A DVAN ‘.._ -Check for updates
MATERIALS
REVIEW INTERFACES

www.advmatinterfaces.de

Molecular Separation by Using Active and Passive
Microfluidic chip Designs: A Comprehensive Review

Aliakbar Ebrahimi, Kutay Icoz, Reza Didarian, Chih-Hsin Shih, E. Alperay Tarim,

Behzad Nasseri, Ali Akpek, Berivan Cecen, Ayca Bal-Ozturk, Kadri Giileg,

Yi-Chen Ethan Li, Steven Shih, Burcu Sirma Tarim, H. Cumhur Tekin, Emine Alargin,
Mehdi Tayybi-Azar, Hamed Ghorbanpoor, Ceren Ozel, Ayla Eker Sariboyaci, Fatma Dogan
Guzel, Nicole Bassous, Su Ryon Shin, and Huseyin Avci*

. TP . . 1. Introduction
Separation and identification of molecules and biomolecules such as nucleic

acids, proteins, and polysaccharides from complex fluids are known to be Biomolecule separation, purification,
important due to unmet needs in various applications. Generally, many and analyses have a high potential in dif

; q ] q n . ferent fields, including but not limited to
different separation techniques, including chromatography, electrophoresis,

. . > diagnosis, genetic research, biopharma-
and magnetophoresis, have been developed to identify the target molecules ceuticals, fine chemicals manufacturing,

precisely. However, these techniques are expensive and time consuming. and biological characterizations.['] These
“Lab-on-a-chip” systems with low cost per device, quick analysis capabilities, biomolecules are commonly present
and minimal sample consumption seem to be ideal candidates for separating in complicated biological matrices or

physiological fluids, and biological ac-
tivities of the components can only be
understood after each one is analyzed

particles, cells, blood samples, and molecules. From this perspective, different
microfluidic-based techniques have been extensively developed in the past

two decades to separate samples with different origins. In this review, separately.2) In addition, to characterize
“lab-on-a-chip” methods by passive, active, and hybrid approaches for the a biomolecule or cellular component
separation of biomolecules developed in the past decade are comprehensively and to understand its biological function

exclusively, it must be pure and biolog-
ically active.l’] To this end, rapid and
effective sample preparation procedures
are required to aid in diagnosis in which

discussed. Due to the wide variety in the field, it will be impossible to cover
every facet of the subject. Therefore, this review paper covers passive and
active methods generally used for biomolecule separation. Then, an

investigation of the combined sophisticated methods is highlighted. The sample preparation processes frequently
spotlight also will be shined on the elegance of separation successes in recent need high quantities (>mL) and skilled
years, and the remainder of the article explores how these permit the people to reduce analysis time and costs.

Traditionally, three main methods

development of novel techniques.
P 9 have been used for the separation,
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purification, and analysis of biomolecules: chromatography, elec-
trophoresis, and ultracentrifugation. Each performs the separa-
tion and purification process based on the specific physicochem-
ical properties of the target biomolecules. Technologies presently
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utilized in biomolecules separation, purification, and analyses
sometimes require purchasing expensive gear or establishing so-
phisticated testing laboratories, neither of which is practical in
many developing countries or isolated areas. As a result, portable,
low-cost, fast, and user-friendly technologies are needed for the
advancements in biomolecule analyses, particularly in develop-
ing nations or distant locations with inadequate infrastructure.[]

Due to their suitability for point-of-care testing, microfluidic
devices with good features, such as low cost per unit, quick analy-
sis times, and minimal sample needs,>"'?! can potentially change
the way of medical testing.[*) Many microfluidic devices that can
conduct on-chip sample preparation processes before quantifi-
cation, such as preconcentration, purification, and labeling, have
recently been established.!'3*] Separation techniques for the on-
chip study of biomolecules have also rapidly progressed.['*!7] On
the other hand, a fully integrated system necessitates incorpo-
rating extra properties and substantial complexity into the mi-
crochip design. Precise fluidics control in various parts is also
necessary while remaining cost-effective for disposability.

Analytical microchips, at the first stages of development, were
only used for separations carried outin a capillary and helped as a
proof-of-concept for the technological transfer from the capillary
platform to the microchip.l’!

In the last two-decade, a considerable increase in chip-
based sample separation research has resulted in the develop-
ment of different passive, active, and hybrid on-chip separation
methods.[*1#*1] As a result, incorporation of microdevices with
cutting-edge analytical technologies has become possible while
revolutionizing the approaches for biomolecule separation and
analysis.

This review comprehensively investigates microfluidic ap-
proaches described recently for biomolecular separation.[3642-44]
This article breaks down and categorizes the microfluidic tech-
niques for separating molecules. In this regard, various pas-
sive methods are first discussed, such as open-channels, pillar-
structures, incorporated technics, and liquid-liquid extraction.
Then, we discuss active processes, such as magnetic and acous-
tic separation, followed by combination methods known as hy-
brid methods, which incorporate both active and passive systems.
The most current discoveries, inventions, and breakthroughs are
also documented within the scope of each of these sub-sections.
To narrow down the subject, the review only focused on on-chip
biomolecular separation.
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Figure 1. Different active, passive, and hybrid techniques of microfluidic-based biomolecule separation.

2. Microfluidic-Based Separation Methods

As mentioned above, this review is about the application of pas-
sive and active microfluidic-based methods for separation of
biomolecules. Figure 1 schematizes different techniques for cel-
lular separation by using microfluidic devices. In the following
parts, all methods summarized in Figure 1 are discussed in de-
tail by focusing on different examples from the literature.

2.1. Passive separation methods

In passive separation techniques, microfluidic devices use the
forces and interactions between molecules, cells and particles,
and the flow field in the microchannels to separate the target sam-
ples without any external forces.[*] Table 1 summarizes some
critical parameters like channel structure, surface modification,
separated molecules, and chip material type used in the chip
fabrication.[3¢4673] Here, the primary methods used for passive
molecular separation in the last decade are listed and discussed
in the order listed in the table.

2.1.1. Open-Channel Microfluidic Chips

Microfluidic technology has demonstrated that miniatur-
ized systems can replace large-scale laboratory instruments.
This technology offers various advantages, such as reduced
reagent/sample consumption, parallel processing, and a short

Adv. Mater. Interfaces 2024, 11, 2300492 2300492 (3 of 45)

turn-around time.”*) Basic analytical steps can be integrated
to perform complex testing/screening tasks on a microfluidic
system.['% In addition, the rapid mixing of samples and reagents
is essential to chemical reactions and biomedical analysis in
microfluidic systems.[”®]

Open microfluidic system is generally defined as a microflu-
idic system with at least one boundary wall removed so that
the fluidic flow can contact a second fluid phase, such as an-
other liquid or air. Although closed microfluidic chips have
been widely used in biological analysis, the high cost of preci-
sion devices and the requirement of a rigorous clean environ-
ment for fabricating microfluidic chips conflict with the afford-
ability in general laboratories.[”®! Moreover, blocking of the mi-
crochannels by air bubbles is a major challenge for the users
since the clogging of the channels could easily cause sample ag-
gregation, undesired flow patterns, the death of cultured cells,
and other complications.l””78] Open-channel microfluidics has
attracted many researchers within the past decade to overcome
those limitations in closed microfluidic systems.

Open microfluidic systems are powerful tools with broad ap-
plications such as collecting and separating molecules, proteins,
and cell cultures. Open microfluidic systems are generally cate-
gorized into open-channel/open-space, paper-based, and thread-
based systems. In open-channel/open-space microfluidic sys-
tems, capillary force is the major driving force for fluid move-
ment. External pumps are not required in these systems for
fluid transportation. Additionally, without a physical boundary,
it is possible to allow the fluid to flow between two different in-
terfaces, such as air-liquid or liquid-liquid, and this provides

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOLILLOD BAITea1D 3(dealdde au) A peusenob 8 Saoiie YO ‘88N JO S8|nJ o} Akeiq1 8UlUO A8]IM UO (SUOTIPUOD-pUB-SWSI W00 A8 | 1M AeIq Ul |Uo//SdnL) SUOIPUOD pue sWB | 8 88S *[5202/20/.2] Uo AriqiTauluo A (IM “AseAlun NS Yelinpqy Aq Z6v00£202 WPe/Z00T OT/I0p/W00" A8 | Afed 1 [uluo"peoueApe//Sdiy Woj papeojumod ‘Z ‘¥20z ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

Table 1. List of passive microfluidic-based molecular separation methods.

www.advmatinterfaces.de

Method Channel structure Surface modification Separated Molecules Chip materials Ref.
Open-channel Open channel 3-aminopropyltriethoxysilane DNA, RNA, I1gG, Aptamer, Cyclo olefin polymer (COP), [36,46-48]
(APTES), Polyethylene glycol Protein, Peptide, Polymethyl methacrylate
(PEG), Bovine serum albumin Catecholamines (PMMA),
(BSA), Amine-poly (ethylene Poly(dimethylsiloxane)
glycol) (PEG-NH,), (PDMS)
O-amine-functionalized
dextran, and Immobilized
antibodies
Pillar- Pillar or Microbed Organosilanes, RNA aptamer DNA, RNA, Bacterial DNA PMMA, PDMS [36,49-51]
structured coated microbead,
Oligonucleotide coated, Surface
modified with SiO,
Resin (beads) Agarose gel, Silica resin particles, Chitosan grafted, DNA, RNA Borofloat glass, PDMS, PDMS-  [36,52,53]
incorporated Chitosan-coated silica particles, IgE-functionalized microbeads, printed circuit boards (PCB),
Chitosan-coated microchannels PDMS-glass, Glass
Monolith Silica, C18 Silica, Methacrylate 3-(Trimethoxysilyl) propyl DNA, BSA, Proteins, Borofloat borosilicate glass, [36,54-57]
incorporated (MA), methacrylate (TMSPM), Peptides, Lysozyme, PDMS, Glass, PMMA, Cyclic
Am-co-MBAAmM-co-AMPS, Butyl Ethylene diacrylate (EDA), Human albumin Polyolefin, Polyimide
methacrylate-co-ethylene Methyl methacrylate (MMA),
dimethacrylate Oligonucleotide immobilized,
(BMA-co-EDMA), PEGDA, Cu (Il) immobilized, Multiple
Ethylene glycol dimethacrylate antibodies immobilized,
(EGDMA), Butyl methacrylate Quaternary ammonium
(BMA), 2-Acrylamido-2-methyl- functionalized,
1-propane sulfonic acid Cibacron-blue-3G-A
(AMPS), Acrylamide (AAm),
Poly(lauryl
methacrylate-co-ethylene
dimethacrylate), Poly(styrene-
co-divinylbenzene), Glycidyl
methacrylate,
Trimethylolpropane
trimethacrylate
Nanowires Si-nanowires, SnO, nanowires, Antibodies (anti e-GFP; polyclonal DNA, RNA, Proteins, Cr, PDMS, Fused silica [36,58-67]
incorporated ZnO nanowire antihemoglobin or anti- cTnT) Troponin T, exosomes
immobilized
Liquid-liquid Open, Interconnected channels DNA, Proteins, Peptides PDMS-Glass, PDMS, PMMA, [68-73]
extraction PS, PC, Cyclo olefin

copolymer (COC), Glass,
Silicon,

users with a new toolbox to design versatile open-channel/open-
space microfluidic systems. Kralj et al.l’°! have confirmed that
boundary-free microfluidic systems enable the user to maintain
the liquid-liquid phase separation in small interfacial areas and
provide a continuous system with a substantial extracted frac-
tion for separating miscible compounds. In another study, Feng
et al.l®] developed an open-space system with fluidic walls for in
situ online detection and semi-quantification of proteins through
a rolling circle amplification (RCA) reaction. As shown in
Figure 2a, two aqueous phases, a cell culture drop and a DNA
aptamers-containing, drop were loaded individually onto a hy-
drophilic surface at two locations. Then, an oil phase was used
to cover the surroundings of these two drops. Afterward, on—off
control of the microfluidic system could be manipulated by slid-
ing a pipette tip between the two aqueous phases. The two aque-
ous phases could then be selectively connected. This then allows

Adv. Mater. Interfaces 2024, 11, 2300492 2300492 (4 of 45)

the separation of the protein (i.e., vascular endothelial growth fac-
tor (VEGF)) secreted from the cancer cells treated with deferox-
amine (DFO) in situ, its diffusion to the sensor chambers con-
taining DNA aptamers andsemi-quantification online.

A paper-based microfluidic system is a typical open-channel
system that provides a powerful and accurate analytical tool for
rapid detection of the analyte in chemical, pharmaceutical, and
biological samples. Since capillary force is the major driving
force to transport fluids and no active pumps are required within
paper-based open-channel systems, it offers an easy, minimal,
and portable approach to observing the testing results in real-
time via the change in colorimetric or electrochemical signals.[8!]
However, the fluidic transportation in paper-based open-channel
systems is limited by the physicochemical and interfacial prop-
erties between the fluid and solid phases, which results in diffi-
culties in controlling the flow in multistep sequences.’®] Many

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 2. a,i) Schematic figure of an open-space microfluidic chip design with a fluidic wall. i) The on-off control of the microfluidic system is accom-
plished by using a pipette tip to create a switchable connection between two chambers. iii,iv) The principle for detecting VEGF through RCA reaction
and the mechanism of the hypoxia signaling pathway triggered via DFO. Reproduced with permission.[8] Copyright 2021, Royal Society of Chemistry.
b,i) A thread-based, open-channel microfluidic system produced using a nylon material. ii) The illustration of the DNA separation in a thread-based ITP
for DNA extraction from the biological samples. Reproduced with permission. [°] Copyright 2021, The Royal Society of Chemistry.
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next-generation, paper-based, open-channel systems were
developed to overcome limitations in programming fluidic
behaviors by regulating the topologies and geometries of
microchannels.®#1 For example, Giokas et al.®®! developed
a paper-based device to accelerate or delay fluidic transporta-
tion. They accomplished this by using a blade to carve thin
longitudinal channels along or perpendicular to the flow path
on the paper. The channels along the flow path provide a free
flow regime for the fluid to accelerate the flow movement. In
contrast, the channels perpendicular to the flow path delay the
flow movement since the fluid needs to fill the perpendicular
channels before moving further.

In chromatographic technologies, thin-layer chromatography
(TLC) is widely used to separate proteins, DNA, chemical com-
pounds, etc. Based on the affinities among the components in
a mixture of stationary and mobile phases, the target compo-
nents can be separated by their polarity or size. Similar to TLC,
a thread-based microfluidic system is another open-channel sys-
tem that drives the fluid flow through the wicking of fiber and
woven yarns.!®”%8] The fluid flow can be driven by capillary forces
between fibers or woven yarns and controlled through the spe-
cific patterns formed by different geometric textile designs. Ad-
ditionally, converging more threads to form knots further pro-
vides an easy strategy to mix two or more streams.®® The com-
mon materials used in the thread-based microfluidic system are
cellulose, polyester, silk, etc.®) These materials possess strong
mechanical properties, which endows the thread-based system
with a stable structure and enable the system to transport lig-
uid continuously for a long time. Therefore, thread-based, open-
channel systems have been widely applied to portable diagnos-
tic systems and tissue engineering.””! For example, as shown
in Figure 2b, Chen et al.®!l utilized 100% nylon to fabricate
a disposable, thread-based open-channel microfluidic system
for the application of the isotachophoresis (ITP) process to ex-
tract and preconcentrate DNA from a biological sample. They
used the nylon stretches overlocking thread (diameter 500 um),
with super electrophoretic performance (electroosmotic flow of
6.09 x 1078 m? V! s71), as the microfluidic channels, and both
ends of nylon were connected to the buffer reservoirs in the
PMMA base. Then, the buffer solution and the DNA samples
could be transported and separated in the nylon thread, where the
separated DNA could then be observed using a microscope. Af-
ter the electrophoretic process, the separated DNA on the nylon
thread could be cut and collected into an Eppendorf tube for fur-
ther posterior qPCR analysis. This shows that the thread-based
device could be used as a new strategy for electrophoresis to ex-
tract DNA from biological samples.

Open microfluidic systems simplify the manufacturing and
surface modification processes!®**) while eliminating the prob-
lem of air bubble formation, and enhancing the device’s
reliability.®*l Moreover, open microfluidic systems offer conve-
nient operation and can access the fluid at any point in the system
to add a new sample or collect the processed fluid.*>*¢! There-
fore, the future direction of open-channel microfluidic systems
could be their use as sensors for diagnostics or chemical anal-
ysis. For instance, threads possess excellent wicking properties
and flexibility, making them promising candidates for creating
microfluidic circuits.®®*” By using nanomaterial-blended con-
ductive threads, these threads could be fabricated as physical
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and chemical sensors and further interconnected with electronic
circuitry for signal readout, modulation, and wireless transmis-
sion. The thread-based sensors could offer a reliable way to de-
tect very small changes in electrical potential, enabling the mea-
surement of ion exchanges in living tissues. Furthermore, open-
channel microfluidic systems could be integrated with other an-
alytical tools, such as surface-enhanced Raman spectroscopy.!®!
The large surface area of the air-liquid interface in open-channel
microfluidic systems allows for rapid molecule exchange be-
tween gas and liquid phases, making them suitable for trace de-
tection of small molecules and potential chemical sensors.

Despite the versatile applications provided by open microflu-
idic systems, some common challenges still need to be over-
come. For example, the high evaporation behavior of the air-
liquid interface in any open-channel microfluidic system may
lead to changes in sample concentration and channel drying,
further disrupting the fluidic environment. The exchange of lig-
uid raises concerns about sample or solution leakage into non-
channel paths, resulting in sample waste and contamination.
Moreover, the flow in open-channel microfluidic systems oper-
ates at atmospheric pressure, limiting fluidic pressure and pre-
venting the provision of high pressure in the open-channel sys-
tem. To address these challenges, common methods for decreas-
ing evaporation include adding water droplets as sacrificial lig-
uid surrounding the microfluidic systems or using humidified
containers with 10-15 mL of water. Additionally, the addition of
liquid may increase the air-liquid interface, affecting gas solu-
bility in the microfluidic system. To avoid this new challenge,
supplying gas concentration to enhance gas exchange is advanta-
geous. Furthermore, placing open-channel microfluidic systems
in confined transportation or cartridge cages is another strategy
for reducing the effects of both sample evaporation and gas ex-
change. Therefore, integrating devices with humidified contain-
ers or confined cages to overcome the aforementioned challenges
offers open microfluidic systems new possibilities for more ap-
plications in microfluidic technologies.

2.1.2. Pillar-Structured Microfluidic Chips

Pillar arrays are fabricated by using both top-down and bottom-
up fabrication methods. These methods allow the control of
the pillar geometries, such as diameter, pitch, height, and
shape as well as the total number of pillars. Compared to
open-channel microfluidics, pillar arrays significantly increase
the internal surface areal®>!%l; thus, they have been used
for the separation of various biomolecules, such as bacterial
DNA,[®1 exosome,[1917193] double-stranded DNA,['*] genomic
length DNA,#2] different size DNA,[1%] albumin,/1%! interleukin
6 (IL-6),1! and hemoglobin.!1%!

In one study, silicon micropillars having different geometries
were fabricated by etching silicon wafers, and the micropillars
were compared in terms of their DNA extraction performance.
The device with the highest surface-to-volume ratio exhibited
the highest DNA extraction efficiency.” In another work based
on immunoaffinity, PDMS pillars were fabricated by using pho-
tolithography; the pillars were functionalized with multi-walled
carbon nanotubes (MWCNTs) and CD63 antibodies to isolate ex-
osomes, which are nanovesicles that are 50-150 nm in diameter
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and contain signaling proteins, nucleic acids (mRNA, miRNA,
DNA), and a lipid bilayer.""!l Wang et al.l'%?] demonstrated the
integration of micropillars with nanowires, ciliated micropillars,
to isolate exosomes. Silicon micropillars were fabricated by using
standard lithography and etching. However, the fabrication of the
silicon nanowires included a complex silver nanopatterning pro-
cess. A nanoscale deterministic lateral displacement (DLD) pillar
array was fabricated using a silicon etching process. Bioparticles
smaller than a critical size follow the laminar flow direction in
the zigzag mode, whereas larger bioparticles are displaced lat-
erally by the pillars.['% In one study, the pillar array could sep-
arate double-stranded DNA in 100-10000 base pairs when the
fluid velocity was optimized.['] In another work, to concentrate
genomic-length DNA at high flow velocities, a silicon DLD pillar
array was fabricated and incorporated with polyethylene glycol
(PEG), which compacts the DNA. PEG concentration and flow
rate were optimized to purify the DNA in collection channels
(Figure 3a).[32!

DLD pillar arrays made of PDMS were developed to separate
albumin protein and polymer vesicles. Antibody-conjugated 1 um
size beads were loaded with a mixture of human serum albumin
or vesicles and then introduced to micron-size pillars contain-
ing DLD device. Due to the electrostatic charges and changes in
size, different concentrations of target-loaded beads were then
separated.'%! In a promising study, PDMS pillars were function-
alized with streptavidin. The blood samples from patients were
incubated with antibody-coated latex beads to capture interleukin
6 protein, a sepsis biomarker prior to the chip study. The loaded
beads were incubated with biotinylated antibody. This sandwich
complex was introduced to the pillars and captured in the mi-
crofluidic platform.['”) As shown in Figure 3b silicon nanopillars
were coated with 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS)
and IgG antibody to capture different target proteins, such as
green fluorescence protein (GFP), hemoglobin and cancer anti-
gen 15-3 (CA-15.3). The captured proteins were released by il-
luminating the nanopillars with light (50 mW/cm?) at 400 nm
wavelength. The light triggering alters the pH of HPTS and,
thus, affects the dissociation of the antibody. This light-controlled
protein capture and release method has great potential for fur-
ther protein purification and preconcentration applications.!1%!
Moreover, another microfluidic platform, including a nanopillar
array and incorporating an electric field, was capable of sepa-
rating larger (48.5 kbp) from smaller DNA (100 bp) fragments
(Figure 3c).11%]

Pillar-structured microfluidic platforms require external
pumps to control the fluid flow. Even though the microfluidic
platforms are portable, and some fabrication methods can be
low-cost the required external fluid pumps and signal read-out
methods such as microscopes, lock-in amplifiers can be costly.
Also, human/animal samples contain several different types of
biomolecules other than then the target molecule which would
result in clogging and contamination in the pillar structures.
As a result of clogging applied fluid pressure can be increased
which would result in leakages in the system. As a next step,
the developed systems must be tested extensively with human
and animal samples for repeatability and reliability. Research
articles generally report experiments using patient and healthy
samples but testing same sample multiple times and comparing
the outputs of the system is lacking. Table 2 summarizes some
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parameters like fabrication methods, surface modification, chip
materials, separated molecules, resolution, limit of detcion
(LOD), throughput, repeatability, and flow rates used in the
pillar-structured microfluidic separation studies.

2.1.3. Resin (Beads) Incorporated Microfluidic Chips

Resin materials generally offer a large surface area and high ad-
sorption potential when integrated into microfluidic channel as
stationary phase materials. Among them there are several resin
materials used in chromatography; i) natural polysaccharides, in-
cluding cellulose and agarose; ii) polymers, including trisacryl,
polyacrylamide, methacrylate; and iii) stiff adsorbents, including
inorganic substances such as alumina and silica, have become
more widespread.

Chan et al.[!!?] presented a pressure-driven microchip for lig-
uid chromatography using mesoporous silica as the station-
ary phase in high-performance liquid chromatography (HPLC).
This device was tested to separate a dye mixture (fluores-
cein/Rhodamine B) and a biomolecule mixture (10 kDa dextran
and 66 kDa BSA) to confirm the chip’s performance. The reten-
tion time was 45 s for dextran and 120 s for BSA. Notably, the
selectivity and resolution were reported to be 3.2 and 10.7, re-
spectively. Shao et al.''*! engineered and tested a pneumatically
controlled microfluidic device in one approach for establishing
an efficient bead-based assays. This device was composed of a
pillar array located concentrically with the fluid channel for cap-
turing beads and also contained a pneumatically actuated elas-
tomeric membrane for releasing the beads. Flow cytometry fluo-
rescence detection verified the uniformity of reactions between
packed beads. Further, mouse IgG was used as a model ana-
lyte, and a detection limit of 1 ppb confirmed the performance
of this system. The authors anticipated that their device might
effectively employ DNA and cell-related assays and diagnose dis-
eases. Andar et al.[''*! designed a customizable microscale chro-
matography system for protein purification to achieve therapeu-
tic quality using affinity resins. The group reported the successful
separation of comparable protein yields compatible with several
different separation platforms, including those operating by ion
exchange, size-exclusion, and buffer-exchange chromatography,
through adaptations of the resin, design, and volume of the col-
umn.

Pinto et al.['"®] developed a high-throughput microfluidic de-
vice to optimize capturing conditions of an anti-interleukin
8 mAb using CaptoTM MMC (2-benzamido-4-mercaptobutanoic
acid) as a commercial multimodal resin. The results confirmed
that this resin mainly exhibited electrostatically driven adsorp-
tion. The recovery yield value was 94.6% + 5.2%, which was
reported to be comparable with the recovery value of 97.7% +
1.5% obtained from a conventional system. Furthermore, their
approach resulted in the consumption of a very small volume
of reagent (<50 pL) and resin (=70 nL) within a very short as-
say duration (<1 min). Then, they introduced PDMS microchan-
nels, including four conjugated sections: an inlet, a taller mi-
crochannel, a shorter microchannel, and an outlet. An interface
section formed by the height difference between the two mi-
crochannels promoted the trapping and packing of beads, and
this resulted in about 100% trapping efficiency. Nevertheless, a

(115
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Figure 3. a) The impact of PEG concentrations on the elongation of 166 kbp T4 DNA in a pillar array. Adapted with permission.[32] Copyright 2015,
American Physical Society. b,i) Light-controlled collection and release of biomolecules using silicon nanopillars, as well as a ii) schematic representation
of the fabrication process and iii) antibody immobilization with X-ray photoelectron spectroscopy (XPS) analysis results. Adapted with permission.[19%]
Copyright 2019, American Chemical Society. Note: PS (Polystyrene). c) Schematic illustrations of the microfluidics and nanopillars. i) Embedded nanopil-
lars in a microchannel (substrate: fused silica). ii) DNA molecules migration behavior between nanopillars. Blue arrows show the direction of migration).
iii) The microchannel Photo of the microfluidics. iv,v) SEM images of the nanopillars (scale bars, 1 um). Adapted with permission.['%] Copyright 2015,

American Chemical Society.
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Fabrication method Chip materials Biomolecules Resolution or LOD Throughput Repeatability Flow rate Ref.
and surface
modification
Deposition of Silicon wafer and Protein eGFP, Selective separation The separation of High NR [108]
polystyrene bead PS, to produce hemoglobin, of low abundant specific protein
monolayer (PS) on porous Si CA-15.3, proteins from markers from whole
silicon wafer and nanopillars complex blood samples can
oxygen plasma vertical arrays biosamples be performed within
treatment to create (SiNPs) <10 min.
a porous SiNP array
Photolithography PDMS micron sized Protein IL-6, LOD: 127 pg mL™! 90% NR 20 pL min~! [107]
beads
Photolithography, SnO, (3D nanowire)  DNA, Protein, RNA DNA 0.93-0.99 Analyze DNA mixture NR NR [60]
electron beam Protein: 1.5-1.99 in 50s, protein
lithography, and RNA: 0.41-1.38 mixture in 5 s, and
vapor-liquid-solid RNA mixture in 25
(VLS) growth s.
technique for
growth of the
nanowires.
Laser interference Silica nanopillars DNA (used for Requires further investigation for enhancing High NR [110]
lithography and (Label-free) proteins, amino sensitivity and realizing high throughput.
Photolithography acids, extracellular
(nanofluidic) vesicles, and cell)
Electron Beam Quartz nanopillars DNA 0.6-0.8 (The narrower  Separated four NR NR [105]
lithography (Equilibrium and spacing provided different sizes of
nonequilibrium better resolution) DNA molecules
transport) (48.5,2.2, 1 kbp,
100 bp) within 60 s
Iterative lithographic Si (Velocity double-stranded DNA  size-selective 75% NR 100-400 pm [104]
and reactive-ion dependence, resolution of 200 s7!
etch (RIE) length-based 100 bp
processes bp 75% recovery)
Photolithography and PDMS Can be used for the Quasi-resolution of Method is fast and NR NR [106]
Soflithography separation of, 34 nm for DLD-S1 efficient, with ability
proteins, DNA, and 17 nm for to process large
RNA and cells. DLD-S2 number of particles
in a short time.
Photolithography and Silicon DNA NR Upto0.25gL/h (at40  NR Moderate [
deep anisotropic um/s flow
etching velocities

limitation of this system was the heterogeneous size distribu-
tion of the chromatography beads obtained in suspension since
smaller beads may have passed through the gap at the interface
of the two microchannels.

The researchers attempted to sieve the beads to address this
limitation and get a narrow size distribution. Finally, they suc-
cessfully identified nucleic acids of the mycotoxin aflatoxin B1;
obtained much better detection limits for free prostate-specific
antigen (a specific prostate cancer biomarker); and achieved an-
tibody purification.[''] Recently, they studied the development
of a portable, microbead-based microfluidic system for pro-
viding high-speed screening of chromatography conditions
(Figure 4).'"] This system evaluated the separation of
fluorophore-labeled monoclonal antibodies from a cell culture
supernatant. Using soft lithography, they fabricated a PDMS
microfluidic chip and integrated Capto-MMC functionalized-
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agarose beads (average size: 75 pm) in the micro-columns as
the stationary phase. The microfluidic chip had a taller mi-
crochannel packed with beads and a shorter microchannel to
avoid the movement of these beads during the chromatography
process. Additionally, adsorption and elution kinetics were
determined successfully in real time by coupling the device
with amorphous silicon photodiodes. They claimed that their
results were consistent with those obtained from a microscope
or conventional chromatography system.!'] Afterward, in
a 2019 publication,['’®! they designed a microfluidic system
composed of three individual chambers packed with different
chromatography beads, such as protein A, CM Sepharose, and
Q Sepharose, to determine recovery yield and purities quantita-
tively. Here, an artificial mixture, containing immunoglobulin
G (IgG) and BSA, was used to evaluate the quantitative per-
formance of their system. With that, mAb purification with
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Figure 4. a) Functionalized agarose beads were packed into the micro-columns of microfluidic devices, and the capturing efficiency of this device was
optimized for the target monoclonal antibody. b) PDMS microchip has selective flow for four colored solutions towards the micro-column. Reproduced

with permission.l'"7] Copyright 2018, Elsevier.

low molecule consumption was achieved within <3 min. Im-
portantly, the minimum detectable mass of labeled IgG was
0.66 = 024 ng nL™' resin and that of BSA was
1.86 + 1.36 ng nL~! resin. Compatible with the use of com-
plex matrices such as cell culture supernatants, this technique
can also be integrated with valves and optical sensors.[}18]

Landers etal.['"% introduced a microfluidic device based on the
pH-responsive charge of chitosan for low-volume DNA extraction
from complex biological fluids, such as human blood. The whole
blood DNA extraction efficiency of microchip was found to be
75 + 4%. This platform may show great potential for combining
this device with more advanced on-chip sample processing steps
(e.g. PCR) and for the advanced integration of genomic analy-
sis on a microchip. Then, they proposed using chitosan-coated
silica beads (average size 15-30 pm) to obtain enhanced RNA
extraction efficiency. The use of chitosan-coated silica beads re-
sulted in approximately fourfold increase in the extraction effi-
ciency of RNA for biological samples compared to plain silica
beads. Their findings indicated that this system enables higher
RNA extraction and purification efficiencies.l®?! They fabricated
a Borofloat glass microfluidic device packed with MagneSil para-
magnetic silica particles. This microdevice successfully purifies
human genomic DNA from dilute whole blood samples. Further-
more, it was used to extract mitochondrial DNA from diluted
whole blood and degraded blood stains. Their system provided
a sample volume reduction of 50-fold and a DNA concentration
increase of 15-fold.'?"] Afterward, they used silica and chitosan
phases in a Borofloat glass microfluidic device. While the silica
phase allowed substantial volume reduction, the chitosan phase
provided more precise extraction. However, this procedure re-
sulted in 50- and 14-fold reductions in DNA and RNA concen-
trations, respectively.!'2]

Previously, the use of stimuli-responsive polymers was
introduced to generate “smart” beads and reversibly to im-
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mobilize these smart beads on the walls of microfluidic
channels as an effective strategy for biochemical analy-
sis. Malmstadt et all'?!l engineered a heating tool inte-
grated into a microfluidic device to adhere Dbiotin-coated
poly(N-isopropylacrylamide) (PNIPAAm) nanobeads (av-
erage size 100 nm) within the microchannel. Herein, the
beads aggregated and adhered to the microchannel wall
when the temperature of the microchannel was higher
than the lower critical solution temperature (LCST) of the
PNIPAAm nanobeads. Accordingly, a reduction in the tem-
perature to below the LCST of the PNIPAAm allowed a
break-up of the aggregates and the release of beads into the
fluid.

It is worth mentioning that a high specific surface area, short-
ened diffusion distances along constricted fluid paths among
neighboring particles and high adsorption capacities in microflu-
idic systems holds great prominence for effective performance.
Besides, this technique offers extremely low reagent consump-
tion and extremely fast output of results. However, develop-
ing resin-based microfluidic separation systems requires diverse
chemistries for materials synthesis, ligand immobilization, and
surface functionalization.?¢122] In addition, their use at analytical
scale may be limited because of low mechanical strength espe-
cially in the case of soft gels, difficulty in packaging, the need of
Frits to keep packaged resins intact, generation of high pressure
and low mass transfer.36122]

Kim et al.®3] developed a microchip with two microcham-
bers integrated by a microchannel loaded with agarose gel for
target-binding single-stranded DNA (ssDNA) isolation and en-
richment. In addition, human immunoglobulin E (IgE) modi-
fied beads were added to the isolation chamber. The tempera-
ture in the chamber was increased for the separation of ssDNA
from the beads, and DNA was moved to the second chamber by
electrophoresis. A higher concentration of DNA was detected in
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Table 3. Summary of resin (beads) incorporated microfluidic chips for separation and/or purification of different biomolecules.

Fabrication method Chip material and design Biomolecules Resolution or Throughput Repeatability Flow rate (and Ref.
LOD assay time)

Photolithography Three PDMS layers: Dextran (10 Degree of NR NR 0.23 pLs™ [112]
and i. top PDMS layer with number kDa) and BSA separation (Dextran 45 s
Soflithography of microfluidic ports and (66 kDa) between BSA 120 s)

separation capillary, neighboring
ii. two polyethylene membranes solute peaks:

incorporated to second layer 10.7

of the chip as porous frits to

keep silica particles inside

HPLC column,
iii. silica particles inside the

HPLC column.

Photolithography The microfluidic PDMS chip Mouse 1gG LOD: was 0.1 NR Good device Bead injection: [113]
and including three layers: i) the ppb reliability and 10 uL min~",
Soflithography micro filter and bead chamber repeatability Bead

layer, ii)the pneumatic control flushing: 20

layer and iii)the glass substrate uL min=1,
(Total assay
time: less
than 25 min)

CO, laser printer The microfluidic chip including Granulocyte NR Similar or better  NR 0.1-0.4 [114]

three PMMA layers: i) A top colony- yields mL min~!
PMMA layer (1.5-mm thick) stimulating compared to (Purification
with a large circular slot in 6 factor conventional time 10-20
mm of diameter toward the (G-CSF) columns min)

outlet end that has PTFE frits,

i) A middle PMMA layer (1-mm

thick) with the microchannel for

accommodating the

chromatography resin, and iii)

A bottom PMMA (1.5-mm).

photolithography PDMS microchannels consisted An anti-IL8 mAb  NR A recovery yield High 15 pL min~! [115]
and of four sections: i)the inlet, ii) a of 94.6 + (Residence
Soflithography taller microchannel, iii) a 5.2% time 0.28 s,

shorter microchannel, and iv) Assay time 2
the outlet min)

photolithography The PDMS microchannels Mycotoxin LOD: 10 NR NR 15 uL min™! [116]
and consisted of four conjugated aflatoxin B1 ng mL~! PSA.
Soflithography sections. i) the inlet, ii) a (AFBT)

channel with larger height, iii) a
channel with smaller height, iv)
the outlet.

photolithography PDMS Fluorophore- NR NR NR 10 pL min~! [117]
and labeled (Assay time 3
Soflithography monoclonal min)

antibodies

the enrichment chamber with an increasing number of enrich-
ments. After the second and third enrichment cycle, the inten-
sities of the bands enhanced by around 72.1% and 153.3%, re-
spectively, than the band of intensity after the first cycle. This
system was used successfully for selective ssDNA detection from
dilute and complex biological samples. Similarly, a PDMS and
printed circuit board (electrodes substrate)-based microchip, in-
cluding agarose gel, was introduced by Ghanim and Abdullah for
DNA separation and detection.[??) The DNA pattern obtained
from this microchip was consistent with conventional gel elec-
trophoresis. They then developed a miniaturized microchip for

Adv. Mater. Interfaces 2024, 11, 2300492 2300492 (11 of 45)

counter electrode (CE) by utilizing agarose gel as the separation
medium. Herein, a glass/ PDMS microchannel equipped with
platinum electrodes was used. This device provided very sensi-
tive separation (higher than 100 nA) with a very low electric field
of 12V em™! using 1.5 uL of sample volume, which was favorable
for DNA separation. Furthermore, the sensitivity of this method
was higher than 100 nA with a separation time of ~30 min.
Table 3 summarizes some parameters such as fabrication meth-
ods, chip materials and design, separated molecules, resolution,
LOD, throughput, repeatability, and flow rates used in the resin
(beads) incorporated microfluidic separation studies.
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2.1.4. Monolith-Incorporated Microfluidic Chips

Research for discovering new chromatography materials led
to the development and production of new materials, coined
“Monolith”. A monolith is a single piece of a stationary phase with
a highly interconnected porous network.[!?*] This continuous,
single-structural porous material was first applied in a chromato-
graphic separation technique in the early 1990s.['%5] Afterward,
the utilization of monolith technology has increased due to the
raised demand for materials with micro-nano dimensions in sep-
aration, molecular detection, and production.[?®! Because of high
pore interconnectivity, monoliths cause the high mass transfer of
molecules, which leads to the rapid separation of molecules.!'?’]
Moreover, monoliths are an unsurpassed material for separation
applications due to high flow rate tolerance and satisfactory back-
pressure capacities.['?] Their surface chemistry and porosity can
be manipulated with synthesis and surface modification tech-
niques for specific applications.!'?! Also, monoliths have techni-
cal advantages since they can be fabricated by in situ polymeriza-
tion and possess adjustable permeability properties, thus prop-
agating the separation of proteins, peptides, nucleic acids, and
other biomolecules.[*%

In the production of monolithic microfluidics, photolithogra-
phy, and soft lithography fabrication techniques are the most em-
ployed methods, which can vary depending on the material cho-
sen for the microfluidic chip material and the monolith to be
used.3%) Polymers, copolymers, as well as traditional materials
like PMMA, glass, and resin, are commonly utilized as chip ma-
terials. In particular, materials such as cyclic olefin copolymer
(COC) with high UV permeability, which are suitable for the UV
polymerization technique used for monolith production, are fre-
quently employed.[13!]

Both monolith material composition and synthesis method
are significant factors for separating biomarkers in microfluidic
devices. Based on the chemical nature of their precursor ma-
terials, monoliths can be broadly classified as i) organic poly-
mer, ii) inorganic (silica), and iii) hybrid-based monoliths.[132133]
Organic polymer-based monoliths can be fabricated using UV
or thermally-initiated free-radical polymerization of a mixture
that contains monomers, cross-linkers, porogens, and radical
initiator.['**] The UV-assisted approach offers various benefits,
such as a shorter polymerization time, simple site-specific im-
mobilization, and surface modification of the monolith. For
the fabrication of inorganic silica-based monoliths, the conven-
tional approach is the sol-gel process, including hydrolysis and
polycondensation.!'*}] These sol-gel monoliths can provide high
porosity and excellent mechanical stability since they do not swell
in organic solvents. However, thermal treatments required for
their preparation limit their usage.l?®! On the other hand, hybrid
monoliths, which contain both organic and inorganic structures,
can be prepared easily within microchannels by combining syn-
thetic routes with chemically reactive substances.!*]

As in chromatography techniques, monolith-based microflu-
idic chips can separate proteins and peptides. For instance, a
mixture of proteins consisting of ribonuclease A, cytochrome c,
myoglobin, and ovalbumin, was successfully separated within
polyimide microchips packed with a lauryl methacrylate-based
(LaMA) monolith.*®) The high porosity of the monolith mate-
rial ensures higher linear flow velocities and, therefore, pro-
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vides faster separations. Octadecylated (C,g) silica-based mono-
lith was used to extract six proteins: insulin, cytochrome C,
lysozyme, myoglobin, b-lactoglobulin, and hemoglobin, in a glass
microchip.[13¢] A sol-gel process was used to derive the mono-
lithic porous silica, and then this monolith was further modi-
fied with C4 to enrich protein binding. The proteins were ex-
tracted with high recovery rates (94.8-99.7%) using molecular
weights and isoelectric points of proteins as a basis for separation
within 5.33 min retention time. Monolith-integrated microflu-
idic devices can also be developed for on-chip sample prepara-
tion stages, enhancing sensitivity and shortening separation and
analysis time. For instance, a butyl methacrylate-based (BMA)
monolith fabricated in a cyclic olefin copolymer (COC) microflu-
idic device was reported for on-chip labelling and solid-phase
extraction (SPE) of heat shock protein 90 (HSP90) and BSA.[**]
1 pg mL™! of protein mixture was rapidly (30-55s) eluted from
the monolithic column. This column effectively concentrated the
proteins, as indicated by the calculated enrichment factors of 11-
fold for HSP90 and sixfold for BSA compared to the absence of
pre-concentration. In another approach, the methacrylate-based
monolith was synthesized with Glycidyl methacrylate (GMA)
monomer using UV-induced graft polymerization to separate
the BSA and ovalbumin mixture on chip.!'3”! The methacrylate
monolithic polymer was modified with weak anionic ligands
for separating the proteins with respect to their ionic strengths.
By doing so, BSA (1 mg mL™) and ovalbumin (1 mg mL™)
with a 1:1 v/v ratio were separated using anion-exchange liquid
chromatography. Furthermore, a thiol-ene (tetrathiol and triallyl)
monolith microfluidic chip was fabricated for separating, purify-
ing, and ionizing seven different proteins (insulin, hemoglobin,
beta-lactoglobulin, lysozyme, ubiquitin, cytochrome ¢, and car-
bonic anhydrase).[38] Two-dimensional separation could also be
achieved using monolithic microfluidic devices. For instance,
BMA-EDMA-based monolithic polymers, used both as frits and
separation media, were fabricated in a microfluidic glass chip
to separate five peptides (Gly-Tyr, Val-Tyr-Val, Met-Enkephalin,
Leu-Enkephalin, and angiotensin II).[1*] Those peptides were
separated from the column for at least 50 min at a flow rate of
15 uL min~!.

An alternative construction to provide affinity-based separa-
tion could be achieved by integrating molecularly imprinted
monolith polymers into the microchip channel.'*] It was also
utilized in the formulation of monolith design in addition to
being integrated into the composition of dimethyl amino ethyl
methacrylate (functional monomer) and hydroxyethyl methacry-
late (HEMA) (monomer). For affinity-based separation by im-
printed monolith, human serum albumin (HSA) was employed
as a target molecule, and ~85% of imprinted HSA could be suc-
cessfully recovered. Moreover, it was demonstrated that the de-
signed material exhibited high selective (>98% selectivity) recog-
nition for HSA within a mixture of other proteins from diluted
human plasma.

GMA-based monolith, whose surface was immobilized with
the antibody specific to ferritin, was also integrated into a 3D-
printed microfluidic chip with UV polymerization technique.[**!]
The ability of this monolith to specifically bind ferritin molecules
was tested using a twofold higher concentration of another
PTB biomarker, corticotropin-releasing factor (CRF). The re-
sults showed that the monolith only gives fluorescence signals
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for ferritin molecules, indicating high selectivity for this PTB
biomarker. Besides, the recovery rate of this monolithic separa-
tion is ~ 50% for the extracted sample.

Another microfluidic device with a GMA-based monolith
was demonstrated for the extraction of three PTB biomarkers
from human blood serum.['*?] These PTB biomarkers which are
corticotropin-releasing factor, thrombin-antithrombin complex,
and tumor necrosis factor-a receptor type 1, were selectively sep-
arated from a serum mixture in 10 s with concentrations of 100,
60, and 100 nw, respectively. Furthermore, LaMA-based mono-
lith was successfully used in the 3D printed microfluidic device
for SPE and detecting different biomarkers, including ferritin,
corticotropin-releasing factor, defensins, lactoferrin, and tumor
necrosis factor-a receptor type 1 within 30 min.[1*43]

Immunoglobulin G (IgG) is a major type of antibody that ex-
ists in all body fluids. It is extensively used to detect and treat
various diseases.'**! For instance, an IgG-coated GMA-based
monolith in a PDMS microchip was used to separate and detect
fluorescent-labeled IgG antibodies to as low as 4 ng mL™ con-
centration levels in phosphate-buffered saline.'*! This limit was
10 ng mL™! for sandwich immunoassay for the same microfluidic
device. This system has not required any incubation steps and the
assay can be performed within 30 min. IgG was also extracted
using monolithic-based metal ion affinity chromatography./'*!
The monolith surface constructed from hydroxyethyl methacry-
late was immobilized with Cu (II) metal ions and used as a proper
chelating agent. The adsorption capacity (27.8 mg g™! monolith)
was higher than that for the monolith without metal ions.

Monolithic columns can be implemented in microfluidic chips
for pre- or post-processes. For instance, the poly-allyl phenoxyac-
etate (AP) monolith and lysine-glycine-glycine (KGG) imprinted
poly-trimethylolpropane trimethacrylate (poly-TRIM) monolith
were used for protein fractionation as the pre-process and pep-
tide extraction as the post-process, respectively, for peptide sep-
aration on chip.**’] This platform could remove the MCF-7 pro-
teins with 94.6% separation efficiency and recover 90.8% of the
KGG peptide. The platform demonstrated the capability to pro-
cess an entire cell sample in a significantly shorter duration
(~9.6 h) than traditional processing methods, which typically take
~13.3 h. Another implemented GMA-based monolith structure
to a microfluidic chip was developed for separating N-glycans
from serum samples using peptide-N-glycosidase (PNGase).!'*8
This chip was able to perform chromatographic separation of all
types of N-glycans with 90% efficiency and >60% recovery in
~30 min.

A COC-based microfluidic chip was designed for nucleic
acid capture and purification.'*”] The microfluidic channels
were coated by chitosan-functionalized GMA monolith for pH-
modulated DNA capture. Approximately 10% of the DNA was
retained in the control monolith during loading and washing
steps when compared with the chitosan-functionalized monolith.
The loading capacity of the chip was more than 360 pg mL™,
the DNA capture efficiency was <99% and the DNA recovery ef-
ficiency was higher than 54.2% + 14.2% within a 24 min elu-
tion time. A polypropylene-based microfluidic chip was used with
a GMA and poly(ethyleneglycol) diacrylate (PEGDA) monolith
structure for antibiotic resistance gene detection.l>"! The poly-
mer monolith was modified with the complementary sequence
of the target oligonucleotide (Verona Integron Mediated Metallo-
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p-lactamase gene). The device could perform 1 pM target oligonu-
cleotide extraction in a 100 pL sample solution with an 83% re-
covery efficiency within 12 min. The same technology with differ-
ent monolith compositions (Poly(lauryl methacrylate-co-ethylene
dimethacrylate) and poly(styrene-co-divinylbenzene)) was used
for extraction of the target DNA of Klebsiella pneumoniae with the
carbapenemase antibiotic resistance gene.["!] Capture efficiency
is 86% for the target DNA. However, low recovery of the target
DNA (2.5%) was achieved within 18 min in 100 uL of the sample
solution.

Table 4 summarizes monoliths used for different molecular
separations applications. Monolithic microfluidics offers remark-
able benefits attributed to its high surface area, porosity, per-
meability, and selectivity. In addition, monoliths are well suited
to surface modifications, easy fabrication, and in situ prepara-
tion in micro channels.['?] SPE is the most commonly preferred
technique since highly porous monolithic materials enable the
passage of solvents by adsorbing the biological molecules on
themselves. In addition, affinity and immunoassay-based sepa-
ration are frequently used techniques, as monolithic structures
allow very effective surface modification.'®! Despite its bene-
fits, monolith fabrication is a delicate process, and controlling
the porosities of monoliths could be a challenge. If the pro-
cess parameters do not adjust accurately, this process can re-
sult in low surface area or low binding capacity on the mono-
lith structure, and as a result, the separation efficiency can
decrease.['?] The monolith synthesis technique can also cause
difficulties in ensuring material integrity. Although monolith
formation with an in situ polymerization technique is useful
for microfluidic chips, the chip material should be chosen pre-
cisely for the polymerization.'*] In addition, the chip material
must have surface properties suitable for biosample separation
and monolith anchoring. Microfluidic chips could be incorpo-
rated further with composite/hybrid monolith materials, such
as monomers embedded with nanoparticles, nanosheets, nan-
otubes and graphene, phosphopeptide enriched monomers, and
molecularly imprinted monomers, for better extraction proper-
ties that could increase their usages.[128:1>]

2.1.5. Nanowires Incorporated Microfluidic Chips

Highly stable nanowires can be selectively self-assembled on or
attached to the microfluidic system. In one study, nanowire ar-
rays integrated into microfluidic platforms formed 3D nanopore
structures to filter DNA molecules (48.5 and 166 kbp). The
nanowires were fabricated in a bottom-up approach, whereas a
gold catalyst-assisted pulse laser deposition method was used to
grow SnO, nanowires on fused silica microchannels. The size
of the nanopores was controlled by regulating the number of
nanowire growth cycles. The larger DNA molecules could not
pass through the nanowire structure, whereas smaller DNA frag-
ments were capable of migrating under applied electric fields.[®?!
The same approach was implemented for the separation of RNA
and proteins as well (Figure 5a).[%]

Protein molecules (20-340 kDa), RNA molecules (100-1000
bases), and DNA molecules (50-1000 bp) showed different mo-
bilities in the nanowire structure, and thus the separation of
biomolecules was possible. As explained in the subsection on
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Figure 5. a) 3D nanowire structures. i) Photo of the microfluidic device (scale bar 5mm). ii) SEM image of the nanowires (SnO,) embedded in a
microchannel (scale bar 1um), iii) Au catalyst 3D nanowire growth, iv) SEM of 3D nanowires structures (scale bar, 100 nm), and v) pore size distribution.
Adapted with permission.[®0 Copyright 2015, Springer Nature. b,i-iii) ZnO nanorod-based microfluidic device for pathogen capture: i) Top view of the
microfluidic chip. ii) The sandwich immunoassay for pathogen detection on a single ZnO nanorod inside the ZnO-NIM. iii) The pathogen capture process
on the 3D nanostructured ZnO surface conjugated with capture monoclonal antibody (mAb). iv,v) SEM images of the synthesized ZnO nanorods on
glass slide: iv) low and v) high magnification. Adapted with permission.l8’] Copyright 2017, Wiley-VCH. c, i) Schematic illustration of fabrication steps of
the SINW microseparator and the microfluidics. Steps: 1: patterning photoresist layer (Az) on Si. 2: SINW pattern. 3: superamphiphobic SiNWs pattern.
4: spin-coating polyvinylsilazane on PDMS channel treated with plasma. 5: UV exposure. 6: thermal bonding PDMS channel on the SiINW channel.
ii,ii) SEM images of the SINW, and iv) a photo of the microfluidic device. Adapted with permission.!%¢] Copyright 2016, Springer Nature.
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pillared structures, nanowires were fabricated on pillars to in-
crease the surface area to better trap exosomes.[102]

Zinc oxide (ZnO) materials have promising advantages when
used in microfluidic platforms; they can be synthesized in mi-
crofluidic reactors and can be used for various applications,
such as in trapping and photocatalysis.* It was shown that
a ZnO nanowire-embedded PDMS microfluidic platform col-
lected urinary extracellular vesicles and enabled miRNA extrac-
tion with higher efficiency than traditional ultracentrifugation.[>!
A ZnO/Zn(OH)F nanofiber array was fabricated inside a glass
capillary to isolate hemoglobin, a histidine-rich protein, from hu-
man blood.l%] Three different ZnO nanostructures (sharp, rod,
and hexahedral-puncheon) were grown in microfluidic channels
and tested for protein capture efficiency after surface functional-
ization. Sharp ZnO structures presented the highest capture ef-
ficiency among the rod and hexahedral ZnO structures.[®°] Ran-
domly oriented ZnO nanorods were fabricated on a glass slide
and improved the fluorescence signal. The microfluidic plat-
form consists of 6 channels functionalized with different anti-
bodies against viruses (Figure 5b).[] Another study on silicon
nanowires demonstrated the separation of a highly carcinogenic
chemical, chloromethylmethyl ether (CMME), from a gas-liquid
mixture. This method can be extended for safely handling other
carcinogenic and toxic reagents (Figure 5c).[%]

The network of 3D nanowires has a large surface-to-volume
ratio, which increases the capture area. Nanowires can be fab-
ricated using both top-down and bottom-up techniques. How-
ever, microfabrication of nanowires requires costly methods such
as photolithography, electron beam lithography, vapor-liquid-
solid growth technique, deposition, and reactive ion etching.
Table 5 summarizes some parameters like fabrication methods,
chip materials and design, separated molecules, resolution, LOD,
throughput, repeatability and flow rates used in the nanowire in-
corporated microfluidic separation studies.

2.1.6. Liquid—-Liquid Extraction

Hydrometallurgy and liquid-liquid (L/L) extraction serve as the
foundation for numerous extractions and refining processes
aimed at separating molecules or compounds from mixtures
with varying solubility. L/L extraction, characterized by its high
level of complexity, presents challenges when studying molec-
ular phenomena at the liquid surface. It is widely recognized
that two key factors affecting extraction efficiency are the trans-
mission length and the interfacial area. Therefore, shorter trans-
mission lengths and larger interfacial areas result in increased
extraction efficiency. Furthermore, downsizing chemical pro-
cesses, can offer numerous advantages. This method requires
only a small volume, enabling analysis with minimal sample
quantities and eliminating the need for costly experiments. Sato
et al.l®® studied the microfluidic extraction between two immis-
cible liquids for the first time. In the following years, microflu-
idic liquid-liquid extraction has attracted numerous researchers
and has been widely used to separate compounds and prepare
samples.[6971160-164] Cicer] et al.['] reported that one of the main
areas for future development is the direct integration of tradi-
tional diagnostics with on chip method. While processes involv-
ing mixing and chemical reactions have been successfully down-
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sized to the micrometer scale, there are challenges in perform-
ing all operations within a single microfluidic device, particu-
larly when separations are required. One reason for this is that
gravity-driven phase separation is not feasible due to the predom-
inance of surface over body forces. Therefore, alternative forces
must be explored to achieve on-chip separation. L/L extraction
has garnered more attention in microchannels because of the
short molecular diffusion distances and efficient liquid/liquid
contact.[72166]

L/L Extraction Using Micro-Fluids: Fast and cost-effective
studies of L/L extraction processes can be conducted using a fully
automated and integrated microfluidic method. Given that the
contact and separation of molecules and compounds are closely
tied to the multiphase flow pattern, some information on flow
patterns will be provided in this section.

® Parallel Flow: In microchannels, due to the dominance of sur-
face tension and friction over gravity, two fluids can flow to-
gether irrespective of their density.'®”] Kitamori's group suc-
cessfully analyzed the parallel flow in quartz glass microchips
using a thermal lens microscope.['®®] Liquid-liquid extraction
is a standard technique for purifying DNA directly from cells.
While DNA remains in the aqueous phase, membrane compo-
nents migrate to the interfacial area between the phases.” In
chip-based liquid-liquid extraction, fast velocities stabilize par-
allel flow patterns, while slow velocities increase segmented
flow, resulting to slug flow. Since extraction in microchannels
relies solely on diffusion within parallel flow, both interfacial
area and diffusion length have a significant impact on the time
needed to reach equilibrium.!'®! The Intermittent separation
walls positioned in the center of the microchannel between the
two phases can enhance the extraction efficiency two- or three-
fold. This improvement can be attributed to the slight fluctu-
ation of the interface between the partition wall sections that
led to improved mixing.'”"! In parallel flow, another way to sta-

bilize the interface between the two liquid phases is to add a

microporous membrane, which results in very high flow sta-

bility without separating the next phase.['7!172]

® Segmented Flow: In microfluidic L/L extraction utilizing seg-
mented flow, the transfer rate of the molecules is enhanced
by high surface area and internal circulation. During segmen-
tation, the two liquid phases form intermittent sections with

the wetting phase enveloping the non-wet phase droplets in a

thin-walled layer. This arrangement significantly, increases the

surface tension by three to four times.[*”*]

® Emulsions: Micromixers offer a cost-effective alternative to tra-
ditional small plant extractors. These devices are commonly
employed to generate emulsions that can be utilized in larger-
scale systems. The Institut fiir Mikrotechnik Mainz has devel-
oped static micromixers, which have been utilized for extract-
ing liquids from various compounds using the conventional
mixer/sedimentation complex.['®!] Microfluidic extractors are
classified into three main groups based on the flow arrange-
ment of two immiscible liquids:!'7#!

1) Stop-Flow Microfluidic Extractors: The “stop-flow” indicates
that the acceptor liquid phase is stationary, while the con-
duction phase is always moving.['”*l One of the key ad-
vantages of this method is the utilization of very small
sample volumes. Microfluidic membrane liquid-phase
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extractors represent advantages in single-drop microfluidic
extraction. In this technique, the droplet suspended at the
tip of the needle is continuously washed by the moving
phase, which may cause the droplet to fall. Consequently,
to enhance the droplet stability, some researchers intro-
duced a membrane into the single droplet microfluidic
extractors.”7¢178] Microfluidic membrane liquid-phase ex-
tractors do not contain droplets, resulting in a relatively sta-
ble system. The centrifugal microfluidic extractor employs
a centrifugal force field to maintain the aqueous phase
in a steady states, allowing organic phase droplets to flow
through the static aqueous phase. A prominant example
of this method, called liquid-liquid counter-current chro-
matography (L/L-CCC), was developed by Ito.t79-183] /T
CCC employs the aqueous phase as the stationary phase,
while the organic phase serves as a mobile phase. The pri-
mary challenge of this method lies in maintaining a sta-
tionary liquid phase. It is important to note that these mi-
crofluidic extractors are not operated in the counter-current
flow mode. According to Bertoud et al.[**] the name of this
technique is inappropriate since the two liquid phases do
not have opposite currents. Fang et al.l'®] developed two
new approaches based on a flow-stopped extraction tech-
nique using microfluidic chips. In the first method, known
as droplet extraction mode, the organic solvent was trapped
inside the hollows produced in the channel walls of the mi-
crofluidic chips, and the analytes were transferred to them
via the water streams that flowed onto the droplets, affect-
ing a preconcentration. In the second approach, by stop-
ping the flow of the organic phase, a stable interface was
formed between the static organic phase and the aqueous
phase with continuous flow. Both approaches made molec-
ular separation possible with high efficiency.

Concurrent microfluidic extractors: Concurrent microfluidic
extractors lack a fixed liquid phase and both immiscible flu-
ids flow in the same direction, allowing continuous extrac-
tion. Based on the flow pattern, concurrent microfluidic ex-
tractors are divided into four groups. These are the lami-
nar flow microfluidic extractors, droplet flows microfluidic
extractors, slug flow microfluidic extractors, and chaotic
flow microfluidic extractors. In laminar flow microfluidic
extractors, both immiscible liquids flow continuously in
the same direction without dispersion. Therefore, molec-
ular diffusion facilitates the transfer of molecules from
one liquid phase to another. Published studies indicate that
all membrane-free microchannels used in these extractors
are less than 7 cm wide.['8189] Consequently, the contact
time between the two liquids is limited in laminar flow
microfluidic extractors. The mechanisms of the microflu-
idic droplet and slug extraction methods are similar. The
only distinction between the two methods is that, in the
droplet method, the dimensions of the droplets are smaller
than those of the microchannel and exhibit no deforma-
tion. On the other hand, the slugs are larger than the depth
or width of the microchannel and must undergo deforma-
tion within the microchannel. The transfer of molecules in
droplet flow is more effectively achieved in a tortuous mi-
crochannel due to the chaotic internal recirculation of each
droplet caused by the secondary currents.[19%19]

2300492 (20 of 45)
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There are four methods to generate droplets in microchan-
nels (Figure 6): Cross-flow: The dispersed phase enters
through the branch entrance and is sheared by the contin-
uous phase entering through the horizontal entrance. Co-
current: The current pattern is determined by the com-
bined action of shear force, surface tension, and inertial
force. Focusing current: In this device, the continuous
phase vertically compresses the dispersed phase on both
sides, and then both phases pass through the focusing
aperture together. Step emulsion: This method relies on
the confinement of a liquid in a narrow channel, caus-
ing it to experience high curvature. By introducing an
expanded region in the channel, the liquid accelerates,
forming a necked region behind the droplet as the con-
tinuous phase flows upwards.

In chaotic advection micromixers, transverse flows are gen-
erated, which include a component of vertical velocity
to the mainstream. These transverse flows disrupt reg-
ular parallel flows between different liquids and enable
microfluidic masses to be split, stretched, folded, and
broken up.['2193] Concurrent microfluidic extractors can
achieve high efficiency in continuous liquid-liquid extrac-
tion processes, while Chaotic flow microfluidic extractors
particularly well-suited for high-throughput applications.

3) Countercurrent Microfluidic Extractors: In countercurrent

extraction, it is necessary to ensure that the light and heavy
liquid phases have opposite flows. However, achieving this
on a small scale is challenging due to the dominance of
the viscous and the surfaces over the inertial and gravita-
tional forces. Therefore, ongoing investigations are being
conducted to address this particular challenge. These stud-
ies are divided into three groups based on the molecule
transfer mode and flow arrangement details: multi-stage
counter-current, continuous counter-current, and hybrid
counter-current. Multi-stage countercurrent microfluidic
extractor: In this system, the three methods of phase sepa-
ration gravity, surface wettability, and delay are often col-
lectively employed to enhance droplet integration.!*941%]
Continuous counter-current microfluidic extractor: Con-
tinuous counter-current microfluidic extractors are highly
suitable for analytical chemistry due to their passive na-
ture, ease of miniaturization, and high enrichment fac-
tors. Furthermore, unlike multi-stage counter-current mi-
crofluidic extractors, they do not require phase mixing
for molecule transfer enabling them to separate the in-
termediate phase.[11%] Hybrid countercurrent microflu-
idic extractor: Multi-stage counter-current microfluidic ex-
tractors are relatively strong; however, they are not inac-
tive and are not miniaturized simply owing to their inter-
mediate pumps and/or valves. Each liquid phase is trans-
ferred in the opposite direction without inter-stage pumps
or check valves in a hybrid countercurrent microfluidic ex-
tractor. This problem is solved using intermittent pulse
feeding of both phases and the accumulation of internal
droplets.['%]

Microfluidic L/L extraction offers several advantages and
faces certain limitations. Enhancing the mass transfer, reducing
the sample and reagent consumption, high selectivity, ease of
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Figure 6. Schematic of droplet generation in a microfluidic device. a) Cross-flow, b) co-current, c) focusing current, and d) step emulsification.

integration and automation are some of the advantages of L/L
extraction. Scaling up microfluidic liquid-liquid extraction from
laboratory-scale to industrial-scale, compatibility of complex sam-
ple with microfluidic materials, and initial setup costs for L/L ex-
traction with microfluidic systems are some of the limitations of
this method.

2.2. Active Separation Methods

Active microfluidic separation methods use external force for
the separation of analytes. Here, the most common meth-
ods used for molecular separation in last decade are dis-
cussed. Table 6 summarizes important parameters, like sep-
aration mechanism, separation criteria, molecules, and chip
materials for active microfluidic-based molecular separation
methods.[19:27.29:31,200-246]

2.2.1. Dielectrophoresis

Powerful analysis techniques are necessary to solve complicated
biology problems, even at the molecular level. Dielectrophoresis
(DEP) has emerged as one of the most impressive techniques for
addressing those problems. DEP is an effective analysis method

Adv. Mater. Interfaces 2024, 11, 2300492 2300492 (21 of 45)

that polarizes particles in a non-uniform electric field and causes
attractive or repulsive forces to transpire. DEP devices are es-
pecially powerful for selective purification, separation, and frac-
tionation. Recently, DEP units utilizing microfluidic devices have
garnered significant interest from researchers since DEP has no
disruptive or toxic effect on the structural properties of biologi-
cal materials. Therefore, scientists can unearth vital information
about the characteristics of biological materials under the DEP
effect. This part will evaluate the most recent research focusing
on the impact of DEP on subcellular molecules (<10 um). DEP is
deeply studied with nucleic acids, especially for separation, trap-
ping, deflection, purification, and self-assembly.2%2] Viefhues
et al.l2%] reported that the employment of DEP can be used to
manipulate the large segments (large kbp strands) of DNA struc-
tures, especially for separation and reassembly processes. This
study proved that using DEP for DNA manipulation could be use-
ful for sample preparation. Viethues et al.[2°22%2] also reported an
orifice with a DEP microfluidic device to trap and separate DNA
strands (Figure 7a). Based on the orifice and DNA characteris-
tics, DNA structures drag and flow through the orifices or be-
come trapped. This process causes the separation of the DNA
strands.

Viefhues and his co-workers, of course, were not the only re-
searchers that focused on DNA manipulation by using DEP.
There have been several attempts to achieve this goal. Shunbo
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Method Mechanism Separation criteria Biomolecule Chip materials Ref.
Dielectrophoresis (DEP) Inhomogeneous Size, Density, Polarizability DNA, RNA, Proteins, PDMS, PDMS-glass, [200-214]
electric field Peptides SiO,-graphene, Fused
silica-carbon,
Si/SiO,-PDMS/quartz,
Fused silica, Quartz-
Graphene
Micro-free flow Homogeneous Size, Charge density BSA, DNA, Proteins, Glass, PDMS, Glass-Cr, [27,29,31,215-221]
electrophoresis (u-FFE) electric field Peptides, Amino silicon, Trichlorosilane
acids (TPM)-coated glass, Fused
silica,
Magnetic separation Magnetic field Size, Magnetic DNA, Proteins, PDMS, PDMS-Glass, Glass, [222-236]
susceptibility Antibody, Antigen, Silicon, PMMA
Exosomes
Acoustic separation Ultrasonic standing Size, Density DNA, RNA, Proteins PDMS, PDMS-Glass, PMMA [19,237-246]
waves
Centrifugal channel Open, Centrifugal Differential sedimentation Proteins Polycarbonate (PC), PDMS, [247-251]
channels of molecules based on PMMA, PMMA- polyolefin,
their size, density, etc. Polyvinyl chloride
under the influence of pressure-sensitive
centrifugal forces adhesive (PVC-PSA), COP,
Polystyrene (PS)
Thermophoresis Temperature Differential movement of DNA PDMS, silicon, Glass [252-258]
gradient molecules in response to

temperature gradients.

et al. also focused on DNA manipulation using Au-covered
nano-electrodes (Figure 7b).2%) In the same research study,
the conductivity of DNA was analyzed at low electric fields of
10 V cm!, and DEP characteristics were investigated.?®! Son-
nenberg et al.?0420% developed a DEP microelectronic device
to isolate DNA, and viruses. When used to investigate blood
plasma, the method could be applied to separate DNA molecules
and viruses from erythrocytes. The mentioned DEP microelec-
tronic device relies on Pt electrodes. It creates various elec-
tric fields, accumulating targeted molecules on selected elec-
trodes, thus separating the desired molecules from undesired
ones. Barik et al.[2%] developed a graphene-incorporated DEP
device, generating higher electric fields than metal electrodes
at low voltages (<1 V) to manipulate nanodiamonds, nanopar-
ticles, and DNA molecules. Martinez-Duarte et al.l?%! devel-
oped a carbon electrode-containing DEP microelectronic de-
vice that can manipulate A-DNA (48.5 kbp). This DEP de-
vice can attract DNA molecules at 50 kHz and repel them
at 250 kHz.

Giraurd et al.l?””] focused on ribosomal RNA using a DEP de-
vice that attracts RNA molecules between 3 kHz to 1 MHz fre-
quency and repulses RNA molecules over 9 MHz (Figure 7c). The
DEP microfluidic devices rely on microelectrodes, which cause
powerful repulsive or attractive DEP forces around them. This
technology is mainly referred to as electrodes-based DEP, or sim-
ply eDEP. Another major technique exploits aqueous solutions
that contain non-conductive constrictions, thus creating hetero-
geneous electrical fields when electrical potentials are applied to
the fluid. This technique is called insulator-based DEP, or simply
iDEP.[2%] Many impressive research studies focus on manipulat-

Adv. Mater. Interfaces 2024, 11, 2300492 2300492 (22 of 45)

ing subcellular molecules by employing iDEP. Gan et al.[209-210]

used an iDEP-based microfluidic device to analyze DNA migra-
tion and trapping frequencies (Figure 7d). In addition, Chaurey
et al.l?!"l also used an iDEP device to trap and manipulate DNA,
ssDNA, and protein molecules.

Numerous DEP devices that take advantage of proteins have
been reported and described here. Gencoglu et al.?%] reported
the linear relationship between protein trapping and electric field
in DEP devices. Liao et al.?!? used nanoscale structures and
merged DEP and electrokinetic forces to cultivate streptavidin.
Streptavidin was cultivated over 10° with the help of the tech-
nique used in this study. Rohani et al.?!] developed a DEP de-
vice to cultivate prostate-specific antigens (PSA). Zhang et al.2!4l
advanced a nanoscale-constructed iDEP microfluidic device to
cultivate BSA. These properties may help researchers to under-
stand how to develop treatments in personalized medicine in the
future. Table 7 summarizes some parameters like related DEP
methods, mechanism, separation criteria, separated molecules,
nd chip materials, used in the DEP-based microfluidic molecu-
lar separation studies.

2.2.2. Micro Free-Flow Electrophoresis (u-FFE)

In recent years, the electromigration phenomenon, due to several
extensive developments, has emerged with numerous successes
in separation processes, in the ways of diagnosis assays,[?®! can-
cer cell detection methods, 262231 and also food-borne pathogen
determination techniques.[?**] In addition, state-of-the-art strate-
gies combined with modern devices have been substituted for
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Figure 7. a,i) Schematic layout of the microfluidic device (not to scale). ii) Central element of the microfluidic separation device. iii) Top view of the bowed
ridge. iv) Scheme of the microstructure used for determining polarizabilities. v) Cross-sectional view of a single ridge. Reproduced with permission.[201]
Copyright 2013, Royal Society of Chemistry. b) Illlustration of the nanofluidic device for DNA trapping: i) the optical image of the channel layout consists
of two microchannels and nano-slits. ii) The 3D image of a nano-slit with the size of 1um. iii) The 2D image of the slit. iv) The height profile of the
red line in (b-iii). Reproduced with permission.[293] Copyright 2015, AIP Publishing. c) Experimental setup for live monitoring of rRNA dielectrophoretic
activity. Reproduced with permission.[207 Copyright 2011, AIP Publishing. d,i) iDEP device consisting of a linear microchannel molded with PDMS.
ii) VE2 around two posts and the dimensions of the posts are outlined. Reproduced with permission.l?1] Copyright 2015, American Chemical Society.
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Table 7. DEP-based molecular separation methods.

Method Mechanism Separation criteria Biomolecules Chip materials Reference
DEP Inhomogeneous electric Dielectric Constant, Conductivity, DNA, Protein, PDMS, PDMS-glass, SiO,-graphene, Fused [200-214]
field Frequency of the Electric Field, Particle  Streptavidin, Prostate silica-carbon, Si/SiO,-PDMS/quartz,
Size and Shape, Medium Properties Specific Antigens, Fused silica, Quartz- Graphene
Avidin
e-DEP Patterned electrodes create  Electrode Configuration, Frequency of DNA, Viruses, PDMS, PDMS-glass, SiO,-graphene, Fused [27,29,31,215-221]

Inhomogeneous electric the Electric Field, Applied Voltage, Ribosomal RNA,
fields Dielectric Properties, Particle Size and A-DNA,
Shape, Buffer Conditions nanoparticles,

silica-carbon, PMMA, Polycarbonate,

Si/SiO,-PDMS/quartz, Fused silica,
Quartz- Graphene, gold, platinum, silver,
neuropeptides, BSA PEDOT:PSS, graphene, carbon nanotubes

iDEP Electrokinetic Concentration Insulator Configuration, Surface Charge, DNA, ssDNA, Proteins, PDMS, PDMS-glass, SiO,-graphene, Fused [222-236]

Polarization Applied Voltage, Dielectric Properties, BSA silica-carbon, PMMA, Polycarbonate,
Si/SiO,-PDMS/quartz, Fused silica,

Quartz- Graphene, SU-8

Particle Size and Shape, Buffer
Conditions
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conventional protocols in electro-separation and tracking of pro-
teins, nucleic acids, and other biomoieties. In all categories of
these techniques, the bioelectric properties of the biological mat-
ter or biomolecules must be considered.[?®] Furthermore, recent
electromigration methods provide highly efficient separation, es-
pecially with applications in genetic engineering and forensic
serology!?®l; the advanced medical sciences; medical biotech-
nology; nano-biotechnology; and biomedicine.l?*”] Conventional
protocols include western blots with SDS-PAGE and Northern
and Southern blot techniques. Electrophoresis is a ubiquitous
separation technique based on the integral compartments’ elec-
trical charges and mass differences. Proteins, DNA, RNA, and
microorganisms (or their antigens) are the diverse biomolecules
appropriate for being separated by this technique. The benefits
of electrophoresis compared to conventional methods (such as
culture media and biochemical assessments) are the consump-
tion of lower volumes of biofluid samples, accuracy, simplicity,
and fast implementation. Electrophoresis systems can also be
cheap and capable of providing consumer-friendly assessments
for diagnosis. Micro-free-flow electrophoresis separation will be
introduced as an attractive separation strategy for the subgroups
of electrophoresis. The pFFE (micro free-flow electrophoresis)
method was introduced during the last few years with continuous
separation potency. It differed from the other protocols, which
required the charging of samples through batch processes. The
UFFE technique has been applied to proteins, DNA, RNA, and
peptides.

Furthermore, pFFE has been used in coalescence with lab-
on-a-chip techniques to detect biological living moieties and
biomolecules. In the past, drawbacks related to the channels,
spatial sample feeding, and other problems in FFE have led to
the substitution of FEE by uFFE.[*] Most uFFE devices, with
few exceptions, possess an open-accessed channel mechanism
that allows the fluid to flow along the microchannel in the
micron (volume) scales.?’) As in conventional electrophore-
sis, the principles in uFFE are based on mass differences and
hydrodynamic broadening, which cause velocity gradients of
the different materials along the travel paths. The main prob-
lem in using pFFE is that bubbles are trapped in the micro-
channels of uFFE devices, which causes surface adsorption in
the channels.3!l The other challenging area in the pFFE de-
vices is governing the surface electrostatically. Scientists con-
tinuously try to find the materials that dissolve the problems
related to the nature of pFFEs, which are generally made of
glass, silicon, or other polymer-based easy-to-fabricate materials.
Several studies apply uFFE in separating and purifying DNA,
RNA, and proteins, in the analysis of synthetic moieties, such
as peptides, aptamers, biomolecules,®!] and in proteomics.[28]
The critical structural units in the fabrication of microfluidic
free-flow electrophoresis devices are microchannels which could
be fabricated by different techniques such as laser-assisted mi-
cromachining, microwire molding, 3D printing,***! mechani-
cal tools assisted micromilling, microdrilling!”®! and imprint-
ing techniques. Recently, the light incorporation (femtosecond
laser) protocols have been more attractive than others relying
on light energy so-called “micro- stereolithography” or “laser
microfabrication” [216271.272]

Laser modular techniques such as laser-induced plasma-
assisted ablation!?”®) and monolithic digital patterning with sub-
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sequent laser pyrolysis(?’* could be introduced to the uFFE de-
vice. Nevertheless, the turn of quality in the performance in en-
graved microchannels will be made after optimization, a com-
plementary step in the fabrication process. The main functions
in the output accuracy in the microfabrication of microchan-
nels in uFFE are the nature or type of engraved material, the
tool(s) used and the accuracy of the applied instrumentation.
The fluid applied as an air-jet in cryogenic abrasive air-jet ma-
chining (CAAJM) is a novel micro-milling technique.[?75-%77]
Zhang et al.?”?] used the cryogenic micromachining technique
for preparing microchannels on a PDMS substrate and obtained
satisfactory results. The considerable role of microchannels in
the uFFE devices is due to their innate capacity to withstand pres-
sure rises. Other factors that influence separations in uFFE de-
vices are the different strategies of bonding used during the fab-
rication of microchannels, which can be tuned to provide suf-
ficient separation efficiency of biological macromolecules (pro-
teins, DNA, RNA, etc.) in the uFFE.[?°] Table 8 summarizes the
MFFE modalities.[?] The comprehensive studies in the field of
UFFE separation reveals abundant advantages compared to the
other orthogonal methods (i.e. HPLC and CE) of the separation
techniques. The low expert labor need, implementation in a very
short time, (100-fold faster in analytical evaluation) compared to
the conventional FFE method. Also, a high surface area to vol-
ume ratio in this method is highly considerable because it in-
creases the speed of separation and prevents heat losses pro-
duced by the applied electric field. All these advantages lead to
the use of uFFE as a method for high-level purification (%) of
proteins in the proteomics investigations. In contrast to the men-
tioned advantages expressed previously, gas bubbles generated
by electrolysis, choosing appropriate (high quality) material for
fabrication of uFFE device, perturbation in applied electric field
can be considered as disadvantages of uFFE technique. Further-
more, low resolution and that districts the application of this
technique.

Free Zone or Capillary Zone Electrophoresis: Free zone elec-
trophoresis (FZE) is a continuous electrophoretic separation
process without a stationary phase, such as a gel or mo-
bile environment. Free zone electrophoresis was originally
based on methods for purifying cells and bacteria. Zone elec-
trophoresis (ZE), by default, is an appropriate method for
separating!?’] small molecules, proteins,[281:282] biomolecules, 283
peptides, 2172841 DNA,[285:25] viruses,[218287] and membranes. In
capillary zone electrophoresis (CZE), the electrophoretic sepa-
ration of glycoproteins and glycopeptides can be performed by
consideration of the m and z differences among the input in-
gredients, where m is the mass and z is the charge of the com-
partments. The enantiomers and organelles are other groups
of biomoieties for electrophoretic separation through CZE.
Buszewski et al.l!8] reported a study on diagnosing pathogens
by CZE. Buszewski illustrated that CZE could be considered an
appropriate method for identifying pathogen moieties, such as
those on viruses. Though PCR is traditionally the gold standard
technique for identifying pathogenic moieties, often, false re-
sults are a major drawback associated with this strategy. The hy-
phenated zone electrophoresis system could be a precise method
for separating, tracking, identifying, and characterizing bacte-
rial cells and other biological microorganisms due to its fast,
accurate, and reliable results.[%8] The issue described in this

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85U8017 SUOLILLOD BAITea1D 3(dealdde au) A peusenob 8 Saoiie YO ‘88N JO S8|nJ o} Akeiq1 8UlUO A8]IM UO (SUOTIPUOD-pUB-SWSI W00 A8 | 1M AeIq Ul |Uo//SdnL) SUOIPUOD pue sWB | 8 88S *[5202/20/.2] Uo AriqiTauluo A (IM “AseAlun NS Yelinpqy Aq Z6v00£202 WPe/Z00T OT/I0p/W00" A8 | Afed 1 [uluo"peoueApe//Sdiy Woj papeojumod ‘Z ‘¥20z ‘0SEL96TZ


http://www.advancedsciencenews.com
http://www.advmatinterfaces.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
INTERFACES

Open Access,

www.advancedsciencenews.com

Table 8. The uFFE modalities.[280]

www.advmatinterfaces.de

Name of FFE Biomolecules Resolution Throughput Repeatability pH gradient Economic Detection
Modality
Zone electrophoresis Cells, Bacteria, Proteins, 3% EPM 40 mg hTaek Weak - Weak Good
(ZE) Peptides, DNA, Viruses, 50 mg h 1w
Membranes, Enantiomers,
Organelles
Isotachophoresis Proteins, Membranes, Peptides, 1% EPM 150 mg h™ s Middle Good Middle Good
(ITP) Organelles, Viruses,
Enantiomers, Bacteria
Isoelectric Focusing Proteins, Peptides, Membranes, 0.03 pl 500 mg h~1sxx High Good Good Excellent
(IEF) Organelles, Viruses
Field step preconditioning of any sample 30% EPM 5 g hTwx Weak Excellent Weak Excellent

electrophoresis
(FSE)

*Attainable at optimal conditions, **Eukaryotic cells, ***Proteins or peptides, EPM (Electrophoretic Mobilities).

section demonstrated that this technique differs with common
electrophoresis manners due to the electrophoretic mobilities of
analytes that are related to the charge-to-size ratio. As benefits
(advantages) of capillary zone electrophoresis are its high accu-
racy and high detection borders. Three is another type of CZE
which is introduced as Correlation Capillary Zone Electrophore-
sis (CCZE). The difference and main problem of this technique
compared to general CZE method is only its injection system.
The advantage of the CCZE is its easy modification in the injec-
tion system which this section is electrically rather than pressure-
driven.

Micellar Electrokinetic Chromatography: Micellar Electroki-
netic Chromatography (MEKC) is a micro-free-flow electrophore-
sis technique that separates the non-electrically charged spec-
imens between two phases.”®] The stationary and dynamic
phases are the bases for separation mechanisms by MEKC. There
are different classifications of electrokinetic separation proto-
cols, such as CE and capillary electrochromatography (CEC).[2%
The surfactants play a crucial role in determining the separa-
tion ratio, and often, the application of stable micelles (MEs) is
preferred.[?!] Micelles are polymeric micro-vesicles that are used
in different applications of science, and they are often applied
to assist in the propagation of biochemistry approaches, as are
they used in biology and different fields of the advanced med-
ical sciences. The critical task of micelles in the MEKC tech-
nique is based on their highly charged properties, which en-
able their migration in an electric field. This mechanism of
transportability brings a few benefits in different applications
of medicine, such as in bio-separations (by applying smart bio-
separation materials),[?°22%] biomolecule quantification,?** and
many other uses.[?>?%l The micelles can interact with seg-
ments of the analyte during neutral associations. Salido-Fortuna
and his research group investigated the method fundamen-
tals and characteristics of chiral separation in micellar elec-
trokinetic chromatography.?”’! The separation rules, with dif-
ferent polarities and characteristics regarding enantiomeric sep-
arations, were considered the bases of Salido-Fortuna’s study.
The investigation focused on the micellar surfaces or the elec-
trochemical polar property of surfactants, which extensively af-
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fect the separation rate. In MEKC, the solute is embedded into
the core of the micelle. In another study, Bernando-Bermejo in-
vestigated the diastereoisomers in chiral separation (analysis)
using electrokinetic chromatography.?®! They conjectured the
cost-effectiveness and sufficient flexibility of chiral EKC, which
is a technique that is often used for the separation of different
biomolecules.

Isoelectric Focusing: Isoelectric focusing (IEF) is one of the
subgroups in micro-free-flow electrophoresis based on the iso-
electric point (pI), which is specific for each microorganism.?”]
This method transports a low electrical current between the cath-
ode and anode in the low molecular weight ampholytes.[219-300.301]
The significant factors affecting the performance of this tech-
nique include the stable pH gradient within monovalent buffers
being used,[923%] the charge-to-mass ratio, and the isoelectric
point. Density gradient, polyacrylamide gel, and zone convection
electrofocusing are three modalities of the isoelectric focusing
method in electrophoresis. All the techniques mentioned above
are considered in human health for diagnosing diseases and,
generally, for tracking, separation, and treatment. The isoelec-
tric focusing method is commonly used for the accurate track-
ing and separation of proteins** and peptides!??’l; and in vi-
ral capsid evaluation(?®] by the surveying of genetic materials
(mRNA, DNA fragments).?®] A wide range of applications of
trillions of microorganisms (microbiome) living in the human
body can be uncovered using this technology. Zhang et al.[3%*] re-
ported a novel research study in which imaged capillary isoelec-
tric focusing analysis (iCIEF) was performed using PEGylated
proteins. The novel matrix of glycine and taurine helped Zhang
and his colleagues to accurately identify pI charge variants in PE-
Gylated proteins and effectuate their separation. The significant
improvements associated with this method enabled substantial
separation yields. However, a 50% improvement was seen in the
separation efficiency of PEGylated proteins compared to the non-
PEGylated proteins. This observation suggests that any progress
in separation processes on the basis of pI extensively depends on
the matrix composition (Glycine (40 mm), Taurine (50 mm)) used
in the iCIEF procedure. Figure 8a illustrates the electrophero-
gram of PEGylated proteins passed through an iCIEF device
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Figure 8. a) An illustration of the electropherograms obtained in the case of separation and detection of PEGylated protein A, in a blank, Glycine
only, and Glycine+Tuarine environment (Upper), or of PEGylated antibody B, in Glycine+Tuarine and pure Urea environment (Bottom). Repro-
duced with permission.3%] Copyright 2020, Electrophoresis. b) Schematic illustration of the capillary isotachophoresis (cITP) mechanism by con-
sidering separation speed in the terminating and leading phases. c) The schematic illustration of cancer-derived exosomal protein separation
by ITP, followed by depictions, by fluorescence microscopy, of mouse mAb against CD81 (a universal surface protein biomarker for all exo-
somes) plus a rabbit anti-mouse secondary antibody labeled with Alexa Fluor 488. Reproduced with permission.[221] Copyright 2020, Biosensors and

Bioelectronics.

in the blank, Glycine, and Glycine/Taurine environments.3**!
The significant incremental changes in the peak values of pl in
curves, shown in Figure 8a, verify the effect of the medium on
the rate and separation accuracy of proteins, as presented in the
study by Zhang et al. By applying the IEF protocol, separating
the combined entities and analyzing their co-migrating peaks for
charge variants of PEGylated proteins proved to be impossible in
this study.

Isotachophoresis:  Isotachophoresis (ITP), one of the sub-
groups in free-flow electrophoresis, is commonly used for se-
lective separation in concentrated ionic analytes. Like the other
strategies in free-flow electrophoresis, ITP is also used to iden-
tify and separate microorganisms, proteins and peptides; DNA;
RNA; and other biomoieties. Based on the mobility of the ionic
fragments of the analyte and their differences, the migration of
different constituents of the sample can be determined. The cap-
illary isotachphoresis (cITP) method is a subset of ITP, whereby
the solutes (anaytes) for the separation process flow along a
capillary. The terminating and leading electrolytes are identified
according to the slow or fast movement of the different con-
stituents. Principle of cITP that is applied to separate solutes is
shown in Figure 8b.

Cancer presents a significant public health challenge on a
global scale. There is a pressing need for novel diagnostic tech-
niques that can effectively track the potent symptoms of can-
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cer cells or the detection of biomarkers with sufficient preci-
sion, rapidity, and high accuracy. Novel diagnosis methods are
highly crucial and valuable in cancer diseases due to their pre-
vent ion regarding the metastatic spreading of cancer or form-
ing massive tumor tissue. Cancer is a severe public health diffi-
culty worldwide, and applying an accurate, rapid isolation and
detection method for cancer is one of the most severe prob-
lems in medicine. Advanced diagnosis protocols are needed to
track the cancer cells at early stages, even before their complex
functions appear. Guo et al.[??!l reported one applicable study,
which elaborated on cancer detection using the paper-based I'TP
method in conjunction with cancer-derived exosomes. Exosomes
are biopolymeric vehicles that carry the identifying genetic infor-
mation of the cells of origin. Their use is becoming prevalent in
disease diagnostics and sensing technologies. According to Guo’s
study, the diagnosis of cancer cells through exosomes could be re-
alized, even at 2.0-3.0 x 10~'® M limits, within 10 min, by running
the paper-based ITP. Figure 8c (above, right) shows thatanionic
ITP was performed with unlabelled intact exosomes. The fluo-
rescently red-labeled cancer exosomes (50 ng mL™) and green-
labeled normal exosomes (40 ng mL™) that were separated or
obtained weremixed with mouse mAb against CD81 (a universal
surface protein biomarker for all exosomes).[?2!] To the mixture,
a rabbit anti-mouse secondary antibody labeled with Alexa Fluor
488 was added to stain the captured cancer exosomes.
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The studies reveal that Isotachophoresis has different benefits
such as no preparation stages necessary for sample, rapid imple-
mentation and applicability regarding a wide range of samples
simultaneously, and automated high-performance as well. Un-
like the advantages of the mentioned method, the disadvantages
of this protocol can be considered as selecting of suitable buffer
type.

As a conclusion and regarding the pFFE, the following rea-
sons provide a clear landscape to the researchers and scientists
to choose a suitable separation protocol whether described in the
past part and regarding the comparable parameters. The stud-
ies in this field reveal that uFFZE and pFFIEF are the most
general scenarios in the separation of protein compared to the
other techniques. The micron scale platforms supplies oppor-
tunity to be used lesser amount of expensive chemicals and
reagents. Also, large-scale separation, rapid and real-time separa-
tion with high efficiency is obtainable. In the micro scale separa-
tion of proteins isolation and characterization issues of target are
expectable.

2.2.3. Magnetic Separation

Magnetic particles can be manipulated with an external mag-
netic field®%); this unique property makes them attractive for
separating biomolecules from biological fluids. A magnetic par-
ticle has a magnetic core (Fe, Co, Ni, metal oxides, ferrites,
or alloys) encapsulated by an outer shell, and various recep-
tors can be linked to this outer shell.?73%] The magnetic par-
ticles can be functionalized with oligonucleotides, antibodies,
avidin, peptide sequences, or enzymes.*”! Magnetic manipu-
lation and functional coating properties of magnetic particles
enable them to be integrated with microfluidic platforms.[?*]
Magnetic particles have been synthesized in various shapes and
sizes ranging from a few nanometers to micrometers; they also
can possess varying degrees of magnetism.*1%311] An external
magnetic field can be applied using permanent magnets!*'?) or
electromagnets.331 Also, to increase the magnetic field gradient
inside the microfluidics, soft magnetic materials may be inte-
grated inside the microfluidic platform.!?23! Microfluidics incor-
porated with functionalized magnetic particles have been devel-
oped to separate various targets, such as DNA from blood (Figure
9a),1224255] DNA from foodborne bacteria,!??%! circulating cell-free
DNA (cfDNA,??l and protein (interleukin-8) from undiluted
serum.[228]

Fluid flow and magnetic force inside the microfluidics are sim-
ulated using finite element method-based software to improve
and optimize the system’s performance before fabrication.[??]
To simultaneously detect multiple influenza HA subtypes, two
different sizes of magnetic particles (10 or 5 pm) were func-
tionalized with anti-H7N9 and HIN2 antibodies. The PDMS
microfluidic platform consisted of two channels with 7 and
4 um heights acting as barriers for different-sized magnetic
particles.[3%] Tt was reported that antibody-coated magnetic beads
captured exosomes shed by tumor cells of breast cancer patients
(Figure 9b)[2*1] and derived from plasma of ovarian cancer pa-
tients, which were then separated in a microfluidic platform
(Figure 9¢).1232]
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One advantage of magnetic separation combined with mi-
crofluidics is controlling the concentration of the sample by ad-
justing the buffer volume; for instance, the sample volume was
reduced to 60 nL to separate human interleukin-6 (IL-6), which is
an approximately 15 X reduction in the sample volume compared
with conventional ELISA.[33] Another study reported a 10x de-
crease in sample volume for separating interleukin-8 from serum
samples.l??] In another design, magnetic nanochains were func-
tionalized with three different antibodies against three cancer
markers: prostate-specific antigen (PSA), carcinoembryonic anti-
gen (CEA), and a-fetoprotein (AFP) (Figure 9d).[?**] In a PDMS
microfluidic platform, mixing and separation processes were per-
formed.

Magnetic nanoparticles were functionalized with probe DNAs
to capture target DNA sequences. The PDMS microfluidic plat-
form consists of three channels, and a permanent magnet was de-
signed to capture the magnetic particles in the reaction area.l?*]
It was reported that H7N9 was detected with a detection limit of
8.4 ng mL™! using 10 pm magnetic beads coated with antibod-
ies. The 3-D microfluidic platform consisted of glass and PDMS
layers. The inside of the glass capillary channel was also function-
alized with antibodies to form a sandwich assay.[?*°]

The magnetic particles can separate the target biomolecule
(DNA, protein, RNA, cells, pathogens) from the complex
medium such blood or serum and then the captured target
biomolecule can be suspended in a friendly buffer which can
be conveniently used with microfluidics or microstructures.3!4
Various magnetic particles are commercially available and can
be purchased easily. The main advantage is applying an external
magnetic field (permanent magnets and/or electromagnets) to
move or manipulate the magnetic particles. The main disadvan-
tage is that unloaded magnetic particles present in the buffer can
aggregate with the loaded particles due to the magnetic interac-
tion and create sort of a noise signal. Table 9 summarizes some
parameters like fabrication methods, chip materials and design,
separated molecules, resolution, LOD, throughput, repeatability,
and flow rates used in magnetic separation studies.

2.2.4. Acoustic Separation

As a result of theoretical studies and published reports, the prin-
ciple of separating many biomolecules or cells exposed to acous-
tic flow and acoustic radiation forces according to their proper-
ties, such as size, shape, compressibility or density differences, is
frequently used in microfluidic technology.[?*’! Because of their
distinct advantages, such as excellent biocompatibility, controlla-
bility, and non-invasive and label-free qualities, acoustic microflu-
idic separation techniques are well-suited for biological material
applications. However, drawbacks such as reliance on external
equipment and insufficient throughput make laboratory-based
prototypes unsuitable for commercialization.

In the acoustic microfluidic separation method, both the drag
force and the acoustic radiation force (ARF) can generally be
mentioned as driving the mechanism of action. The sample
to be separated is subjected to an ARF (Fr) and a Stokes drag
force when it enters the microchannel (Fd). Mathematical ex-
pressions describing the forces to which these particles are sub-
jected derived from the publication of Gao et al.'®! The acoustic
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Figure 9. a) Schematic illustration of the microfluidic chip for DNA isolation. Adapted with permission.[?2°] Copyright 2014, AIP Publishing.
b,i) Schematic illustration of the microfluidic system for exosome separation: a) Exosome immunocomplex constructed on a magnetic bead.
b,ii) Exosome encapsulation in microdroplets. iii) Droplet digital ExoELISA chip. iv) Fluorescent counting of the positive droplets with the exosomes. v)
TEM images of exosomes. vi) NTA analysis and vii) Western blot analysis. Adapted with permission.[23'] Copyright 2018, American Chemical Society.
¢,i) Photo of the microfluidic device and schematics of the detection of circulating exosomes. ¢,ii and b, iii) Bright-field microscope images of the channels
and aggregated immunomagnetic beads. iv,v) TEM image of an exosome-bound immunomagnetic bead. Adapted with permission [232] Copyright 2016,
Photo of MiChip (scale bar: 0.5 cm): ii) single channel unit, i) multichannel arrays. iv) The MiChip assay for the detect|on of biomarkers. v) Magnet|c
nanochains SEM image (scale bar: 20 um, Inset: magnetic nanochain. scale bar: 200 nm). vi) SERS spectra of 6 representative SERS-encoded AuNRs.
vii) UV-vis spectra of original AuNRs, SERS-encoded AuNR, and antibody-conjugated SERS probes (Inset: TEM image of the AuNRs. Scale bar: 100 nm).
Adapted with permission.[234] Copyright 2018, Springer Nature. Note: 4-nitrothiophenol (NTP), 4-bromothiophenol (BTP), 2,3,5,6-tetrafluorothiophenol
(TFTP), 3,5-difluorothiophenol (DFTP), 2,4-dichlorothiophenol (DCTP), and 4-methoxy-a-toluenethiol (MATT).

microfluidic device is created by positioning a pair of interdigital
transducers (IDTs) on a piezoelectric substrate with PDMS and
altering the 15° inclination angle between the IDT and the mi-
crochannels. Oblique alignment guarantees that pressure nodes
and antinodes develop at an angle to the flow direction.?**] Bulk
acoustic waves (BAW) and surface acoustic waves (SAW), used to
manipulate biomolecules or cells in the microfluidic field, may
be divided or denoted into as two main categories of techniques.

Bulk Acoustic Waves (BAWs)-Based Separation: BAWS, usually
created using chip materials with high acoustic reflectance prop-
erties, such as silicon and glass, are connected to the piezoelec-
tric transducer microchannels and driven by an AC power source
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to produce ultrasonic standing waves within the microchannel.
BAWs spread through the mass of the materiall’! In their study,
Petersson et al.[2*] successfully separated lipids and erythrocytes
with high efficiency using the BAW device. As a result of their
research, they reported that separation efficiencies of over 80%
were obtained for triglyceride emulsions.

e Microbubble-Based BAW Separation: In recent vyears,
microbubble-based separation, a biomolecule separation
technique used frequently in microfluidic applications, has
been utilized with excitations at a relatively low frequency
in the kHz level. Acoustic bubble-based BAW devices are
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Table 9. Summary of magnetic microfluidic chips for separation and/or purification of different biomolecules.

Fabrication and Separation Chip design and materials Biomolecules  Resolution or LOD Throughput Repeatability Flow rate Ref.
method
Lithographically fabricated Synthetic antiferromagnetic Biotinylated LOD: 10 pm High-throughput NR NR [310]
antiferromagnetic nanoparticles (SAFs) substrates,
nanoparticles DNA
FeCo nanoparticles FeCo nanoparticles Protein LOD: 2.08x10° NR NR NR [317]
molecules of
IL-6
Superparamagnetic, by Glass, nickel, polyimide: i) Glass DNA Purity of .8 or  Volumetric throughput  Likely to be 10-50 mL h™! [225]
depositing and substrate with nickel grid, ii) higher of up to 50 mL h™! high.
patterning an array of Fluidic channels were cut into
thin nickel stripes on a a double-sided polyimide
glass substrate film, iii) Glass substrate
Superparamagnetic, 2 electrodes each one consists DNA NR Automation of the NR NR [224]
Photolithography of: DNA extraction
(Printing digital i) glass layers, ii) ITO process is possible
microfluidics (DMF) electrodes,
electrodes, applying iii) Dielectric layer, iv) Teflon
coatings to the top and layer
bottom plates)
Superparamagnetic beads Polycarbonate substrate ctDNA NR NR NR NR [312]
Fabrication method NA
Superparamagnetic PDMS microchannel bonded to  Cells (red blood Separation process  Cell throughput is Likely to be 25-40 uL h~! [223]
green-fluorescent glass layer with a NiFe layer cells) and has high 10000 cell s7! (s: high.
beads, and permanent magnet. bacteria efficiency second)

photolithography, and
soft lithography

being developed based on size or density. In this regard,
Rogers et al. developed a method that can be used to separate
silica beads and polystyrene particles of the same size. This
result shows that it is promising for biological applications in
separation.[19-240]

Surface Acoustic Waves Based Separation: Lord Rayleigh dis-
covered surface acoustic waves (SAWSs), also known as Reynolds
SAWs, in 1885, which were generated via IDT.[2*] SAWs spread
across the material’s piezoelectric substrate surface and work in
essentially the same way that BAWs do. The technique of using
SAWs has recently been adopted and is a reasonably new method
for microfluidic devices. SAW devices are divided into two sub-
classes: moving (or traveling) surface acoustic waves (TSAWs)
and standing surface acoustic waves (SSAWs).

® Traveling SAWs, TSAW-Based Separation: The TSAW-based
separation technique has been utilized to separate particles
of various sizes, including PS, fused silica (FS), and PMMA.
The particles are exposed to both acoustic radiation and fric-
tion forces in this separation process. However, it is neces-
sary to calculate the value of a dimensionless factor (k,) de-
rived by Skowronek et al. to define which force the particles
are subjected to.[1%21] Ma et al.[>*?] used the TSAW technique
to separate PS and PMMA microspheres using only mechan-
ical properties (Figure 10a). During acoustophoresis (AP), PS
and PMMA particles with the same diameter showed nonlin-
ear and different trends related to the applied TSAW frequency
and the mechanical features of the particles under an applied
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ARF. Although this technique shows promise for biological ap-
plications, it needs further investigation.

Separation with TSAW is used not only for separating poly-
meric particles but also for separating cells and biomolecules,
such as proteins and DNA, as well as viral and bacterial bodies or
antigens. The microfluidic chip makes separation possible even
atlow infection levels. Afzal et al.3*] successfully simultaneously
segregate three proteins, such as thrombin (th), IgE, and mCar-
dinal2, via TSAW-guided ARF in an acoustic fluid device.

® Standing SAWSs, SSAW-Based Separation: Based on the princi-
ple that two acoustic waves propagating in opposite directions
occur at the surface, numerous pressure and anti-pressure
nodes are used on the substrate surface in SSAW microflu-
idic separation.['?] When AC signals are applied to the IDTs,
two identical frequency SAWs are produced. These SAWs are
opposing and radiate toward the main channel in the device.
These two opposing SAWSs propagating towards the channel
produce constructive interferences, resulting in SSAWs form-
ing in the region where the micro-channels are connected.[>*]
The density and compressibility of the particles in the medium
determine the acoustic contrast factor (¢). This has an impact
on particle migration to pressure nodes or antinodes. Positive
substances will migrate toward pressure nodes and negative
substances will move toward pressure antinodes for ¢ values
that are negative for lipids and gas bubbles and positive for bi-
ological cells and solid particles.'>?*}] Particles in the SSAW
field are subjected to four different forces. These forces are,
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Figure 10. a) The acoustophoretic microfluidic system utilized for particle separation is depicted. a,i) Illustration of 3D perspective. ii) The device’s cross-
section. The PDMS channel is placed on a TSAW transducer with IDTs connected to the microchannel. The PDMS channel is disposable. These particles
have different mechanical properties and are translated by different distances while flowing through the channel. In this way, it is collected from different
outputs. iii) A photograph of the completed apparatus. The scale bar measures 5 mm. Reproduced with permission.[?4?] Copyright 2017, American
Chemical Society. b) Diagram depicting the target biomolecule-microparticle combination creation and the acoustofluidic separation device used to
extract the targeted protein using SSAWSs. b,i) A biotin-labeled aptamer coupled to previously synthesized Streptavidin-functionalized microparticles
preferentially collected target biomolecules (blue) from a complex mixture (green). b,ii) Target biomolecules (blue) and non-target biomolecules (red)
in a sample fluid from sheaths 1 and 2 with hydrodynamic focusing are laterally deflected from laminar flow streamlines by the SAW, originating from
the IDT. In this way, target biomolecules are isolated. The separated biomolecules are collected separately from sheaths 1 and 2. Reproduced with

permission.[24] Copyright 2017, American Chemical Society.

respectively, the lateral acoustic force along the x-axis; the vis-
cous force in the direction opposite to the flow direction of the
particles; the gravitational force in the negative y-axis direction
of the coordinate plane; and the buoyant force in the positive
y-axis direction.[243-24]

Since the magnitudes of the gravitational and buoyancy forces
are equal and opposite, they balance each other, and the particles
move along the direction of the viscous force and acoustic force in
the microfluidic channels. For this reason, the mathematical ex-
pressions of the primary acoustic force (Fr) and the viscous force
(Fn) acting on the particles have been derived and are reported
here:(2#2]

2V,
Fr=-— <M) ¢ (B, p) sin (2kx) (1)
21
50, = 2p, B,
p)=—2"_r 2
b Gon =2 @
Fn = —6rnR,v 3)
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where p,, acoustic pressure; 4, SAW wavelength; V,, volume of
the particle; k, wave vector; x, distance from a pressure node; p,,
density of the particle; p,,, density of the medium; §,, compress-
ibility of the particle; f,,, compressibility of the medium; #, vis-
cosity of the medium; R, radius of the particle; and v, relative
velocity of the particle.

Nam et al.?*] used SSAWs and a microfluidic device to ex-
tract platelets from undiluted whole blood. They reported that
with the developed method, an RBC clearance rate of over 99%
and a purity of platelets close to 98% could be obtained from
whole blood. Ahmad et al.[?*] developed an acoustofluidic separa-
tion device using functionalized microparticles to isolate particle-
conjugated target biomolecules using high-frequency SAWs on
chip (Figure 10b). They developed a biotin-labeled aptamer
with streptavidin-functionalized microparticles that could selec-
tively capture the target model protein, thrombin. The formed
biomolecule-a continuous flow regimen successfully separated
microparticle complexes within a microchannel.

In general, acoustic-based microfluidic separation of
biomolecules enables continuous flow operation and com-
patibility with small sample volumes while providing gentle,
label-free manipulation with great precision and selectivity.
Its integration capability, low danger of cross-contamination,
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Figure 11. a, i) The design of the aliquoting fluidic disk. ii) The illustration of the centrifugal microfluidic disk containing a magnetic module. iii) The
magnet alternatively moves in the reaction chamber when the rotational speed is low during incubation. iv) In the washing process, the magnetic beads
were kept in the reaction chamber at high rotational speed for transferring the liquid into the waste chamber. Reproduced with permission.[?4?] Copyright
2021, AIP Publishing LLC. b) The schematic figure uses the centrifuge fidget spinner to separate plasma. Reproduced with permission.[2°°1 Copyright
2021, American Chemical Society. c) The schematic figure of the nine-layered centrifugal microfluidic disk with the M-valves for chromatographic sepa-
ration. d) The chip morphology contains six sample reservoirs, a column chamber, and one collection chamber. The spin procedure of the chip for each
step includes four cycles at low speed (i.e., 800 rpm) for one minute and a continuous high-speed cycle (i.e., 2400 rpm) during the next two minutes
to incubate the sample and resin and remove the waste solution. The illustration of four main steps, i: washing, ii: sample addition, iii: elution, and iv:
collection, in the centrifugal chromatographic chip during RNase isolation, is also shown. Reproduced with permission.[2>'l Copyright 2021, The Royal

Society of Chemistry.

customizable parameters, and low energy consumption make it
a versatile and efficient approach for a variety of biomolecule sep-
aration applications. Size dependence, difficulties with complex
sample mixtures, sensitivity to frequency and environmental
factors, a small number of applicable biomolecule types, device
complexity, potential for clogging and trapping, constrained
throughput, potential biomolecule conformation changes, sam-
ple pre-processing requirements, a lack of standardization, and
limited commercial availability are some of the drawbacks of
this method.

2.2.5. Centrifugal Microfluidic Chip

Centrifugal microfluidic chips are widely used in immune anal-
yses, protein purification, clinical diagnosis, food/chemical com-
pounds analysis, and other areas. A centrifugal microfluidic chip
is a microfluidic disk that integrates many microfluidic functions
for flow control, fluid distribution, mixing, separation, etc.[2*’]
Generally, the driving forces for a centrifugal microfluidic chip
include capillary action, the Coriolis Effect, the Euler force, and
the centrifugal forces. The centrifugal force could pump the fluid
flow and cause it to emanate from the center to the edge of a
spinning disk. In addition, the Coriolis Effect, Euler force, and
centrifugal force can be controlled by regulating the angular ac-
celeration and the rotational speed of the disk, which provides a
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convenient way to conduct fluid transportation from one reser-
voir to another.

Moreover, valves play an indispensable role in designing a
microfluidic system because they offer the “on” and “off” con-
trol of fluid transportation in microfluidic systems. The func-
tion of valves could be regulated via the geometry and surface
properties of the microchannels. By changing the cross-section
or the surface properties of microchannels, a pressure barrier
could be formed, which can be used to control the transporta-
tion of fluids.[**®) Therefore, the combination of the control over
the rotational disk speed and the geometry of the microchan-
nels enables the conceptualization of centrifugal microfluidic
systems with versatile functions for different purposes. For ex-
ample, an enzyme-linked immunosorbent assay (ELISA) proto-
col usually involves multiple steps for reagent addition and wash
processes. Wu et al.l?*! proposed a protocol on a centrifugal mi-
crofluidic disk to perform enzyme-linked immunosorbent assays
(Figure 11a). In their design (Figure 11a(i)), the reagent was
evenly distributed in the aliquoting chamber and then trans-
ferred into different reaction chambers to mix with the sam-
ples. During the incubation period, the rotational speed was kept
at a low speed so that the capillary force could overcome the
centrifugal force, and the liquid advanced to the exit of the si-
phoning channel. In the meantime, the low centrifugal force
also favored the movement of the magnetic beads in the reac-
tion chamber, which resulted in the excellent mixing of samples
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and reagents during the incubation process. After incubation,
the reagent could be removed from the reaction chamber by in-
creasing the disk’s rotational speed through a siphoning channel.
An ELISA protocol can be completed by repeating the liquid ad-
dition and removal processes. Since the liquid removal process
can reduce the amount of the remaining reagents in the previ-
ous step, the signal-to-noise ratio of assays could be enhanced
(Figure 11a(ii-iv)).

Centrifugal microfluidic systems have also been applied to sep-
arate the compounds in human blood samples. Lu et al.[?*% in-
tegrated a polyethylene tube with a fidget spinner, performed
as a centrifugal separator for isolating the plasma compounds
(Figure 11b). This design only requires an ultralow volume blood
sample (5-15 pL) from a finger-prick and reduces the risk of con-
tamination from using pumps. In addition, the fidget spinner
separator provided a rapid separation process (less than 7 min)
and recovered 99% plasma purity. The biological activity of yield
plasma approached 98%, which was validated by a paper-based
protein ELISA. This shows that the platform provides an inexpen-
sive and rapid method for blood-related applications in resource-
limited regions.

In addition, Aeinehv et al.”?>!l reported a chromatography car-
tridge device in a multi-layered centrifugal microfluidic disk for
isolating RNase A. In the fluidic design, the disk that contained
one reaction column and six reagent chambers for storage of
samples, elution buffers, and the washing solution was fabricated
by multiple layers of PVC and PSA (Figure 11c). Active mechani-
cal valves (M-valves) were made by creating a breakable thin wall
in one layer, which was conducted by cutting the PVC layer to less
than its total thickness. Notably, the M-valves play indispensable
roles since they were tested at the rotational speed of 7000 rpm
without leakage while they can be opened easily by an external
mechanical force. In the assay protocol, the reaction chamber was
first filled with the PEG resin in ethanol solution. By increasing
the rotational speed to 2400 rpm, the PEG resin could be com-
pressed and stacked to form a column in the reaction chamber,
and the ethanol could be subsequently drained from the cham-
ber. In the washing step, the first M-valve was actuated and PBS
flowed into the column to wash out the residual ethanol. The
PBS solution was incubated in the column for one minute un-
der a low rotational speed (800 rpm) and the centrifugation was
brought to a stop. Then the rotational speed was raised to 2400
rpm during the next two minutes to move (or shift) the waste
solution from the reaction chamber into the collection chamber.
In the next step, the second M-valve was actuated to convey the
suspended PEGylated RNase sample into the column. After the
protein absorption step, the waste liquid in the collection cham-
ber was collected for further analysis. Similar procedures were
performed for the four elution buffers. The four elution buffers
were passed through the column sequentially and then collected
in the collection chamber for further analysis. The success of this
design indicates that centrifugal microfluidic chips offer a next-
generation strategy for miniaturizing chromatographic devices
and reducing chromatographic analysis time.

In summary, these reports indicate that centrifugal microflu-
idic systems provide a new perspective for designing the next-
generation portable microfluidic system for various applica-
tions. Compared with pump-driven microfluidic systems, cen-
trifugal microfluidic systems show advantages, such as low-cost
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fluid transportation by the rotation of the disk and the integra-
tion of fluidic components, such as pumps, valves, flow mix-
ers/rectifiers, and others. In addition, a wide range of the sam-
ple volume (from nanoliters to milliliters) can be processed by
centrifugal microfluidic systems, and parallelization tests can
be conducted to validate the efficacy and performance of the
test systems. Compared to conventional capillary forces, the lig-
uid driving forces from the centrifugal system show more sta-
ble flow behaviors. Moreover, the liquid driving force can be
regulated by changing the direction of rotation (clockwise or
counter-clockwise), the magnitude of the angular acceleration,
and the rotational speeds. Furthermore, a process integration of
multiple-step analysis on a disk can be achieved with the com-
bination of fluidic functions, which can be controlled with the
rotation of the disk and the geometry of the microstructure on
the disk. Therefore, the features mentioned above indicate that
the centrifugal microfluidic systems, or the “lab-on-a-disk” plat-
forms, provide a programmable and portable design for various
applications.

2.2.6. Thermophoresis

Since it was recognized that a temperature gradient causes a re-
distribution of species in a mixture, thermodiffusion in liquids
has been intensively studied. Thermal diffusion (The Ludwing—
Soret effect) was a significant breakthrough since it allowed for
the investigation of the partial separation of components in a mix-
ture using a temperature gradient.[”>22%3] As a temperature gra-
dient phenomenon thermophoresis is when molecules, particles,
or cells suspended in a media migrate through a channel as a re-
sult of an applied heat gradient. Because it can only be seen at
extremely small scales (less than 1 mm), it can be used in con-
junction with Brownian motion to control cells or other particles
according to their characteristics even in systems lacking pres-
sure gradients.[?*]

Different techniques such as laser beam, hot/cold liquid, or a
heater can be used to create the temperature gradient to force and
manipulate molecules or particles.

Vigolo et al. demonstrate that thermophoresis, or mass flow
driven by thermal gradients, may be utilized to drive parti-
cle motion in microfluidic devices using appropriate temper-
ature control tactics. Thermophoresis offers significant advan-
tages in terms of selectivity over typical particle manipulation
techniques due to its strong sensitivity to particle/solvent in-
terfacial characteristics. Furthermore, they show that by adding
certain electrolytes and utilizing the additional thermoelectric
effect resulting from their differential thermal responsiveness,
it is possible to selectively drive particles to the cold or hot
side.[31¢]

The viability of employing thermophoresis to separate sub-
microparticles of varying sizes in a thermophoretic sorter with
an expansion-contraction microchannel is investigated by Rui-
jin et al. The chip has two inlets, A and B, as well as a sepa-
ration channel, sub-outlets, a Plate heater, and an enlarged re-
gion. The 0.5 Im and 1.0 Im fluorescent particles are only fed into
the system through inlet B, and the tracer particles are equally
distributed in deionized water. The researchers used numeri-
cal simulations to determine the particle trajectories at various
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inlet velocity, sheath flow rates, channel expansion-contraction
ratio, and wall temperature differential. The results suggest that
thermophoresis can be used to sort submicroparticles of varying
sizes, and that smaller inlet velocity, bigger wall temperature dif-
ferential, lower sheath flow rate, and higher channel expansion-
contraction ratio can improve separation efficiency. The study
also analyses numerical and experimental results and supports
the thermophoretic sorter’s preferable parameters based on nu-
merical and experimental results.[?5]

Geelhoed et al. described a microfluidic system that sepa-
rates particles using thermophoresis. The microfluidic device
is constructed of silicon, with a silicon-etched integrated ther-
mophoretic separator channel. Because the thermal resistance
across the channel must be high, a slit is carved from the lower
side of the wafer to separate the chip’s hot and cold sides. A heater
is placed on top of a silicon nitride layer, which is an efficient ther-
mal insulator, to provide a 1 mm thin transparent layer that allows
the channel to be lighted from both sides. The system separates
83% of particles in ~100 s while requiring minimum electrical
power. The study compares experimental data to theoretical ex-
pectations and discovers a good fit. They also examine potential
applications for this technology and mention that more research
is needed to fully comprehend the increased separation speed.
The research reveals a revolutionary particle separator that can
be applied on-chip and has the potential to transform lab-on-a-
chip systems.[25¢]

Duhr and Braun offer a thermophoresis-based approach for
capturing and aggregating single particles on a PDMS-based
microfluidic chip. The authors show how opposing fluid flow
and a temperature gradient can capture and accumulate DNA
molecules. The authors demonstrate how a radially converging
temperature field can limit DNA to a narrow region.”] Duhr
et al. describe a microfluidic all-optical approach for measur-
ing DNA thermophoresis. The authors used a narrow cham-
ber sandwiched between glass covers or PDMS slides, and a
moderately focused infrared laser was used to heat the cen-
ter of the chamber locally. They discovered that the temper-
ature and concentration profiles across the chamber had the
same parabolic shape, and that fluorescence imaging averaging
across the chamber produces no artifact. The authors addition-
ally accounted for fluorescence dye bleaching and inhomoge-
neous fluorescence illumination. The observed results and pa-
rameters open up new avenues for monitoring thermophore-
sis at the single-molecule, near-boundary, and complex mixture
levels.[%8]

Thermophoresis, which has been studied extensively since the
discovery of the influence of temperature gradients on species
dispersion, has resulted in key advances such as the Ludwing-
Soret effect. This small-scale phenomenon permits precise ma-
nipulation of particles, cells, or molecules within microfluidic
systems, showing promise for a wide range of applications.
The benefits include selectivity based on interfacial properties
that outperform previous approaches. Using thermophoresis, re-
searchers demonstrated particle motion control, separation, and
accumulation in microfluidic devices. However, limitations in-
clude the inability to apply at extremely tiny sizes and the require-
ment for optimization. To summarize, thermophoresis has the
potential for precise manipulation, but further research is needed
to fully exploit its powers.
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2.3. Hybrid Techniques

Isolation of biomolecules and cells from heterogeneous sam-
ples is one of the highest steps of diagnostic and pharmaceuti-
cal research.3¥7-311 Microfluidic chips offer several advantages
over centrifuges and cytometers, including high speed, easy
transportation, simple operation, reduced costs, and the ability
to handle high volumes of reactions.?*32°1 Biomedical samples
typically consist cells, viral residues, proteins, and many other
molecules. These molecules often present challenges due to their
minimal numbers and small sizes compared to the surrounding
environment.32!] In the past decade, hybrid microfluidic system
have emerged as an attractive approach for obtaining more ac-
curate results. Hybrid techniques in microfluidic chips for sepa-
ration often integrate both passive and active approaches to en-
hance separation efficiency and selectivity.*2?! The combination
of these strategies leverages the inherent physical and chemical
properties of the components being separated while also apply-
ing external energy or forces. As previously mentioned, the active
methods involve the application of external physical forces such
as magnetic, electrical, acoustic, light, and thermal forces,322-3%]
and in passive methods, the shapes of channels and the flow ve-
locity play a crucial role in the separation process.!?!326327] While
the active methods offer high accuracy in molecular and cellular
isolation, it can be slow at times. In contrast, the passive approach
generally offers greater speed and convenience. Therefore, the in-
tegration of active and passive enables enhanced control over the
separation process.328]

Integration of passive and active separation strategies within
hybrid techniques enables synergistic effects and improved sep-
aration performance. For example, combining size-based fil-
tration with electrophoresis can enhance separation efficiency
by selectively driving charged particles through size-exclusion
membranes.3?! In addition, according to the study by Peters-
son et al. in Analyst (2004), the integration of adsorption-based
separation with acoustophoresis enables improved capture and
release of target molecules by leveraging acoustic modulation
of surface affinity.33% Also, controlled diffusion-based separa-
tion can be combined with magnetophoresis for sorting and
separation of magnetically labeled targets with different diffu-
sion rates.**! These examples highlight the possibilities of in-
tegrating passive and active separation strategies in hybrid tech-
niques for microfluidic chips. By combining these approaches,
researchers can achieve enhanced separation efficiency, im-
proved selectivity, and precise control over separation processes.

Hybrid methods can be categorized into five parts based on the
physical principles involved in the isolation process, as illustrated
in Figure 1:

(@) Electrophoresis-assisted hybrid techniques (EP-assisted Hy-
brid techniques)

(b) Dielectrophoresis-assisted hybrid techniques (DEP-assisted
techniques)

(c) Magnetophoresis-assisted hybrid techniques (MP-assisted
technique)

(d) Acoustophoresis-assisted hybrid techniques (AP-assisted
technique)
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Figure 12. Schematic diagram of DEP technique. a) DEP effects, b) dielectrophoresis, and magnetic separation.

(e) Optophoresis-assisted hybrid techniques (OP-assisted tech-
nique)

2.3.1. Electrophoresis-Assisted Hybrid Technique

EP-integrated microfluidic systems have been applied for sepa-
rating biomolecules such as peptides and proteins using mono-
liths. For instance, measuring of biomarkers in maternal fluids
was examined, as these markers give high sensitivity and speci-
ficity for early preterm birth (PTB) prediction.'>l Here, mono-
liths were fabricated in a COC plate with monomers BMA, octyl
methacrylate (OMA), and LaMA using the UV polymerization
technique. OMA showed the desirable selection and elution of
fluorescence labeled P1 (PTB peptide), ferritin, and lactoferrin
(PTB proteins). Furthermore, the developed electrophoretic mi-
crofluidic chip demonstrated improved efficiency in separating
PTB biomarkers compared to off-chip techniques regarding elec-
troelution profiles. Additionally, the on-chip labeling technique
required reagent volumes approximately 10-fold lower (around
10 uL) and completed the process ~30-fold faster (in 15-20 min)
than off-chip labeling procedures. In another study, an OMA-
incorporated pH-mediated PMMA microfluidic chip was used
for separating PTB biomarkers by utilizing SPE.[**®! This single-
channel SPE device demonstrated an approximately 50-fold in-
crease in enrichment for a low nanomolar solution of P1. More-
over, this approach was integrated with electrophoresis, and 15-
fold enrichment of P1 was achieved within 5 min of injection.
GMA was also used as a monomer to fabricate monolith in situ
prepared in COC channels.['] The monolith surface was modi-
fied with immobilized antibodies for selective extraction of fluo-
rescently labeled PTB biomarkers (ferritin and lactoferrin) and
on-chip electrophoresis was applied for the separation of PTB
biomarkers. This device shortened the analysis time (<30 min)
even for low analyte concentrations in human serum.

2.3.2. Dielectrophoresis-Assisted Hybrid Technique

DEP is a powerful technique that leverages the manipulation of
particles in non-uniform electric fields. The DEP is a powerful
technique that leverages the manipulation of particles in a non-
uniform electric field. In the context of microfluidic chips, DEP
can be integrated as a hybrid technique to enhance separation
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processes. DEP offers the ability to selectively control the move-
ment and positioning of particles based on their polarizability
and size, enabling efficient sorting and separation within mi-
croscale devices. In the DEP technique, biomolecules are drawn
towards the strongest part of the electric field, driven by the per-
meability and electrical conductivity of molecules and fluids. The
electric force in this technique is adjustable, allowing control over
the movement of molecules by altering the frequency of the elec-
tric field***) (Figure 12).

By combining DEP technique with other separation mecha-
nisms, such as size-based filtration or electroosmotic flow, re-
searchers have achieved improved separation performance and
enhanced selectivity. This integration allows for the synergistic
utilization of different physical principles, expanding the capa-
bilities of microfluidic systems for molecular separation. Several
studies have explored the potential of DEP-assisted hybrid tech-
niques in microfluidic platforms. Studies on DNA are crucial
for gene therapy, research on inherited diseases, development
in genetic science, and even legal considerations.*33] The prepa-
ration of DNA samples is a laborious process, that can impact
their quality and quantity.***l The DEP method has been exten-
sively researched for DNA analysis due to its advantages in sepa-
rating small particles. Manouchehri et al.33*] employed the DEP
method to isolate extracellular DNA in plasma for cancer detec-
tion. They successfully isolated free DNA from plasma in a highly
conductive medium within 20 min. Remarkably, this method al-
lows for DNA separation from plasma in volumes as small as 25
pL. The authors claimed that their study represents the first appli-
cation of DEP in isolating DNA from plasma for the identification
of specific cancer-related mutations.

2.3.3. MP-Assisted Hybrid Technique

Magnetophoresis is a technique that utilizes magnetic fields to
manipulate the motion of magnetic particles within a fluidic en-
vironment. When integrated as a hybrid technique in microflu-
idic chips, magnetophoresis offers an effective means of sepa-
ration and manipulation. By functionalizing magnetic particles
with specific molecules or antibodies, target analytes can be se-
lectively captured, leading to efficient separation and enrichment
processes. The magnetic force exerted on a molecule depends
on several factors, including the difference in magnetic suscep-
tibility between the molecule and the base liquid, the volume
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of the molecule, the density of the magnetic flux, the gradient
of the magnetic field, and the permeability of space. The appli-
cation of external magnetic fields enables precise control over
the movement and positioning of magnetic particles, directing
them to desired locations within the microfluidic device. This
hybrid approach combines the advantages of magnetic manipu-
lation with other separation mechanisms, allowing for enhanced
separation performance and improved selectivity**¢-3401 Ying Xu
et al.3%7] utilized magnetophoresis method to isolate free extra-
cellular DNA. First, free DNAs were labeled with magnetic par-
ticles and then subsequently washed using appropriate meth-
ods. The separation of molecules was achieved through a com-
bined method of magnetophoresis and viscoelasticity. This pro-
cess was performed in two steps. In the first step, the magnetic
and nonmagnetic particles were concentrated in a straight rect-
angular channel by leveraging fluid viscoelasticity. In the second
step, the channel was exposed to the magnetic field, causing the
magnetic particles to deviate from the main flow and allowing
for the separation of non-magnetic molecules. Currently, most
of the magnetophoresis-assisted devices rely on the attachment
of molecules to magnetic particles to achieve precise results. The
passive compartment is positioned in the initial stage to consoli-
date the particles and molecules within a single flow. In the active
stage, a magnetic field is applied to manipulate and separate the
molecules labeled with immunomagnetic particles.>*!]

2.3.4. AP-Assisted Hybrid Technique

AP is a technique that utilizes acoustic waves to manipulate par-
ticles within a fluidic environment. When integrated as a hy-
brid technique in microfluidic chips, AP provides a powerful
means of separation and manipulation. By exploiting the prop-
erties of particles, such as size, density, and acoustic properties,
AP enables precise control over their movement, resulting in ef-
ficient separation and enrichment. Acoustic flow is generated by
stimulating a microfluidic channel with ultrasound, bringing it
to a resonant state. Sound waves have a proportional effect on
nano-sized bioparticles, such as DNA, proteins, viruses, and ex-
osomes, based on their sizes. Therefore, larger molecules expe-
rience stronger forces compared to small molecules. Molecule
density also play a role in this phenomenon with the dimen-
sions of molecules.??"! Acoustic forces generated by the interac-
tion between particles and acoustic waves can be utilized to posi-
tion, trap, and separate particles within the microfluidic device.
By applying different frequencies, modes, and spatial patterns of
acoustic waves, researchers can achieve fine-tuned control over
particle motion, enhancing the capabilities of microfluidic sys-
tems for molecular separation. Deterministic lateral displace-
ment (DLD) is a passive method proposed by Huang et al.l*?’] that
enables the precise separation of beads as small as 20 nm. Addi-
tionally, it can be used to separate bioparticles from plasma.[3]
while this method is effective for accurate bioparticle separation,
it lacks the required flexibility to accommodate changes. To ad-
dress these limitations, DLD needs to be combined with an active
method.?**] Compared to DEP, which requires electrodes inside
the chip and a special buffer, AP is a non-contact and biocompat-
ible method for biomolecule isolation that offers more flexibility
for passive components. Furthermore, ultrasound of varying in-

Adv. Mater. Interfaces 2024, 11, 2300492 2300492 (35 Of45)

www.advmatinterfaces.de

tensities is safe for biological samplesi***; making it widely ap-
plicable in various biomedical processes.>*] Since the common
problem with these devices is low-power AP, combining AP with
other passive techniques can provide additional benefits to AP-
assisted methods. Optophoresis-assisted Hybrid Techniques

Besides electric, magnetic, and acoustic fields, the utilization
of highly concentrated light beam have rapidly advanced in re-
cent decades. Optophoresis (OP) is a technique that utilizes
light-induced forces to manipulate particles within a microfluidic
chip.[3*6] When OP is integrated as a hybrid technique, it provides
precise control over particle motion by leveraging their optical
properties, such as refractive index or absorption. This technique
facilitates efficient separation and manipulation of molecules
within microscale environments. Optical methods offer the ad-
vantages of not interfering with the functions of biological cells
and possess the capability to manipulate smaller targets, includ-
ing cells and biomolecules. As a result, they are considered more
promising than other techniques.3¥’] By leveraging optical trap-
ping or gradient forces, OP allows for the selective positioning
and manipulation of particles. Optical traps, created using fo-
cused laser beams, can immobilize or trap particles at specific lo-
cations within the microfluidic device. A focused laser beam can
manipulate biomolecules based on the difference in refractive in-
dex between a molecule and its environment. This manipulation
is achieved through the generation of scattering forces and gradi-
ents. The scattering forces cause the biomolecule to move away
from the center of the beam, while the gradient forces pull the
molecules towards the region of maximum beam intensity.[>48:34]
Optical forces can be used to sort molecules by active and pas-
sive methods.3>%) The passive method for separation was intro-
duced by MacDonald et al.l>!] A wide, interconnected, reconfig-
ured 3D optical network, similar to DLD, was utilized to sort pro-
tein microcapsules based on the refractive index by the size of col-
loidal particles. As the mixture passes through the network, the
molecules deviate from their original positions while the rest par-
ticles remain in place. The efficiency of this separation method
primarily relies on the response of the biomolecules to their op-
tical potential. In their study, Yamada et al.32°) employed the
pinched flow fraction (PFF) method, a straightforward passive
method for separating DNA in a micro-channel using spread-
ing flow. It can be easily combined with active systems due to
the simple structure of this system. The integration of OP with
other separation principles in hybrid systems enhances separa-
tion performance and expands the capabilities of microfluidic
chips. By combining optical forces with other techniques, such
as size-based filtration or electrokinetic separation, researchers
can achieve improved selectivity and efficiency in molecular sep-
aration processes.

Hybrid microfluidics has received significant attention since
its emergence in recent years. It combines the advantages of dif-
ferent techniques, allowing for enhanced performance and ver-
satility in the separation of biomolecules. The continuous sepa-
ration of biomolecules in hybrid microfluidic devices has shown
promising results, demonstrating the potential for various appli-
cations in diagnostics, pharmaceuticals, and other areas of re-
search. However, despite the progress made in the field, there are
still significant challenges that need to be solved to fully realize
the practicality and widespread adoption of hybrid microfluidics.
One major challenge lies in the commercialization of hybrid
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technologies, ensuring that they can be effectively implemented
in industrial and clinical settings. While the field remains attrac-
tive and dynamic; it is important to bridge the gap between the
prototype stage and clinical applicability. Many of the microflu-
idic technologies investigated in current studies are still in the
early stages of development and have limited clinical use.

To advance the field of hybrid microfluidics, researchers need
to focus on finding effective ways to translate these technolo-
gies into practical and impactful medical applications. This re-
quires exploring innovative strategies and developing robust sys-
tems that can be seamlessly integrated into existing healthcare
infrastructure. By addressing the practical challenges and estab-
lishing reliable and scalable solutions, hybrid microfluidics has
the potential to revolutionize medicine and significantly improve
diagnostics, therapeutics, and patient care. With continued inno-
vation and collaboration, hybrid microfluidics can pave the way
for groundbreaking advancements in various healthcare applica-
tions.

3. Conclusions

Molecular separation and precise identification of biomolecules,
like nucleic acids, proteins, and polysaccharides from complex
biological fluids are vital to numerous medical applications. Se-
lective separation and identification of target analytes at molecu-
lar levels are more difficult because of the limited sample quan-
tities. CE is a reasonably quick micro-level separation method
and requires lower sample quantities. However, it can only sep-
arate biomolecules based on charge-to-size ratio. Passive and ac-
tive methods are also capable separating of biomolecules. Pas-
sive methods drive channel structures, forces, and interactions
between the molecules, and the flow field to manipulate the
target biomolecules. Open microfluidic systems make surface
customization and manufacturing simpler while increasing de-
pendability by doing away with air bubble problems, providing
promise as sensors for diagnostics, and facilitate fluid access for
adding samples. They can be used in a wider range of technolo-
gies by addressing problems like evaporation, sample leakage,
and restricted pressure control with techniques including sacri-
ficial liquids, humidified containers, and enclosed cages. Pillar
arrays microfluidic systems that are produced by both top-down
and bottom-up techniques, allowing for more interior surface
area for biomolecule separation. However, these systems need ex-
pensive external pumps for fluid control, and leakage from proba-
ble biomolecule blockage is a possibility. Additional investigation
is required to validate the repeatability and comparability of sys-
tem outputs with human and animal samples. Resin (beds) incor-
porated microfluidic channels were used in chromatography be-
cause of their strong adsorption potential and huge surface area.
Different types of resin materials are used, including polymers,
inorganic compounds, and natural polysaccharides. While resin-
based microfluidic systems have advantages like low reagent con-
sumption and quick results, they also come with difficulties like
material synthesis, immobilization, and mechanical strength re-
strictions, particularly for soft gels, which can affect packaging
and pressure generation. Monolithic microfluidics characteris-
tics such as high surface area, porosity, and ease of fabrication
make them ideal for methods like SPE and affinity-based sepa-
rations. However, to maintain surface area and separation effec-
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tiveness during production, precise control of porosity is essen-
tial. Challenges include the requirement for careful chip material
selection for in-situ polymerization, which might affect material
integrity and potential reductions in binding capacity caused by
inadequate porosity adjustment. Microfluidic chip applications
could be expanded and extraction properties improved by us-
ing composite or hybrid monolith materials, such as those im-
printed with molecules or nanoparticles. Nanowires incorporated
microfluidic systems have high potential for filtering DNA due
to its high surface-to-volume ratio, and the resulting nanowire
network improves capture area and may be used to separate
proteins and RNA. However, using expensive methods such as
photolithography, electron beam lithography, vapor-liquid-solid
growth, deposition, and reactive ion etching, for microfabrication
of nanowires is the drawback of these systems. L/L extraction mi-
crofluidic systems have advantages like improved mass transfer,
decreased consumption, selectivity, and ease of integration. How-
ever, scaling it up from the lab to industry, working with compli-
cated materials, and initial setup expenses are drawbacks.

Active methods use external forces such as acoustic, magnetic,
and electric fields to manipulate the target biomolecules. DEP de-
vices are useful for the selective purification, separation, and in-
vestigation of the properties of biological materials without caus-
ing structural damage, especially in microfluidic systems. The ef-
fect of DEP on subcellular molecules, in particular nucleic acids,
for applications in separation, trapping, purification, and self-
assembly is also highlighted in literature. uFFE is useful for pro-
teomics protein purification due to advantages like decreased la-
bor requirements, quick implementation, and improved separa-
tion speed; however, difficulties like gas bubble generation, ma-
terial selection, and sensitivity to electric field perturbations may
occasionally prevent resolution. In magnetic separation systems,
magnetic particles rapidly remove target biomolecules from com-
plex media such as blood, allowing for easy integration with mi-
crofluidics and manipulation with an external magnetic field;
nevertheless, the presence of unloaded particles in the buffer
might cause aggregation and noise. Acoustic microfluidic separa-
tion approaches provide label-free and non-invasive separation of
biomolecules based on features such as size and density, but their
dependency on external equipment and low throughput make
commercialization difficult. Centrifugal microfluidic systems are
a low-cost solution to portable microfluidic designs that integrate
components and enable steady fluid transfer via disk rotation.
These systems can handle a wide range of sample volumes, have
steady flow characteristics, and can allow multi-step analysis via
disk rotation and microstructure geometry control, making them
versatile platforms for a variety of applications. Thermophoresis
allows for precise manipulation of particles, cells, or molecules
within microfluidic devices, with benefits such as increased selec-
tivity; however, size constraints and optimization requirements
exist. More research is required to fully realize its potential.

In the case of the complex biological samples, precise sep-
aration with a single-module microfluidic device (either pas-
sive or active) seems to have difficulty. Therefore, hybrid mi-
crofluidics are emerging techniques that combine active and
passive methods, and provide advances in reaching stability of
performance, convenience, and versatility. Hybrid microfluidics,
which combines several approaches, has the potential to im-
prove biomolecule separation for applications in diagnostics and
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pharmaceuticals. However, commercialization and clinical inte-
gration of them remain hurdles. Hybrid microfluidics make it
possible to process multi-target samples; enhance the ability for
multiplexed separation, adjustability for a wider working range,
and higher sensitivity. To maximize the impact of these technolo-
gies, researchers should concentrate on translating them into
practical medical applications, addressing practical challenges,
and developing robust, scalable systems that can seamlessly inte-
grate with healthcare infrastructure, potentially revolutionizing
medicine and improving diagnostics, therapeutics, and patient
care. The key to unleashing the revolutionary potential of hybrid
microfluidics in healthcare is continued innovation and collab-
oration. Nevertheless, the separation methods elucidated here
have a great potential for use in biological research and clinical
practices by determining the technique depending on the need.
Although much progress in microfluidic-based molecular sepa-
ration methods has been reported, there are numerous questions
about their integration with other components. In this regard, re-
search should focus on integrating multiple functions into a sin-
gle microfluidic system to be used in biological analysis systems
more efficiently.
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