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Abstract
Biophysical restrictions regulate protein diffusion, nucleus deformation, and cell migration, which are all universal and 
important processes for cells to perform their biological functions. However, current technologies addressing these multi-
scale questions are extremely limited. Herein, through two-photon polymerization (TPP), we present the precise, low-cost, 
and multiscale microstructures (micro-fences) as a versatile investigating platform. With nanometer-scale printing resolu-
tion and multiscale scanning capacity, TPP is capable of generating micro-fences with sizes of 0.5–1000 μm. These micro-
fences are utilized as biophysical restrictions to determine the fluidity of supported lipid bilayers (SLB), to investigate the 
restricted diffusion of Src family kinase protein Lck on SLB, and also to reveal the mechanical bending of cell nucleus and 
T cell climbing ability. Taken together, the proposed versatile and low-cost micro-fences have great potential in probing the 
restricted dynamics of molecules, organelles, and cells to understand the basics of physical biology.
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Introduction

Biophysical restrictions commonly regulate cell functions 
at molecular (microscale), subcellular (mesoscale) and cel-
lular (macroscale) levels [1–4]. At the molecular level, 
such restrictions are frequently formed by protein clusters 
or cytoskeleton networks or lipid microdomains, regulating 
membrane protein diffusion to ensure the proper signaling 
initiation and transduction in the cell [5–7]. For example, 
the Src family kinase Lck is a key membrane-anchored 
kinase for triggering T cell receptor (TCR) signaling and 
activation of T cells [6, 8–10]. The diffusion of Lck is not 
only restricted by two-dimensional (2D) cell membrane 
[11, 12] but also by various neighboring clustered proteins 
(e.g., integrin, CD45, and LAT) and cytoskeleton networks 
[5, 10, 13, 14]. More importantly, the restricted diffusion 
of Lck on the plasma membrane is essential for Lck to 
stay with and phosphorylate the TCR-CD3 complex upon 
TCR activation [15]. At the subcellular level, biophysi-
cal restrictions are usually formed by the extracellular 
matrix or intracellular cytoskeleton networks, which can 
mechanically deform the cell nucleus (especially bend-
ing deformation), and also regulate mitochondrial fission 
[2, 16, 17]. Although the compressed deformation of cell 
nucleus has been reported to affect gene transcription, epi-
genetic modification, DNA damage and repair [18–21], 
the mechanism of bending deformation regulating those 
activities is still unclear. At the cellular level, biophysical 
restrictions are commonly formed by cell aggregation or 
cell–matrix agglutination (e.g., platelet, red blood cells 
and collagen form thrombosis), or cell–cell tight junctions 
(e.g., endothelial cells in blood vessel tightly connect with 
each other), and they have also been reported to hinder 
cell migration [3, 22, 23]. For example, T cells always 
migrate through extracellular matrix networks to search 
for targeted cancer cells and initiate their adaptive immune 
response [24], but it is still unclear how extracellular bio-
physical restrictions and cell signaling couple together to 
regulate T cell migration.

Answering the aforementioned multiscale questions 
is essential to understand the basic physical biology of 
a cell. Photoetching and imprinting methods have been 
utilized to manufacture micro-patterns (e.g., micro-grids, 
pillars, and scaffolds) to investigate how these biophysi-
cal patterns and structures affect membrane protein signal 
transduction [25–28], cell morphology [2, 29], and cell 
migration [3, 22], but these methods are extremely limited 
by resolution and working range, and are costly and tedi-
ous. Therefore, to match the multiscale cellular dynamic 
investigation, an effective fabricating method with the 
resolution down to the nanometer scale and whole work-
ing range up to several hundred micrometers is urgently 
desired. Due to the advantages of high spatial resolution 

and true three-dimensional (3D) direct writing ability, TPP 
based on femtosecond manufacturing laser is regarded as 
the preferred option. The working mechanism behind TPP 
is the nonlinear optical absorption that limits the polym-
erization reaction inside the focal zone. Thus, the print-
ing resolution can reach 200 nm with a high numerical 
aperture objective, and 3D direct writing can be achieved 
by the relative movement of the focal spot inside the pho-
toresist. Compared with the photoetching and imprinting 
methods, specified masks and molds are not essential for 
TPP, which brings about a much more flexible fabrication 
method [30, 31].

In this work, we applied TPP to directly print low-cost 
and versatile micro-fences for probing the multiscale 
restricted cellular dynamics. By using a pair of galvo mir-
rors, a piezo nano-positioning stage, and a large trans-
lation platform, the laser printing system based on TPP 
demonstrated the feature size of 0.5 μm and a working 
range up to 1000 μm. The TPP-manufactured micro-fences 
possessed stable and coherent boundaries as biophysical 
restrictions, which perfectly separated supported lipid 
bilayers (SLB) for lipid fluidity quantification and the 
high-throughput real-time tracking of the restricted diffu-
sion of Lck on SLB. More importantly, TPP expanded the 
micro-fences to probe the cell nucleus mechanical bending 
and cell climbing ability in response to 3D biophysical 
restrictions.

Materials and methods

Materials

TPP and EBL

Coverslip (Φ18, Thermo Fisher Scientific, USA), O2 
plasma cleaner (Diener, Germany), 3-(methacryloyloxy)
propyltrimethoxysilane (MPS, 97%, Alfa Aesar, China), 
photoresist for TPP (IP-L 780, Nanoscribe GmbH, Ger-
many), TPP software (Describe, Nanoscribe GmbH, Ger-
many), oil immersion objective (NA = 1.4, 63 × , Zeiss, 
Germany), propylene glycol methyl ether acetate (PGMEA, 
99%, Aladdin, China), isopropyl alcohol (Sinopharm, 
China), E-beam photoresist for EBL (AR-P 6200.09, 
ALLRESIST, Germany), conductive polymer (AR-PC 
5090.02, ALLRESIST, Germany), E-beam lithography 
(EBPG 5150, Raith BV, Germany), developer solvent for 
EBL (AR 600–546, ALLRESIST, Germany), stopper sol-
vent for EBL (AR 600–60, ALLRESIST, Germany), Multi-
chamber Vacuum Coating System (ASB-EPI-C6, Syskey 
Technology, China), DEKTAK XT Stylus Profiler (DXT-
18–1935, Bruker, Malaysia).
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SLB and protein

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC, 
Avanti Polar Lipids, USA), 1,2-dioleoyl-sn-glycero-3-[(N-
(5-amino-1-carboxypentyl)iminodiacetic acid)succinyl] 
(nickel salt) (DGS-NTA(Ni), Avanti Polar Lipids, USA), 
PBS (Sangon Biotech, China), Octadecyl Rhodamine B 
Chloride (R18, Thermo Fisher Scientific, USA), fluores-
cence microscope (Ti-E, Nikon, Japan), polymerase chain 
reaction kit (Vazyme, China), HisSep Ni-NTA Agarose 
Resin 6FF (Yeasen, China), HiTrap Q HP column (GE 
Healthcare, USA), gel filtration (Superdex 75 10/300 GL, 
GE Healthcare, USA), SiO2 bead (Thermo Fisher Scien-
tific, USA), Flow Cytometry (Beckman, USA), BSA (LEE 
BIOSOLUTIONS, USA), C5-Maleimide-Alexa Fluor 488 
(Thermo Fisher Scientific, USA), zeba spin desalting col-
umn (Thermo Fisher Scientific, USA).

Nucleus bending and cell climbing

Paraformaldehyde (Aladdin, China), Triton X-100 (San-
gon Biotech, China), DAPI (Thermo Fisher Scientific, 
USA), Cytochalasin D (GlpBio, USA), DMEM culture 
medium (Basal Media, China), FBS (Yeasen, China), PS 
(Basal Media, China), trypsin (Yeasen, China), 1640 culture 
medium (Basal Media, China), microscope (Ti-E, Nikon, 
Japan), camera (iXon Ultra 897, Andor, UK).

Methods

Manufacture of micro‑fences by two‑photon 
polymerization (TPP)

A piece of coverslip was sequentially immersed in acetone, 
isopropanol and DI water at room temperature (RT) for 
5 min of sonication in individual steps to remove organic 
matters and particulates on its surface. The coverslip was 
dried up and further cleaned with O2 Plasma cleaner for 
5 min followed by immersion in MPS ethanol solution (2%, 
v/v) for 30 min to enhance the adhesion of micro-fences onto 
the coverslip surface, and then dried up again with N2. Sub-
sequently, a droplet of the photoresist was cast on the cover-
slip, and 780 nm femtosecond laser pulses with a repetition 
rate of 80 MHz were focused on the droplet through the 
oil immersion objective. The laser was controlled to move 
along the path based on the designed and edited scanning 
path file for micro-fences. The laser power and scan speed 
were set at 50 mW and 1000 μm/s, respectively. The time 
for TPP manufacturing depends on the micro-fence design; 
in the current study, normally 12 min was enough for print-
ing micro-fences on a piece of coverslip. The coverslip was 
then developed in the PGMEA for 5 min and finally rinsed 
in isopropyl alcohol for 5 min to develop the micro-fences. 

The size and height of micro-fences were verified through 
a scanning electron microscope (SEM) and a step profiler.

To achieve a smooth structure with the designed size, the 
slicing and hatching distances were set at 0.5 and 0.15 μm, 
respectively. For the micro-fences that were beyond the 
range of the galvo scanning mode under the 63 × objective, 
the block size was 150 μm, and the overlap was 1 μm.

Manufacture of micro‑fences by E‑beam lithography (EBL)

To manufacture micro-fences through EBL, a piece of cover-
slip was first immersed sequentially in acetone, isopropanol 
and DI water at RT for 5 min with sonication in each immer-
sion step to remove organic matters and particulates from the 
surface. The coverslip was thoroughly dried up by baking 
it on a hot plate at 140 °C for 1 min to prevent any surface 
moisture from interfering resist adhesion in the subsequent 
steps. Secondly, the E-beam photoresist (AR-P 6200.09) was 
dropped onto the coverslip, and spin-coating was performed 
at RT for 2 min at 4000 rpm to obtain an about 200 nm layer 
on the coverslip surface. Thirdly, the coverslip was baked at 
150 °C for 1 min to remove any extra solvent. To dissipate 
the surface charge during E-beam exposure, a layer of con-
ductive polymer was further spin-coated onto the surface for 
2 min at 4000 rpm, and the coverslip was baked at 90 °C for 
1 min to remove any extra solvent. Fourthly, the coverslip 
was exposed to E-beam lithography with 50 kV accelera-
tion voltage at 1500 µC/cm2 exposure dose according to the 
designed pattern for micro-fences, the coverslip was rinsed 
with DI water for 1 min to remove the conductive polymer 
layer, the exposed resist was developed with the developer 
solvent (AR 600–546) for 2 min, the developing process 
was stopped by the stopper solvent (AR 600–60) for 30 s, 
the coverslip was rinsed twice with DI water, and finally 
dried up with pressurized nitrogen. Fifthly, vacuum pump-
ing was performed for about 170 min to meet the vacuum 
degree requirement, then a 2 nm chromium (Cr) seed layer 
and a 8 nm gold layer were evaporated onto the developed 
coverslip in the multi-chamber vacuum coating system for 
about 10 min, with the latter step depending on the evapora-
tion rate (0.2 A/s in our set-up). Sixthly, all E-beam resist 
was removed through incubating the coverslip in acetone for 
10 min. It is worthy to note that after the above operations, 
only the Cr/Au layer was left on the coverslip surface to con-
stitute the micro-fences. The size and height of micro-fences 
were verified through a SEM and a step profiler.

Comparison of TPP‑ and EBL‑manufactured micro‑fences

A comparison of TPP and EBL for manufacturing micro-
fences was performed on a piece of coverslip from five 
aspects (size: 15 μm × 15 μm × 1 μm × 1 μm, 2500 micro-
fence units in total), including the number of procedure 
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steps, material types, instruments, financial cost, and time 
cost (also see Fig. 1d and Table S1). For “instruments,” the 
prices of certain instruments were markedly different, espe-
cially the TPP ($585,460) being much cheaper than the EBL 
($2,188,430) system, making it more affordable and practi-
cal to many laboratories. EBL also requires special cleaning 
rooms, making it extremely expensive and not affordable to 
many research institutes and small laboratories. For “time 
cost,” the most time in TPP (50 min) was spent on cleaning 
and modifying the coverslip rather manufacturing micro-
fences (12 min), but the most time in EBL was spent on 

vacuum pumping and evaporating Cr and Au onto micro-
fences (170 + 10 min), indicating that TPP was much more 
time-saving. When performing mass production, the time 
for manufacturing micro-fences on average would show 
further sharp decrease. Considering “financial cost,” the 
usage fees for TPP ($11.68) and EBL ($26.68 and $48.18) 
were estimated according to the charge standard ($/h) in 
the TPP and EBL manufacturing center. In addition, $75.92 
was the financial costs of Cr and Au. From all the above five 
aspects, the manufacturing of TPP-based micro-fences was 

Fig. 1   Micro-fences for the investigation of multiscale cellular 
dynamics. a Chemical information and schematic diagram of steps 
of manufacturing micro-fences by TPP. b Multiscale micro-fences. c 

Schematic diagram of steps of manufacturing micro-fences by EBL. 
d Comparison of TPP and EBL methods. e Multiscale molecular and 
cellular dynamics investigation by using micro-fences
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much simpler, more time-saving and less expensive, thus it 
possesses several advantages over EBL.

Supported lipid bilayer (SLB) preparation

To prepare the SLB, 2 μmol of lipid (90% POPC and 10% 
DGS-NTA(Ni) by molar ratio or 100% POPC) was mixed 
in 1 mL of chloroform in a pre-cleaned glass tube, the lipid 
was dried up by steady-flowing N2 at 37 °C for at least 
5 min, and the dried lipid was kept under vacuum for 2 h to 
remove the extra chloroform. Then, 500 μL of PBS buffer 
(pH 7.4) was added to redissolve the lipid by vortexing for 
1 min. The lipid was frozen in liquid nitrogen for 1 min and 
then immediately thawed in a 37 °C water bath for 1 min. 
This freeze-thawing process was repeated 30 times to make 
the liposome solution clear, thus could generate uniform 
liposomes. The liposome solution was stored at − 80 °C for 
more than 24 h before the fluorescence recovery after photo-
bleaching (FRAP) experiment. It should be noted that the 
glass tube had to be carefully pre-cleaned and buffer must 
be pre-filtered, as this was highly critical for preparing suit-
able liposomes.

Diffusion coefficient quantification for SLB and Lck

After repeating the freeze-thawing process, the liposome 
solution was centrifuged at 15,000 g for 40 min, and the 
supernatant containing large unilamellar vesicles (LUV), 
which are commonly below 500 nm in size, was carefully 
dissociated from the sediment that was full of cracked 
liposomes [32, 33]. LUV solution (10 μL) was diluted into 
200 μL of PBS buffer, the buffer was spread onto the plasma 
pre-cleaned coverslip with manufactured micro-fences for 
30 min at RT to form SLB [34, 35], gently washed the SLB 
twice, and the SLB was stained with R18 dye for 3 min fol-
lowed by washing with PBS twice to remove any extra R18. 
Next, FRAP experiment was performed to measure the dif-
fusion coefficients of lipid. After focusing the R18-stained 
SLB in micro-fences, the selected region of interest (ROI) 
was photo-bleached with 561 nm laser (20 mW) for 15 s. 
After photo-bleaching, the fluorescence of ROI was immedi-
ately recorded every 5 or 10 s until the fluorescence intensity 
in ROI no longer recovered. Based on the FRAP curve, the 
diffusion coefficient (D, unit: μm2/s) was calculated by the 
following equation [36]:

where r represents the radius of ROI (μm) and τD represents 
the half-recovery time (s) from the FRAP curve.

To calculate the diffusion coefficient (D) of Lck on SLB, 
the following equation was used [15]:

(1)D = r
2∕
(

4�
D

)

,

where MSD represents the mead square displacement of Lck 
(μm2) and t denotes the time (s).

If the molecule did not touch the micro-fences bound-
ary, we defined it as non-restricted diffusion. If the mol-
ecule touched and got stuck to the micro-fence boundary, 
we defined it as restricted diffusion.

Construction, expression, purification of Lck and ICAM‑1, 
and labeling of Lck

The Lck construct was obtained by inserting full length 
human Lck cDNA (amino acid sequence: G3-P509) flanked 
with a C-terminal 10 × His tag into a pHAGE vector with 
PCR kit. The Lck-expression HEK 293F cell line was built 
by introducing Lck gene-contained lentivirus into cells. 
HEK 293F cells were cultured with SMM 293-Ti medium 
containing 1% PS for 5–7 days to express the Lck protein. 
The 293F cells were then lysed with NP40 solution, Lck 
was enriched by HisSep Ni–NTA Agarose Resin 6FF from 
293F cell lysate, and purified by HiTrap Q HP column fol-
lowed by gel filtration for final purification. The purity of 
Lck protein was verified by SDS-PAGE. The ICAM-1-Fc 
construct was obtained by inserting the extracellular domain 
of human ICAM-1 cDNA (amino acid sequence: Q28-E480) 
followed by the human IgG1 Fc region into a pHAGE vector 
with a PCR kit. The ICAM-1-Fc construct was transfected 
into 500 mL of HEK 293F cells in SMM 293-Ti medium 
with PEI. Five days later, the medium was harvested and 
concentrated. The ICAM-1-Fc protein was enriched by pro-
tein G beads and eluted by elution buffer (Glycine–HCl, pH 
3.0). The eluted ICAM-1-Fc protein was neutralized with 
neutralization buffer (Tris–HCl, pH 9.5) and exchanged into 
PBS for storage. The purity of ICAM-1-Fc was verified by 
SDS-PAGE.

To label Lck with fluorescence dye, the Lck solution was 
first changed into the labeling buffer (1 × PBS, pH 7.4, 1 mM 
TCEP) and then incubated with C5-Maleimide-Alexa Fluor 
488 (Lck-488, 1 mM) in a rotation mixer in the dark at RT 
for 2 h. The molar ratio of Lck and dye was controlled to 
be 1:10 to prevent too much dye labeling from changing the 
properties of Lck. After incubation, the Lck-488 solution 
was passed through a zeba spin desalting column to remove 
the unlabeled dye, and the final Lck-488 solution was stored 
at − 80 °C before further use.

Detection of Lck‑488 on lipid bilayers by flow cytometry

SiO2 beads (10 μL, 108/mL) were added into NTA(Ni) or 
PC liposome solution, the bead solution was shocked at 
RT for 1 min and rotated at 37 °C for 30 min. Next, beads 
were gently washed (< 3000 rpm) twice with PBS buffer 

(2)D = MSD∕(4t),
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to avoid damage to lipid bilayers. After lipid bilayers were 
successfully coated onto the bead surface, these beads were 
incubated with 1% BSA solution for 30 min to block the 
potential non-specific interaction between proteins and 
lipid bilayers. Then, 1 μg of Lck-488 was incubated with 
NTA(Ni) or PC lipid-coated beads in 1% BSA solution 
while rotating for 30 min, washed twice, and detected the 
attachment of Lck-488 to lipid bilayer-coated beads through 
flow cytometry.

U2OS cell nucleus staining and imaging

The coverslip with micro-fences was packed into a chamber 
and immersed in 75% alcohol for 5 min, cleaned with O2 
plasma cleaner for 2 min, and the chamber was then kept 
under UV light at least for 4 h. The U2OS cells were digested 
with trypsin, and an appropriate number of cells were added 
into the chamber, allowing cells to drop onto the micro-
fences. Then, cells were cultured in DMEM medium with 
10% FBS and 1% PS at 37 °C overnight. Cells were then 
fixed with 4% paraformaldehyde in PBS solution for 20 min 
at RT, and washed with PBS three times. Subsequently, cells 
were slotted with 0.2% TritonX-100 for 20 min, and then 
blocked with 0.1% TritonX-100, 5% FBS solution for 1 h 
at RT. Then, cells were incubated with 10 μg/mL DAPI for 
20 min, washed, and imaged under confocal microscope in 
Z-stack scanning mode with a step size of 0.15–0.5 μm. For 
the inhibition experiments, cells were incubated with 1 μM 
cytochalasin D for 1 h before fixation.

Jurkat T cells climbing across the micro‑fences

The coverslip manufactured with micro-fences was packed 
into a chamber and immersed in 75% alcohol for 5 min, and 
then cleaned with O2 plasma cleaner for 2 min. Jurkat T 
cells were added into the chamber and let most of the cells 
drop down into the micro-fences. After no more floating 
cells were seen, cell imaging was performed every 15 s for 
a total of 30 min. For experiments with ICAM-1, 10 μg/mL 
of ICAM-1-Fc was incubated on the coverslip before cell 
addition for 1 h at 37 °C. For the cytochalasin D inhibition 
experiments, cells were incubated with 1 μM cytochalasin 
D during imaging. The imaging buffer contained DMEM 
medium, 10% FBS, and 1% PS. The ICAM-1 experimen-
tal buffer contained additional 1.5 mM MgCl2 and 1.5 mM 
CaCl2. To measure the time for a Jurkat T cell to migrate 
across the micro-fences, the start time point was the moment 
when the cell started to touch the micro-fence boundary, 
and the end time point was the moment when the whole 
body of cell migrated across the micro-fence boundary. The 
migrating percentage was calculated based on the number 

of migrating cells and total cells in the micro-fences within 
30 min.

Results and discussion

Advantages and versatility of TPP‑manufactured 
micro‑fences

The main principle and chemical information of TPP-
manufactured micro-fences are schematically illustrated 
in Fig. 1a. The coverslip was first functionalized with the 
reagent “MPS” (3-(methacryloyloxy)propyltrimethoxysi-
lane) as a basal layer. Free radicals were generated from 
the photoinitiator in the focal spot of the femtosecond 
laser, and these free radicals attacked the carbon–carbon 
double bonds (C = C) of the acrylate groups of the mono-
mer in the negative photoresist IP-L 780 (main component: 
2-(Hydroxymethyl)-2-[[(1-oxoallyl)oxy]methyl]-1,3-pro-
panediyl diacrylate, > 95%), which formed carbon–carbon 
single bonds (C–C) to propagate the radical reaction by 
linking the polymer chain. With the galvo scanning in the 
X–Y plane and piezoelectric displacement in the Z direc-
tion, the multiple polymerized voxel along the scanning 
path can produce a continuous structure with a coales-
cence effect. To extend the working range up to 1000 μm, 
a large translation platform was used to shift the fabrica-
tion area and assemble the fabrication blocks. As shown 
in Fig. 1b, the generated micro-fence array had a height 
and width of 1 μm, a side length of 15 μm, and a whole 
range of 450 μm, providing promising applications for the 
investigation of multiscale restricted cellular dynamics, 
as described in Fig. 1e. The photoresists used in the study 
were autofluorescent, with an emission spectrum from 450 
to 600 nm [37], which is useful to acquire structures under 
microscopy.

To demonstrate the advantages (i.e., manufacturing 
efficiency and costs) of using TPP to manufacture micro-
fences, we compared it to the most popular EBL technique 
(Fig. 1c). We utilized a scanning electronic microscope 
(SEM), an optical microscope, and a step profiler to verify 
that both methods could manufacture the desired micro-
fences (Fig. S1). Considering the required procedure steps, 
material types, instruments, financial cost, and time cost, the 
TPP method performed much better than the EBL method 
(Fig. 1d and Table S1). Specifically, the TPP method to 
manufacture one sample of micro-fences required 72 min 
and cost 18.97 dollars, which is only 1/3 of the time and 1/9 
of the financial requirement of the EBL method (Table S1 
and Fig. 1d). In massive production, the manufacturing time 
and financial costs of a sample fabricated by the TPP method 
would be further sharply reduced to 15 min and 12 dollars. 
However, EBL also possesses the ability to process multiple 
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samples at the same time, which could potentially reduce 
the time cost; however, considering the process of vacuum 
pumping (Table S1), the EBL technique needs more time for 
each coverslip with micro-fences.

Furthermore, due to the long manufacturing time and 
financial burden of the EBL method, the height of the 
micro-fences was limited to 10 nm, which is only slightly 
higher than the thickness of the cell plasma membrane 
(5 nm). Therefore, with these EBL-manufactured micro-
fences, we were unable to investigate the micron-level 
questions, such as organelle deformation and cell climb-
ing. In contrast, TPP possessed a micron-level manufactur-
ing capacity for both 2D and 3D investigation (Fig. 1e). 
Taken together, the TPP method has obvious advantages 

over the EBL method concerning the number of required 
procedure steps, material types, instruments, financial 
and time cost, as well as potential biological applications. 
More importantly, the TPP method also presents a much 
lower technical barrier to most laboratories and beginners 
without micro-fabrication access or experience.

Quantification of SLB fluidity and investigation 
of restricted Lck diffusion on SLB

We utilized TPP-manufactured micro-fences to quantify 
the lipid fluidity, and compared their performance with 
those produced by the EBL method. We first reconsti-
tuted liposomes in vitro [34, 35], and spread the liposome 

Fig. 2   SLB preparation and quantification of its fluidity. a Sche-
matic for preparing SLB and spreading SLB into micro-fences. b, c 
Photo-bleaching of SLB out of (ROI-1, blue) and inside of (ROI-2, 
green) a micro-fence unit (b) and their quantifications of fluidity (c). 
d, e Photo-bleaching of SLB covering a quarter of a micro-fence unit 

(ROI, black) (d) and the quantification of its fluidity (e). The bound-
ary of micro-fences is marked in b and d. The calculated diffusion 
coefficients of SLB are indicated in c and e. f Schematic of micro-
fences blocking lipid diffusion
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solution into micro-fences to form SLB (Fig. 2a) [27]. As 
expected, micro-fences successfully separated SLB into 
dozens of units (Fig. 2b). Next, we simultaneously bleached 
two regions of interest (ROIs), which, respectively, cov-
ered a total micro-fence unit (ROI-2) and an area out of 
micro-fences (ROI-1) (Fig. 2b). After 90 s, the bleached 
fluorescence intensity in ROI-1 recovered to almost 100%. 
However, the fluorescence intensity in ROI-2 remained 
unrecovered even after 120 s (Figs. 2b and 2c). The dif-
fusion coefficient of lipid in ROI-1 was determined to be 
0.56 μm2/s (Fig. 2c), which was comparable with previously 

reported ones [38, 39]. The diffusion coefficient was 0 μm2/s 
in ROI-2 (Fig. 2c), as every single micro-fence unit sepa-
rated SLB well and thus completely blocked lipid exchange 
between the neighboring micro-fences. To experimentally 
further support this blocking effect and test whether fence 
boundaries would impair lipid diffusion or not, we bleached 
the SLB covering a quarter of the area of a micro-fence 
unit (Fig. 2d), and the lipid diffusion coefficient in micro-
fences was found to be comparable with that out of micro-
fences (0.50 vs. 0.56 μm2/s) (Fig.  2e). Moreover, SLB 
could be well separated by different micro-fences, and be 

Fig. 3   Real-time tracking of the restricted localization of Lck on 
SLB. a Schematic of wild-type Lck protein and the labeling. b Verifi-
cation of the attachment of Lck-488 onto NTA(Ni) lipid but not onto 
PC lipid. c-e Schematic of incubating Lck-488 onto PC or NTA(Ni) 
SLB in micro-fences (c), the related representative fluorescence 
images in micro-fences (d), and the corresponding time-dependent 
mean fluorescence intensity inside of micro-fences (e). f Real-time 

tracking of the localization of a Lck-488 micro-cluster within a 
micro-fence unit. g Diffusion pathways and velocities of the Lck-
488 on NTA(Ni) lipid, where the related non-restricted and restricted 
diffusion coefficients are indicated. h Schematic of the diffusion 
of Lck on SLB restricted by micro-fences. Error bars from 40 or 60 
independent fence units represent Mean ± SEM, ****P < 0.0001 by 
unpaired Student’s t test in e 
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photo-bleached with patterns in a long duration (Fig. S2), 
suggesting a much more widespread application of micro-
fences for probing different lipid-based biophysical phe-
nomena. Thus far, the precise and low-cost micro-fences 
have ultra-stable performance in separating SLB into paral-
lel units without damaging lipid fluidity, which performed 
better than the EBL method, as in some reported cases, the 
boundaries of EBL-manufactured micro-fences were occa-
sionally broken and failed to prevent lipid exchange over a 
long period [40].

Since micro-fences can restrict the lipids within each unit, 
we next applied them to investigate the restricted Lck diffu-
sion on SLB. First, we purified human wild-type Lck with a 
10 × His tag on its N-terminal, labeled it with maleimide-Alexa 
Fluor 488 (named Lck-488 thereafter) (Fig. 3a and Fig. S3), 
and verified its specific attachment to NAT(Ni) (the binding 
affinity between His tag and NTA(Ni) is high, KD = 10−4 nM) 
[41], but not to PC lipid, through flow cytometry (Fig. 3b). 
Then, we incubated Lck-488 separately either onto NTA(Ni) 
or PC SLB in micro-fences (Fig. 3c). The statistically analysis 

Fig. 4   U2OS cell nucleus mechanical bending. a Schematic of the 
experiment. b Confocal Z-stack images of U2OS cells on micro-
fences with different heights. The green arrows indicate the nucleus 
mechanical bending, and section views indicate the overall perspec-

tives of nucleus bending. c Bending curvature’s definition and quan-
tification. d Schematic of nucleus mechanical bending on micro-
fences. The error bars represent Mean ± SEM from at least 15 cells in 
three replicates, ****P < 0.0001 by unpaired Student’s t test in c 
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proved that the attachment of Lck-488 to NTA(Ni) was sig-
nificantly different (****P < 0.0001) from that to PC SLB 
(Figs. 3d and 3e), which was consistent with the flow cytom-
etry result. By this method, we could observe that Lck-488 
formed micro-clusters and tracked their diffusion on SLB 
within a micro-fence unit (Figs. 3f and 3g). Lck contains 
multiple domains interacting with itself (Fig. 3a) and neigh-
boring Lck molecules, which may account for the forming of 
micro-clusters by cis interactions. We observed that Lck-488 
diffusion in the area away from the micro-fence boundary (dis-
tance > 0.5 μm) was much faster than that near the micro-fence 
boundary (distance < 0.5 μm), suggesting that the biophysi-
cal restrictions of micro-fences largely restrict the diffusion 
of Lck. This may be because biophysical restrictions change 
the direction of molecular movement and reduce its kinetic 
energy (Fig. 3h). In cells, these restrictions can constitute 
the polymerized F-actin networks, superclustered molecules, 
and so on [5, 13]. The mechanism of how these restrictions 
regulate the function of Lck will be further investigated. With 
this newly developed method, apart from Lck, we can also 
quantitatively determine the restricted dynamics of many other 
membrane proteins to understand their biophysical functions 
on the lipid membrane (e.g., TCR triggering [8] and phase 
separation [42]).

Investigation of cell nucleus mechanical bending

Beyond 2D patterning, TPP possesses a 3D structure manu-
facturing capacity; therefore, we extended the application 
of micro-fences to probe the nucleus mechanical bending in 
response to biophysical restrictions during cell adhesion. First, 
we cultured U2OS cells onto micro-fences and stained the 
cell nucleus (Fig. 4a), and found that the cell nucleus slightly 
bent onto the micro-fences of 1 μm height (green arrows, 
sectional view). However, for 5 μm height, the nucleus bent 
much more significantly (0.28 vs. 0.1 μm−1, ****P < 0.0001), 
clearly demonstrating an arch structure over the micro-fences 
(Figs. 4b and 4c). It has been reported that F-actin is vital for 
the cell’s mechanical sensing and its maintenance [43, 44], 
but whether it regulates the nucleus mechanical bending or 
not is still unclear. Here, we treated cells with cytochalasin 
D (Cyto. D) to inhibit F-actin polymerization, and revealed 
that the nucleus mechanical bending was largely abolished 
(0.06 vs. 0.28 μm−1, ****P < 0.0001) (Figs. 4b and 4c, and 
Fig. S4), indicating that the intact F-actin network regulates 
the nucleus mechanical bending when cells adhere on and 
adapt to 3D biophysical restrictions (Fig. 4d). Therefore, we 
speculate that DNA damage might be inevitable inside the cell 
nucleus, and gene transcription and translation might also be 
severely altered. What is more, concerning the TPP method, 
some previously published papers have reported that differ-
ent 3D scaffolds regulate the nucleus shapes in neuron-like 

cells [45], bone-like cells [46], and mesenchymal stem cells 
[47], which not only support our observed results, but also 
elicit that nucleus mechanical deformation in cells is universal 
when they respond to physical micro-environments. Nonethe-
less, the molecular mechanism by which cells mechanically 
deform the nucleus needs further elucidation. Besides the cell 
nucleus, other organelles (e.g., mitochondria) can be mechani-
cally deformed or repositioned in response to 3D biophysical 
restrictions [16]. It will be meaningful to reveal the unexplored 
organelle mechanobiology using multiple methods.

Investigation of the T cell climbing ability 
across the restrictions

Other than impacting the cell nucleus mechanical bend-
ing process, the mechanism of how 3D biophysical restric-
tions affect the climbing ability of a cell is a hardly touched 
subject. To investigate this question, we further extended 
the application of micro-fences to the single-cell level. 
Although Jurkat T cells can freely migrate on a flat surface 
[48], we observed that 3D biophysical restrictions (micro-
fences) largely suppressed Jurkat T cells’ climbing ability 
by increasing their migration time (Figs. 5a and 5c). Spe-
cifically, with the increasing height of micro-fences (from 
0.5 μm to 1, 2, 3 and 5 μm), the time for a Jurkat T cell 
to climb across the micro-fences significantly increased 
(Figs. 5a and 5c, **P < 0.01 for 2 μm, ****P < 0.0001 
for 3 and 5 μm) in the absence of cell-adhesion molecule 
(ICAM-1) on the substrate. However, when ICAM-1 (Fig. 
S3) was coated on the substrate, Jurkat T cells climbed 
across higher micro-fences faster. Thus, the time for a Jur-
kat T cell to climb across the higher micro-fences did not 
increase (Figs. 5b and 5d), showing no significance among 
all heights (n.s., P > 0.05), which was totally different 
from the group without ICAM-1 (Figs. 5a and 5c). On the 
other hand, the percentage of Jurkat T cells that were able 
to climb across the micro-fences was still similar to those 
without ICAM-1, that is, higher micro-fences block more 
climbing cells (Fig. 5e). In our opinion, when ICAM-1 is 
coated onto the coverslip surface, Jurkat T cells are more 
adhesive and thus have more visible filopodia (Fig. S5a), 
and low micro-fences cannot prevent Jurkat T cells’ filo-
podia from touching the microenvironment behind micro-
fences, hence most Jurkat T cells can easily migrate across 
the barriers in a short period of time. However, the filopodia 
of only few Jurkat T cells can touch the high micro-fences. 
Once touched, ICAM-1 binding to Jurkat T cells’ integrin 
provides the biophysical linkage to sustain the mechanical 
force for Jurkat T cells, helping them quickly climb across 
micro-fences, thus the climbing time was short, but the 
climbing percentage was still low (Fig. S5b). Moreover, 
the climbing ability of Jurkat T cells was totally abolished 
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Fig. 5   Jurkat T cells’ climbing ability. a, b Bright-field images 
of Jurkat T cells climbing across the micro-fences with or with-
out ICAM-1, respectively. c, d Time for climbing with or without 
ICAM-1. e Percentage of climbing cells under different conditions. 
f Summary of micro-fences, F-actin polymerization and integrin sig-

nal regulating Jurkat T cells’ climbing ability. The error bars repre-
sent Mean ± SEM, n.s. represents no significance, and **P < 0.01, 
****P < 0.0001 by unpaired Student’s t test in c, d. Climbing cells 
from three to five replicates are used to calculate the percentage in e 
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when F-actin polymerization was inhibited by cyto. D treat-
ment (Fig. 5e and Fig. S5c). Since the de-polymerization 
of F-actin largely disrupts the adhesion and the mechani-
cal force generation by Jurkat T cells, this completely 
impairs the Jurkat T cells’ climbing ability. Overall, the 
results demonstrate that both 3D biophysical restrictions 
and integrin/F-actin dynamic signaling couple together to 
regulate Jurkat T cells’ climbing ability (Fig. 5f). As T cells 
frequently migrate to find the targeted cancer cells, the abil-
ity of climbing across biophysical restrictions should be 
crucial for T cell function. The detailed regulating mecha-
nism will be investigated in the near future.

Conclusions

In this paper, we utilized TPP to efficiently manufacture 
multiscale and low-cost 3D micro-fences with different 
aspect ratios, which were shown to possess obvious advan-
tages over previous methods in efficiency, cost, and applica-
tions. Therefore, the micro-fences enabled us to investigate 
the dynamics within a cell from molecular to subcellular 
and cellular levels. With these versatile micro-fences, we 
quantified the SLB fluidity and tracked the restricted diffu-
sion of clustered Lck on SLB in real time. We further dem-
onstrated the coupling of F-actin polymerization and 3D 
biophysical restrictions in regulating nucleus mechanical 
bending during cell adhesion. Lastly, we revealed that bio-
physical restrictions coupled with integrin/F-actin signaling 
to regulate Jurkat T cells to climb across 3D restrictions, 
which might be crucial for the immunological function of 
T cells. Since the TPP method can effectively manufacture 
3D microstructures (i.e., not limited to micro-fences), we 
believe that it can potentially become a preferred method 
to investigate many other biophysical and biochemical 
phenomena.
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