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In-channel integration of designable microoptical devices
using flat scaffold-supported femtosecond-laser
microfabrication for coupling-free optofluidic
cell counting

Dong Wu1, Jian Xu1, Li-Gang Niu2, Si-Zhu Wu1,2, Katsumi Midorikawa1 and Koji Sugioka1

The high-precision integration of three-dimensional (3D) microoptical components into microfluidics in a customizable manner is

crucial for optical sensing, fluorescence analysis, and cell detection in optofluidic applications; however, it remains challenging for

current microfabrication technologies. This paper reports the in-channel integration of flexible two-dimensional (2D) and 3D polymer

microoptical devices into glass microfluidics by developing a novel technique: flat scaffold-supported hybrid femtosecond laser

microfabrication (FSS-HFLM). The scaffold with an optimal thickness of 1–5 mm is fabricated on the lower internal surface of a

microfluidic channel to improve the integration of high-precision microoptical devices on the scaffold by eliminating any undulated

internal channel surface caused by wet etching. As a proof of demonstration, two types of typical microoptical devices, namely, 2D

Fresnel zone plates (FZPs) and 3D refractive microlens arrays (MLAs), are integrated. These devices exhibit multicolor focal spots,

elongated (.three times) focal length and imaging of the characters ‘RIKEN’ in a liquid channel. The resulting optofluidic chips are

further used for coupling-free white-light cell counting with a success rate as high as 93%. An optofluidic system with two MLAs and a

W-filter is also designed and fabricated for more advanced cell filtering/counting applications.
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INTRODUCTION

The integration of high-performance optical devices into microflui-

dics has recently attracted considerable attention due to unique opto-

fluidic applications,1–3 such as microfocusing/imaging, optical

trapping, fluid lasing and tunable optics, which are more challenging

to achieve compared with the integration of non-photonic compo-

nents into microfluidic systems due to requirements of high precision

and surface quality. Certain conventional microfabrication technolo-

gies, such as soft 4–6 or UV lithography,7 have been used to integrate

two-dimensional (2D) microoptical devices, including optical wave-

guides, microring resonators, and distributed feedback dye lasers, with

microfluidics.2–8 These optofluidic chips afford a wide range of appli-

cations in light propagation, wavelength tuning and microfluidic

lasing. The integration of three-dimensional (3D) optical micro/

nanostructures has further advanced the functionalization of opto-

fluidic devices. For example, colloidal crystals with variable filtering

effects integrated into a microfluidic chip by evaporation-induced

self-assembly has resulted in space-selective transmission and blocking

of particular wavelengths.9 Periodic photonic units with a bandgap

have been incorporated in microfluidic channels by laser interference

lithography to perform refractive sensing.10 However, these methods

are only suitable for the preparation of specific periodic 3D micro-

structures due to inherent fabrication limitations and thus suffer from

low flexibility and weak designability.

Two-photon polymerization (TPP)11–15 based on laser direct writ-

ing is a powerful technology for the fabrication of flexible 3D struc-

tures in a controllable manner with high precision (,100 nm) by

point-to-point scanning. This method has been used to integrate vari-

ous 3D functional microdevices,16–20 such as a microfilters,16 mixers18

or overpasses,19 into a 2D microchannel for controllable filtering of

particles, high-efficiency mixing of different solvents, and guiding of

different fluids and cell migration, respectively. However, all these

works concern the integration of mechanical devices or 3D models

in microchannels. To date, there have been no reports on the TPP

integration of high-precision 2D–3D designable microoptical devices.

Our group has reported a series of studies on the fabrication of 3D

embedded glass microchannels using femtosecond laser-assisted etch-

ing (FLAE).21–23 The surface smoothness of the microchannels was
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improved by smaller-pitch line-to-line scanning and optimized post-

thermal annealing. To enhance their functionalities, some 1D to 3D

glass microcomponents, including waveguides,24–26 microrotators,27

micromirrors,23 and microlenses,28 have been integrated into the

channels. However, the FLAE method suffers from low fabrication

precision, on the order of 10 mm, determined by the wet etching

process.29 To compensate for this weakness and achieve more func-

tional microchips, we have recently demonstrated TPP integration of

3D polymer devices into 3D glass microchannels prepared by FLAE

using hybrid femtosecond laser microfabrication.30 The fabricated

microchips are called ship-in-a-bottle biochips and have been used

for successive filtering, mixing and synthesizing. A number of groups

have also demonstrated the integration of functional polymer micro-

components, such as 3D microporous constructs18 and microfilters,20

into the closed glass microfluidic channels, which are prepared by

non-laser technology. Our FLAE provides the advantage over these

works that an identical femtosecond laser 3D micromachining system

can successively implement both FLAE (subtractive manufacturing)

and TPP (additive manufacturing), leading to more cost-effective and

flexible fabrication of functional biochips. Specifically, FLAE can cre-

ate 3D microfluidic structures with an almost arbitrary geometry (even

multilayered structures) and cross-sectional shapes, and then, TPP can

flexibly integrate various 3D functional microcomponents at any posi-

tions,30 which provides more 3D biomimetic environments for cell

culture and other biological applications. However, due to the complex

environment in the microchannel and high demand of high optical

quality, TPP integration of 3D microoptical components into micro-

fluidics, especially into 3D embedded microchannels, has never

been demonstrated and remains a great challenge. Microoptical

components require high surface smoothness to guarantee their optical

performance compared with other microcomponents.16–20,30,31

Moreover, the flatness of the internal surfaces of the microchannels

on which the components are created significantly affects their quality.

Over areas measuring a few dozen microns on a side, the surfaces

fabricated by FLAE have adequate optical quality. In contrast, the

undulations over longer length scales need to be reduced.

In this paper, we report in-channel integration of designable high-

precision microoptical devices for the first time, including 2D Fresnel

zone plates (FZPs) and 3D refractive microlens arrays (MLAs) in 3D

microchannels embedded in a glass substrate. To ensure the creation

of high-performance microoptical devices, the lower internal surface

of a microfluidic channel must be reconstructed to be highly flat over a

long range. To accomplish this task, flat scaffold-supported hybrid

femtosecond laser microfabrication (FSS-HFLM) is proposed. This

process consists of the construction of a flat polymer scaffold within

the glass microfluidic channel on the lower internal surface of a micro-

fluidic channel, followed by the creation of microoptical devices on the

scaffold, both accomplished by TPP. High-quality integration is

achieved by the optimal design of a layer thickness of the scaffold (with

1–5 mm thickness) to eliminate surface undulations on the glass

microchannel. The focusing and imaging of a 2D FZP and a 3D

MLA in the channel in a liquid environment are investigated and

compared with those on a flat surface in air. By this technique, 3D

optofluidic devices based on a new concept were fabricated, which

enable us to perform parallel cell detection and counting in a relatively

wide channel using coupling-free white light. Thus, this paper presents

two crucial novelties from the point of view of science and applications

of lights, one is development of FSS-HFLM to integrate high perfor-

mance polymer microoptics in channels and the other is demonstra-

tion of optical sensing of biosamples by using a new type of optofluidic

devices (some other progresses as compared with previous works are

summarized in Supplementary Table S1).

MATERIALS AND METHODS

FSS-HFLM integration of high-precision 2D–3D microoptical

devices into 3D embedded glass microchannels

A 522-nm femtosecond laser beam was obtained by second-harmonic

generation from an amplified femtosecond Er-fiber laser (FCPA

mJewel D-400 (from IMRA America, Inc. Headquarters and

Manufacturing, 1044 Woodridge Ave, USA.) with a wavelength of

1045 nm, a pulse width of 360 fs, and a repetition rate of 200 kHz).

A 3D embedded glass microchannel with high surface smoothness was

prepared in a commercially available photosensitive Foturan glass

(from Mikroglas, Langen (Hessen), Germany) by FLAE.21–23 The glass

microchannel was filled with the epoxy-based negative-type resin SU-

8 (2075; MicroChem, Newton, America), which is widely used for

FSS-HFLM fabrication (Supplementary Fig. S1). A layer of scaffold

with an optimal thickness (1–5 mm) was formed by femtosecond laser

writing to eliminate the unflattened internal glass surface of the micro-

fluidic channel in a long range caused by wet etching (Supplementary

Figs. S2 and S3). The scanning was performed from the inner part of

the glass below the bottom surface of the channel to the inner part of

the channel. In general, the lateral size and pitch of laser scanning for

constructing the flat scaffold were the same as for the optical devices.

For fabrication of the flat scaffold as well as microoptical devices, a

smaller scanning pitch (200 nm) was adopted to ensure a high sur-

face smoothness (average roughness ,2.5 nm) compared with

500 nm for the filter/mixer fabrication used in our previous work.

This alteration enables high-quality subsequent integration of

microoptical devices onto the scaffold. In the laser-writing step,

the data program for creating the scaffold was integrated with that

for creating the microoptical device. Therefore, both the scaffold and

the microoptical device could be fabricated by one-step laser scan-

ning. The scaffold fabrication does not increase the complexity of the

entire process. The total thickness of the scaffold and the 175-mm-

diameter amplitude-type FZP was 3 mm, which is much larger than

that of a common flat-surface phase-type FZP, which has a thickness

of less than 0.5 mm.31 For a single microlens (40-mm diameter) and

seven microlens (280-mm diameter) array integration, 1-mm- and 5-

mm-thick scaffolds were prepared, respectively. The 2D FZP and 3D

MLA were integrated into the 3D glass microchannel using point-to-

point laser scanning on the scaffolds. The FSS-HFLM did not

obviously increase the experimental complexity while solving the

problem of the undulated channel surface for the fabrication of

high-quality microoptics.

Optical characterization and biological application of 3D

integrated optofluidic microchips

A homemade optical characterization system (Supplementary Fig. S4)

was developed to characterize the optical properties of the 3D integrated

optofluidic chips. The system consisted of a halogen lamp, a CCD, a

503 objective lens, a pump and several plastic tubes. Under illumina-

tion from a halogen lamp, the focal spots and imaging are magnified by

the objective lens and collected by a CCD. The pump is used to produce

a negative pressure in the 3D biochip to suck the solvent from the

beaker. Solvents containing cells can then be introduced into the bio-

chip. The flow speed is adjustable from 0 to 5 mm s21 by regulating the

negative pressure. The halogen lamp, CCD, and objective lens can

perform in situ monitoring of the cells for detection and counting.
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Fabrication and characterization of 3D optofluidic microsystems

with two MLAs and a W-filter

Three polymer devices consisting of two MLAs and a W-filter were

integrated into a 3D embedded glass microchannel one by one in a

single laser direct-writing procedure. After development and drying,

the 3D optofluidic system was characterized. Solvents containing cells

of different sizes (6–8 mm) were introduced into the optofluidic chip.

Small cells with 50-mm lengths and 6-mm widths passed through the

filter, whereas bigger cells with 72-mm lengths and 8-mm widths were

hindered by the W-filter, as observed in Supplementary Movie 2.

RESULTS AND DISCUSSION

FSS-HFLM integration of 2D diffractive FZPs into 3D

glass microchips

Figure 1a presents a schematic illustration of a designed binary dif-

fractive FZP that consists of six pairs of concentric odd and even zones.

The outer radius of the nth zone from the center (R2n–1 for an odd zone

and R2n for an even one) is determined by the formula

Rn
2zf 2~ f znl=2ð Þ2 ð1Þ

such that

Rn~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
nlf z nl=2ð Þ2

q
ð2Þ

where l is the vacuum wavelength of light and f ~R1
2=l is the primary

focal length. The outer radius of the first odd zone R1 and of the sixth

even zone R12 are designed as 25.3 mm and 87.6 mm, respectively, based

on the channel width of approximately 280 mm. It is well known that

the binary diffractive optics exhibit many advantages, such as low

weight, small volume and easy fabrication by standard photolithography

due to their 2D geometry. Two-photon polymerization has realized

various amplitude- and phase-type FZPs on flat glass substrates32 due

to its high flexibility (Supplementary Fig. S1b). However, in 3D-

embedded microchannels, an undulated bottom surface caused by

wet etching limits the availability of FZP integration. Even an irregu-

larity as small as 1 mm makes complete fabrication of an FZP imposs-

ible (Supplementary Fig. S5) because the usual thickness of an FZP is

0.5–1 mm.30 To eliminate this irregularity, a flat polymer scaffold with

an optimal thickness (cf. Supplementary Fig. S2) is designed and

constructed in the glass microchannel by TPP. According to SEM

measurements, the channel irregularity is approximately 2 mm, such

that the total thickness of the FZP and scaffold must be 3 mm, as

demonstrated in Figure 1b. A thicker FZP/scaffold (5 mm or larger)

results in the collapse or floating of some outer zones during the

development because their widths are much smaller than the thick-

ness. Using this FSS-HFLM technique, high-quality polymer ampli-

tude-type FZPs can be created on the scaffold inside the 3D glass

microchannels (Figure 1c and Supplementary Fig. S1a). Under light

illumination, the FZP should produce a round focal spot by optical

diffraction, as illustrated in Figure 1d.33 Figure 1e and 1f present an

SEM image of the polymer FZP on a flat surface and an optical

microscopy image of two polymer FZPs in a 3D embedded glass

channel, respectively. There are no missing or deformed parts for

either FZP, and the FZPs conform to the design model even inside

the microchannel.

Following FSS-HFLM integration of an FZP into a glass micro-

channel, the optical properties were systematically examined using

a homemade characterization system (Figure 2f). When a 632-nm-

wavelength laser illuminated the FZP in an ethanol environment, a

bright focal spot was observed, as shown in the inset of Figure 1g. The

point spread functions were measured by extracting the grayscale
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intensity of the focal spot, as plotted in the main graph in Figure 1g.

The full-width at half-maximum (FWHM) of the focal spot sizes along

the X and Y axes are nearly the same (8.960.3 mm). Another optical

feature of FZP is that it can produce focal spots with different colors

under white light illumination (Figure 2d). Longer wavelengths result

in shorter focal lengths. Therefore, the focal spots for different colors

are observed at different positions (Figure 2a–2c), as expected. The

measured focal lengths were 1.160.03 mm, 1.260.04 mm and

1.360.03 mm for red, yellow and green, respectively, which are in

good agreement with the theoretical results calculated using the aplan-

atic principle and refraction theory (Figure 2e and Supplementary

Fig. S6). Such a multifocus lens may be of use for certain optofluidic

applications, such as the trapping of multiple cells at multispots. In

contrast, a single focus lens (achromatic lens) is more attractive for

many applications. It is well known that the achromatic lens can be

constructed by the combination of a convex lens and FZP. The refract-

ive convex lens can also be integrated by FSS-HFLM as described

below. Then, multilayer integration of these optical components,

which is possible using this technique, will enable fabrication of the

achromatic lens. Excellent imaging characteristics are also obtained, as

observed in Figure 2f–2k. The object consists of the 5-mm letters

‘RIKEN’ placed 10 mm away from the backside of the microchip.

The image is magnified by an objective lens and collected by a CCD.

High-quality integration of 3D refractive microlenses into

glass microchannels

Refractive microlenses and arrays are important for microfocusing,

imaging, laser shaping and miniaturized cameras. These microlenses

are more attractive for optofluidic applications34 because of their

higher efficiency and resolution than FZPs. However, their 3D geo-

metry leads to fabrication difficulties for integration inside an embed-

ded microchannel. The FSS-HFLM technique overcomes this

difficulty to permit integration of high-performance 3D refractive

microlenses in a 3D glass microchannel. For example, Figure 3a–3b

present a cross-sectional schematic and optical microscopy image of a

refractive microlens with a 20-mm radius and 10-mm height integrated

in 3D glass microfluidics. Due to the small size of the microlens, a 1-

mm-thick flat scaffold is sufficient to eliminate the undulated channel
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surface. The focal length of the microlens in the channel filled with

ethanol is longer than that in air because the difference in the refractive

index between the polymer (nsu8~1:58) and solvent (nethanol~1:362)

is smaller than that between the polymer and air (nair~1), as shown in

Figure 3c. The measured focal length in air is only 3564 mm, while

that in the microchannel filled with ethanol increases to as long as

13565 mm (Figure 3d). These results agree with the theoretical values

of 32 mm in air and 132 mm in ethanol (Supplementary Fig. S7b).

Under optical illumination, the 3D integrated microlens produced

sharp focusing with a focal spot size of 2.9 mm in diameter (the inset

of Fig. 3b and Supplementary Fig. S7a). When different letters are

placed at the backside of the microchip at a distance of 10 mm, clear

imaging of every letter in ‘RIKEN’ is achieved, as demonstrated in

Figure 3e and 3f.

A 3D refractive microlens was directly fabricated in glass by FLAE.28

FLAE is categorized as a top-down fabrication process, in other words,

subtractive manufacturing, because the laser irradiated regions are

selectively removed by subsequent HF etching. However, its radius

was 750 mm, much larger than the 20-mm radius of the present poly-

mer microlens, resulting in a longer focal length of 1.7 mm.

Miniaturizing the microlens is not easy due to the low fabrication

resolution (,10 mm), which is determined by the HF etching and

second annealing (,630 6C) process. Such a low fabrication resolu-

tion also deteriorates the focusing performance (,30 mm in dia-

meter), while the polymer microlens produced a focal spot size of

2.9 mm in diameter, as described above. TPP is categorized as a bot-

tom-up fabrication process, in other words, additive manufacturing,

and provides a high fabrication resolution (less than 100 nm) by

employing nonlinear absorption and the threshold effect.

FSS-HFLM integration of microlens arrays for coupling-free white-

light cell detection and counting

Site-selective cell detection and counting is highly desirable for bio-

logical research; however, there are few reports except for some

demonstrations using optofluidics integrated with optical waveguides

by femtosecond laser-induced refractive index modifications.6,15,35

Here, a system based on a new concept is presented by utilizing glass

optofluidic chips integrated with polymer microlenses, as illustrated in

Figure 4. High intensity is obtained at the focal spot of a microlens

under white-light illumination when cells are not blocking the beam
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(Figure 4a, 4c and 4e); however, a much lower intensity is observed as

the cells move across the lens because the cells scatter, reflect and

absorb the light (Figure 4b, 4d and 4f). Thus, in situ cell detection is

possible by monitoring the intensity variations. In addition, cell

counting can be achieved by recording these variations as a function

of the time, as demonstrated in Supplementary Fig. S8a. Each drop in

intensity indicates a cell passing above the microlens. The magnitude

of the intensity decrease varies between approximately 20% and 80%,

as the cells pass through different positions above the microlens

(Supplementary Fig. S8b). Cells passing over the center of the lens

result in the largest decline in intensity, whereas the decrease is smaller

as the cells move farther away from the center. Some cells may miss the

lens entirely because its 40-mm diameter is much smaller than the

channel width of 280 mm.

To monitor the entire channel along the width direction, an array of

7 lenses was integrated into the 3D glass microfluidics (upper-left in

Figure 5a), and the variations of the intensity at the corresponding

seven focal spots were examined (Figure 5a). The novelty of this device

for optical biosensing is that the MLA enables in parallel detecting and

counting cells with coupling-free white light. For the biosamples to be

detected, 60 cells of Euglena, which is a popular flagellated laboratory

microorganism living in freshwater environments and representing

one of the simplest and earliest derived eukaryotic cells,36 were intro-

duced. The optofluidics recorded 56 intensity drops, corresponding to

a 93% success rate for detection. A small percentage of the cells (,7%)

that were not detected most likely passed through the border areas

between adjacent lenses.

Compared with state-of-the-art commercial flow focusing

devices,37,38 the integrated optofluidic devices fabricated by the FSS-

HFLM method possess multifunctions, e.g., microfocusing/imaging

and filtering/counting. Multifunction integration in a smaller-size

microchip can greatly enhance the LOC functionalities for practical

application. Therefore, a microfluidic system consisting of two arrays

of seven refractive lenses and a W-shape filter was designed and pre-

pared for successive cell filtering and detection (Figure 5b–5e and

Supplementary Movie 2). The ‘W’ shape significantly increases the

stability (Supplementary Fig. S9) to avoid deformation and break-

down during the development and characterization process. The

dimension of the hole in the filter can be flexibly adjusted according

to the sizes of the cells to be selectively separated from each other. For

example, 7-mm holes are created, and cells of different sizes are intro-

duced from the left in Figure 5d. Small cells with 50-mm lengths and
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6-mm widths (specifically, 75%610% of them have widths less than

7 mm) freely pass through the filter and are detected by the microlens

array along the right-hand side, while larger cells with 72-mm lengths

and 8-mm widths are hindered by the W-filter (as observed in

Supplementary Movie 2). Compared with other optofluidic devices

based on femtosecond laser-written optical waveguides, the present

method has three advantages. First, this method does not require a

complex and precise fiber-coupling system. Second, the microlens

can focus white light and does not need a laser (Supplementary Fig.

S4). Third, the microlens can be constructed in a microchannel

made of various materials (e.g., PDMS, polymer or glass) because

the resin is filled into the channel later for laser microfabrication

and is subsequently washed out by the developer. In contrast,

optical waveguides rely on the refractive index change of the glass

substrate of the microfluidics induced by the femtosecond laser,

such that the waveguides cannot be achieved in a material that is

different from the substrate.

CONCLUSIONS

The present work has demonstrated in-channel integration of

high-quality 2D–3D microoptical devices into 3D embedded glass

microchannels in a spatially selective and designable manner by

developing a new method—FSS-HFLM (Supplementary Table S1).

The FSS-HFLM solves a key problem: the undulated surface that

normally exists in PDMS, polymer, glass or silicon microfluidic chan-

nels is compensated by adding a layer of flat scaffold with an opti-

mized thickness of 1–5 mm depending on the size of the microoptical

components. As a proof of concept, two types of typical microoptical

devices—2D diffractive FZPs and 3D refractive MLAs—were selec-

tively fabricated in the channel. The FZP produced multicolor spots

(red, yellow and green), and the focal length of an MLA in a micro-

channel filled with solvent was three times longer than that in air. Both

of these devices showed good agreement with theoretical calculations.

Moreover, the 2D FZP and 3D MLA exhibited excellent imaging

performance of the letters ‘RIKEN’. We further explored the applica-

tion of 3D integrated optofluidic chips for coupling-free white-light

cell counting. The success rate was as high as 93%. Finally, microsys-

tems integrated with two MLAs and a W-filter were designed and

prepared for filtering and counting of cells with different sizes. In

addition to the integration of 2D FZPs and 3D MLAs for biological

detection, this FSS-HFLM method is highly promising for the integ-

ration of various 1D to 3D passive and active microoptical devices,

including polymeric optical switches, wavelength-division multiplex-

ing, on-chip microlasers and optical amplifiers for lab-on-a-chip
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Figure 5 High-efficiency cell counting by designing and preparing optofluidic chips with an integrated 3D MLA. (a) An array of seven lenses was integrated into

the microchannel to monitor cells passing through any location across the width of the channel. The inset presents an optical microscopy image of the focal

spots produced by the seven lenses. The array achieves a success rate as high as 93% in cell detection by observing the time-dependent intensity changes from

the seven microlenses. (b) 456 and (c) 56 tilted views of the W-shaped filters having 7-mm holes. The ‘W’ shape enhances the stability of the filter during the

development process and during subsequent use. (d) Optical microscopy image of an optofluidic system consisting of two Y-shaped glass microchannels, two

MLAs and a W-shaped filter. (e) Magnified image of a W-shaped filter. (f) A small cell with a 50-mm length and a 6-mm width can pass through the W-filter and be

detected by the right-hand microlens array. (g) Large cells with 72-mm lengths and 8-mm widths are hindered by the W-filter (Supplementary Movie 2). 3D, three-

dimensional; MLA, microlens array.
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optofluidic applications. We believe that this method will be applied

to broader industrial applications by the further development of low-

cost TPP using a continuous-wave laser39 and new resin materials.40,41
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CORRIGENDUM

Corrigendum: In-channel integration of designable
microoptical devices using flat scaffold-supported
femtosecond-laser microfabrication for coupling-free
optofluidic cell counting

Dong Wu, Jian Xu, Li-Gang Niu, Si-Zhu Wu, Katsumi Midorikawa and Koji Sugioka

Light: Science & Applications (2015) 4, e275; doi:10.1038/lsa.2015.48; published online 13 February 2015

Correction to: Light: Science & Applications (2015) 4, e228; doi:10.1038/lsa.2015.1; published online 2 January 2015

In this paper, in the "Materials and methods" section, the type of laser from IMRA America, Inc. was wrongly given as Er-fiber. The correct type

is Yb-doped fiber.

We apologize for any inconvenience this may have caused.
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