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components. However, previous understanding of cell 
behaviors, including cell migration, directed mitosis, and dif-
ferential growth is mainly based on studies of cells cultured 
on flat, 2D commercial culture substrates.[1–3] In recent years, 
the results of cell behavior studies in 3D culture scaffolds 
have revealed several differences from that in 2D substrates, 
such as neurite outgrowth,[4] neural stem cell migration,[5] 
and tumor cell division.[6] Therefore, biocompatible 3D 
culture scaffolds which can more closely mimic the natural 
complex 3D microenvironment in vivo are urgently needed.

Microtubes, which have very high aspect ratio with 
variable diameter in nano- and micrometer scale, have 
almost universal applications in areas as diverse as micro-
optics,[7–9] resonators,[10–12] microrobots,[13,14] microscale 
energy storage,[15] micromedical devices,[16,17] and microbi-
ology.[4–6,18–20] Especially in the field of microbiology, micro-
tube array has great potential as a powerful tool to research 
the biological mechanisms in 3D culture environment 
because of the dissimilarity between 2D flat surfaces and 3D DOI: 10.1002/smll.201701190

Transparent microtubes can function as unique cell culture scaffolds, because the 
tubular 3D microenvironment they provide is very similar to the narrow space of 
capillaries in vivo. However, how to realize the fabrication of microtube-arrays with 
variable cross-section dynamically remains challenging. Here, a dynamic holographic 
processing method for producing high aspect ratio (≈20) microtubes with tunable 
outside diameter (6–16 µm) and inside diameter (1–10 µm) as yeast culture scaffolds 
is reported. A ring-structure Bessel beam is modulated from a typical Gaussian-
distributed femtosecond laser beam by a spatial light modulator. By combining the 
axial scanning of the focused beam and the dynamic display of holograms, dimension-
controllable microtube arrays (straight, conical, and drum-shape) are rapidly 
produced by two-photon polymerization. The outside and inside diameters, tube 
heights, and spatial arrangements are readily tuned by loading different computer-
generated holograms and changing the processing parameters. The transparent 
microtube array as a nontrivial tool for capturing and culturing the budding yeasts 
reveals the significant effect of tube diameter on budding characteristics. In particular, 
the conical tube with the inside diameter varying from 5 to 10 µm has remarkable 
asymmetrical regulation on the growth trend of captured yeasts.

3D Cell Culture

S. Y. Ji, Dr. L. Yang, Prof. Y. L. Hu, J. C. Ni, W. Q. Du,  
Prof. J. W. Li, Prof. G. Zhao, Prof. D. Wu, Prof. J. R. Chu
CAS Key Laboratory of Mechanical Behavior  
and Design of Materials
Department of Precision Machinery  
and Precision Instrumentation
University of Science and Technology of China
Hefei, Anhui 230027, China
E-mail: huyl@ustc.edu.cn; dongwu@ustc.edu.cn

Prof. Y. L. Hu, Prof. D. Wu
Department of Precision Machinery and Instrumentation
University of Science and Technology of China
Hefei, Anhui 230027, China

1. Introduction

Cells embedded in tissues grow in complex 3D microenvi-
ronments containing multiple extracellular matrix (ECM) 
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extracellular environments in which cells routinely operate 
in vivo.[1–3,21] Recently, hydrogels composed of fibrillar pro-
teins have been employed to study the cellular behaviors in 
a 3D environment.[22,23] However, it still remains challenging 
to determine the pure impact of environment dimension-
ality on cell behaviors due to the porosity and compliance 
of hydrogel scaffold. To address this challenge, microtubes 
have been used to demonstrate how the tubular confine-
ments of 3D scaffolds affect budding yeast growth,[18] 
neuron cell growth,[4,19] neural stem cell migration mecha-
nism,[5] human cancer cell division, and differentiation.[6,20] 
However, further studies are still urgent to be carried out 
to assess the contribution of more complex 3D culture scaf-
folds to the cellular behaviors, for instance, conical tubular 
environment.

For studying the cellular behaviors in 3D microenvi-
ronment, microtubes made of biocompatible materials are 
highly desirable. A number of methods, including self-assem-
bling,[24,25] self-rolled-up,[26,27] templating,[28] electrospin-
ning,[29–32] lithography,[33] and direct laser writing,[34] have 
been developed to fabricate different types of microtubes 
of varying scales. However, the processing flexibility has 
yet to be improved, because some of these methods could 
only produce microtubes with specific shapes or rough sur-
face in fixed patterns, or some processes are complicated or 
inefficient.

Femtosecond laser microfabrication by two-photon 
polymerization (TPP) shows sufficient flexibility in producing 
complex 3D microstructures with high resolution.[35–38] There 
have been some 3D microstructures realized by TPP used 
as 3D cell culture scaffolds for studying cell behaviors, for 
instance, cage-like structures for studying cell invasion[39,40] 
and quadrilateral bracket structure functionalized with dis-
tinct ECM proteins for guiding cell attachment.[41] However, 
the efficiency of traditional laser direct writing 3D micro-
structures needs to be improved. With the development of 
spatial light modulation technology, the light field can be 
flexibly regulated.[42] The combination of the two technolo-
gies allows for the enhanced flexibility and efficiency for 
producing complex 3D structures. The ring-shaped micro-
structures have been realized by holographic modulation of 
the annular light field.[43,44] However, as cell culture scaffolds, 
the aspect ratio and maneuverability of the microtubes need 
to be further improved. To the best of our knowledge, micro-
tubes produced by femtosecond laser two-photon polymeri-
zation combined with spatial light modulation have not yet 
been used for studying the cellular behaviors in 3D cell cul-
ture scaffolds.

In this study, we present a dynamic holographic pro-
cessing method to fabricate high aspect ratio (≈20) micro-
tubes with tunable outside diameter (6–16 µm) and inside 
diameter (1–10 µm). The influence of tuning topological 
charge n and axicon radius r0 of computer-generated holo-
grams (CGHs) on the geometrical shape and size of micro-
structures is discussed in detail. A self-falling-down method is 
demonstrated to construct transparent microtube arrays con-
sisting of 100 single tubes for capturing and culturing yeast 
cells. This strategy exhibits great flexibility and high reli-
ability because the average retention rate and survival rate of 

captured yeasts can both reach more than 70%. Moreover, we 
analyze the effects of 2D tubular confinements of different 
microtubes, including straight microtube arrays (the inside 
diameter ranging from 3 to 10 µm) and conical microtube 
arrays (the inside diameter varying from 5 to 10 µm), on the 
yeast growth characteristics by high-resolution bright-field 
microscopy. This method holds great promise for studying the 
cellular behaviors in 3D extracellular environment by mim-
icking the microenvironment in vivo.

2. Results and Discussion

2.1. Tunable Bessel Beams Generation and Their Utilization  
in Microtubes Fabrication

Figure 1a illustrates the experimental setup for control-
lable microtube fabrication based on spatial light modulator 
(SLM). The ring-structure Bessel beam[45] is modulated by 
a CGH displayed on the SLM.[46–48] The CGH is composed 
of three parts: spiral phase plate (SPP), axicon, and blazed 
grating (BG), as shown in Figure 1b. SPP has an azimuthal 
phase distribution of nϕ and its topological charge n is an 
integer and represents the order of Bessel beam. Axicon 
has a radial phase distribution of 2πr/r0, r0 is the radius of 
the axicon. The topological charge n and the axicon radius 
r0 of this CGH is 5 and 400 µm, respectively. Finally, the 
phase distribution of BG is expressed by 2πx/Δ, in which 
Δ represents the period of the blazed grating (15 × 8 µm). 
Therefore, the final phase distribution of the CGH can be 
presented as: 

ϕ π π π( )( ) = + + ∆, mod 2 / 2 / , 20Ph x y n r r x � (1)

where Ph(x, y) is the phase distribution in Cartesian coor-
dinate, ϕ = tan−1(y/x) is the polar angle, and 2 2r x y= +  is 
the polar radius. BG phase is a quite important part to sepa-
rate the zeroth order light, due to the pixelation effect of the 
SLM, from the other modulated light, as shown in Figure 1c. 
Thus only the 1st order light of the modulated beam can pass 
through an iris diaphragm (with an intermediate aperture of 
8 mm) used as a filter. Then the filtered light beam is focused 
by a high numerical aperture (NA = 1.35) 60× oil-immersion 
objective lens to form a controllable ring-structure light field 
by loading CGHs with different topological charge n and 
axicon radius r0 on the SLM.

Furthermore, to elucidate the consistency of experi-
mental results and simulation, the Debye diffraction theory 
is adopted to simulate the focused Bessel beams (Figure 1d, 
the detail will be discussed in next part) generated by the 
CGH in Figure 1b. First, a light field in the x–z plane is simu-
lated, and the x–y plane light field at seven different z-axis 
positions is intercepted. Then the line plot of the intensity 
distribution of two positions (Z0 and Z1) is shown in the top 
right of Figure 1d, where the intensity is sufficient for TPP. 
By contrast, the size of the double-ring microstructure, fabri-
cated by moving a 10 µm thick SZ2080 photoresist[49] sample 
along the propagation direction of the focused beam, is in 
good agreement with the size of the optical field.
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2.2. Simulation and Reconstruction of Focused Light Field

To provide deeper insights into the variation of the TPP 
microtubes, the focused light fields under the high NA objec-
tive lens modulated from a series of CGHs with different 
parameters have been simulated (Figure 2a). These CGHs 
have a similar axicon radius of 400 µm, but their topological 
charge n changes from 0 to 25 successively. First, since the 
BG phase is added to eliminate the zero-order light caused 
by the pixelation effect of the SLM and does not influence 
the phase modulation of the Bessel beam, it is not neces-
sary to consider this part in the simulation. Thus the reflec-
tive light of the Gaussian beam after SLM modulation can be 
describe as:
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where A0 is a normalized constant, ω is a radius related 
parameter of Gaussian beam, and R is the maximum 
radius of the CGH loaded on the SLM. Furthermore, 
θmax = sin−1(NA/n), where n is the refractive index of the oil. 
Combining with the Fresnel diffraction theory, the diffracted 
field at the entrance pupil (r1, ϕ1, z1) of the oil-immersion 
lens, the distance from SLM is z1, could be described with the 
Fresnel diffraction integral expressed as:[46]
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where A1 is a normalized constant, k is the wave number of the 
incidence, λ is the wavelength of the incidence, and Jn is the nth 
order Bessel function of the first kind. According to vectorial 
diffraction theory, the electric field vector near the focal spot 
can be obtained from the generalized Debye integral as:[50]
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Figure 1.  Rapid fabrication of controllable microtubes based on Lcos-SLM. a) Experimental setup. HWP, half wave plate; PBS, polarizing beam 
splitter; BE, beam expander; ID, Iris diaphragm; M, mirror; Lcos-SLM, liquid-crystal-on-silicon spatial light modulator; L, lens; DM, dielectric mirror; 
CCD, charge-coupled device. b) Illustration of the computer-generated hologram (CGH) with topological charge n = 5, axicon radius r0 = 400 µm, 
and BG period Δ = 15 µm. c) Iris diaphragm used as a filter to separate the 1st order beam from the other modulated light. d) 3D slice model of 
simulated light field (n = 5 and r0 = 400 µm) under a high numerical aperture (NA = 1.35) oil-immersion objective lens by applying Debye diffraction 
theory (left). The vertical intensity distribution of the simulated light field in x–y plane in two positions: Z0 and Z1 (top right). 45° tilted SEM of 
double-ring microstructure fabricated in a few seconds by scanning a 10 µm thick sample along the z direction (tens of minutes by singe-point 
scanning) with the same modulated beam (bottom right).
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where ϕ( , , )2 2 2 2E r z
��

 is the electric field vector at the point (r2, 
ϕ2, z2) expressed in cylindrical coordinates with their origin 
at the focal point, ˆ, ˆ, ˆx y z are the unit vectors along the x, y, 
z directions, C is a normalized constant, and [px, py, pz] is a 
matrix unit vector about the polarization of input light. Due 
to the elongated shape of the liquid crystal molecules and 
their birefringence, only the horizontally polarized part of 
the light is modulated. Therefore, the polarization of the inci-
dent beam is adjusted to horizontal linear polarization and 
the matrix unit vector is [1; 0; 0]. Considering the polarization 
effects under tight focusing conditions,[51] the effect of the 
polarization of the incident beam on the focused Bessel beam 
light field is demonstrated in Figure S9 (Supporting Informa-
tion). Thus we can obtain the simulated light field by using the 
numerical integration (Figure 2b). To some extent, the simula-
tion of light field explains the phenomenon of the processing 
results, how a double-ring structure gradually becomes a 
single-ring structure, as shown in Figure 2d. However, there 
are some differences between the simulated light field and 
the reconstructed light field (Figure 2c) due to ignoring aber-
rations and other misalignments of optical system.

2.3. Dynamic Holographic Processing of Various  
Diameter-Varying Microtubes

The parameters of CGHs could significantly affect the mor-
phology of the light field. Therefore, we systematically studied 
the geometrical characteristics of the microtubes in detail. As 

the SPP order changes from 0 to 40 (5 for the interval) as 
well as varying axicon radius from 400 to 900 µm (100 µm 
for the interval), the size of modulated Bessel beams also 
changes accordingly (Video S1, Supporting Information). In 
order to fabricate high quality microtubes for all the CGHs, 
the TPP energy threshold, and processing speed have been 
investigated over several experiments (Figure S1, Supporting 
Information).

Figure 3a shows the scanning electron microscopy (SEM) 
image of microtubes with all the parameters (for high-reso-
lution SEM, see Figure S2, Supporting Information). First, 
these microtubes can be divided into three types according 
to their geometric shape: I, pillar-in-a-ring; II, single-ring; III, 
double-ring. The first type of microtubes are produced by 
zero-order Bessel beams modulated from the holograms of 
SPP order n equals to 0, and the rest are fabricated by high-
order Bessel beams. The second type of microtubes (single-
ring shape) is the most, which was fabricated by CGHs with 
high SPP order (more than 5) and large axicon radius (larger 
than 500 µm). High aspect ratio structures of the first and the 
third type are shown in Figure S3 (Supporting Information). 
Second, judging from the geometric size, the diameter of 
microtubes is positively correlated with topological charge n 
and negatively correlated with axicon radius r0. Detailed sta-
tistics about the outside diameter and inside diameter of the 
single-ring microtubes are shown in Figure 3b,c, respectively. 
Through this method, we can easily and efficiently fabricate 
high quality microtubes with the outside diameter ranging 
from about 6 to 16 µm and the inside diameter ranging from 
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Figure 2.  Simulated and experimental light field under high NA objective lens. a) A series of CGHs with different topological charge 
n = 0, 5, 10, 15, 20, 25 and the same axicon radius r0 = 400 µm. b) The simulated and c) experimental light field of these CGHs under high NA 
objective lens in x–z plane. Due to ignoring aberrations and other factors, there are some differences between the simulated light field and the 
reconstructed light field. d) Top-view SEM images of microstructures with a height of ≈10 µm fabricated by these modulated laser beams.
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about 1 to 10 µm. If we use an appropriate beam reducer or 
low magnification objective, a wider range diameter of the 
microtubes could be obtained.

It should be noted that the length of the microtube, fab-
ricated by moving the thick sample adhered to piezoelectric 
platform along the z direction (Figure 3d), could be as long 
as the working distance of the oil-immersion lens (150 µm). 
So through this method, the aspect ratio could be as high as 
20 or even more. Furthermore, if holograms with continuously 
varying parameters are loaded on the SLM during the move-
ment of piezoelectric platform, microtubes with variable cross-
section could be successfully produced. Through this dynamic 
holographic processing method, conical and drum-shape 
microtube with the inside diameter varying from 5 to 10 µm 
and outside diameter varying from 8 to 14 µm, or even more 
complex shapes, can be fabricated, as shown in Figure 3e–h. 
The inside and outside diameter-varying ratio, defined as the 
ratio of the maximum diameter to the minimum diameter, 
is 2 and 1.75, respectively. It is worth mentioning that these 
complex microtubes are challenging for other fabrication 
methods which are suitable for microtubes with the same 
diameter.[26–33] In addition, the fabrication time for a 150 µm 
high microtube with a scanning speed of 30 µm s−1 along the 
longitudinal direction is only 5 s, which is much shorter than 
that (tens of minutes) by singe-point scanning, and the total 
time for fabricating a tube array consisting of 100 single tubes 
is less than 10 min or even less. Therefore, this processing 
method can fabricate high aspect ratio transparent microtube 
arrays with complex shapes reliably and efficiently, opening up 
a potential for studying the cellular behaviors in complex 3D 
environment which is more similar to the environment in vivo.

Although this processing method has sufficient flexibility 
and high processing efficiency, there are still some limita-
tions. The geometry of the microtubes is dictated by the 
Bessel beam intensity profile. For fabricating microtubes with 
more complex shapes or other arbitrary 3D microstructures, 
the modulation of arbitrary light field with high-resolution 
remains challenging. In order to further enhance the flex-
ibility and efficiency, multibeam parallel processing combined 
with other forms of analytical light field such as vortex beam 
and Airy beam, may be an effective method. Moreover, due 
to the large area of the focused Bessel beam, the laser power 
to induce TPP for fabricating microtubes (about 70–150 mW, 
in Figures S1 and S2, Supporting Information) is much 
higher than the single spot scanning method (about 7 mW 
for the focused Gaussian beam under the same oil-immer-
sion objective lens). In the processing of straight microtubes, 
high quality tubes could be produced by adjusting the laser 
power and scanning speed. In our experiments, it is difficult 
to obtain high structural strength and low surface roughness 
of the microtubes with large cross-sectional diameter varia-
tion at the same time (Figure S4, Supporting Information). 
However, high quality fabrication of this kind of microtubes 
can be expected, if some energy compensation methods are 
adopted here.

2.4. Construction of Transparent Microtube Arrays as 2D 
Confined Scaffolds for Yeasts Capture

In recent years, there have been many studies on the growth 
characteristics of mammalian cells on 2D substrates.[52–55] 
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Figure 3.  Dynamic holographic processing of various diameter-varying microtubes. a) Dependence of different types of microstructures on SPP 
order and axicon radius. I, pillar-in-a-ring (the blue area); II, single-ring (the gray area); III, double-ring (the orange area). Quantitative study on 
b) the outside diameter and c) the inside diameter of the single-ring microstructures as a function of axicon radius and SPP order. d) Schematic 
illustration of the holographic processing of a microtube array. e) 45° tilted SEM of straight microtube arrays. f) Conical and g,h) drum-shape 
microtube arrays (the outside diameter varying from 8 to 14 µm and the inside diameter varying from 5 to 10 µm) are produced by dynamic 
holographic processing, which were challenging for other fabrication methods.
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However, the growth environment of cells in vivo is mainly 
in 3D microenvironments, in which the cell growth behaviors 
are different from that in 2D substrates. Therefore, we could 
construct polymer-microtube-arrays as tubular 3D microen-
vironment for studying cell behaviors.

A reliable process method was adopted, as shown in 
Figure 4, to construct transparent microtube arrays to 
mimic the in vivo microenvironment. This method is com-
posed of three parts: scaffold processing, sterilization treat-
ment, and yeast capturing and culturing. In the first part, the 
TPP fabrication of producing microtube array composing 
of 100 single tubes is the same as the method shown in 
Figure 3d, except that the starting position of the fabrication 
(the focal plane of the light field) is slightly higher than the 
interface between the glass and the photoresist (Figure 4a 
(left)). After the development, the microtube array would 
fall down by itself. When the developer was completely 
evaporated, the sample was washed with alcohol and a 
drop of polydimethylsiloxane (PDMS) was used to attach 
the sample to a Petri dish. In the second part, the prepared 
sample was sterilized for 1 h under UV light. In the last part, 
we adopted siphon method to realize yeast capturing. A 
few drops of high concentration yeast culture medium were 
added to the end of microtube array, so that yeasts would 
be captured into the microtubes by capillary force. A rep-
resentative movie that demonstrates how a single yeast is 
captured into the microtube is provided in Video S2 (Sup-
porting Information). Then the yeasts that have not been 
captured are rinsed off with the culture medium. Finally, the 
growth and budding process of captured yeasts is observed 
in situ with a charge-coupled device (CCD) camera for 10 h 
in 5 mL culture medium.

During the experiments, we found that when the inside 
diameter of the microtube was more than 6 µm, the capture 
efficiency could reach 70% or even more (Figure S5, Sup-
porting Information). After uncaptured yeasts were rinsed off 
with the culture medium, most of the captured yeasts were still 
remained in the microtubes (Video S3, Supporting Informa-
tion). Therefore, it is a simple and reliable method to capture 
the yeast at a high concentration and to study the growth char-
acteristics in different tubular confined microenvironments.

2.5. Growth Characteristics of Yeasts in Microtube Arrays with 
Different Diameters

Tubular confinement is primarily 2D constraints on 3D cul-
tured yeasts, such microenvironment will affect the area, 
aspect ratio, and growth angle of the yeast, as shown in 
Figure 5a. The area and aspect ratio of a single yeast is defined 
as the area and ratio of the major and minor axes of an ellipse 
fitted to the yeast (by ImageJ), respectively. The growth angle 
is defined as the angle between the longitudinal direction of 
mother-daughter yeasts and the perpendicular direction of 
the microtube. To assess the effects of varying levels of spa-
tial confinement on growth characteristics of yeast, we tuned 
the diameters of the microtubes by changing different CGHs 
(referred to Figure 3c) during the fabrication process.

A series of microtube arrays (about 135 µm high) with 
the inside diameter ranging from 3 µm (smaller than the 
diameter of non-budding yeast) to 9 µm (larger than the 
diameter of mature yeast grown in free space) were fabri-
cated for yeasts culturing. The optical transparency of the 
photoresist material enables the high-resolution microscopic 
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Figure 4.  Construction of transparent microtube array as 3D culture scaffolds for yeasts capture. a) Schematic diagram for the construction of 
transparent microtube arrays by self-fall-down process. b) Illustration of sterilization treatment for the prepared sample under UV light. c) Tilted 
SEM image of a straight microtube array. d) Illustration of the siphon method to realize yeast capturing by e) capillary force.
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observation of yeasts growing inside the polymer scaffolds. 
The bright field microscope images of yeasts after 10 h of 
budding process in different diameters of microtube arrays 
are shown in Figure 5b. The combined bright-field micro-
scope image of the captured yeasts in a microtube array com-
posed of 100 single tubes with the inside diameter of 6 µm 
is shown in Figure S6 (Supporting Information). To probe 
how the tubular confinement affects the yeasts, the statistical 
data of the growth characteristics are obtained (for details 
see Table S1 in Supporting Information), which contains the 
area, aspect ratio and growth angle (Figure 5c–k). Since the 
diameter of the microtube with an inside diameter of 3 µm 

is so small that almost no yeast is captured in the array, the 
statistical results are only relevant about the inner diameter 
ranging from 4 to 9 µm.

We observed that most of the captured yeasts survived in 
the tube arrays (Figure S7, Supporting Information). Moreover, 
the mean area of the yeasts in 2D confined microtubes was sig-
nificantly different from the mean area of the yeasts outside 
of the microtubes (named “free yeasts”) (p-value < 0.001, Stu-
dent’s t test). Due to the narrow space of the tube array with the 
inside diameter of 4 and 5 µm, the yeast area (27.8 ± 6.6 µm2 and 
21.6 ± 4.4 µm2) was quite smaller than that of the free yeasts. In 
addition, an interesting phenomenon was observed: the yeast 
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Figure 5.  Growth characteristics of yeasts in microtube arrays with different diameters. a) 3D schematic of tubular confinement, indicating 2D 
constraints (red arrows) on 3D cultured yeasts. The area and aspect ratio are defined as the area and ratio of the major and minor axes (l/d) of 
an ellipse fitted to the yeast, respectively. b) Bright field microscopy images of yeasts in different diameters of microtube arrays (about 135 µm 
high) after 10 h of budding process. c) Quantification of areas ± SD in the indicated spatial environments (n = 50, 51, 100, 102, 84, 27, and 
50 yeasts from left to right). The mean area of the yeasts in 2D confined microtubes was significantly different from that of the free yeasts. d) Bar 
graph illustrating aspect ratios ± SD of yeasts in indicated spatial environments (n = 50, 51, 100, 102, 84, 27, and 50 yeasts from left to right). 
The aspect ratio of yeasts in 4–6 µm sized tube arrays were significant compared to the free yeasts. e–k) The wind rose diagrams illustrating the 
relative frequency distribution of the growth angle of yeasts budding division (n = 50, 59, 100, 110, 18, 31, and 55 yeasts from (e) to (k)). NS, not 
significant, *p < 0.05, **p < 0.01, and ***p < 0.001 significantly altered changes compared to free cells (Student’s t-test).



(8 of 10)  1701190© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.small-journal.com

area in 8–9 µm microtubes (42.5 ± 8.1 µm2 and 43.6 ± 7.8 µm2) 
was larger than that of free yeasts (35.2 ± 9.5 µm2). The possible 
biological mechanism is speculated that: due to the 2D space 
constraints, the yeast could not complete the budding process 
quickly, so that the yeast budding time would become longer 
making the yeast size increased to a certain degree (Figure S8, 
Supporting Information).

On the other hand, the aspect ratio of yeasts in 4–6 µm 
sized tube arrays (1.31 ± 0.23, 1.33 ± 0.21, and 1.16 ± 0.10) was 
significant (p-value < 0.001, Student’s t test) compared with 
free yeasts (1.12 ± 0.07) and the reason is quite simple: when 
the diameter of the yeasts in the narrow tube increased to 
the inside diameter of the tube but did not reach the normal 
transverse split size, so it could only continue to grow lon-
gitudinally. As the inner diameter of the tube increased to 
7–9 µm, the aspect ratio of the yeast (≈1.1) became almost 
the same as that of the free yeasts. Finally, the wind rose dia-
gram (Figure 5e–k) shows the relative frequency distribution 
of the growth angle of budding division. The growth angle 
of the yeasts inside the tube arrays was limited to a certain 
angle (90° ± 30°) compared with the random distribution of 
free yeasts. As the inside diameter of the tube increases, the 
angular distribution gradually tends to be randomly distrib-
uted in a larger angle range.

2.6. Asymmetrical Growth Tendency and Morphological 
Characteristics of Single Yeast in Conical Microtube

To further study the growth characteristics of the captured 
yeasts in more complex 2D confined environment, conical 
microtube arrays (about 135 µm high) as yeast culture scaf-
folds were fabricated through dynamic holographic pro-
cessing method, as shown in Figure 6b. The cyan dash dot 
line indicates the initial position of the yeasts and the two 
yellow dash dot lines indicate the upward and downward 
growth tendency of the yeasts, respectively. Compared with 
the yeasts in straight tube with a diameter of 6 µm (Figure 6a; 
Video S4, Supporting Information), the yeasts in conical tube 
with the inside diameter varying from 5 to 10 µm showed 
distinct asymmetric growth property (Video S5, Supporting 
Information), because the inclined tube wall of conical tube 
allows the yeasts to grow tendentiously in the large-diameter 
direction.

Furthermore, the morphological characteristics of yeasts 
in the upper and lower parts of the cyan dash dot line in 
both straight and conical tube were compared (for details see 
Table S2 in Supporting Information). For the conical tube, 
both the area (p-value < 0.01, Student’s t test) and aspect 
ratio (p-value < 0.01, Student’s t test) of the yeasts in the 
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Figure 6.  Asymmetrical growth tendency and morphological characteristics of single yeast in conical microtube. a) Schematic diagram of the 
tubular confinement of straight microtube, indicating the impact of 2D constraints (red arrows) on the growth tendency (cyan arrows) of budding 
direction (left). Time-lapse images (0–8 h) of a yeast dividing along the length direction inside a straight microtube with the inside diameter of 
6 µm (right). b) Illustration of the tubular confinement of conical microtube, indicating the impact of more complex 2D constraints (red arrows) 
on the growth tendency (cyan arrows) of budding direction (left). Time-lapse images (0–9 h) of a yeast dividing along the length direction inside 
a conical microtube (about 135 µm high) with the inside diameter varying from 5 to 10 µm (right). (Cyan dash dot line: the initial position of the 
yeasts; yellow dash dot line: the upward and downward growth tendency.) Bar graph illustrating c) areas ± SD and d) aspect ratios ± SD of yeasts 
in the indicated area. e) Line chart illustrating the yeasts growth angle in straight (left) and conical microtube (right). NS, not significant, *p < 0.05, 
**p < 0.01, and ***p < 0.001 significantly altered changes compared to free cells (Student’s t-test).
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upper part were significantly different from the lower part, 
while for the straight tube, there were no significant differ-
ence between the two parts in either area or aspect ratio 
(Figure 6c,d). The growth angle of the yeasts in straight and 
conical tube is shown in Figure 6e. In contrast to the straight 
tube, it is obvious to conclude that the conical tube becomes 
more restrictive to the yeast growth angle as its diameter 
becomes smaller.

3. Conclusion

In summary, an efficient approach to fabricate diameter-
varying microtube arrays (straight, conical, and drum-shape) 
is developed by dynamic holographic femtosecond (fs) laser 
processing. The microtube arrays were used as transparent 
3D yeast culture scaffolds to study the effect of 2D tubular 
confinement on the growth characteristics of budding yeast. 
The growth tendency and morphological characteristics of 
yeasts in the microtube was found to have a significant cor-
relation with the diameter of the tubes. Especially in conical 
microtubes, the captured yeasts showed distinct asymmetrical 
growth tendency. This strategy of fabricating diameter-var-
ying microtube arrays with more complex shapes for studying 
the yeast growth characteristics provides an alternative for 
microtubes to integrate functionality as biocompatible scaf-
folds in lab-in-a-tube systems. We believe that this processing 
method combined with new biological materials has great 
potential in the area of cell biology and biological tissue 
engineering.

4. Experimental Section

Fabrication of Microtubes: A typical femtosecond laser direct 
writing system combined with spatial light modulation tech-
nology was used for producing microtubes, in which a Ti:sapphire 
laser oscillator (Chameleon Vision-S, Coherent Corp., central 
wavelength: 800 nm, repetition rate: 80 MHz, pulse width: 75 fs) 
was used as the light source and a reflection type liquid crystal 
SLM (Pluto NIR II, Holoeye, 1920 × 1080 pixels, 256 gray levels, 
pixel pitch of 8 µm) was used as the light modulator by loading 
designed CGHs. A 60× oil-immersion objective (Olympus) with 
high NA (1.35) was used to focus the modulated ring-structure 
Bessel beam, which was filtered to obtain the 1st order beam with 
an iris (with an intermediate aperture of 8 mm), inside the photo
sensitive material. A commercially available zirconium–silicon 
hybrid sol–gel material doped with 4,4′-bis(diethylamino)-ben-
zophenone photoinitiator at 1% by weight (SZ2080, IESL-
FORTH) was used for photopolymerization, which is negligibly 
shrinkable compared with other photoresists.[49] The movement 
of the sample was mainly controlled by a piezoelectric nanoposi-
tioning stage (Physik Instrument, P545) with a nanometer resolu-
tion and a 200 × 200 × 200 µm moving range. The scanning speed 
adopted in the processing of the microtubes is 30 µm s−1 and the 
laser power range for the microstructures with different param-
eters is 50 to 150 mW (for details see Figure S2 in Supporting 
Information for details). Taking the intensity of a Bessel beam (n 
= 25, r0 = 600) for example, the 120 mW of average optical power 

(measured before the objective) results in the 0.36 TW cm−2 
intensity/irradiance; transmission of the optical elements was 
taken into account.[56] After polymerization, the sample was 
developed in 1-propanol for 1 h until all of the unpolymerized 
parts were washed away. The sample was then removed from 
the developer and the microtube structure could be obtained by 
spontaneously evaporating the developer. The sample was then 
washed with alcohol and placed on a Petri dish with a drop of 
PDMS (Dow Corning, USA). Then the sample was dried on an 
80 °C hot plate for 1 h to adhere to the Petri dish.

Imaging Characterization: The SEM images were taken with a 
secondary electron scanning electron microscope (FEI Sirion200) 
operated at 10 kV, after the samples were sputter coated with Au 
for 120 s. The capture process and the yeasts growth process were 
observed by using a Leica DMI3000B microscope.

Yeast Capture and Culture: In the culture experiment, Sac-
charomyces cerevisiae, a kind of budding yeast (ANGEL YEAST 
CO., LTD) was used. The liquid culture medium was prepared by 
sterilizing the mixture of solid granular Granular Sabouraud’s 
Glucose broth medium (Peptone 10.0 g L−1, Glucose 40 g L−1, 
pH-value 5.6 ± 0.2 at 25 °C, QingDao Hope Bio-technology CO., 
LTD) and distilled water with a concentration of 50 g L−1 at 120 °C 
for 15 min. The high concentration yeast medium was produced 
by dissolving 0.1 g dry yeast uniformly into 15 mL liquid culture 
medium. After the yeasts that had not been captured were rinsed 
off with the culture medium, 5 mL culture medium was added 
into the Petri dish. Then the captured yeasts were cultured over-
night at 25 °C.

Quantitative Analysis of Yeast Growth Characteristics: Quantita-
tive analysis was implemented by outlining the contour of every 
identifiable yeast manually using Fiji/ImageJ (National Institutes 
of Health). Student’s t-tests were performed to evaluate statistical 
differences between two groups. The statistical significance was 
defined as *p < 0.05, **p < 0.01, and ***p < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library 
or from the author.
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