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Abstract In the development of microfluidic chips, conven-
tional 2D processing technologies contribute to the manufac-
turing of basic microchannel networks. Nevertheless, in the
pursuit of versatile microfluidic chips, flexible integration of
multifunctional components within a tiny chip is still challeng-
ing because a chip containing micro-channels is a non-flat
substrate. Recently, on-chip laser processing (OCLP) tech-
nology has emerged as an appealing alternative to achieve
chip functionalization through in situ fabrication of 3D mi-
crostructures. Here, the recent development of OCLP-enabled
multifunctional microfluidic chips, including several accessi-
ble photochemical/photophysical schemes, and photosensi-
tive materials permiting OCLP, is reviewed. To demonstrate
the capability of OCLP technology, a series of typical micro-
components fabricated using OCLP are introduced. The
prospects and current challenges of this field are discussed.
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1. Introduction

As a type of portable, eco-friendly, safe and highly efficient
experimental platform, multifunctional microfluidic chips,
also referred to as lab-on-a-chip systems, have attracted
enormous research interest in recent decades due to their
promise in both fundamental science and practical appli-
cations, ranging from chemical experiments [1–3], envi-
ronmental monitoring [4, 5], biological assays [6–14], and
tissue engineering [15–19] to medical diagnosis [20–23]
and therapeutics [24–27]. Currently, by integrating various
micro-scale components on a microfluidic chip, multiform
experimental procedures, such as temperature regulation
[28], nanoparticle synthesis [29–31], molecular detection
[32], and cell manipulation [33–39], can be implemented
in a controlled fashion. From a technical point of view,
the rapid progress in microfluidic chip technology is driven
by the constant advances in nanotechnology. As a typical
example, well-developed semiconductor processing tech-
niques enable the facile manufacturing of various microflu-
idic chips. Complex microfluidic channels with different
sizes and designable shapes can be readily fabricated in a
wide range of materials through the combined technologies
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of lithography and etching [39–42]. To pursue greater reso-
lution or a controllable height-width ratio, deep reactive-ion
etching (DRIE) [43], inductively coupled plasmas (ICP)
[44] and other advanced processing techniques have also
been used to fabricate microfluidic chips. Recently, to fur-
ther enhance production efficiency, imprinting [45–47] and
soft lithography [48–50] technologies have been success-
fully adopted to manufacture polymer microfluidic chips
by duplicating hard templates machined using traditional
methods.

Despite pronounced success in manufacturing microflu-
idic chips, the progress in multifunctionality remains re-
stricted by the lack of technology that permits the flexible
integration of various functional components; this signif-
icantly limits broad application. First, microfluidic chip
manufacturing is generally based on conventional planar
processes, such as lithography and imprinting. However,
the integration of functional components requires precise
fabrication of microstructures within microfluidic channels,
which are not flat. In addition, traditional methods can pro-
cess only two-dimensional (2D) microstructures; the inte-
gration of three dimensional (3D) functional micronanos-
tructures within microfluidic chips is still challenging [51].
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Moreover, materials suitable for processing are limited to
polymers, glass or silicon, which cannot meet the demands
of multiform functional materials [52]. All of these obsta-
cles have become bottlenecks restricting progress in the ex-
ploration, development and application of multifunctional
microfluidic chips.

In recent years, laser processing technologies have
emerged as an appealing alternative to conventional semi-
conductor processing techniques, making it possible to in-
tegrate various functional devices into microfluidic chips
[53]. To achieve on-chip laser processing (OCLP), sev-
eral photochemical and photophysical schemes, including
laser ablation as a subtraction-type process [54, 55], and
photopolymerization [56–58], photoreduction of metal ions
[59] and photodynamic assembly of nanoparticles [60, 61]
as addition-type processes, have been successfully devel-
oped for on-chip structuring of various functional materials
such as glass, polymers [62–64], metals [65], biomateri-
als [66, 67] and nanomaterials [68]. Compared with tra-
ditional micronanofabrication technologies, OCLP has the
distinct advantages of high precision, the ability to use mul-
tiform processing-capable materials, and site-specific fab-
rication. Specifically, when an ultra-short-pulse laser has
been adopted for on-chip processing, thermal effects can
be significantly suppressed, and thus the spatial resolution
can be further improved [69]. As a typical example, fem-
tosecond laser on-chip processing enables 3D fabrication
with sub-50 nm precision at any desired position [70], and
thus has substantial potential in the development of multi-
functional microfluidic chips.

In this review, we summarize the recent advances of
OCLP for microfluidic chip functionalization. First, we
introduce the fundamentals of laser processing, includ-
ing various photochemical/photophysical schemes. We then
comprehensively review multiform photosensitive materi-
als that allow for OCLP and several representative multi-
functional microfluidic chips fabricated using OCLP. Fi-
nally, a brief conclusion and future prospects are presented
based on our opinions.

2. Photochemical and photophysical
schemes for OCLP

In the development of multifunctional microfluidic chips,
advanced micronanofabrication technologies play a crit-
ical role. At present, classical “top-down” and “bottom-
up” approaches, such as lithography, soft lithography,
3D-printing and self-assembly have been successfully
used for both the manufacturing and functionalization of
microfluidic chips. Among these techniques, laser pro-
cessing is distinguished due to its key capability of in-
tegrating multifunctional micronanostructures within gen-
eral microfluidic chips. To date, OCLP has been applied to
various materials using different processing mechanisms. In
this section, we briefly summarize several currently avail-
able photochemical/photophysical schemes that enable
OCLP.

2.1. Laser ablation

As a subtraction-type processing mechanism, laser abla-
tion can micromachine target materials into geometrically
complex 2D/3D structures [54, 71–77], making it possible
to prepare functional components on a microfluidic chip.
Typically, when a pulse is applied to a target, electrons are
excited from the ground state, followed by electron-electron
scattering, electron-lattice scattering and other relaxation
interactions [69]. During this period, the excited electrons
heat the lattice, which can melt or evaporate the target if
the temperature is high enough. The heating effect, together
with shockwave emission, re-solidification and other affili-
ated effects, leads to the formation of permanent damage on
the target and achieves the desired processing. Depending
on the width of the laser pulses, laser ablation can be classi-
fied into long-pulse laser ablation and ultra-short-pulse laser
ablation. Long-pulse ablation primarily excites electrons
through linear absorption. Conversely, ultra-short-pulse ab-
lation excites metal material electrons also through linear
absorption [78], whereas electrons in semiconductor and
dielectric materials are excited in a non-linear absorption
manner [79].

When long-pulse lasers that have pulse durations sig-
nificantly longer than the electron-lattice scattering time are
employed in the processing, excited electrons transfer laser
energy to the lattice before the pulse has terminated. The
laser simply “heats” the solid, and the damage has been
done at a relative large heat-affected zone due to thermal
diffusion, (Fig. 1a) [80]. Conversely, if an ultra-short-pulse
has been used, thermal effects could be effectively sup-
pressed (Fig. 1b) [80]. Since the pulse duration is much
shorter than the electron-lattice scattering time, laser en-
ergy associated with the pulse can be deposited into the
electrons before they are transferred to the lattice. Thus,
the material in the laser interaction region is ejected in the
form of hot dense plasma. To clarify further, the timescale
of an ultrashort pulse laser ablating transparent targets is
shown in Fig. 1c, from which a conclusion can be reached
that there is not enough time for the heat to diffuse dur-
ing ultrafast laser ablation [69]. In general, the zone that
is affected by ultra-short pulse laser is only a small area
of focus, whereas a long-pulse laser induced heat-affected
zone is much larger. In this regard, the resolution can be
greatly improved through the use of an ultra-short-pulse
laser [78], and hence ultra-short-pulse lasers are preferred
in the fabrication of microfluidic chips [51].

Taking advantage of the improved 3D processing ca-
pability, ultrafast laser ablation shows great potential for a
designed fabrication of the 3D microfluidic chips based on
glass or polymers [54, 70]. Notably, 3D chips are promis-
ing for the future of microfluidics, because they can make
full use of the vertical volume, above and below the mi-
crochannels, to improve the space utilization of the chip.
Moreover, 3D chips have distinct advantages such as high
throughput, low contamination, high efficiency, and the
enabling of a 3D laminar flow for novel functionalities,
such as 3D hydrodynamic focusing [81]. However, for
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Figure 1 (a, b) Interaction between transparent targets and long/ultrashort pulse lasers. Heat-affected zone of long pulse laser
ablation is much larger than that of ultrashort pulse ablation. (Reproduced with permission. [80] Copyright 2014, Multidisciplinary
Digital Publishing Institute) (c) Timescale during interaction of ultrashort laser pulses with transparent materials. (Reproduced with
permission. [69] Copyright 2008, Nature Publishing Group)

conventional 2D lithographic technologies, it is almost im-
possible to fabricate 3D microchannel networks, excluding
the precise assembly of the PDMS layers [82]. In this re-
gard, OCLP holds great promise for the development of the
3D microfluidic chips.

2.2. Laser induced photo-polymerization

Laser induced photo-polymerization is another widely used
photochemical strategy that enables 3D fabrication with a
high spatial resolution [83–86]. Generally, photopolymers
consist of monomers or pre-polymers, cross-linkers, photo-
initiators and photosensitizers among which monomers or
pre-polymers and cross-linkers form the main networks; the
photo-initiators and photosensitizers are added to improve
the energy transferring routes [87]. Taking radical polymer-

ization as an example, after absorbing sufficient photons,
photosensitizers can transfer energy to the photo-initiators,
and the excited photo-initiators can break the unsaturated
bonds in the monomers forming radical monomers and trig-
gering photo-polymerization [88]. In addition to radical
polymerization, ionic polymerization, primarily based on
ring opening and crosslinking of the oxirane groups, also
enables laser fabrication [58]. However, ionic polymeriza-
tion is less popular in the field of laser induced photo-
polymerization because additional heat treatment is gener-
ally necessary to improve the polymerization.

For photo-polymerization, the absorbed photon energy
should be large enough to trigger polymerization reactions.
In the case of a UV laser, photons with high energy excite
monomers to polymerize from the surface toward the in-
ner parts, and the photo-polymerization is typically based
on a single photon absorption (SPA) process. For long
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Figure 2 (a) Principles of TPA and SPA. When the density of pho-
tons is high enough, electrons of ground state could be excited
by simultaneously absorbing two photons, which is called TPA.
While photons with enough energy could directly excite electrons
of gound state by aborbing only one photons. (b) A 3D nanob-
ull fabricated by femtosecond laser induce photopolymerization.
(Reproduced with permission.[83] Copyright 2001, Nature Pub-
lishing Group)

wavelength lasers, such as a femtosecond laser with an 800
nm wavelength, a single photon does not have sufficient
energy, and monomers can absorb two or more photons
in a small absorption cross-section, as shown in Fig. 2a.
This phenomenon is known as two-photon absorption
(TPA) or multi-photon absorption (MPA) [83, 87, 89].

Because TPA- or MPA-induced photo-polymerization oc-
curs only within a small volume in the center of the laser
focus, 3D micronanostructures with high spatial resolution
beyond the optical diffraction limit can be readily fabri-
cated (Fig. 2b). Taking advantage of the “direct writing”
feature, TPA/MPA-induced polymerization is not restricted
by the nonplanar surfaces of microfluidic chips and is thus
an important method of integrating multifunctional micro-
nanostructures within given microfluidic chips [51,90,91].

As an addition-type processing technique, TPA/MPA-
induced polymerization enables integration of the 3D func-
tional structures within a given microfluidic channel, re-
vealing great potential for chip functionalization [92, 93].

Recently, numerous papers have reported the importance
of the 3D cell-culture matrices for a controllable differen-
tiation of stem cells [94, 95]. From this standpoint, inte-
gration of microstructures that mimic in-vivo environment
would directly contribute to the tissue engineering field,
and the applications of microfluidics would extend to the
organ-on-chip, and even body-on-chip systems [94]. How-
ever, current limitations of the photo-polymerization in-
duced chip functionalization lie in the use of commercial
photoresists. In fact, materials with high biocompatibility
are highly desirable for bio-chip applications. Fortunately,
with the rapid progress of MPA technology, various hydro-
gels and proteins can now be processed by laser [96–98].
In addition, doping with other functional materials would
further broaden the applications of photo-polymerization in
chip functionalization [99].

2.3. Laser induced photoreduction

To further develop more processable materials, laser-
induced photoreduction has been adopted for the fabri-
cation of metallic micronanostructures [100–102]. Optical
energy has long been used for photoreduction reactions,
as evidenced by film photography. Among optical sources,
lasers with a high energy density and monochromaticity
are undoubtedly preferred [90, 103]. Taking Ag+ as an ex-
ample; under laser radiation, Ag+ might be excited to an
active intermediate state that could capture electrons from
the surroundings and finally be reduced to Ag using an
SPA or MPA process [104]. Typically, femtosecond laser-
induced photoreduction of Ag+ has been used to fabricate
many multifunctional microfluidic chips [51]. A general
mechanism is illustrated by the following formulas, which
describe the photoreduction course of Ag+.

Although Ag+ can be reduced to Ag under laser irradiation,
it is still challenging to control the as-formed micronanos-
tructures. For example, Ishikawa et al. tightly focused a
femtosecond laser at the interface between a AgNO3 aque-
ous solution and a cover slip to induce the growth of Ag
structures [105]. They found that when a larger laser power
and a greater exposure time were used, more Ag+ was re-
duced to Ag sediment. Nevertheless, the morphologies of
the Ag structures were irregular and were independent of
the laser power and exposure time. Cao et al. found that
the growth of Ag nanoparticles (NPs) was uncontrollable.
Therefore, an entire Ag structure fabricated in this manner
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typically has a poor morphology [106, 107]. In this regard,
producing small and uniform Ag NPs was essential to ob-
tain refined Ag structures. To achieve this end, surfactants
that are widely used for controlling the shape and size of
NPs were added to the precursor solution, and the mor-
phology of the resultant Ag structures were significantly
improved [59]. By using proper surfactants and concentra-
tions, even 3D Ag microstructures [106] were successfully
achieved.

In addition, the as-formed Ag NPs have a strong surface
plasmon resonance (SPR) effect that can significantly influ-
ence their further growth; this has been confirmed by many
teams [108–110]. Generally, SPR is induced in the direc-
tion of laser polarization, and many electrons gather at the
poles of the dipoles with high photochemical activity where
more Ag+ can be reduced. Pre-produced Ag NPs can store
electrons and deliver them to active Ag+ to enhance the
photochemical reactions. As a consequence, nanoplates are
obtained due to the non-symmetrical growth, and the ori-
entation is coincident with the laser beam polarization. Ad-
ditionally, electrostatic forces, gradient forces, heat effects
and other factors also influence the reduction and assembly
of Ag NPs [111]. All of these effects should be taken into
account when processing metallic microstructures.

2.4. Laser induced photodynamic assembly

Since Ashkin at Bell Telephone Laboratories first found that
a beam could exert a force on tiny particles in 1969, increas-
ing attention has been given to the remote, non-contact,
non-destructive, controllable optical manipulation of mi-
cro/nanospecies. Optical trapping (OT) has been widely
used to assemble colloidal particles [61, 112]. Different
mechanisms are used to explain the phenomena when trap-
ping particles are of a geometric optical size (r>>λ, where
r is the radius of particle and λ is the wavelength of the
light) or Rayleigh size (r<<λ). Geometric optical particles
change the direction of the beam that propagates through
the particles. Based on the momentum conservation law,
the particles would have a gradient force exerted on them
in the direction of the laser focus [113, 114] in a manner
similar to a sphere being caught by the focus (Fig. 3a). In
contrast, the OT of Rayleigh particles can be explained by
an electromagnetic model [115]. Since the beam is an elec-
tromagnetic wave in essence, and Rayleigh particles can
be polarized to become dipoles, the charged particles can
be attracted to the electromagnetic potential wells of the
beam where they would have the lowest energy [116–118],
as shown in Fig. 3b. Because the exerted forces, also called
gradient forces, are induced by the non-uniform optical
fields, controlling the distributions of optical fields directly
enables the photodynamic assembly of various functional
colloidal particles.

Traditional OT has been adopted to manipulate NPs
[61, 119], cells [120], and proteins [121], however, in the
case of a laser-induced photodynamic assembly, it is in-
efficient when only using one beam. Recently, a spatial

Figure 3 The principles of optical trapping. (a) Trapping NPs in
geometric optical size is illustrated by geometrical optics. (Repro-
duced with permission.[113] Copyright 2006, Elsevier) (b) Trap-
ping NPs in Rayleigh size is expained by electromagnetic theory.
(Reproduced with permission.[116] Copyright 2003, Nature Pub-
lishing Group)

light modulator (SLM) [122] and near-field optical de-
vices [123–126] have been introduced to produce non-
uniform distributions of optical fields in a specific area,
greatly improving the efficiency of the processing. To en-
hance the intensity gradient of optical fields, metal mi-
cro/nanostructures have been fabricated to increase the
gradient forces generated using SPR [127–129], which
could further suppress Brownian motion that disturbs the
controllable assembly of NPs. Moreover, the high resolu-
tion of metal nanostructures can enable accurate assembly
beyond the optical diffraction limit [130]. With the help of
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OT, many useful devices consisting of colloidal particle as-
semblies can be integrated within microfluidic chips using
a laser induced photodynamic assembly process.

3. Materials for the OCLP

According to principles outlined above, various photosen-
sitive materials have been successfully used for both the
fabrication and functionalization of microfluidic chips. Typ-
ically, when developing multifunctional microfluidic chips,
glass, polydimethylsiloxane (PDMS), and photoresists are
first machined using OCLP. Then, functional devices that
consist of metal, polymer composites, nanoparticles or pro-
teins are integrated within the given microfluidic chips us-
ing OCLP. In this section, a series of important photosen-
sitive materials that permit OCLP are reviewed from the
viewpoint of materials.

3.1. Glass

As cheap, stable and biocompatible materials, photosen-
sitive glass is quite suitable for manufacturing multifunc-
tional microfluidic chips using laser processing [55]. Be-
cause they are transparent to a non-resonant femtosecond
laser, 3D microfluidic channel networks and even functional
microstructures could be directly integrated within a bulk
glass chip, suggesting substantial potential for the devel-
opment of multifunctional microfluidic chips [131–134].
Commercial Foturan glass, which is made of lithium alu-
minosilicate and doped with Ag and Ce ions, is a widely
used photosensitive material that allows laser processing
[135, 136]. When excited by ultraviolet irradiation, Ag+
can capture the electrons released from Ce3+ ions, forming
Ag clusters that act as crystal nuclei and promote the crys-
tallization of lithium metasilicate. Because HF can etch the
crystallized region faster, the irradiation areas can be se-
lectively etched away, leaving cavities and channels in the
bulk glass.

Fused silica is another kind of glass that permits laser
processing, although the process is different with Foturan
glass. As a typical example, a femtosecond laser could
be used to fabricate nanogratings inside bulk-fused silica
[137, 138]. Because the modified regions can be etched
faster than other regions, microchannels can be fabricated
using a combined process of direct laser writing and sub-
sequent etching in HF or KOH solutions under ultra-
sonic cleaning [138–145]. In the case of fused silica, post-
annealing is generally required to obtain smooth surfaces.
However, it is worth pointing out that the as-prepared mi-
crofluidic channels are not uniform. The channels near the
outlet might be etched much more than the inner channels
[146]. To address this problem, Liao et al. used porous
glass with 10 nm nanopores immersed in water to fabricate
uniform microchannels through femtosecond laser direct
writing [70, 147, 148]. As illustrated in Fig. 4, water was
introduced to the processing system to carry the scraps out

Figure 4 (a) Schematic illustration of laser microfabrication pro-
cessing inside porous glass. (b) The fabrication procedure of a
microchannel in porous glass. Postannealing is needed to elim-
inate nanoholes and obtain smooth surface of microchannels.
(Reproduced with permission.[147] Copyright 2010, Optical So-
ciety of America)

of the channels or into the pores of the porous glass. In this
manner, the generated scraps did not block the channels
that had been machined. After laser microfabrication, post-
annealing treatment was applied to consolidate the glass
matrix and eliminate the nanopores. Without being selec-
tively modified and wet etched, the sizes and morphologies
of the cavities are influenced only by the laser scanning
tracks; therefore, both the shapes and sizes of the channel
are controllable. Notably, complex 3D microfluidic chan-
nels with designable networks could be machined in this
way, allowing more sophisticated biochemical reactions.

3.2. Polymers

Heat and light-cured polymers are two typical soft materi-
als that are widely used for the fabrication of microfluidic
chips. As a representative material, PDMS is well known for
its flexible shaping and ideal optical characteristics. How-
ever, in most cases, PDMS is solidified using a heat-curing
process. OCLP only helps to perform some modification
processes [149–151]. For example, Huft et al. applied mul-
tilayer soft lithography (MSL) to assemble 3D multilayer
PDMS channels whose interconnections between adjacent
or separated layers were broken using laser microfabrica-
tion [82]. Currently, PDMS can be cured using femtosecond
laser processing; this demonstrates the feasibility of inte-
grating PDMS devices into microfluidic chips [64]. As an
example, tunable microlenses that are sensitive to chemical
stimulation have been integrated in microfluidic chips. The
focus of a PDMS microlens can be tuned by the injected
microfluids.
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Figure 5 (a-c) SEM images of 3D complex cages and woodpile photonic crystals made by MPA. (d) SEM and (e), (f) optical images of
3D microsieves in channels. The shape and size of microsieves could be flexibly integrated according to target objects. (Reproduced
with permission.[93] Copyright 2014, Wiley)

In addition to PDMS, various light-cured polymers are
widely used for the on-chip processing of functional com-
ponents [152]. Figure 5 shows some typical 3D functional
microstructures of photopolymers that can be integrated
with microfluidic chips, including micro-sieves with diam-
eters of 5 μm [93]. Particles larger than 5 μm can be effec-
tively separated (Fig. 5f). Exploiting the programmable pro-
cessing, both the sizes and shapes of the micro-sieves can be
designed and fabricated according to the target objects. For
example, Wang et al. successfully fabricated vertical 3D
micro-sieves with various pore shapes in a microchannel
for shape/size-selective sieving and fish-scale-like micro-
filters as one-way valves [92]. Additional functions can be
introduced by doping functional nanomaterials into the pho-
topolymers [153–157]. For example, doping with magnetic
NPs results in microdevices that can be remotely controlled
by an external magnetic field [158, 159]. Sun et al. fabri-
cated 3D photoluminescence CdS-polymer structures using
the in situ synthesis of quantum dots (QDs) in a Cd2+-doped
polymethyacrylic acid network [99]. To date, photopoly-
mers are the most general materials that have been used
for OCLP. Various functional 3D polymer microstructures
fabricated using laser processing can allow the creation of
general microfluidic chips with additional functionalities
[51].

3.3. Biomaterials

In addition to the synthetic photopolymers, some natural
macromolecules are photosensitive also, which provides
the possibility to fabricate some highly biocompatible mi-
crostructures for microfluidic chip functionalization. For
example, 3D microstructures that consist of bovine serum
albumin (BSA) [160–164], collagen [97, 165], silk fibroin
[166], and many other proteins have been successfully

fabricated using laser processing. Chen et al. fabricated
3D BSA structures using MPA (Fig. 6). An array of
fluorescence-labeled BSA square prisms and cylinders and
complex three square-based bridge structures have been
demonstrated [167]. As shown in Fig. 6e, double bridge
floors can be recognized clearly where the bridge is totally
suspended. In this work, the authors found that the 3D BSA
structures showed excellent cyto-compatibility for fibrob-
lasts. Interestingly, the BSA microstructures were sensi-
tive to pH change because the weak acidic and weak ba-
sic residues were protonated or deprotonated. In this case,
the whole structure could shrink or swell due to the elec-
trostatic interaction among the residues, which makes it
possible to manipulate the microstructures by changing the
surrounding pH value [67,168]. Moreover, the as-obtained
BSA structures allow further functionalization. For exam-
ple, BSA could cross-link with some active proteins such
as avidin that could specifically bind with biotin or biotin-
labeled molecules, leading to applications in catalysis [66],
detection [169], or tissue engineering [98, 170, 171].

In addition to BSA skeletons, some other proteins with
very large numbers of active residues could also be solid-
ified using laser irradiation with proper photosensitizers.
Lin et al. integrated cross-linked AcmA’ protein, which
is known to bind specifically to Gram-positive bacteria, in
bioprobe microfluidic chips for bacteria detecting [172].
Iosin et al. fabricated 3D enzyme reactors made of trypsin
in microchannels using MPA [173]. With special bioactivi-
ties, collagen has been widely applied to construct scaffolds
for tissue engineering [97, 165]. Additionally, cross-linked
protein structures could be further modified using inor-
ganic materials [174]. Sun et al. doped Ag and Au into silk
fibroin structures that had a much greater Young’s mod-
ulus and obtained conductive protein lines [166]. During
photochemistry reactions, oxidizable groups of the silk fi-
broin acted as a bioreductant, and the protein molecules
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Figure 6 (a) An array of fluorescence labeled BSA square
prisms and cylinders. Insert is the SEM image. (b) A magnified
SEM of square prisms and cylinders. (c) A fluorescence labeled
3D BSA bridge. (d�g) SEM images of the complex bridge struc-
ture. (Reproduced with permission.[167] Copyright 2014, Wiley)

cross-linked. In this work, the doping density of Ag and Au
could be easily controlled by adjusting the ion concentration
or the pH value. It is reasonable that the OCLP of biomate-
rials could contribute to the development of multifunctional
bio-chips. For instance, proteins containing groups that can
be photo-oxidized, such as Tyr, Trp, His, Met, and Cys, can
be cross-linked as 3D structures through MPA [67]. There-
fore, various antibodies, antigens, enzymes, hormones and
other proteins could be immobilized within the microflu-
idic chips to mimick the physiological functions. From this
standpoint, OCLP of biomaterials demonstrates attractive
prospects for bio-chips. However, during laser processing,
parameters should be carefully optimized to prevent the
deactivation of the proteins.

3.4. Nanomaterials

Taking advantage of photodynamic assembly technology,
nanomaterials can also be assembled within microfluidic
chips using OCLP [60]. As a typical example, Fig. 7

Figure 7 (a) Luminescence image of the CdTe QDs microstruc-
tures, the insets are the optical and confocal microscopic images
of the circle structure. (b) SEM image of the badge of Jilin Uni-
versity made of QDs assemblies. (c) HTEM image of CdTe QDs
assemblies. (Reproduced with permission.[68] Copyright 2013,
Royal Society of Chemistry)

shows the femtosecond laser direct-writing-induced pho-
todynamic assembly of CdTe QDs [68]. In this work, the
absorption and luminescence spectra of CdTe QDs assem-
blies shifted only slightly compared with monodisperse
CdTe QDs. This result indicates that the QDs did not grow
into bulk material. High-resolution TEM image (Fig. 7c) of
the assemblies confirms the aggregation of CdTe QDs. The
QDs assemblies could be utilized for the on-chip detection
of heavy metal ions.

In addition to semiconductor QDs, metal NPs (e.g., Ag,
Au) are other important types of nanomaterials that can be
assembled using laser processing [101,119]. Typically, Ag
NPs can be assembled within microfluidic chips as micro-
heaters for local temperature regulation [59]. The local
temperature can achieve 54°C within 80 seconds when a
voltage of 1 V is applied. Additionally, Ag assemblies can
be used as electrodes due to their good conductivity [61].
Through designable laser processing, arbitrary morpholog-
ical Ag electrodes can be fabricated. The integration of
metallic micronanostructures within microfluidic chips is
not limited to electrodes and heaters; they can be used as
catalytic or surface-enhanced Raman spectroscopy (SERS)
substrates for various applications [100, 111, 175], as is in-
troduced in the following section.

It is well known that nanomaterials with controllable
size, morphology and composition, have been widely ap-
plied in the medical field [176,177], as well as in the fields
of sensors [178], optics [179, 180], and catalysis [181].
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With the development of the laser photodynamic assem-
bly technology, more and more nanomaterials can now be
flexibly assembled into microstructures, and act as func-
tional components inside the microfluidic chips, revealing
promising prospects in both basic research and practical
applications [60]. However, the task of fabrication of these
fine microstructures through the photodynamic assembly of
nanomaterials remains a challenge. More importantly, pre-
serving the size- and shape-dependent properties of these
nanomaterials during the photodynamic assembly requires
serious consideration [68].

4. Integration of multifunctional devices
using OCLP

The development of multifunctional microfluidic chips re-
quires the flexible integration of various functional compo-
nents that can perform complex experimental procedures,
such as sample separation, temperature control, and optoflu-
idic detection. However, traditional 2D processing tech-
nologies cannot be used with microfluidic chips that are
not flat. As an appealing alternative, OCLP technology per-
mits the on-chip integration of various functional micro-
nanostructures over a wide range of photosensitive mate-
rials and has great potential in chip functionalization. In
this section, we introduce several representative examples
including passive/active mixers, catalytic micro-reactors,
micro-aquariums, sensors and optical components.

4.1. Micro-mixers

The mixing of microfluids is important for on-chip bio-
chemical reactions. In general, when two or more streams
are injected into micro-channels, they should be mixed
rapidly before a reaction occurs. However, the laminar flow
of microfluids makes it quite difficult to mix different liq-
uids just through Brownian motion. Therefore, additional
mixing devices are generally necessary for multifunctional
microfluidic chips. To date, with the help of OCLP technol-
ogy, various passive/active mixers have been successfully
integrated with microfluidic chips [182]. As typical ex-
amples, Liao et al. fabricated passive microfluidic mixers
in photosensitive glass using femtosecond laser microfab-
rication [183]. Two microchannels were twisted together.
This disturbed stable laminar flow, leading to turbulent flow
that accelerated the mixing of the microfluids. Additionally,
Park et al. integrated 3D periodic nanoporous microstruc-
tures into a single microchannel to achieve the passive mix-
ing of microfluids [184]. The nanoporous structure was
fabricated using four-beam laser holographic lithography,
which enables rapid fabrication of structures millimeters in
length during one exposure. Nevertheless, the nanopores
were so small that the streams were slowed down signif-
icantly, leading to non-obvious turbulent flow. To further
improve the mixing efficiency, Lim et al. successfully de-
veloped a 3D crossing-manifold mixing structure within

a microfluidic channel [57]. Several horizontal and verti-
cal microcrossings achieved 90% mixing after 250 μm of
passive stirring.

Compared with passive mixing, active mixers ap-
pear to be more efficient. As a typical example, Xia
et al. synthesized photosensitive ferrofluids by doping
3-(trimethoxysilyl)propyl methacrylate (MPS) modified
Fe3O4 NPs into a methyl acrylate photoresist and success-
fully fabricated a remotely controllable microturbine for ac-
tive mixing [158,185]. As shown in Fig. 8, the microturbine
was fabricated using FsLDW technology following a pre-
programmed 3D structure; therefore the sizes, shapes, and
even the angles of the microturbine’s blades could be freely
designed. Moreover, the microturbine could be placed at
any location on the microfluidic chip. Under a rotating ex-
ternal magnetic field, this microturbine had a high rotating
rate of 300 rpm, which guaranteed a high mixing efficiency.

4.2. Catalysis micro-reactors

Microfluidic chips are known to be efficient, high-
throughout, sensitive, and reagent-saving reaction plat-
forms that enable various chemical/biological reactions
including synthesis, analysis, and catalysis [186]. In addi-
tion to the fabrication of functional microstructures, OCLP
technology also enables the flexible integration of various
catalysis microreactors. As a typical example, Narazaki et
al, fabricated a TiO2 catalysis microreactor using laser-
induced superficial phase separation of Na2O-TiO2-SiO2
glass [187]. During a nanosecond laser ablation and reso-
lidification process, Na2O and SiO2 were evaporated, leav-
ing TiO2 bumps on the etched surface. With more pulses
of radiation, the as-generated TiO2 bumps joined together
and formed a 3D TiO2 micronetwork that can serve as a
high-surface-area catalyst for the photocatalytic decompo-
sition of methylene blue. The in situ laser production of
TiO2 photocatalysts provides a simple method for facile
integration of photocatalytic microreactors.

In addition to TiO2, Ag NPs can also be flexibly assem-
bled into microfluidic chips and serve as catalysts. As shown
in Fig. 9, FsLDW-induced photoreduction of Ag+ directly
leads to the formation of hierarchical Ag structures of up-
right nanoplates and tiny particles on the surfaces [175].
The hierarchical nanostructures increased the specific sur-
face area and had high activity for the catalytic reduction of
4-nitrophenol (4-NP) to 4-aminophenol (4-AP). As shown
in Fig. 9d, the micro-region absorption peak of 4-NP at
380 nm gradually decreased with the reaction time, and
the conversion of 4-NP reached almost 100% after only 7
minutes. Figure 9e shows the dependence of the reaction
conversion rate on the flow velocity. Obviously, a relatively
low flow rate would prolong the interaction time between
reactants and the Ag catalysts and accordingly lead to high
conversion efficiency.

The OCLP of metallic catalysts is not limited to Ag.
Zarzar et al. reported a MPA fabrication of Pt-protein com-
pound structures within a 3D microreactor [100]. As soon
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Figure 8 (a) Optical image of microturbine in a Y-shape channel for active mixing two streams by introducing turbulent flow. (b, c)
SEM images of the microturbine. (d) Top view scheme for rotation. (e-i) Optical images of a rotating microturbine. (Reproduced with
permission.[158] Copyright 2010, Wiley)

as H2O2 was introduced into the reactor, O2 was released.
Consequently, the gas bubbles drove the liquid and the mi-
crospecies in the solution in a manner similar to a pump.
This Pt-protein catalytic microreactor could be equipped
into microfluidic chips as motive power.

4.3. Micro-aquariums

Microorganisms are small in size and some move very
quickly; therefore, macroscopic containers, such as petri
dishes, are too large to confine them when studying their be-
havior under a microscope. Recently, 3D glass microfluidic
chips machined using femtosecond laser microfabrication
have been applied to culture microorganisms [188–191].
As a typical example, Hanada et al. introduced Euglena
gracilis into 3D channels (Fig. 10a) slightly larger than the
small creatures to observe how they whipped their flagella
[192]. Due to the confined space, Euglena gracilis could
move only along the 3D channels; thus, continuous 3D ob-
servation could be achieved (Fig. 10b). With the help of
these 3D micro-aquariums, the authors found that Euglena
gracilis whipped their flagellums differently when mov-
ing away from strong light compared with swimming in a
straight line. Additionally, for the first time, the front view

of swimming Euglena gracilis was observed when they
moved upward in the reservoir.

Taking advantage of the designable OCLP, Hanada et al.
further fabricated more complex chips to investigate the
gliding mechanism of Phormidium in detail [193,194]. Us-
ing an as-fabricated T-channel, they found that a seedling
root might release something that could attract Phormid-
ium. To make this phenomenon clear, they designed a CO2
slow-release chip that contained three corners; a seedling
root and a Phormidium were introduced at two corners, and
the slow-release corner was filled with CO2 solution. When
the CO2 concentration was low, Phormidium would move
to the seedling root, whereas when a high concentration was
introduced, Phormidium would move in the direction of the
CO2 solution. These results demonstrated that it was the
CO2 released by the seedling root that attracted Phormid-
ium to glide. Additionally, the same team found that light
was required for the gliding. To confirm this result, they
modified the photosensitive glass using femtosecond laser
treatments and used it to filter light. When enough filters
were fabricated on the glass channels, no further gliding
of Phormidium was observed. These works indicate that
designable femtosecond laser processing makes it possi-
ble to develop functional microfluidic chips as innovative
experimental platforms for biology research.
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Figure 9 (a) Scheme and (c) SEM images of Ag nanoplates integrated in microchannel. (b) Catalysis reaction carried out in the
catalysis microreactors. (d) Micro-region absorption spectrums of the microfluids during the rection. Insert is kinetic study of the
reaction. (e) Absorption spectrums of products under different flow rates. Insert is kinetic study of the reaction. (Reproduced with
permission.[175] Copyright 2012, Royal Society of Chemistry)

4.4. Cell counters

Counting cells is significant for biology research and dis-
ease diagnosis. In clinical applications, counting is typically
performed by flow cytometry, which is expensive and inef-
ficient. Currently, with the rapid progress of OCLP technol-
ogy, microoptic components can readily be integrated with
microfluidic chips for on-chip cell counting [195–197]. As
a typical example, Wu et al. first machined photosensitive
glass to fabricate a microfluidic channel using femtosecond
laser pulses, then integrated a polymer microlens into the
chip using MPA, as shown in Fig. 11 [198]. When a cell
passed through the light path of the microlens, a signal was
recorded. In this way, the microlens-equipped microchan-
nel worked as a cell counter. To avoid mis-counting, Wu
et al. integrated a microlens array along the cross-line of the
channel for parallel cell counting, and 93% of the cells were
counted; some cells passed between the two microlenses
and were missed. To make further improvements, the au-
thors fabricated M-shaped confining walls through MPA for
the microlens array [199]. In this way, all of the cells were
confined to pass directly through the light path of microlens
achieving a 100% success rate.

However, when non-uniform or dense cell liquids pass
through such cell counters, the channels might be blocked.
Recently, Lv et al. created an optofluidic-microfluidic twin-
channel system [200]. In the upper channel, a microlens was
integrated using FsLDW, and the bottom channel allowed
the cells to pass, offering a good solution for cell block-
ing. Additionally, Paiè et al. reported a straightforward 3D
hydrodynamic focusing microfluidic chip fabricated using
femtosecond laser microfabrication; this chip reduced the
blocking problem dramatically [81]. These authors fabri-
cated a center microchannel with four parallel surrounding
channels, and the five microchannels finally converged as a
wide channel into which a waveguide was integrated using
femtosecond laser modification of the refractive index of the
glass. In their work, diluted blood was delivered through the
center channel and liquid without cells was introduced into
the surrounding channels. Based on the hydrodynamic fo-
cusing effect, when the five streams converged, the diluted
blood would flow in the center of the wide channel without a
blocking problem. By adjusting the flux of the five streams,
cells could pass in a fine stream directly through the light
path of the integrated waveguide. In this way, correct and
fast cell counting could be achieved.
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Figure 10 (a) 3D glass microaquariums used for observing Eu-
glena gracilis. (b) Optical image of Euglena gracilis limited in the
channels. (Reproduced with permission.[192] Copyright 2008,
Springer)

4.5. SERS sensors

As an advanced optofluidic detection technology, on-chip
SERS detection has emerged as a promising tool that fea-
tures label-free fingerprint Raman spectra of reagents with
ultrahigh sensitivity [201–203]. The combination of the
SERS technique with microfluidic chips requires flexible
integration of metal plasmonic structures with the microflu-
idic chips. However, it is challenging for general 2D pro-
cessing methods to construct SERS substrates within a
microchannel which is not flat. At first, noble-metal
nanocolloids as flowing SERS substrates were injected into
microfluidic chips for SERS detection [204]. Currently,
with the help of OCLP technology, Ag and Au hierarchical
micronanostructures can be well integrated with microflu-
idic chips [205–208]. As a typical example, Xu et al. fabri-
cated Ag SERS substrates within a microfluidic channel
using femtosecond laser direct-writing-induced photore-
duction of Ag+ [65]. By exploiting the “direct writing”
feature, the Ag SERS substrates were well integrated within
the microfluidic chips by patterning the Ag structures into
various shapes and at any desired position, as shown in
Fig. 12a [111]. The resultant SERS substrates were con-
structed using hierarchical micronanostructures that con-
sisted of oriented Ag nanoplates with tiny NPs decorating
(Fig. 12b). The formation of such hierarchical structures
can be attributed to the MPA-induced photoreduction of
Ag+ and the subsequent photodynamic assembly of the as-
formed Ag NPs. In principle, Ag NPs were assembled using
SPR-enhanced optical tweezers along the polarized direc-
tion of the laser. In this process, electrostatic forces between
the pre-formed nanoplates and the free Ag NPs, coupled
with the gradient forces produced by the optical tweezers,
induced the photodynamic assembly process, forming an

Figure 11 Optical images of microlens array integrated in glass channel and optical signals of every lens in the array from lens 1
to lens 7, when counting cells. Inset image presents focal spots produced by the microlens array. (Reproduced with permission.[198]
Copyright 2015, Nature Publishing Group)
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Figure 12 (a) Ag SERS substrates integrated in a microchan-
nel. (b) SEM image of the detail micronanostructures, upright
nanoplates decorated with many NPs. (c) A SERS signal of p-
ATP molecules. The normalized intensity was gained by dividing
the initial value by 10 mW and 10 s. (Reproduced with permis-
sion.[111] Copyright 2014, American Chemical Society)

oriented Ag nanoplate and Ag NPs hierarchical structures.
Due to the presence of abundant “hot-spots”, a SERS en-
hancement factor as high as 1011 was achieved (Fig. 12c).
OCLP makes it possible to integrate SERS substrates with
microfluidic chips in a controlled manner, which further
contributes to the post-functionalization of microfluidic
chips and optofluidic SERS detection.

5. Conclusions and future perspective

In recent decades, microfluidic chips have widely investi-
gated in both fundamental science and practical applica-
tions. They have demonstrated great potential for blood
analysis, water monitoring, and tissue engineering. In the
development of microfluidic devices, conventional 2D mi-
cro/nanofabrication technologies that have been widely
used in the semiconductor industry contributed greatly to
the initial processing methods. However, the 2D processing
somewhat limits the further functionalization of microflu-
idic chips because the microchannel networks are non-
planar substrates. Therefore, 3D methods that permit the
on-chip integration of multifunctional components based
on a wide range of materials are urgently needed. Recently,
laser fabrication technologies that enable 3D processing of
various functional materials have emerged as an appealing
alternative to achieve this goal. In this review paper, we
summarized the recent development of OCLP technolo-
gies. Typical photochemical/photophysical schemes were
introduced, including both subtraction-type and addition-
type processing, such as laser ablation, laser induced pho-
topolymerization, laser induced photoreduction and pho-
todynamic assembly, as well as a wide range of laser
processable materials, including glass, photopolymers,
metals, biomaterials and even nanoparticles. Several at-
tractive multifunctional components that impart additional
functionalities to conventional microfluidic chips were
comprehensively reviewed.

Compared to the conventional 2D lithographic tech-
nology that has been widely employed for chip fabrica-
tion, OCLP has several unique advantages. For example,
ultra-short pulse laser microfabrication is capable of ma-
chining complex 3D microchannels in glass or polymers,
making the 3D chips development possible; MPA enables
3D prototyping of various functional structures at any de-
sired position in a microfluidic channel, providing a way
to integrate complex components on nonplanar microflu-
idic channels. Specifically, the laser induced photodynamic
assembly technique allows for the patternable assembly of
various NPs into functional devices, bridging the gap be-
tween nanomaterials and microdevices. Additionally, from
a materials standpoint, OCLP is also promising in chip func-
tionalization, since there are so many materials that can be
potentially processed in this manner. Nowadays, functional
components based on different materials could be readily
integrated with microfluidic chips. For instance, general
photopolymers could be doped with fluorescent, magnetic,
or conductive nanomaterials for chip functionalization; for
biological applications, photosensitive biomaterials, such
as BSA, enzymes, and collagen could be processed, reveal-
ing great potential for on-chip biological analysis, tissue
engineering and even organ-on-a-chip systems. Moreover,
OCLP technology is compatible with the conventional 2D
processing technologies. Functional components based on
different materials could be post-equipped with a given
microfluidic chip. With the rapid development of laser pro-
cessing technology, fabricating accuracy of the ultrafast
laser processing has been significantly improved to the
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order of tens of nanometers, far beyond the optical diffrac-
tion limit, making it possible to functionalize microfluidic
chips with nanoscale components.

However, OCLP also has several shortcomings. Com-
pared with wafer-level fabrication, point-to-point process-
ing has a relatively low efficiency. To address this issue, one
possible solution would be multiple-beam parallel scanning
[209, 210]. Alternatively, the use of laser holography also
enables rapid processing [206–208, 211]; 2D/3D periodic
microstructures at a centimeter scale could be fabricated
within a few seconds. Currently, OCLP is still in the early
stage of development. With the progress of laser processing
technologies and materials science, additional photosensi-
tive materials could be used in laser processing, and OCLP
would grow in sophistication and act as an enabler of mul-
tifunctional microfluidic chips.
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Juodkazis, Micromachines 5, 839–858 (2014).

[74] C. K. Chung and K. Z. Tu, Microsyst. Technol. 20, 1987–
1992 (2013).

[75] S. F. Tseng, M. F. Chen, W. T. Hsiao, C. Y. Huang, C. H.
Yang, and Y. S. Chen, Opt. Lasers Eng. 57, 58–63 (2014).

[76] Y. Cheng, H. L. Tsai, K. Sugioka, and K. Midorikawa,
Appl. Phys. A 85, 11–14 (2006).

[77] C. H. Lin, L. Jiang, Y. H. Chai, H. Xiao, S. J. Chen, and H.
L. Tsai, Appl. Phys. A 97, 751–757 (2009).

[78] B. N. Chichkov, C. Momma, S. Nolte, F. Alvensleben, and
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