in such a device with a discrete number of channels 191 

the contact points between the various substrate plates will be increased, yielding higher 192 

pressure resistance of the spatial chip. Moreover, it offers the possibility to incorporate 193 

electrical-driven separation modes which enhances not only its applicability but also eases 194 

the chip design with respect to flow confinement, see the discussion in ‘Section 3.2’.To 195 

achieve the highest possible peak capacity in spatial multi-dimensional LC it is essential to 196 

maximize the orthogonality during the different separation stages. Orthogonality is a metric 197 
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that has been used to measure the space coverage and uniformity of the spreading of 198 

compounds within the separation limits [26]. Several approaches have been investigated and 199 

compared by various authors, on the conditions, requirements and measurement of the 200 

orthogonality of multidimensional separation systems [26–29].  201 

An important consideration in spatial LC is that the separations obtained during the 202 

1D and 2D developments should be maintained inside the targeted space. As such, iso-electric 203 

focusing would be an obvious choice to be implemented as either 1D or 2D development in 204 

case of proteomics analysis. To make other separation modes applicable to spatial 205 

chromatography, one needs to ensure that the separation is terminated when the least retained 206 

analyte reaches the channel outlet. This may constitute a significant challenge, especially 207 

when taking into account that the most powerful modes for protein analysis are executed in 208 

gradient conditions, and that there is a steep dependency of the mobile-phase composition on 209 

the resulting retention factor. For example, in gradient RPLC hydrophobic analytes will still 210 

be strongly retained while more hydrophilic analytes will already elute towards the column 211 

exit, making a spatial separation virtually impossible. However, to retain analytes at 212 

predetermined locations inside the separation channel it may be feasible to apply solvent 213 

modulation, ensuring that at the position where analytes needs to be located, the solvent 214 

strength is (locally) adjusted. Alternatively, it may be possible to apply temperature or 215 

stationary-phase gradients creating a gradient in retention capacity along the channel length. 216 

Another possibility is to adapt the concept of field-flow fractionation to position peaks at 217 

specific locations in a microchannel or spatial device prior to sample transfer to the next 218 

development. 219 
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To analyze complex proteomics samples encountered in biomarker discovery studies 220 

it is important to scale the dimensions of the different development stages. The use of a large 221 

1D i.d. channel format allows to maximize the mass loadability. During the 2D and 3D 222 

developments smaller channel dimensions are preferred to ensure flow rate compatibility 223 

when hyphenating the spatial device to mass-spectrometry detection. One approach 224 

envisioned for detection is to conduct the last development in time and deposit the resulting 225 

effluent on a membrane in regular time intervals, that can be subsequently analyzed via MS 226 

imaging technology, see the discussion in ‘Section 3.4’. 227 

 228 

3.2. Flow control and confinement 229 

Establishing homogeneous flows and confining the separation stages is critical to 230 

maximize the peak capacity, and to maintain the integrity (X, Y, Z coordinates) of the 231 

resulting separations. The requirements for chip design to deliver and confine flow during a 232 

specific development when utilizing pressure-driven flow are more stringent than in the case 233 

when an electro-osmotic flow is utilized to propel the mobile phase. Independently of which 234 

mode is applied, the use of flow distributors can be considered to feed the mobile phase to 235 

the 2D and 3D separation stages. 236 

The research group of Regnier was the first that demonstrated the concept of on-chip 237 

flow distributors and collectors to feed and collect the mobile phase from a wide-bore 238 

microfabricated chromatography column based on a collocated monolithic support structure 239 

(COMOSS), see Fig. 4A [30]. The channel network of the bifurcating flow distributor was 240 

designed such that the channel i.d. decreased after each level of bifurcation. Such distributor 241 
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was initially developed for electro-driven separations, but the same concept can be applied 242 

to distribute flow in pressure-driven mode. The designs of both bifurcating and radially-243 

interconnected flow distributors were studied by the Desmet group using computational fluid 244 

dynamics (CFD) [31–34]. Vangelooven et al. designed radially-interconnected flow 245 

distributors with diamond-shaped pillars having their longest dimension oriented 246 

perpendicular to the flow direction [31]. To achieve fast radial flow distribution over a short 247 

axial range, a zone of large-aspect ratio diamond shaped pillars was used, followed by a zone 248 

of small aspect-ratio diamond pillars to maximize the number of entrance points before 249 

reaching the separation stage, thus minimizing flow warping. These were validated by on-250 

chip flow visualization in glass-etched chip. This design was successfully applied by Wouters 251 

et al. to develop the 2D stage using a microfluidic chip for spatial 2D-LC, see Fig. 4B [35]. 252 

CFD studies performed by Davydova et al. and Smits et al. yielded new insights in flow 253 

distributor design [33,36]. With respect to peak variance, the bifurcating flow distributors 254 

having a minimal volume gave the best dispersion characteristics. Recent on-chip flow-255 

imaging experiments demonstrated that bifurcating distributors with an angle of 180 yield 256 

the most homogeneous flow profile [37]. When chip prototyping is the limiting factor and 257 

local imperfections (constrictions blocking a small segment of a microchannel) exist, a 258 

‘hybrid’ flow distributor design can be utilized. This design is based on bifurcations but also 259 

integrates mixing zones after several levels of bifurcations where different parallel zone flow 260 

paths come again in direct fluidic contact [34]. 261 

To feed the 3D separation stage composed of 256 3D microchannels in spatial 3D-LC 262 

chip, Wouters et al. integrated a fractal 3D flow distributor, see Fig. 4C [17]. This prototype 263 
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was derived from a design proposed by Tondeur et al. who described the theoretical concepts 264 

for a 3D flow distributor based on fractals [38]. The Schoenmakers group proposed a 3D 265 

flow distributor consisting of several bifurcating flow distributors connected with a main one 266 

at the top, see Fig. 4D for the channel layout [39]. CFD simulations showed that this design 267 

would prevent recirculation and mixing during the 2D development. 268 

Various strategies can be pursued to confine the flow during the different separation 269 

stages. One can envision the development of a modular separation device where modules are 270 

fused together after completing the 1D and/or 2D separation stages. An example of a modular 271 

microfluidic device for 2D-gel electrophoresis was presented by Chen et al. [40]. This group 272 

developed a PDMS microfluidic system for a 1D development composed of 4 layers, shown 273 

in Fig. 5A. After completing the 1D development the top and bottom layers were removed 274 

(Fig. 5B), and two new layers were assembled allowing to execute the 2D development in 275 

parallel 2D channels, see Fig. 5C for the device layout. Demianova et al. presented a modular 276 

device allowing to perform IEF followed by polyacylamide slab gel electrophoresis (PAGE) 277 

[41]. An air slot was used to confine the flow during the 1D development. After completing 278 

the 1D run, the IEF and PAGE gel modules were pressed together, and the slot was passively 279 

filled with focusing gel. An advantage of performing macromolecule analysis is the slow 280 

diffusion rate, hence the integrity of the separation after a development may only be 281 

compromised to a small extent while fusing modules together. Depending on material 282 

properties of the housing it may be also possible to cool the device after a development, 283 

further restricting the diffusion rate. Nevertheless, devices of such type might cause 284 

reproducibility issues due to manual errors. 285 
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In electro-driven spatial two-dimensional gel electrophoresis (2DGE) set-up, flow 286 

confinement can simply be realized by implementing multiple electrodes on chip and 287 

applying subsequent voltages for the different developments. Li et al. achieved separations 288 

with iso-electric focusing in a single channel during the 1D development and SDS gel 289 

electrophoresis in the 2D development using an array of 10 parallel microchannels [42]. Das 290 

et al. described flow confinement in 2DGE chip by local photo-polymerization of the gel for 291 

PAGE in the flow distributor and in the parallel 2D channels [43]. 292 

The use of physical barriers has also been pursued to confine the flow in pressure-293 

driven spatial 2D- and 3D-LC. Wouters et al. constructed a microfluidic chip for spatial 2D-294 

LC from different chip layers and compartmentalized the 1D separation by integrating the 1D 295 

channel in the top substrate while 2D flow distributor and channels were milled in the bottom 296 

substrate with the through holes connecting the 1D channel to the 2D channels having a cross-297 

sectional area 10 times smaller than that of the 1D channel [35]. Flow confinement during the 298 

1D development was demonstrated when applying external valves to block off the flow at the 299 

2D inlet and outlet and in absence of stationary phases in the microchannels. Davydova et al. 300 

discussed size constrictions of 90% of the total area in the last row segments of a bifurcating 301 

flow distributor as means of creating preferential flow paths during a 1D development without 302 

recirculation of sample in the 2D flow distributor [44]. Restricting the cross-section areas 303 

further by integrating monolithic stationary phases locally in the flow distributors and 2D 304 

channels while maintaining an open 1D channel enhances flow confinement, as demonstrated 305 

by Liu  et al. [45] and Themelis et al. [37]. From a CFD simulation, Adamopoulou et al. 306 

concluded that flow confinement in a pressure-driven spatial 3D-LC device may be achieved 307 
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when using an open 1D channel and integrating high- and low-permeability stationary phases, 308 

with three orders of magnitude difference in permeability, in the 2D and 3D stages, 309 

respectively [39]. 310 

To confine flow during the 1D development, a concept based on ‘active valving’ was 311 

presented by the Schoenmakers group and by the Eeltink lab in 2018 [46,47]. In active 312 

valving, the flow during the 1D stage is confined within a cylindrical tube containing through-313 

holes. These are either closed during the 1st development or opened after rotation of the tube 314 

when aligned with the 2D flow distributor and the 2D channels, allowing for sample transfer 315 

and executing the subsequent 2D analysis. A chip prototype was developed using solvent-316 

assisted drilling, in which a PEEK tube containing through-holes was drilled at low speeds 317 

into an existing small i.d. channel, present in a polymethylmethacrylate chip substrate while 318 

adding dichloromethane [37]. Adamopoulou et al. reported on a 3D printed device in which 319 

a dye was introduced in a transparent cylindrical channel and was directed towards the 2D 320 

channels after 90 rotation [48]. A major challenge for such a device is to correctly align its 321 

components and in the same time create an interface tight enough to avoid leaks and be 322 

compatible with HPLC conditions. The through-holes present in the 1D tube must be properly 323 

aligned with the 2D flow distributor and 2D channels in order to allow the mobile phase to 324 

enter the 1D channel and sweep the analyzed fractions towards the second dimension. 325 

Themelis et al. reported on the development of a leak free microfluidic device for spatial 2D-326 

LC, allowing to successfully confine the flow during the 1D stage via active-valving and 327 

establishing effective transfer of sample to the parallel 2D channels after rotation of the axis, 328 

by flow entering from the 2D flow distributor, feeding the parallel 2D channels [37]. By using 329 
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PEEK tube inserted in an elastic PFA sleeve and constructing a customized chip holder 330 

allowing to apply high vertical forces, no leak flow was observed when applying pressure as 331 

high as 50 bar. Furthermore, poly(methacrylate-co-ethylene dimethacrylate) monolithic 332 

support structures were synthesized in-situ in microchannels, allowing for stationary-phase 333 

focusing (when applying aqueous conditions) after sample transfer and a subsequent gradient 334 

reversed-phase separation, see also discussion in ‘Section 3.3’. 335 

An alternative approach to confine flows in capillaries or microfluidic channels is by 336 

utilizing freeze-thaw valves [49]. This approach is generally limited to solvent systems 337 

containing high water content, as water expands during freezing. This concept was adopted 338 

by Nawada et al. who developed a titanium device containing a channel for the 1D stage, 339 

which was connected to parallel 2D channels oriented perpendicular to the 1D channel and 340 

portions of channels were enveloped by cooling and heating jackets [49]. The frozen plug 341 

was reported to withstand at least 200 bar of pressure. Switching times between a frozen state 342 

and a state with the section thawed for a single valve was found to be in the range of 1 – 2.5 343 

min using a passive switching approach, which could be reduced by a factor of 3 using an 344 

active switching (introducing hot liquid). A 58% increase in switching time was observed 345 

when using a T-junction network of 33 of such valves instead of 1 [49]. In pursue of spatial 346 

2D-LC separations, based on thin-layer chromatography, the Svec group used the dewetting 347 

properties of super hydrophobic polymer-monolithic materials to confine an aqueous flow 348 

within a patterned hydrophilic channel functionalized with ion-exchange moieties during a 349 

1D separation [50]. Using this approach, a mixture of peptides was separated based on ion-350 

exchange chromatography while the aqueous mobile phase migrated only in the trench due 351 
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to the large difference in surface tension at the interface of the hydrophilic channel and the 352 

superhydrophobic monolith. The unmodified hydrophobic layer was then used to develop the 353 

2D stage based on RPLC interactions. The separation of peptides was monitored using 354 

desorption electrospray ionization coupled to MS detection. 355 

Optimization of chip design is an important aspect to establish good sample transfer 356 

between the subsequent separation stages. Different studies have been conducted, to 357 

investigate sample transfer in a spatial 2D-LC configuration considering a parallel 2D channel 358 

structure and a flat bed, respectively [44,51,52]. The flat-bed approach may lead to better 359 

analyte recovery and a higher peak capacity [51]. When applying a parallel channel structure, 360 

the array of microchannels of bifurcating flow distributor can be aligned with the parallel 2D 361 

channels or shifted by half the distance such that the 2D channels are located between the 362 

exits of the flow distributor. Yang et al. conducted computational studies as well as on-chip 363 

flow visualization experiments to optimize sample transfer in microfluidic system a for 364 

spatial 2D-LC and concluded that the latter channel configuration is more efficient [52]. The 365 

use of an angled first-dimension channel has been shown to substantially improve sample 366 

transfer performance. Also, the number of out- and inlet points that are used to transfer the 367 

fractions, from on dimension to the following, is important. The smaller  the distance between 368 

these points, the better will be the sampling. In an ideal situation, the distance would be 369 

infinitely small and the number of channels very high, reaching thus a quasi-flat-bed 370 

condition. If an analogy has to be made with the sampling rate in conventional column 2D-371 

LC then that would dictate that a peak has to be sampled three to four times [53]. This means 372 

that in a dimension performing an efficient separation, where peak widths might be at the 373 
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order of a few hundred micro-meters, the expected distance between two consecutive 374 

channels should be ideally at the order of tens of micro-meters. Such structural specifications 375 

are challenging and special manufacturing conditions are required in order for them to be 376 

met. In case the spacing between the channels is not optimized, the transfer from one 377 

dimension to the following will lead in loss of resolution, band remixing and a loss in peak 378 

capacity, that could be partially compensated if a focusing effect at the head of the following 379 

dimension channels is introduced.       380 

 381 

3.3. Utilization and incorporation of stationary phases 382 

To establish spatial multidimensional LC separations, orthogonal separation modes 383 

need to be realized. This implies that most of the times stationary phases need to be integrated 384 

in the separation space/channels. A relatively straightforward approach to generate specific 385 

selectivities in-situ is to modify the composition of the mobile-phase during the different 386 

separation stages to exploit different properties of a mixed-mode stationary-phase surface. 387 

Conventional C18 modified silica stationary phases used in RPLC may display to some extent 388 

ion-exchange (IEX) behavior due to the presence of free residual silanol groups [54]. Mixed-389 

mode materials are designed to enable dual and even ternary separation mechanisms based 390 

on the composition of the mobile phase and analyte properties, while maximizing mass 391 

loadability [55]. A wide variety of mixed-mode chemistry materials have been developed, 392 

and both particle-based and monolithic materials exist [56–60] An overview of the different 393 

chemistries and their applications have been summarized by Zhang et al. [55]. The most 394 

common chemistry combination is RPLC materials that also contain cation or anion 395 
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exchange moieties. Also, mixed-mode materials have been developed allowing to establish 396 

HILIC selectivity, in combination with RP or IEX selectivity [59]. In 2011, Liu et al. 397 

introduced a trimodal stationary phase carrying RPLC, cation- and anion-exchange 398 

functionalities. The resulting selectivity is a complex interplay of physicochemical properties 399 

(e.g., van der Waals surface area, log P, and pKa characteristics), stationary-phase and analyte 400 

properties as function of the mobile-phase composition, i.e., the ionic strength, the pH, and/or 401 

by the type and content of organic solvent used [60]. With careful optimization of these 402 

parameters and by optimizing the pore size of the mixed-mode materials, also the 403 

combination of size-exclusion chromatography with (mixed-mode) interaction 404 

chromatography can be realized [61,62]. 405 

An alternative approach to locally generate different selectivities in a spatial 406 

separation device is by integrating responsive materials that can undergo reversible 407 

conformational changes after applying specific stimuli [63–65]. A well-known example of a 408 

thermo-responsive material frequently applied in separation science is poly(N-409 

isopropylacrylamide) [66–68]. This material shows hydrophilic properties when operating 410 

below 32C where polymer chains are expanded and above this temperature when chains are 411 

coiled, the polymer displays a hydrophobic character. This is an endothermic process and is 412 

driven by the gain in entropy which is associated with water molecules that lose orientation 413 

and dehydrate the polymer chain. Other stimuli-responsive materials include pH-responsive 414 

[69,70] and photo-responsive chromatography support structures [64], and also dual 415 

responsive materials, which retentive properties are affected by both temperature and pH  416 

yielding hydrophobic/hydrophilic, ion-exchange selectivity [71,72]. The configurations that 417 
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may be of interest for spatial 3D-LC depend on how effectively stimuli can be applied. 418 

Thermo-responsive materials may be applicable in all three dimensions as solvents can be 419 

accurately controlled prior to chip entry, as column preheaters and post-column coolers are 420 

readily available. Ideally, the heat conductivity of the embodiment is preferably low to limit 421 

temperature gradients across the separation channel(s) and segments. To effectively utilize 422 

photo-responsive materials, transparent chip housing materials need to be employed and its 423 

use is likely to be restricted in the 1D or 2D separation stages, as the penetration depth of 424 

radiation may be limited. 425 

Considering the difficulties encountered in conventional column manufacturing, 426 

incorporation of stationary phases in embodiments for spatial multi-dimensional 427 

chromatography is very challenging. Packing of a single separation body as depicted in the 428 

schematic in Fig. 2A with (mixed-mode) stationary-phase particles can be feasible, although 429 

channeling effects after closing off the device may be difficult to circumvent. Alternatively, 430 

synthesis of rigid monolithic stationary phases may be considered. Flat-bed polymer 431 

monolithic structures for spatial 2D-LC have first been developed by the Svec and Fréchet 432 

group as monolithic matrix for MALDI mass-spectrometry analysis [73,74]. Vanhoutte et al. 433 

described the development of a device from borofloat glass, which incorporated a flat 434 

polymer monolithic support structure for the 2D development [16]. After filling a trench with 435 

mixture of dyes, a separation was successfully carried out based on reversed-phase 436 

chromatography. Integrating a monolithic support structure in a 3D separation body spanning 437 

a larger cross section is challenging, as shrinkage of the support structure will occur during 438 

the polymerization reaction and once established, the high forces associated with swelling 439 
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and shrinkage of polymer when applying a solvent gradient may still lead to monolith rupture. 440 

These problems can be overcome by using a scaffold, albeit at the expense of available 441 

separation space, as used by Vonk et al. who developed a titanium-scaffolded polymer-442 

monolithic structure compatible with UHPLC gradient operation in 4 mm i.d. column formats 443 

[75,76]. 444 

An alternative approach to a single 3D cube is to design a microfluidic chip for spatial 445 

3D-LC characterized by a complex interconnected microchannel structure, as proposed by 446 

Wouters et al. [17]. Slurry packing of parallel channels with microparticulate materials may 447 

be feasible to some extent. For example, slurry packing of 12 parallel microchannels, relying 448 

on the keystone effect to retain particles in the microchannels, has been successfully 449 

demonstrated by Nagy and Gaspar [77]. Huft et al. established packing of 4 parallel 20 mm 450 

long microchannels [78]. Each separation channel was lined with 520 ‘by-pass channels’ 451 

equipped with Quake valves along the axial column direction, allowing the slurry solvent to 452 

flow laterally through the side (‘wall’) of the separation channel during the packing process. 453 

Following the packing, the by-pass channels were closed using the microvalves. The DeVoe 454 

group developed a microchip for IEF during the 1D development and transfer fractions to 5 455 

parallel packed 2D channels for a following gradient reversed-phase LC separation [45]. 456 

Incorporating stationary-phase particles is a chip containing parallel 2D and a multitude of 457 

parallel 3D channels is inherently much more difficult. 458 

Packing problems can be overcome by in-situ synthesis of monolithic stationary 459 

phases, starting from liquid precursors. Moreover, retaining frits are not required as the 460 

monolithic scaffold can be covalently attached to the wall, which makes the system likely 461 
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also more robust than packed microchannels [79]. The wide variety of monomers available 462 

allows to tune selectivity as desired. Alternatively, reactive monomers can be incorporated 463 

that are prone to functionalization afterwards and (local) grafting approaches can be pursued 464 

to create the desired surface chemistry after optimizing the porous properties of a ‘generic’ 465 

chromatographic support structure [80,81]. An alternative of the above mentioned approach 466 

for the functionalization of monolithic supports containing the desirable reactive moieties 467 

can be the use of click chemistry reactions i.e. copper catalyzed azide cycloaddition, thio-468 

ene/-yne reaction and Diels-Alder reaction [82–84]. Figure 6 shows a polymer monolithic 469 

support structure in the confines of an interconnected microchannel structure of a spatial 2D-470 

LC chip [35]. In the chip displayed in 6A, the polymer monolith was synthesized in all the 471 

microchannels, i.e., in the 1D channel, in the parallel 2D channels, and the in the flow 472 

distributor. Fig 6B shows the presence of the polymer monolithic support structure only in 473 

the 2D channels, with Fig. 6C a zoom-in displaying the globular structure of the polymer 474 

monolith. By using photoinitiation of the polymerization reaction and applying a photomask 475 

covering the 1D channel and flow distributor monolith synthesis could be confined to the 476 

desired location. Themelis et al. reported the in-situ synthesis of monolithic support 477 

structures in the microchannels of a spatial 2D-LC chip integrating the active-valving concept 478 

to confine the flow during the 1D stage (Fig. 5D) [37]. After sample transfer, sample focusing 479 

was achieved at the inlet of the parallel 2D channels filled with monolith (see Fig. 6E and D) 480 

which was followed by a gradient RPLC separation. Passamonti et al. described the 481 

confinement of a polymer monolith inside a titanium device with controllable hot and cold 482 

regions [85]. Monolithic structures were created in capillaries and inserted into the channels 483 
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of a device that was in direct contact with Peltier elements for cooling and heating. Also, a 484 

titanium device was developed that integrated a heating jacked (maintained at 70C) and 485 

cooling jacked (maintained at 10C), allowing to locally synthesize a monolith structure in 486 

the region of the hot zone. Excellent review papers describing the incorporation of different 487 

types of stationary phases in microfluidic devices have been published by Kutter [86], Grinias 488 

and Kennedy [87], and Yuan et al. [88]. 489 

 490 

3.4. Possible detection approaches 491 

The detection options for spatial 3D-LC can be divided in two main categories 492 

depending on the elution mode used during the third development stage, i.e., a space-based 493 

(xLC) or time-based development (tLC). In a spatial 3D-LC system with a space-based 3D 494 

(xLC  xLC  xLC), the sample never leaves the separation body and needs to be detected in-495 

situ. In such case, confocal microscopy can be applied to either scan parts of the 3D body 496 

(targeted detection) or scan the 3D body to get a comprehensive overview of all constituents 497 

present in the sample mixture. Mathies et al. filed a patent request for a laser excited confocal 498 

microscope fluorescence scanner allowing to detect sample components within a slab gel 499 

after electrophoresis [89]. The proposed device was set up in a such a way to have an 500 

estimated depth of view at the order of micrometers. Targeted confocal spectroscopy can be 501 

pursued with high detection sensitivity, and is a viable option for biomarker validation 502 

applications, however a conventional 2D-LC or 3D-LC heart-cutting approach using coupled 503 

columns is likely more straightforward. The depth of penetration underneath the surface of 504 

the studied object depends on the opacity of the material and the working distance of the 505 
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objective lens. This limits the working depth (Z direction) to some millimeters at the most 506 

which consequently limits the 3D length [90]. Also, one need to consider refractive index 507 

effects induced by the presence of stationary phases in the 3D body, which leads various 508 

scattering effects compromising the detection quality [91]. The resulting chromatogram 509 

could have similar format as that developed by Jorgenson et al, as described in the 510 

“Introduction Section”. 511 

When applying a time-based separation during the 3D development stage (xLC  xLC 512 

 tLC), analytes are eluting out of the separation body. In this case, detection can be 513 

established either at the chip interface at multiple points simultaneously at the chip outlets 514 

(equal to the number of 3D microchannels) or effluent can be collected for subsequent off-515 

line analysis. A promising approach that may be implemented for spatial 3D-LC was 516 

developed by Liu et al. this group reported on capillary array electrophoresis where up to 128 517 

capillaries could be detected in parallel using optical detection [92]. A rotating mirror with 518 

18 rotations per second was utilized to direct emitting and reflecting light yielding a scan rate 519 

of ~ 16 Hz per capillary and enabling semi-parallel detection. Alternatively, Fan et al. 520 

developed a microfluidic device with parallel and high-throughput multicolor fluorescence 521 

detection in 32 microchannels [93]. A measuring platform allowing to establish simultaneous 522 

fluorescent detection of droplets travelling through 64 parallel channels was developed by 523 

Schonbrun et al. [94]. This set-up of microfluidics and optics utilizing a high-speed CMOS 524 

camera allowed measuring the fluorescence from 180,000 droplets per second. Another 525 

possibility could be the use of in-chip integrated waveguide arrays that would guide 526 

fluorescent beams from an external source on the 3D channels array in a design adapted from 527 
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the one of Morgensen et al [95]. The emission energy would be collected by an array of 528 

photomultipliers placed next to each 3D channel. Nevertheless, to apply optical detection as 529 

described here, the microdevice needs to be optically transparent to allow for penetration of 530 

the absorbed or emitted electromagnetic radiation. 531 

Hyphenation of spatial multi-dimensional LC systems to mass spectrometric (MS) 532 

detection is mandatory for proteomics analysis. When considering ESI interfacing no 533 

straightforward solutions exist yet, allowing to hyphenate spatial 3D-LC to MS. One 534 

approach that may become of interest is the development of multiplexed electrospray ion 535 

sources allowing to sample from parallel channels. Four-channel multiplexed ESI sources 536 

are commercially available and intersprayer cross talk is low (< 0.08% at concentrations of 537 

metabolites as high as 1000 ng/mL) [96]. The current-state-of-the-art constitutes a 538 

multiplexed electrospray ion sources allowing to sample up to eight different nozzles [97]. 539 

Using microlithographic fabrication techniques, a miniaturized array of nozzles could be 540 

developed with a density of 250 ESI spray sources/cm² [98]. 541 

Many groups have been working on miniaturizing certain components of mass 542 

analyzers, which was greatly aided by the high precision sub-µm structuring capabilities of 543 

photolithographic and etching techniques utilized to construct microelectromechanical 544 

systems (MEMS) [99,100]. The need for portable and field-deployable mass analyzers has 545 

resulted in the miniaturization of different types of mass filters, including time-of-flight 546 

analyzers [101,102], quadrupole mass filters [103,104], and ion traps [105–109]. Ion trap MS 547 

instruments may be ideally suited for hyphenation to microfluidic chip devices, due to their 548 

straightforward design and associated low-power consumption which comes with a 549 
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miniaturized ion trap design. However, miniaturization also diminishes the trapping potential 550 

well depth, resulting in a degradation of mass resolution. To tackle this issue, an array of 551 

cylindrical ion traps has been integrated on a single device by Cooks [99,110] and 552 

Ramsey[106,107]. More recently, Fico et al. has demonstrated the potential of producing 553 

parallel linear ion traps using a 3D-printing stereolithography [105]. This technology 554 

possibly holds great potential for hyphenation of miniaturized MS detection to spatial 3D-555 

LC devices. 556 

A more straightforward strategy for interfacing spatial 3D-LC to mass spectrometry 557 

may be to detect analytes after immobilizing the effluent from the final separation on a 558 

suitable substrate at regular intervals followed by off-line mass spectrometry imaging (MSI) 559 

[111]. Several studies describe the interfacing possibilities of capillaries [112] and 560 

microfluidics to off-chip MSI analysis [113]. Tsao et al. reported on the development of 561 

interfacing microfluidics with MS using a robotic spotting system, see Fig. 7A for the 562 

experimental set-up [114]. A thermoplastic microfluidic chip containing eight parallel 563 

channels was coated with Teflon at the channel exits to increase the hydrophobicity, 564 

encouraging droplet formation, see Fig. 7B. This multiplexed chip was placed on a X, Y, Z 565 

stage, which was positioned 2 mm away from a laser-desorption-ionization (LDI-) MS target 566 

plate. Stepping motors were utilized to mechanical deposit effluent from the microchannel 567 

outlets on the target plate, yielding spot volumes of 104 to 190 nL, see Fig. 7B. Tsao et al. 568 

reported on a multichannel piezoelectric dispenser integrating picoliter dispensing tips to 569 

deposit arrays of solvent nanodroplets onto tissues prior to ambient liquid extraction MS 570 

[115]. Alternative approaches used to deposit sample volumes on target plates include also 571 
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electrospray and piezo-electrospray deposition [116–118], use of a pressure-pulse dispenser 572 

[119], and acoustic spotting [120]. As droplets are easily accessible, assay reagents or matrix 573 

molecules can be added to all or selected droplets only [121]. Different ionization techniques 574 

are compatible with MSI interfaces, including LDI [122], desorption electrospray ionization 575 

[123], and ambient liquid extraction MS [123]. A high-throughput MALDI-MS detection 576 

stage can be used to realize ultra-high throughput MS screening following spatial 3D-LC 577 

separations [17]. This instrument uses a rotating sample stage and a 10 kHz laser repetition 578 

to achieve high pixel rates up to 40 pixels/second. This technology has already demonstrated 579 

its merit for advancing diagnosis and patient care, enabling rapid analysis of frozen tissue 580 

sections which greatly improves clinical decision making [124]. The automated solution can 581 

process a 1536-well plate under 8 minutes, which was demonstrated for drug development 582 

by analyzing over 1 million drug candidates in 1 week [125]. 583 

 584 

4. Concluding remarks 585 

A spatial 3D-LC device has unarguably very high potential to offer in the field of separation 586 

sciences and particularly in modern proteomics and biomarker discovery. The initial step of 587 

prototyping devices able to withstand a few hundreds of bars has already been demonstrated 588 

via different manufacturing methods, yet major challenges must be addressed before 589 

obtaining a fully and properly functional spatial 3D-LC device. One of the most important 590 

prerequisites towards a fully operative device is the high pressure flow confinement between 591 

the subsequent dimension developments. This has been recently studied and proven at the 592 

interface between the 1D and 2D but still needs to be implemented at the interface between 593 
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2D and 3D where only computational works are present in the literature. Another fundamental 594 

step that must be accomplished is the incorporation of different and orthogonal separation 595 

mechanisms of both pressure and electro-driven nature in each dimension of the device. Until 596 

now the use of organic monoliths has been promoted as the most feasible way of integrating 597 

stationary phases in such devices as packing of multichannel thermoplastic chips can be 598 

rather challenging, though not impossible. The last and crucial step towards a proof-of-599 

concept spatial 3D-LC separation is coupling the device with a detection system. Most of the 600 

work in this field is focusing on depositing the effluent of the third dimension on a MALDI 601 

plate enabling off-line MS detection. Future research in the detection part might also include 602 

parallel miniaturized mass filters on the device for sensitive on-line MS data acquisition. 603 

Finally, method development in spatial 3D-LC devices will become even more challenging 604 

and computational methods should be used in the future to simplify the life of the 605 

chromatographer towards achieving an optimized separation. 606 
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Figure captions 1037 

 1038 

Figure 1. Schematic representation of the concepts of on-line 2D-LC, where fractions are 1039 

analyzed sequentially (A), and spatial 2D-LC, where the second-dimension development is 1040 

performed in parallel, significantly reducing the overall analysis time (B). 1041 

 1042 

Figure 2. Schematic view of a system for spatial comprehensive three-dimensional liquid 1043 

chromatography, adapted from [15]. (A) and first prototype microfluidic chip for spatial 3D-1044 

LC integrating interconnected channel structures, flow distributors and physical barrier to 1045 
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control and confine the flow during subsequent separation stages (B), reprinted with 1046 

permission from [17]. 1047 

 1048 

Figure 3. Plot of the potential peak capacity in spatial 3D-LC (xLC  xLC  tLC) as function 1049 

of the retention factor at which the analysis is stopped. Calculations were made considering 1050 

a pressure-driven development in isocratic elution mode with a three-dimensional separation 1051 

space of 100  100  100 mm3 and the use of (1) particle size (dp) = 10 µm, (2) dp =7 µm, 1052 

(3) dp =5 µm, (4) dp =3 µm particles with A = 1 and C = 0.03, and (5) dp = 5 µm with A = 0.7 1053 

and C = 0.01. Reduced velocity  = 14. Reprinted with permission from [14]. 1054 

 1055 
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 1056 

Figure 4. Flow distributor designs that can be utilized either to feed the 2D stage (A and B) 1057 

or the 3D stage (C and D) in a spatial 3D-LC separation. (A) depicts a bifurcating flow 1058 

distributor reprinted with permission from [30]. (B) shows a radially-interconnected flow 1059 

distributor with 2 zones for fast radial distribution of mobile phase and for homogeneous 1060 

feeding of the 2D channels, reprinted with permission from [35]. (C) Fractal 3D flow 1061 

distributor, reprinted with permission from [17]. (D) Design of a 3D flow distribution  1062 

consisting of several bifurcating flow distributors connected with a main one at the top, 1063 

reprinted with permission from [39]. 1064 

 1065 

Figure 5. Design of a modular 2-D electrophoresis system using microfluidic networks 1066 

fabricated in poly(dimethylsiloxane). (A) Four chip layers (I – IV) of the microfluidic system 1067 
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for the 1D separation (channel marked in black). Layer I contains two reservoirs, Layers II 1068 

and III form the center module containing the 1D channel with three connection vertical 1069 

channels, and layer IV seals the vertical channels. (B) Disassembly of the device into 3 parts, 1070 

in which the center module (layer II + III) is used in the subsequent development. (C) The 1071 

1D electrophoresis gel enclosed in layers II and III is sandwiched between PDMS slabs 1072 

containing the buffer reservoirs for the 2D sample transfer and separation (V) and a channel 1073 

structure marked in red for the 2D development (VI). Adapted with permission from [40] 1074 

Copyright (2002) American Chemical Society. 1075 

 1076 

Figure 6. Microfluidic devices for comprehensive spatial 2D-LC integrating polymer 1077 

monolithic support structures in the microchannel. In (A) monolith is present in the 2D flow 1078 

distributor, and in the 1D channel and 2D parallel microchannels. In (B) a photomask was 1079 

applied during photoinitiation and monoliths are only present in the 2D channels. In (C) a 1080 

magnification of the interconnected globules is displayed. (D) shows a spatial chip that 1081 

integrates the active-valving concept with a polymer monolith present in the 2D flow 1082 

distributor and parallel 2D channels. (E) is a cross section of the chip displayed in (D) 1083 
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showing monolith present only in the target regions and not in the 1D channel, with F 1084 

displaying a zoom-in of the monolith in the microchannel displayed in (E). Fig. 5A-C 1085 

reprinted with permission from [35]. Fig. 5D-F reprinted with permission from [37]. 1086 

 1087 

Figure 7. Interfacing of a microfluidic chip containing 8 parallel channels to laser-1088 

desorption-ionization mass spectrometry by automatic robotic spotting to mechanically 1089 

deposit effluent on the target plate. (A) shows a photo of the experimental set-up, (B) shows 1090 

the effect of a hydrophobic coating at the channel exit on droplet formation, and (C) depicts 1091 

the result after sequentially depositing effluent on the target plate. Reprinted with permission 1092 

from [114]. 1093 
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Table 1. Simplified equations for multidimensional spatial chromatography with identical column characteristics in all dimensions (channel length 

(L), plate height (H), diffusion coefficient (D), and the mobile-phase velocity (u)) and assuming negligible size of the initial spot. In the reported 

equations 𝑎 =
2𝛾

ℎ𝑣⁄ , where 𝛾 is the obstruction factor and h and  are the reduced plate height and velocity [14]. 

 

 

 Spatial 2D-LC Spatial 3D-LC 

Development 

in all 

dimensions 

𝑛2𝐷 =
𝐿

4𝐻
(√1 + 𝛼 − √2𝛼)

2
                 (2)                 𝑛3𝐷 = (

𝐿

𝛨
)
3/2 1

8
(√1 + 2𝛼 − √2𝛼)

3
                                                        (3) 

Elution in the 

last 

dimension 

𝑛2𝐷 =
𝐿

8𝐻√1+𝛼
{2√1 + 𝛼(1 + 𝑘′) −

2√1 + 𝛼 +2√𝛼 − 2√𝛼(1 + 𝑘′) +

𝑙𝑛
(√1+𝛼+1)[√1+𝛼(1+𝑘′)−1]

(√1+𝛼−1)[√1+𝛼(1+𝑘′)+1]
}                    (4) 

𝑛3𝐷 =
𝐿3/2

16𝐻3/2√1+2𝑎
{2𝑎𝑘′ + √8𝑎(1 + 2𝑎) −

√4𝑎[1 + 𝑎 + (1 + 2𝑎)(1 + 𝑘′) + 𝑎(1 + 𝑘′)2] − (1 + 2𝑎) ∙

𝑙𝑛
2√𝑎[1+𝑎+(1+2𝑎)(1+𝑘′)+𝑎(1+𝑘′)2]+2𝑎(1+𝑘′)+1+2𝑎

(1+𝑘′)[2√2𝑎(1+2𝑎)+1+4𝑎]
+ √4𝑎(1 + 𝑎) ∙

𝑙𝑛
2√(1+𝑎)[1+𝑎+(1+2𝑎)(1+𝑘′)+𝑎(1+𝑘′)2]+(1+2𝑎)(1+𝑘′)+2(1+𝑎)

(1+𝑘′)[2√2(1+𝑎)(1+2𝑎)+3+4𝑎]
}                     (5) 


