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Abstract: Microfluidics-based liquid chromatography is based on the miniaturization of the differ-
ent types of liquid chromatography (LC) systems (e.g., affinity, adsorption, size exclusion, ion ex-
change) on a microchip to perform on-chip separation of different types of analytes. On-chip chro-
matography finds applications in genomics, proteomics, biomarker discovery, and environmental
analysis. Microfluidics-based chromatography has good reproducibility and small sample con-
sumption. However, the on-chip chromatography fabrication techniques are often more challenging
to perform than conventional LC column preparation. Different research groups have attempted to
develop different techniques to fabricate microfluidics-based LC systems. In this review, we will
summarize the recent advances in microfluidics-based chromatography.
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1. Introduction

Micro total analysis systems (UTAS) have a variety of advantages over large systems,
including less sample consumption, rapid analysis speed, and good portability. Miniatur-
ized on chip electrophoresis and liquid chromatography (LC) have been developed for
many years and their separation performance has gradually improved. Compared with
on-chip electrophoresis, on-chip LC separation shows better reproducibility and robust-
ness [1,2]. Therefore, the development of different on-chip LC systems is attracting more
interest than ever before. Sample loss is always a major issue in biological sample han-
dling, especially in handling valuable clinical samples (e.g., limited amounts of samples
from biopsy). Microfluidics provides integrated platforms allowing online handling and
analysis of the biological samples, thus reducing the sample loss. For instance, the cells
can be lysed in the micro channel and the specific biomolecules (e.g., DNA, mRNA, me-
tabolites) are then extracted and analyzed on the chip [3-6]. On-chip LC systems can be
readily coupled with different types of detection systems, such as mass spectrometry (MS)
[7,8], fluorescent microscopy [9], and conductivity detectors [10]. One example is the ap-
plication of on-chip LC-MS for the proteomic profiling of small amounts of samples [11].
The on-chip LC-MS system offers unique advantages in proteomic profiling compared
with conventional methods. Several different types of columns can be easily integrated
on the chip to realize online desalting and multidimensional separation [12]. Equipped
with a fluorescent microscope, the separation process can be visualized and monitored
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easily. The microchip LC can be applied not only to biomolecule separation but also to
biological particle separation. For instance, a microchip with antibacteria/virus antibody
modification can be applied for capturing and recognizing bacteria and viruses in bioflu-
ids [13]. Exosomes and circulating tumor cells (CTCs) can be also captured in microfluidic
devices and used as biomarkers for cancer diagnosis [14,15].

Based on the mechanism of separation, common LC columns can be divided into five
classes: affinity-based, adsorption-based [16,17], size-exclusion-based [18], hydrody-
namic-based separation, and ion-exchange-based columns. In this review, we will sum-
marize and discuss the recent advances of microfluidic LC columns based on their sepa-
ration mechanisms. As both size exclusion and hydrodynamic LC separate the analytes
according to their sizes, we will combine them in only one paragraph. We will mainly
focus on discussing the preparation and the real-world application of the different types
of microfluidics-based LC systems. Figure 1 summarizes the types of microfluidics-based
LC systems and their main domains of application.
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Figure 1. The mechanisms of microfluidics-based liquid chromatography (LC) and their applica-
tions.

2. Affinity-Based Separation

The definition of affinity interaction is the specific interaction (e.g., coordination, hy-
drogen bond) between the ligands and biological molecules. Various types of binding lig-
ands can be used for affinity chromatography preparation. Common binding ligands in-
clude antibodies, aptamer/oligonucleotides, and metal oxide/metal complexes. Herein, we
will summarize the fabrication and applications of on-chip affinity LC systems for com-
plex biological sample analysis.

2.1. Metal Oxide and Metal Complex

We will take titanium dioxide (TiO2) as an example to discuss the mechanism of oxi-
dized metal ion affinity separation. Titanium dioxide has been widely used for phospho-
peptide enrichment in proteomics because of the strong interaction between the TiO2 lig-
and and phosphor group. The stationary phase is modified with a TiOz1layer, and protein
digests are injected into the column with an acidic mobile phase. The interfering peptides
or other background compounds are washed away, while the phosphopeptides are re-



Separations 2021, 8, 3

3 of 20

tained in the column. The system is then switched into a high pH condition, and the tar-
geted phosphopeptides are eluted out. This TiO:-based enrichment approach has been
widely used in phosphoproteomics. However, sometimes, only limited amounts of clini-
cal samples are available for analysis. A well-known example is the cells obtained from
laser capture microdissection (LCM). In LCM, only hundreds of cells can be collected from
patients for analysis. Analyzing the level of phosphorylation of target proteins in the cells
from LCM may provide doctors with important information about cancer progress [19].
Therefore, there is always a strong desire for developing miniaturized metal oxide affinity
LC systems. In 2011, Tsougeni et al. [20] reported the fabrication of a TiO>-ZrO:-based
microchip LC system for phosphopeptide analysis. In their method, a simple liquid dep-
osition procedure was performed to generate a thin film of TiO>-ZrO:z on a polymethyl
methacrylate (PMMA) substrate (Figure 2). The authors demonstrated that the micro de-
vice could not only separate phosphopeptide standard mixtures (i.e., mono-, tetra-phos-
phopeptide) but could also analyze the phosphopeptides from protein digests (i.e., 3-Ca-
sein digests). MALDI-MS was performed to identify the phosphopeptides eluted from the
microchip LC system. This microfluidic affinity chromatography chip had good recovery
(94 = 3%) and was able to handle small amounts of samples (<0.1 uL). The structure of
metal oxide film can be tuned to further improve the analysis performance and realize
other functions. For instance, Min et al. [21] designed and fabricated TiOz nanotube arrays
and achieved on-chip enrichment and isotope labeling of phosphopeptides. Zhao et al.
[22] synthesized and immobilized three-dimensional ordered TiO2-ZrO2 layers on micro-
fluidic channel walls for enhancing phosphopeptide enrichment efficiency.
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Figure 2. Schematic representation of liquid deposition method for preparing TiO>-ZrOzbased mi-
crofluidics for phosphopeptide enrichment. 1. Photoresist layer coating on polymethyl methacrylate
(PMMA) substrate; 2, 3. Lithography and development of photoresist layer. 4. Plasma etching of
PMMA substrate. 5. Liquid deposition of HaTiFs and H2Z1Fs solution. 6. Rinsing with NaOH and
water. 7. Device sealing with lamination film. Reprinted with permission from Tsougeni et al. [20].
Copyright 2011 Royal Society of Chemistry, 2011.
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Besides metal oxides, metal complexes represent another important class of ligands
applied in affinity separation. A metal complex is formed by the electron donor com-
pounds coordinated to the metal ions. This metal complex ligand can be used for the tar-
geted separation of several specific molecules. In 2012, Lee et al. synthesized zinc-coordi-
nated bis(dipicolylamine) (bis-Zn-DPA)-coated nanoparticles [23] and used them in mi-
crofluidic devices to capture bacteria and purify blood. Bis-Zn-DPA-coated nanoparticles
can specifically bind with anionic phospholipids on the bacteria membrane, and a mag-
netic microfluidic system was employed to retain and remove the nanoparticles/bacteria
complex. Lee et al. demonstrated the potential use of the system in the process of clearing
bacteria and their endotoxins in infectious patients’ bloodstreams. By adjusting the metal
ions and coordination ligands of the microfluidics-based affinity LC, the capacity for the
separation of other types of biological samples is expected.

2.2. Antibody

Antibody-based microfluidics has often been studied, due to the specific recognition
and interaction between antibody and antigen. The general term “chromatography” refers
to the separation of molecules or ions by the interaction between the mobile phase and
stationary phase. In the 1970s, Killion et al. defined the term “cell affinity chromatog-
raphy”, which was the technique that could be used to sort the cells based on the interac-
tion between cell surface receptors and an immobilized ligand on a stationary matrix [24].

Antibody-based microfluidics has been employed for separating or analyzing cells,
bacteria, and biofluids. One of the well-known applications of antibody-based microflu-
idics is capturing the circulating tumor cells (CTCs) from cancer patients’ blood. Circulat-
ing tumor cells are the cells released by the primary tumor and shed into the vasculature.
There is some evidence showing the strong correlation between cancer metastasis and
circulating tumor cells. Analysis of nucleotides, proteins, or other biomolecules extracted
from CTCs can be used for evaluating cancer treatment performance and prognosis. Alt-
hough only a small number of CTCs exist in cancer patient blood, antibody-based micro-
fluidics may still allow their isolation. Several antibody—antigen-based CTC isolation mi-
crofluidics devices have been reported, but there is still room for improving the separation
throughput and capture efficiency. For instance, Murlidhar et al. [25] introduced a radial
flow technique for isolating CTCs on microchips. Anti-EpCAM (epithelial cell adhesion
molecules) antibodies are coated on a chip with specific bean-shaped micro channels (Fig-
ure 3). With a radial flow technique, high flow rates (10 mL/h) were applied on this sys-
tem. Compared with conventional CTC capture microfluidic strategies using low flow
rates (1 mL/h), the throughput of this microchip was enhanced 10-fold. The viability of
the cells reached values as high as 93% even under high flow rates, offering more conven-
ience for downstream analysis.

Antibody-antigen-based microfluidics was also employed for sorting multiple types
of cells. Li et al. [26] modified a micro channel with different types of antibodies by inte-
grating a pneumatic actuated control layer and affinity layer, to realize the selective cap-
ture of Ramos and HuT 78 cells. Combined with other detection techniques (e.g., PCR,
mass spectrometry), the multiple cell-sorting microfluidics can be used for disease diag-
nosis. Pullagurla et al. [27] reported a microfluidics device which can capture different
types of cells for disease diagnosis. In their research, anti-CD4+ and anti-CD66b+ antibod-
ies were immobilized on the micro channel for simultaneously isolating CD4+ T-cells and
neutrophils. The mRNA from the cells was extracted and sequenced. The two types of
cells can express the stroke-associated genes and thus can be used for stroke diagnosis.
The authors demonstrated that the cells isolated from 50 pL whole blood could provide
enough material for PCR-based sequencing.

Recently, microfluidics devices have been used for analyzing vesicles, including ex-
osomes and ectosomes. Exosomes are extracellular vesicles with diameters of less than
150 nm. Exosomes are released from different types of cells and are involved in intercel-
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lular communication; thus, they are considered as a promising type of biomarker for can-
cer diagnosis. The most common approach for isolating exosomes from patients” blood is
high-speed ultracentrifugation. However, expensive high-speed centrifuge equipment is
required and this approach is time-consuming (>10 h) and inefficient. Microfluidics can
significantly reduce the time and price of exosome analysis. Chen et al. describe the first
reported use of microfluidics for exosome separation and transcriptome analysis [28].
They coated specific exosome-associated antibodies (anti-human CD63) on the chip mi-
crochannel. Exosomes were isolated and intravascular RNA was extracted. The high-qual-
ity extracted intravascular RNA can be amplified and sequenced by PCR. Therefore, the
microfluidics-based exosome isolation technique can provide valuable information about
the genetic status of tumor cells.
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Figure 3. Schematic representation of microfluidics with bean-shaped microposts. The anti-EpCAM
(epithelial cell adhesion molecules) antibodies were coated on the surface of bean-shaped microp-
osts. The circulating tumor cells (pink dots) were captured by antibodies. Adapted from Murlidha
et al. [25]. Copyright 2014 Wiley Online Library, 2014.

Combined with the immunomagnetic bead technique, the efficiency of microfluidics-
based exosome isolation can be further improved. Zhao et al. fabricated a polydime-
thylsiloxane (PDMS)-based magnetic microchip device which allowed the efficient cap-
ture and accurate quantification of exosomes in samples [29]. The magnetic beads and
exosomes were well mixed, and the antibody-modified beads captured the exosomes in
the samples. The mixtures were then injected into the microfluidics device, the beads were
retained by magnetic fields, and the concentrations of captured exosomes were quantified.
Compared with conventional exosome quantification methods, a smaller variance in the
result was obtained (CV <0%). Due to the continuous-flow design, both small (i.e., 10 pL)
and large (i.e., 10 mL) volumes of samples can be prepared by the microchip. By multi-
plexing, it was possible to measure three exosome biomarkers (CA-125, EpCAM, and
CD24). The microfluidic system can diagnose ovarian cancer from only 20 pL of human
plasma. Although the time and sample consumption is significantly reduced, the diag-
nostic power of the microchip (area under the receiver operator characteristic curve
(AUC) =1.0, p=0.001) is similar to the standard Bradford assay (AUC = 1.0, p = 0.0009).

He et al. attempted to isolate exosomes and analyze intravascular protein simultane-
ously by using immunomagnetic bead-based microfluidics [30]. In their work, similar to
the previous example, the plasma samples were pre-mixed with antibody-coated mag-
netic beads and injected into microfluidics. Exosome-bound beads were retained in the
micro chamber and washed by phosphate-buffered saline (PBS) for removing blood cells
and other matrices. On-bead lysis was performed and lysates were delivered into a second
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chamber on-chip. In the second micro chamber, the immunomagnetic beads captured the
specific protein in lysates and the detection antibodies and chemifluorescence reagent
were then introduced into the channel. Figure 4 shows the process of on-chip exosome
lysis and protein detection. This approach was able to isolate exosomes from only 30 uL
plasma samples and quantitatively detect target intravascular proteins. The phosphoryla-
tion levels of IGF-1R, which is a promising therapeutic target for non-small-cell lung car-
cinoma (NSCLC), was successfully determined using this microfluidics device.

A Total on-chip Assay Time: 1.5 hrs
\ 1) Immunomagnetic isolation
\
i\ \ Exosomes * E
\l\\\l = _.ﬁ \\\ \ -
- \ LR ~ [} o * a
gt -
A L Plasma proteins
¥ 2) Exosome lysis & protein capture
L
& Exosomal proteins
B {, ’
A l‘ v ” - ' ’ :
3 ’ L ¢ B B :
2 i PL D 2 BN
1 . i . Protein capture
o ges L magnetic beads
4I ’—
il < _ 3) Intravesicular protein analysis
‘ S
Plasma mixed 'ﬁ
with immuno- i
magnetic beads - AN Chemi-
fluorescence

u detection

Figure 4. Microfluidic device for exosome capture and intravesicular protein detection. (A). Image
of the microfluidic device. (B). Workflow of on-chip exosome analysis. 1. Isolation of exosome-cap-
tured magnetic beads from plasma. 2. Exosome lysis and magnetic bead-based protein capture. 3.
Protein analysis by chemical fluorescence detection. Reprinted with permission from He et al. [30].
Copyright 2014 Royal Society of Chemistry, 2014.

2.3. Aptamer

Aptamer is the oligonucleotide or peptide which can specifically bind with target
molecules. Compared with antibodies, the aptamers have their unique advantages. For
instance, aptamers are produced in vitro by the systematic evolution of ligands by the
exponential enrichment (SELEX) technique, which is different from the antibodies that are
produced by in vivo immunizations on animals. Therefore, the time required for the pro-
duction of aptamers is generally short. Aptamers can bind not only with large molecules
but also with small molecules, while the antibody cannot. Based on these advantages, sev-
eral groups have attempted to develop aptamer-based microchip LC for biomolecule sep-
aration.

Reinholt et al. reported the development of a microfluidic device to capture cancer
cells and extract and amplify their DNA for gene mutation analysis [31]. In their device,
two orthogonal microchannels were fabricated on a PDMS substrate. One channel was for
cell capture, and the other one was for DNA analysis. The aptamers were immobilized on
the microchannel walls by biotin chemistry. CAOV-3 ovarian cancer cells were injected
into the device and lysed by guanidinium isothiocyanate. The released DNA was retained
in the microchannel and amplified by isothermal amplification. After sequencing the re-
leased DNA from the cancer cells, the authors successfully discovered a mutation point
on the TP53 gene. This device can minimize the sample loss during CTC capture and sim-
plify the DNA analysis process. Since many other groups also reported aptamer-based
microfluidics for cancer cell analysis, Wu et al. summarized and published a review in
2019 [32]. As mentioned earlier, the aptamers can also bind with specific small-molecule
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targets. Wang et al. took advantage of this property to fabricate an aptamer-based paper
microfluidics device for cocaine detection [33]. In this paper microfluidics device, anti-
cocaine aptamers and gold nanoparticles were loaded onto two areas of the paper micro-
fluidics device. After the device is immersed in biofluids, if cocaine is present, it will grad-
ually move to the first area where anti-cocaine aptamers are loaded and bind with them.
The cocaine-aptamer complex subsequently moves to the area containing the gold nano-
particles. The nanoparticle color will change from red to blue due to the aggregation
caused by the cocaine-aptamer complex. The limit of detection by the naked eye can reach
values as low as 2.5 ug.

3. Adsorption-Based Separation

In adsorption-based separation processes, the analytes are separated during adsorp-
tion and desorption processes, due to their different partition coefficients. Adsorption-
based chromatography, and, in particular, the reversed phase column, is the most widely
used chromatography technique for biomolecule analysis. The study of on-chip adsorp-
tion based on chip separation started very early. Though a commercialized microchip LC
is now available from Agilent and other vendors, optimization of the conditions for sepa-
rating different samples is still required. For instance, in 2013, Liu et al. reported a nanoLC
chip-MS/MS assay for toxin quantification in food [34]. They compared the separation
performance of nanoLC chips using different stationary phases (Agilent SB-C18, SB-C8
Zorbax). They also investigated the optimal condition, including microchip LC gradient
and multiple reaction monitoring (MRM), for quantification of aflatoxins in peanut prod-
ucts on a reversed phase microchip LC-MS. The presented nanoLC-MS assay has good
reproducibility (90.8-100.4%) and a very low limit of detection (0.004-0.008 ng/g).

As the etching technology improved, fabricating the microfluidics column with a
higher spatial resolution became possible. De Malsche et al. reported the fabrication of
pressure-driven nonporous pillar array columns in 2007 [35]. In their approach, UV pho-
tolithography and etching silicon oxide were used to fabricate the pillar array. Octyldime-
thylchlorosilane was flushed into the microchannel and covalently coated on the surface
of the pillar array. A mixture of three types of coumarin was injected into the array and a
CCD camera was used to monitor the separation process. With 3.5 mmy/s for the mobile
phase velocity, the three coumarin compounds were separated within three seconds. Due
to the small resistance of the pillar array column, the Knox’s separation impedance (E)
also dropped to 150. E is equal to squared plate height (H) divided by column permeabil-
ity (K) (i.e., E = H%/K). E reflects the speed of plate generation and the pressure change
during the separation. Columns with good performance always have small E values. Typ-
ical E values of packed columns are around 3000. Later, in 2010, Detobel et al. reported
the fabrication of porous-shell pillar array columns [36], for which the micro channel was
also fabricated by using UV photolithography. Tetramethoxysilane (TMOS)-based sol-gel
procedures were performed to deposit the porous layer on the pillar array and then C8
was coated on the surface. For the porous-shell pillar array column, the minimal plate
height was 3.9 um under non-retaining conditions and was 6.9 um when the retention
factor was 6.5. The column permeability was lower than theoretical values. The authors
further increased the number of theoretical plates of the column by optimizing the pillar
design [37]. The optimal column length and pillar diameter were determined by minimal-
izing the Van Deemter curve and maximal allowable system pressure. From the calcula-
tions, the optimal pillar diameter was ~5 pum and the column length should be around 3
m. The authors used a similar fabrication method to pattern the pillar assay column. The
micro channels with pillars were connected with 10-um-wide turns to increase the column
length to 3 m. The measured plate number of this micro array column was approximately
1 million, but the elution time, however, can be significantly reduced compared with con-
ventional packed bed columns.
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Lavrik et al. utilized plasma-enhanced chemical vapor deposition (PECVD) to fabri-
cate an enclosed, highly ordered pillar array column [38,39]. The pillar array column man-
ufactured by this approach had better mechanical robustness. In 2016, they further devel-
oped their column and demonstrated two-dimensional separation [40]. The pillar array
used in this case was modified by C4 or C18. A mixture containing six components of 7-
chlor-4-nitrobenzofurazan-derivitized amines (NBD-amines) was loaded onto the 2D pil-
lar array system for evaluating the separation performance. The mixtures were separated
in the first dimension by using 40% ethanol/water as the mobile phase. The array was then
dried and rotated, and the second-dimension separation was carried out with 40% etha-
nol/water with AgNOs added. Olefins can form a complex with Ag ions, thus reducing
their retention capability and offering a different separation mechanism. The co-eluted
compound, NBD-hexylamine and NBD-1-amino-5-hexene, on first-dimension separation,
could be separated on the second dimension.

The open tubular column is the early equivalent of on-chip LC columns. However,
the application of a on-chip tubular column is hampered due to its limited column capac-
ity. Though packed columns have much better capacity and separation efficiency, they are
difficult to fabricate on-chip. Therefore, monolithic columns have gradually gained in
popularity in microfluidics-based chromatography, since they can be readily fabricated
by in situ preparation. In 2008, Levkin et al. reported the preparation of a monolithic po-
rous polymer LC microchip for protein and peptide analysis [41]. Two types of stationary
phase were prepared in their research. A methacrylate-based stationary phase was pre-
pared by thermally initiated polymerization of a mixture of lauryl methacrylate and eth-
ylene dimethacrylate, and a styrene-based stationary phase was prepared by polymeriza-
tion of a mixture of styrene and divinylbenzene. Azobisisobutyronitrile (AIBN) was used
as the initiator for polymerization. The microchips were then tested for separating the
mixtures of ribonuclease A, myoglobin, cytochrome C, and ovalbumin. The baseline sep-
aration was achieved on this styrene-based monolithic column and the separation time
was less than 2.5 min. The performance of separating mixtures of peptides was also eval-
uated.

Tuning the chemistry of the stationary phase enables the monolithic microchip LC to
separate not only proteins but also small molecules (e.g., metabolites). In 2018, Kim et al.
reported an approach to fabricate a poly(methyl acrylate)-coated monolithic microchip
column [42]. Polymerization was initialized by UV light and the monolithic poly(methyl
acrylate)-based stationary phase was prepared in a thermoplastic elastomer (TPE) micro
channel. Detailed information of the fabrication process is shown in Figure 5. The column
back pressure and permeability were measured at different flow rates. Separation of two
neurotransmitters (5-hydroxyindole-3-acetic acid (5-HIAA), 5-hydroxytryptamine (sero-
tonin, 5-HT) was demonstrated. Compared with conventional LC systems, the on-chip LC
system has another advantage: different columns can be integrated into one chip and
achieve high-efficiency separation. In 2005, Yin et al. reported the integration of a sample
enrichment column, an analytical column, and a nanospray tip on the same microfluidic
chip [43]. The sample enrichment channel was packed with 5-um particles ZORBAX
300SB-C18, and the analytical channel was packed with the same stationary phase but
using smaller size particles (3.5-um particles). Protein digests were well separated on the
chip, with flow rates between 100 and 400 nL/min. The good robustness of this integrated
microchip in high-performance proteomics was also validated. Recently, De Vos et al. de-
veloped a novel modulator microchip to realize the heart-cut 2D LC-MS for proteomic
analysis [44]. The modulator microchip was fabricated in cyclic olefin copolymer (COC)
layers with an additional polyether ether ketone (PEEK) layer protection. The total micro
channel volume was 625 nL. The strong cation exchange column was connected with a
reversed phase nanocolumn via the modulator microchip. The authors demonstrated that
the system could achieve robust analysis under ultra-high pressure (up to 65 MPa). To
evaluate the separation performance, Glu-1-Fibrinopeptide B-spiked bovine serum albu-
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min (BSA) digests were injected onto the LC-MS and their signature peptide was moni-
tored. Without a strong cation column, the signature peptide could not separate with BSA
digests on the nano C18 column, while baseline separation was obtained on the 2D-LC
system equipped with the modulator microchip interface.

(B)

‘Grafting layer

(E) - 2

N
R

Polymerized monolithic polymer Porous monolithic polymer

Figure 5. Schematic representation of the fabrication process of monolithic on-chip liquid chromatography. (A) Flushing
of the grafting layer solution into micro channel; (B) UV light initialized polymerization to prepare grafting layer; (C)
Cleaning of the grafting layer by water/methanol solution; (D,E) Fabrication of nano-porous monolithic polymer by UV
initialized polymerization; (F) Cleaning of the reagent residuals. Reprinted with permission from Kim et al. [42]. Copyright

2018 Springer, 2018.

4. Size Exclusion and Hydrodynamic-Based Separation

Size exclusion separation chromatography is a method for separating the analytes
based on their sizes. Size exclusion separation chromatography is widely used for remov-
ing salts in protein purification. Size exclusion chromatography can be also applied in
measuring the weight distribution of polymers. The size exclusion chromatography col-
umn is usually packed with porous beads. The large molecules will elute out after loading
into the column, while the small molecules will enter into the pores and be retained for a
longer time and thus will elute out later. Similarly, hydrodynamic chromatography also
separates the analytes based on their sizes. However, the separation mechanism of hydro-
dynamic chromatography is different. The common hydrodynamic chromatography col-
umns are open tubular or packed with non-porous beads. The hydrodynamic separation
is based on the parabolic profile flow in the channel. The large particles remain in the
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middle of the parabolic profile where the flow is faster, and smaller particles move close
to the wall of the channel where the flow is slower. Figure 6 shows the profile of the mobile
phase flow during hydrodynamic-based separation. Multiple types of detectors (e.g., mul-
tiple angle light scattering detector, quasi-elastic light scattering, differential viscometry)
can be coupled with hydrodynamic chromatography for determining the size, mass, and
shape of the analytes.

(A)

~
==
Detector response

Retention volume

Figure 6. Separation mechanism of hydrodynamic chromatography. (A) A parabolic profile forms
during the separation process; (B) The large-sized analyte locates at the center of profile, and the
small-sized analyte stays close to the wall of the channel; (C) Chromatographic peaks of large- and
small-sized analytes. Adapted from Striegel et al. [45] Copyright 2012 Annual Reviews 2012.

The development of robust on-chip size exclusion or hydrodynamic chromatography
systems is challenging, but there are still some excellent works reported. Millet et al. made
significant contributions in miniaturizing and integrating the size exclusion and other
types of columns on chips. In 2015, they reported a microfluidic system integrating size
exclusion, ion exchange, and affinity interaction chromatography [46]. The novel 3D flu-
idic bridges designed enabled connections between different chromatography modules.
The authors demonstrated that the integrated on-chip system could enrich green fluores-
cent protein (eGFP) from E. coli.

In 2017, Duan et al. reported the development of microfluidics-based hydrodynamic
chromatography for DNA analysis [47]. In their design, the nano-capillaries were fabri-
cated on a substrate by glass deposition with the thermo-annealing approach. The inner
radius of the fabricated nano-capillaries was approximately 600 nm. Six DNA fragment
mixtures, with length between ~3000 to ~20000 bp, were injected into the capillaries for
analysis. The separation process was monitored by an epifluorescence microscope. By ad-
justing the pressure, DNA fragment separation was achieved within 280 s. Most of the
fragments were resolved on the chromatogram, except the fragments of 5.8 k and 5.6 k bp.
The author also demonstrated that the microchip was able to resolve the DNA fragments
if their size difference was larger than 1.6 kb.

5. Ion-Based Separation

Ion or ion exchange chromatography is a type of chromatography that can separate
different ionic species (cations or anions). Ion chromatography has many applications in
environmental analysis, especially to monitor the concentrations of different types of ions
(e.g., NOs, PO+*) in wastewater. Recently, ion chromatography was also applied to the
analysis of biomolecules, such as proteins and metabolites. However, compared with af-
finity or adsorption-based separation, only a few on-chip ion chromatography-associated
devices were reported, but ion chromatography is still an important complementary tech-
nique for separating unique samples. Several examples will be given and discussed below.
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Murrihy et al. fabricated the first on-chip microfluidics ion exchange LC device [48].
In 2001, they demonstrated that the traditional latex nanoparticle-coating approach can
also be used for on-chip ion chromatography fabrication. In their microfluidic device, the
narrow micro channel (0.5-10 pm) enables more interaction between the stationary phase
and analytes. They employed this device to separate nitrite, nitrate, and iodide by using
KCl as the mobile phase. The device was equipped with an UV detector. By optimizing
the device and separation conditions, the three ions were separated on the chip within 3
min. The linearity of the detection of NO2- and NOs~ was between 5 uM and 1 mM, and
the limit of detection was found to be 0.5 uM.

In 2012, Niimi et al. performed on-chip chromatography using a hydroxyapatite-
packed column for separating and purifying Newcastle Disease Virus (NDV) [49]. First,
40 pm ceramic hydroxyapatite particles were packed into the micro channel. To evaluate
the performance of the column, NDV was suspended in 5% fetal bovine serum (FBS) so-
lution and introduced into the microchip. The viruses were captured by hydroxyapatite
particles while the FBS proteins and other matrices were eluted out. After this, phosphate
buffer was introduced into the system and the viruses were eluted out from the column.
In 2014, they further optimized the hydroxyapatite-based microfluidics device, allowing
virus diagnosis [50]. Similar hydroxyapatite-based microfluidics was utilized to detect vi-
ruses by recognizing viral ribonucleoproteins (RNPs). In this study, after the viruses were
captured by hydroxyapatite particles, RNPs were released from the viruses by introduc-
ing lysis buffer into the micro channel. RNPs were then introduced to a detection port
coated by peptide nucleic acids (PNA). PNA can only capture the specific RNPS; thus,
other interferences are washed away with buffer. Finally, horseradish peroxidase (HRP)
and luminol were added into the detection port and the color was used to indicate the
viruses’ presence.

With the growing demand for point-of-care devices, researchers are attempting to
develop low-cost microfluidics, such as microfluidic paper analytical devices (UPADs).
Instead of fabricating micro channels on plastic substrates, the channel width of uPADs is
defined by the gap between hydrophobic materials (e.g., wax), and syringe pumps are
replaced by cellulose that moves the liquids by capillarity from the inlet to the detection
ports. The detection of paper-based microfluidics is usually based on the colorimetric re-
action between the targeted analytes and reagent. However, achieving a good quantifica-
tion accuracy of pPADs is always a challenging task. The formed colored product may be
washed away, due to the weak interaction between cellulose and the colorimetric reagent.
To improve the quantification accuracy of uPADs, Rahbar et al. reported the development
of ion-exchange (IE)-based pPADs to quantify the concentration of different types of ions
in serum and wine [51]. Instead of using cellulose, the anion exchange paper was used to
fabricate uPADs. Fluorescein, as an anion, was used to compare the performance of filter
paper versus IE paper. The fluorescein spot was easily washed away by water on filter-
based pPAD. The fluorescein spot was strongly retained on IE paper when washing using
water, but a NaCl solution could wash the fluorescein spot away, and the distance by
which the fluorescein spot moves away depends on the ionic strength of the NaCl solu-
tion. Figure 7 shows the relationship between the fluorescein moving distance and the
chloride concentration. The authors employed the IE-based uPAD for the determination
of the total calcium and total acidity of biological samples. The cation exchange paper was
also utilized to fabricate uPADs. Murphy et al. [52] evaluated different ion exchange pa-
pers and utilized Whatman grade P81 strong cation exchange paper to separate ascorbic
acid (AA) and dopamine hydrochloride (DA) on uPAD. This pPAD was coupled with an
electrochemistry detection system and the detection limit for dopamine was as low as 3.41
uM.
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Figure 7. The relationship of fluorescent spot moving distance and the concentration of chloride
microfluidic paper analytical devices. Adapted from Rahbar et al. [51]. Copyright 2019 American
Chemical Society, 2019.

6. Other Separation Mechanisms

Besides the mechanisms mentioned previously, some unique separation mechanisms
have also been utilized for on-chip separation. For instance, Kato et al. developed an ex-
tended nanospace channel (10~100 nm) for attoliter scale sample analysis [53]. Electron-
beam lithography was performed to fabricate the extended nanospace channels on quartz
glass substrates. They systematically investigated the electric double layer and channel
size effect on the separation performance. The electric double layer will be built up near
the extended nanospace channel wall when the liquid passes through the channel. The
analytes cannot pass through the electric double layer —they can only pass through the
center of the channel. Therefore, the larger electric double layer length results in a smaller
channel size, and vice versa (Figure 8). Similarly to hydrodynamic chromatography, the
flow has a parabolic profile in the extended nanospace channel. The large electric double
layer will localize all the charged species in the center of the profile and separation cannot
be obtained. If the double layer is too small, the analytes will be spread due to the larger
channel size and will cause no velocity difference. Only when the suitable electric double
layer length and channel size are well tuned, the species with different charges are able to
localize in the different positions of the profile and thus cause separation. Finally, the au-
thors successfully separated fluorescein and sulforhodamine B by using an extended nan-
ospace channel LC within 30 s, and the sample volume was reduced to 280 aL. Due to the
difficulty of handling such small volumes of samples, in 2011, Ishibashi et al. developed
an automated injection system to precisely control the injection time and volume [54]. The
injection system can handle sample volumes as small as 550 aL. By integrating this injec-
tion system with the extended nanospace channel device, they further explored the nor-
mal phase separation mode [55]. Toluene was used as the mobile phase to minimize the
charge effect used in a previous study. The authors separated the mixture of Pyrrome-
thene 597 and Coumarin 460 within 5 s under normal phase separation mode. The meas-
ured theoretical plate number was 440,000 per meter, and this high separation efficiency
is mainly due to the small size effect. The rapid separation process also minimized the
sample diffusion. In 2016, Shimizu et al. further increased the separation efficiency by
elongating the nano channel [56]. The plate number of the extended nanospace channel
could reach up to 1.4 x 10 in this study. To separate more complex samples, gradient
elution is always required in liquid chromatography. However, it is usually very chal-
lenging to realize on-chip gradient separation when the channel size becomes very small.
In 2016, Smirnova et al. developed a T-nanomixer to achieve on-chip step mixing for gra-
dient separation [57]. Two channels were fabricated on the T-nanomixer. The first mobile
phase was pumped into Channel 1, while the second mobile phase was pumped into
Channel 2. The step gradient mixing was realized by adjusting the time of the flow from
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Channels 1 and 2. A mixture containing 17 amino acids was separated within 50 s and the
plate height of most chromatographic peaks was less than 1 pm.

(B) (C)

Large Debye length Small Debye length
(Small channel size) (Large channel size)

Figure 8. Separation mechanism of extended nanospace channel. (A) Double electric layers built up when flow passed
through the nanospace channel. (B) Large Debye length results in small channel size, all the analytes locate at the center
of the profile and the separation cannot happen. (C) Small Debye length results in large channel size and the analytes
spread in the nanospace channel. Adapted from Kato et al. [50]. Copyright 2010 American Chemical Society, 2010.

The recent advances in microfluidics-based chromatography separation mechanisms
are systematically summarized in Table 1, in terms of the chip substrate, fabrication
method, stationary phase, mobile phase or carrier fluids, and analytes. Such information
is expected to provide useful and updated insights to researchers in the field of microflu-
idics-based chromatography techniques.

Overall, the major substrates used in on-chip LC systems were polymers and glasses.
Papers were also used as a novel type of substrates. Most of the on-chip LC systems were
fabricated by lithography combined with plasma etching or PECVD, and paper-based mi-
crofluidic devices were fabricated by wax printing. For affinity chromatography, the sta-
tionary phases could be immobilized in microfluidic devices by affinity interaction or bi-
otin chemistry. The stationary phases were usually immobilized via covalent bonds in
adsorption on-chip LC systems. A variety of other fabrication approaches were also used
and summarized in Table 1.

On-chip affinity chromatography is the most powerful system for cell capture and
analysis. Other than this, metal-oxide-based affinity chromatography can be used for en-
riching phosphorpeptides. Adsorption LC systems have wide application in analyzing
both small molecules and peptides. Large molecules, such as proteins and DNA, are al-
ways separated by using size exclusion or hydrodynamic chromatography. Ion chroma-
tography is the best choice for inorganic ion analysis. Compared with conventional LC
systems, the on-chip LC systems can handle small amounts of samples. Coupled with
suitable detectors (e.g., MS equipped with nano ion source, fluorescent detectors), the de-
tection sensitivity will be significantly enhanced. The analysis time of on-chip LC systems
is also much shorter than the conventional LC system. Due to the shorter plate height and
larger plate number, the on-chip LC system enables the separation of complex mixtures
within seconds, while similar separation may take several minutes or longer in the con-
ventional LC system.
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Table 1. A summary of microfluidics-based chromatography separation mechanisms.

Separation Mobile Phase

Mechanism Chip Substrate Fabrication Method Stationary Phase Analytes Ref.

or Carrier Fluids
Acidic mobile phase: FA 1%
PMMA Lithographic exposures, plasma processes TiO2-ZrOz (v/v), TEA 0.05% (v/v) Phosphopeptides [20]
Basic mobile phase: NH«OH
Loading buffer consisting of

Photolithographic, wet etching, soft

PDMS, glass lithography, replica molding TiO2 nanotube array 6% (v/v) TFA and 50% (v/v) Phosphopeptides [21]
ACN

Emulsifier-free emulsion . o
PDMS, glass, polymerization, evaporation-induced self- TiO2-ZrO: film Loading buffer: 50% ACN and Phosphopeptides [22]

PMMA . . 1% TFA

assembly, replica molding
MNPs modified with . . . .
bis-Zn-DPA Diluted RBC solution Escherichia coli [23]
Healthy bl
PDMS, glass Anti-EpCAM calthy b ood.or serum Circulating tumor cells  [25]
free medium
. . Anti-CD4, anti-CD19, Ramos and HuT 78
Affinity PDMS, glass Soft lithography, plasma bonding otc Blood cells [26]
PMMA, COC Hot embossing, I.nlcro-rep.hcatlon, thermal Anti-CD4, anti-CD66b, Blood Leukocytes [27]
fusion bonding etc
Anti-CD63 I ti-
PDMS Oxygen plasma nti-C g?]; 4gG, antt Serum, blood Microvesicles [28]
PDMS, glass Soft lithography Immur};c;:l;\sgnet—lc Plasma Exosomes [29]
Magnetic beads
PDMS conjugated with Plasma Tumor exosomes [30]
antibodies
PBS binding bulffer,
PDMS, glass Soft lithography DNA aptamers 6 M guanidinium Cancer cells [31]
isothiocyanate

Chromatographic Wax-printing Anti-cocaine aptamers 28 M MgClzand 50mg/mL Cocaine [33]

paper sucrose

- - OO

Adsorption NanoLC SB-C18, SB-C8 Zorbax 0.5 g NaCl and 10 mL of 60% Aflatoxin [34]

chip 300A MeOH (ag)
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UV photolithography, thermally (dry)

Silicon, glass . C8 Methanol-water mixture Coumarin [35]
oxidized
Silicon UV photolithography, sol-gel procedures C8 Methanol-water mixture Coumarin [36]
Silicon v photohthogljaphy, d.ry etching, reactive Methanol-water mixture Coumarin [37]
ion etching
Silicon, silicon . . Sulforhodamine B,
oxides Photolithography, PECVD Methanol-phosphate mixture fluorescein sodium salt [38]
SlllCOI‘l', silicon Photolithography, PECVD Pure methanol', methanol- Sulforhodam}ne B, [39]
oxides water mixture fluorescein sodium salt
Silicon UV photolithography, PECVD C4,C18 Ethanol-water mixture, Coumarin, NBD-— 1,
. AgNOs amines
Adsorption Acetonitril
cetonitrile
Polyimide Laser ablation LaMA-EDMA a’nd ST- in water (both containing  Proteins and peptides ~ [41]
DVB monolith .
0.05%, v/v, formic acid)
TPE, PET, PDMS Rapid prototyping process Poly(methyl acrylate) DI water Neurotransmitters [42]
Water
with 0.1% formic acid; 90%
Polyimide Laser-ablation Zorbax SB C18 acetonitrile and Peptides [43]
10% water with 0.1% formic
acid
COC, PEEK Micromilling, solve.nt-vapor-assisted Ci8 Peptides [44]
bonding
Size exclusion and PDMS Photolithography Sephadex G25 beads — — Proteins [46]
. . . . uffer containing
hydrodynamic Glass, Si Low-resolution photolithography mM Tris, and 1 mM EDTA DNA [47]
Silicon wafer, Pyrex Photolithography, wet ar.ld dry etching, Quaternary an}monium KCl solution Nitrite, nitr.ate, iodide, (48]
plate anodic bonding latex particles and thiourea
Repli 1di
PDMS ~eplica moiding Hydroxyapatite FBS Virus [49]
photolithography, air plasma
I : - - -
on PDMS Replica molding, photolithography, air Hydroxyapatite FBS Virus particles [50]
plasma
Anion Arsenazo 111
exchange filter Wax printing ¢ Water Calcium, tartaricacid  [51]

paper

bromothymol blue




Separations 2021, 8, 3 16 of 20

Ascorbic acid,

Ion Catlon:x:?ange Wax printing Carbc(:fly llgzguzs 2? the AA and DA buffer solutions dopamine [52]
pap " bap hydrochloride
Electron-beam lithography, plasma . Fluorescein,
1 lanol .1 mM phosphate buff
Class etching, thermally laminated Silanol groups 0.1 mM phosphate buffer sulforhodamine B (53]
Electron- lith hy, pl B ili ilanol
Glass ec r01.1 beam lithograp },,' plasma are silica (silano Toluene—ethanol mixture Pyrromethene 597 [54]
etching, thermally laminated surface)
Glass Electror.l-beam lithography, plasma Bare silica (silanol Toluene—ethanol mixture Pyrrometh.ene 597, [55]
. etching, thermally laminated surface) coumarin 460
Other separation - b p— .
mechanism . ) ectron beam lit .ogr.ap Y . - . Pyrromethene 597,
Fused silica photolithography, reactive ion etching, Bare silica surface =~ Hexane-2—-propanol mixture . [56]
. . coumarin 460
thermal fusion bonding
25 mM citrat
Electron-beam lithography, buffer ioI:tairirfa ;5 M
Quartz glass photolithography, plasma etching, low C18 & Amino acids [57]

sodium perchlorate (pH 5.5)/
acetonitrile (5-40% v/v)
Abbreviations: Acetouitrile, ACN; Ascorbic acid, AA; Cyclic olefin copolymer, COC; Dopamine hydrochloride, DA; Epithelial cell adhesion molecules, EpCAM;
Ethylene diamine tetraacetic acid, EDTA; Fetal bovine serum, FBS; Formic acid, FA; Magnetic nanoparticles, MNPs; Plasma-enhanced chemical vapor deposition,
PECVD; Polydimethylsiloxane, PDMS; Polyether ether ketone, PEEK; Polyethylene terephthalate, PET; Poly(lauryl methacrylate-co-ethylene dimethacrylate),
LaMA-EDMA; Polymethyl methacrylate, PMMA; Poly(styrene-co-divinylbenzene), ST-DVB; Red blood cell, RBC; Thermoplastic elastomer, TPE; Trifluoroacetic

acid, TFA; 7-chlor-4-nitrobenzofurazan-derivitized amines, NBD-amines.

temperature bonding
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7. Conclusions and Outlook

We reviewed the recent advances in the development of microchip-based LC for bi-
omolecule separation and analysis. Most of the research in the field focuses on affinity-
based microchip LC development, as various types of molecules, such as oligonucleotides,
peptides, metal complexes, and antibodies, can be used as ligands in affinity-based micro-
chip LC. Affinity-based microchip LC can be applied not only in analyzing biomolecules
but also in isolating tumor cells and bacteria. Among all types of microchip LC systems,
adsorption-based microchip LC was the system that was commercialized first. Adsorp-
tion-based microchip LC, especially C18-based microchip LC, has been widely employed
in proteomics and small molecule analysis. Future work will focus on integrating other
types of columns with the reversed phase column on the microchip. Compared with af-
finity and adsorption-based microchip LC systems, fewer publications are associated with
size exclusion and ion exchange microchip LC; this is due to the fact that the fabrication
techniques required for their manufacture are more complex and the applications are not
as numerous. However, the development of size exclusion and ion exchange microchip
LC is still of interest. The integrated size exclusion/reversed phase microchip LC can real-
ize online desalting and thus achieve high-throughput proteomic profiling. Moreover,
size exclusion microchips can be potentially used for virus and other small biological par-
ticle analysis. Ion exchange microchip LC is a technique essentially used in environmental
analysis, as its small size and high portability makes onsite monitoring of multiple types
of ions in water possible.

Improving the robustness of microfluidic devices is still an important research area
to develop in the future. The lifetime of conventional microflow LC columns can be as
long as years and microflow LC columns can usually handle more than 10,000 injections
of samples. Unfortunately, we did not see many robustness evaluations of on-chip LC
systems in the published works. Although, compared with the conventional LC system,
good portability is one of the advantages of on-chip LC systems, the relatively large
pumps and difficulty in operation prohibits their application in point-of-care detection.
Future work should also consider optimizing the entire systems and making them more
user-friendly.
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