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Holographic femtosecond laser integration
of microtube arrays inside a hollow needle
as a lab-in-a-needle device
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In this Letter, the femtosecond laser holographic two-
photon polymerization (HTPP) method is adopted to
rapidly realize a unique lab-in-a-needle (LIN) device by
manufacturing microtube arrays inside a needle. The HTPP
method is to modulate a Gaussian beam into a ring Bessel
beam by a spatial light modulator (SLM) loaded with a
Bessel hologram, and can fabricate microtube arrays with
controllable inside diameter (1-10 pm) and designable pat-
terns on such complex three-dimensional (3D) substrates
by optimizing experimental parameters. A single LIN device
can be processed by this method in about 4 min, which is
not possible with traditional micronano technology and is
much faster than the traditional two-photon polymeriza-
tion method (at least several hours). To further demonstrate
the functionality of this LIN device, a particle separation
experiment is carried out. For the purpose of achieving
greater functionality and integration of the on-chip system,
this HTPP method provides a powerful processing method
for integrating 3D functional microstructures on 3D nonpla-
nar substrates. © 2019 Optical Society of America
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In recent years, To meet the ever-increasing functional require-
ments in different fields such as integrated optical detection and
single-cell research, many new types of conceptual on-chip de-
vices with unique advantages have been proposed [1-3]. For
example, lab-in-a-tube systems have been proposed and studied
in the spirit of developing increased functionality in more com-
pact lab-on-chip (LOC) systems [1,2]. Such an ultracompact
lab-in-a-tube device, which is realized by integrating multiple
functional components into a single tube by rolled-up technol-
ogy [4], would be independently capable of stimulating and
monitoring individual cells. In addition, Koji e a/. fabricated
the 3D ship-in-a-bottle biochip by integrating various 3D
polymer microstructures into flexible 3D glass microfluidic
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channels, which shows high performance in reagent mixing
[3]. In general, these new kinds of conceptual on-chip devices
have numerous unique advantages. However, the study for
these devices is still in the development stage, and there are
many difficulties in engineering implementation. For example,
it is almost impossible to integrate high-precision functional
3D microstructures inside a tube, bottle, or needle by conven-
tional processing techniques such as etching [5], photolithog-
raphy [6], nanoimprint lithography [7], or soft lithography [8].
Femtosecond laser two-photon polymerization processing
technology provides a flexible method for fabricating arbitrary
shapes of 3D micro/nanostructures with its high resolution
and true 3D processing characteristics [9-11]. To improve
the processing efficiency of traditional single-point scanning
processing method, a series of methods including microlens
array [12], multibeam interference [13], diffractive optical el-
ements [14], and spatial light modulation [15] have been pro-
posed. In particular, the spatial light modulation technology
can flexibly modulate the light field into various 3D light fields
including multifocus spots [16,17], vortex beam [18], Bessel
beam [19,20], and Airy beam [21] by a SLM loaded with vari-
ous holograms to achieve rapid processing. However, these
processing cases are currently concentrated on 2D substrates,
and there are few cases on 3D substrates such as hollow needles.
In this work, we solve the difficulties of processing high-
precision 3D microstructures inside the needle by a self-made
clamping device combined with the femtosecond laser HTPP
method for the first time. A microtube array inside the needle as
a simple integrated LIN unit is rapidly processed (in about
4 min) by the femtosecond laser HTPP method. Through
parametric design and optimization, microfilters with different
patterns are processed. As a demonstration of filtration perfor-
mance, we separate four kinds of SiO, microsphere mixtures
with different diameters using this LIN device. To alleviate
the clogging problem of the device, we adopt a blow-and-
suction cycle filtration method, which greatly increases the
fileration flux and proves the reusability of the device.
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We previously presented the HTPP fabrication protocol
for rapid processing dimension-controlled microtube arrays
[22,23]. In the case of a modulating femtosecond laser
Bessel beam with a reflection type liquid crystal spatial light
modulator (SLM, Pluto NIR II, Holoeye, 1920 x 1080 pixels)
and focusing it by a 60x oil-immersion objective, any patterns
of microtube arrays with controllable inlet diameter (1-10 pm,
determined by the topological charge 7 and the radius ry of
the Bessel hologram [22]) and length (<150 pm, the working
distance of the objective lens) can be quickly and flexibly proc-
essed inside the polymer SZ2080 [24] sample. However, HTPP
processing inside a needle is more challenging than fabricating
microstructures on flat substrates or even conventional 3D sub-
strates such as grooves and curved surfaces. First of all, one of
the difficulties to overcome is the clamping of the needle. How
to keep the needle vertically and closely adhered to the glass
substrate is the first step to achieve processing. We first put
the needle in a home-made support tube and press the needle
and support tube onto a cover glass by hand so that the tip of
the needle stays in the same plane as the end of the support
tube. Next, 50 pL of SZ2080 photoresist was dropped on
the cover glass and placed on a hot plate. A small amount
of photoresist was sucked into the needle. Then, as shown
in Fig. 1(a), the needle is placed in the center of the cover slip
and a certain force is maintained at the upper end of the needle
to make the needle and the slide close together. Finally, after
baking for 2 h on the 100°C hot plate [longer than the time
of baking the sample on surface, Fig. 2(g)], a photoresist-
containing needle adhered to the glass substrate was obtained.

To verify whether the samples are successfully prepared, the
first step is to check whether there are bubbles in the photo-
resist inside the needle, and next is to confirm that the distance
between the upper end of the needle and the glass substrate
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Fig. 1. Schematic illustration of rapid processing microtube arrays
in a needle by HTPP processing and the filtration process. (a) The
needle placed in a home-made holder is pressed by a certain force onto
the glass slide with photoresist and baked for 2 h at 100°C. (b) The
phase-modulated ring light field is focused by an objective into the
needle for rapid microtube array processing. The inserts are the HTPP
process (left), Bessel hologram (BH, top right) loaded on the SLM and
the simulated focused field (bottom right). (c) Schematic diagram of
the microtube array inside the needle after the photoresist is developed.
(d) A blow-and-suction method is adopted to reduce the clogging
problem and improve separation flux.
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does not exceed the working distance of the objective. Only
when the qualified sample is successfully prepared in the pre-
vious step, the light field can be successfully focused inside the
vertical needle. Arbitrarily patterned microtube arrays can be
processed inside the qualified sample by combining the focused
light field and the movement of the 3D piezoelectric stage.

The HTPP processed sample is developed in the developer
for about 2 days [longer than the time of developing the sample
on surface, Fig. 2(h)] to obtain a microfilter integrated in the
needle. The development time depends mainly on the diameter
and length of the microtube. The smaller the microtube diam-
eter and the longer the length is, the longer the development
time will be. To balance the stability of the structure and the
development time, a compromised length (~40 pm) is chosen
here. Such an integrated filtration device can be conveniently
used for high-throughput particle filtration or rare particle
enrichment. Moreover, to further increase the filtration flux,
a manual blow-and-suction cycle method [Fig. 1(d)] can be
used for multiple cycle filtration.

In the case of HTPP processing of microtube arrays, the
processing time of each microtube with a length of ~40 pm
is about 1 s regardless of the diameter of the microtube. For
example, in this work, microtubes with an average diameter
of 10 pm and a height of 40 pm are processed inside a needle
with an inner diameter of 160 pm. When the platform scans
progressively, the scanning path is reasonably optimized accord-
ing to the diameter of the needle and microtube, so that the
processing is performed only in the circular area of the needle.
Thus, the number of microtubes can be reduced to 250, and
the total processing time is only ~4 min, which is much
shorter than the time of single-point scanning [~8 h, scanning
interval: 200 nm, single point’s exposure time: 1 ms, Fig. 2(i)].
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Fig. 2. Schematic diagram of the layout of different microtube ar-
rays in the needle and the quantitative processing parameters. (a) The
microtube array is processed inside the needle with inner diameter R as
the filter. Three parameters (27, 7, 6) are mainly designed. (b), (c), (e),
(f) Different patterns have been fabricated. (d) The fluorescence mi-
croscopic image of the microtube array with the same parameters as
(o) inside the needle. The insert is the SEM image. Differences of
(g) the prebaking time and (h) developing time between samples
on the surface and samples inside the needle. (i) The total processing
time by HTPP processing and single-point scanning.
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When processing microtubes inside a needle with an inner
radius of R, three parameters are mainly considered in the pat-
tern design. As shown in Fig. 2(a), one is the average radius of
the microtube, defined as . One is the interval between two
adjacent microtubes, defined as z. The center distance of two
adjacent microtubes with wall thickness /4 is D, and # can be
given by the following formula:

t=2r-D. (1)

The last one is the angle between the adjacent microtubes in
different columns, defined as 6. Different patterns with differ-
ent (27, ¢, ) combinations have been fabricated [Figs. 2(b),
2(c), 2(e), 2(f)], including (10 pm, 0, 0°), (10 pm, 0, 30°),
(10 pm, 1 pm, 30°), (7 pm, 0, 30°).

To study the effect of different parameter combinations on
the processing results of patterned microtube arrays, the follow-
ing three sets of control experiments are illustrated. First, the
microtube arrays with the same average diameter 27 = 10 pm
and the same interval # = 1 pm can be divided into square and
hexagonal arrangement. Comparing the roundness and wall
thickness of the microtubes in Figs. 2(b) and 2(c), it is easy
to conclude that the hexagonal-arranged patterned microtube
array structure can maintain the original design shape. The
shape modulation phenomenon in Fig. 2(b) is mainly caused
by the existence of internal stress and the structural instability
of the square arrangement. Second, when the microtube arrays
are with the same diameter of 27 = 10 pm and the same angle
of @ = 30°, the intersection of the HTPP region due to the
difference of # will cause a significant change in the internal
shape of the tube [Figs. 2(c) and 2(e)]. When the interval be-
tween two adjacent microtubes satisfies 7 = 0, both the tight
connection between adjacent microtubes can be ensured, and
the internal shape of the tube can be prevented from being
damaged. Third, when the interval of adjacent microtubes
t = 0 and the angle @ = 30° in the microtube array remain
the same, the effect of microtube diameter difference on the
structure is not so obvious.

According to the discussion in the previous section, we
selected the microfilter with the parameter combination of
(27, £, 8) = (10 pm, 0, 30°) as a demonstration of the particle
separation experiment. After the mixture of the particles to
be sorted was sucked into a sterile disposable syringe, the
integrated needle filter device was mounted on the syringe
[Fig. 3(a)]. This allows for manual particle separation or auto-
matic separation by a syringe pump.

In the separation experiment, the results of sorting four
kinds of monodispersed SiO, microsphere [Fig. 3(d)] with dif-
ferent diameters (2.5, 5, 10, 20 pm) were used to demonstrate
the experimental performance of the filtration device. First,
each kind of particle was formulated into a mixture of mass/
volume percentage concentration of 0.6 w/v% using ethanol
as a solvent. Next, we conducted two types of separation experi-
ments: Type I, separation of two kinds of particle mixtures,
Type 11, separation of four kinds of particle mixtures.

In the Type I experiment, 0.25 mL of each of two different
diameter SiO, microsphere mixtures (2.5 and 20 pm in diam-
eter) totaling 0.5 mL was taken as the mixture to be separated
[Fig. 3(b)]. To achieve more efficient particle separation, a
manual blow-suction cycle method was adopted to reduce
the clogging problem. During the blowing process, push the
syringe with the thumb untdl the particles block the filter.
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Fig. 3. Simple handheld filtration device and two types of particle
sorting results. (a) Simple integrated particle separation unit. (b) and
(c) are the microscopic images of different kinds (Type I and Type II)
of particle mixture. The insert shows different kinds of SiO, particles
with different diameters. (d) SEM image of four kinds of SiO, par-
ticles. (e) and (f) are the microscopic images of filtered particles.

To prevent droplet leakage and even structural damage, the
pressure is kept within ~30 psi. At a high particle concentra-
tion of ~108 particles/mL, single filtration could only obtain a
maximum of 0.05 mL of filtrate. However, after 16 cycles of
filtration in about 3 min, about 60% of the mixture was filtered
into a microcentrifuge tube. Multiple cycles of filtration could
greatly increase the filtration flux of the unit. Whether it is
single filtration or multiple filtration, the filtrate obtained con-
tains only one microsphere of 2.5 pm diameter [Fig. 3(e)].
To further test the ability of the device to separate a variety
of particles, a total volume of 0.5 mL of four equal amounts
of different diameters microsphere mixtures was used in
Type 1I separation experiment [Fig. 3(c)]. The same method
was used to sort four different diameters microspheres.

To quantitatively evaluate the performance of the LIN
device, the geometric characteristics of the microtubes in four
different patterned microfilters (Patterns A-D), including the
aspect ratio (AR) and the average inner diameter (AD) distri-
bution, were analyzed quantitatively. First, as shown in
Fig. 4(a), from the aspect ratio of the microtube, except for
Pattern A, the aspect ratio in other patterned microfilters is
within 1.1, which fully demonstrates that the hexagonal
arrangement is more conducive to the stability of the overall
structure than the square arrangement. At the same time, com-
pared with Patterns B and D, the smaller the diameter of the
microtube, the closer the aspect ratio is to 1, which means that
reducing the microtube diameter to a certain extent is more
conducive to structural stability. Second, from the inlet diam-
eter of the microtube [Fig. 4(b)], the box and whisker plots
show that only the average inlet diameters of Patterns B and
D are almost the same as the designed inlet diameter.
Combining the data of the aspect ratio, the parameter combi-
nation of (¢,6) = (0, 30°) is more suitable for designing a sta-
ble and reliable microfilter.

For the particle separation experiment, we first quantita-
tively analyzed the multiple filter-rinse cycle experimental data
to verify the stability of the device. Taking Type I of two
particle separation as an example, after single filtering
0.5 mL particle mixtures of two different diameter micro-
spheres, the deionized water was sucked into the syringe
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Fig. 4. Quantitative data statistics for dimensional characteristics of
microtubule arrays with different patterns and SiO, particles separa-
tion. The box and whisker plots show (a) the aspect ratio and (b) the
average inlet diameter distribution (red line: designed inlet diameter
9.5 pm for Patterns A, B, and C, magenta line: designed inlet diameter
6.5 pm for Pattern D) of the microtubes with different patterns of
15 pm in thickness. The boxes contain percentiles 25 to 75, and
the whiskers correspond to the maximum and minimum values.
(c) The line chart shows the volume of the filtrate obtained per cycle
(0.05 £ 0.01 mL). (d) The bar chart shows the volume percentage of
four kinds of SiO, particles before and after Types I and II separation.

through the needle microfilter to clean up the blocked particles.
Next, the rinsed microfilter was mounted on the syringe
that had the same volume of the mixture inhaled and per-
formed a new filtration. Fig. 4(c) illustrates that the volume
of the filtrate obtained per cycle was substantially the same
(0.05 £ 0.01 mL). The stability of the device is guaranteed
by the hexagonal arrangement and the height of the microtube.
The mass percentages of the different particles in the filtrate
after the two types of filtration are shown in Fig. 4(d). From the
results of several experiments, it was found that only one kind
of microsphere with the diameter of 2.5 pm was found in the
filtrate after Type I single filtration. As for the Type II filtration
experiment, it is notable that the ratio of the number of 2.5 pm
diameter microspheres to the 5 pm microspheres in the filtrate
is larger than the proportion of the two particles in the original
mixture. We suspect that small particles are easier to pass
through the microfilter because the flow resistance produced
by small particles flowing through the microtubes is smaller
than when the large particles pass through the microtubes.
In this study, the femtosecond laser HTPP processing
method was adopted to flexibly integrate microtube arrays in-
side a commercial stainless-steel needle as a LIN concept device.
Technically, we have solved two crucial difficulties in engineer-
ing implementation: (1) The difficulty of processing high-
precision 3D microstructures inside a needle is solved by the
photoresist sample preparation with a self-made clamping de-
vice combined with high-precision HTPP processing technol-
ogy. (2) The stability and consistency of the microstructures
integrated inside the needle, which is the basic guarantee for
the specific function of the device, are ensured by the flexible
processing characteristics of the HTPP processing method
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through processing parameter optimization and pattern design.
In two types of separation experiment, the filtering results of
the mixture of different kinds of monodispersed SiO, micro-
sphere with high particle concentration were used to verify the
performance of the filter device. A single filtration of 0.5 mL
SiO, microsphere mixture with diameters of 2.5 and 20 pm
yields 0.05 mL of monodisperse filtrate containing only
2.5 pm diameter particles.
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