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Dynamic real-time imaging of living cell traction force
by piezo-phototronic light nano-antenna array

Qiang Zheng'’, Mingzeng Peng'?, Zhuo Liu"*, Shuyu Li2, Rongcheng Han?, Han Ouyangm,
Yubo Fan?, Caofeng Pan'*, Weiguo Hu'*, Junyi Zhai'*#, Zhou Li"**, Zhong Lin Wang"*>*

Dynamic mapping of the cell-generated force of cardiomyocytes will help provide an intrinsic understanding of
the heart. However, a real-time, dynamic, and high-resolution mapping of the force distribution across a single
living cell remains a challenge. Here, we established a force mapping method based on a “light nano-antenna”
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array with the use of piezo-phototronic effect. A spatial resolution of 800 nm and a temporal resolution of 333 ms
have been demonstrated for force mapping. The dynamic mapping of cell force of live cardiomyocytes was directly
derived by locating the antennas’ positions and quantifying the light intensities of the piezo-phototronic light
nano-antenna array. This study presents a rapid and ultrahigh-resolution methodology for the fundamental study
of cardiomyocyte behavior at the cell or subcellular level. It can provide valuable information about disease de-
tection, drug screening, and tissue engineering for heart-related studies.

INTRODUCTION

The heart is composed of billions of cardiomyocytes (I, 2). The
rhythmic, periodic, and disciplinary contraction of each cardio-
myocyte enables the heart to pump blood efficiently at any moment.
The cell-generated force of cardiomyocytes is crucial for under-
standing their activity, biomechanical properties, and state of health,
which are closely related to their intrinsic biological processes (3-5),
interaction between surrounded extracellular matrix or adjacent
cells (6-8), and biochemical signal regulation (9, 10). For quantify-
ing the mechanical forces of cells, some techniques, such as traction
force microscopy (11-13), optical tweezers (14, 15), atomic force
microscopy cantilevers (16, 17), micropillar arrays (18-20), micro-
electro-mechanical system (MEMS) (21-23), and inserts and
molecular sensors (24-26), have been adopted to elucidate and de-
tect the cell traction force (CTF) (27), which is actively generated by
the cell. However, these tools are either restricted for probing sever-
al scattered points on a cell surface or limited in the spatial resolu-
tion and temporal resolution, which are markedly important for
kinetic cells such as cardiomyocytes. A fast, real-time, and high-
resolution dynamic mapping of the force distribution across a car-
diomyocyte during its beating cycle is vastly challenging.

In 2009, a vertically rigid silicon nanowire array-based method
was used for quantifying the CTF of cancer and normal cells (28),
which have increased the spatial resolution substantially to a record
of 50,800 dots per inch (dpi). However, the lightproof substrate and the
cell pretreatment of chemical fixation before surveying by scanning
electron microscopy (SEM) in vacuum make this method incapable
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of observing live and dynamic cell behavior. By introducing photo-
luminescence (PL) materials (29, 30), such as quantum dots, different
vertically rigid nanowire arrays have been used for observing live
cell movement. Fluorescence characterizes the location and shape
of the cell and the magnitudes of the transverse displacements at the
tips of nanowires. Nevertheless, it is difficult to directly derive and
visualize an immediate value of CTF for real-time quantification.
The piezo-phototronic effect is a triple coupling effect composed of
the piezoelectric effect, semiconductor properties, and photoexcitation
in a piezoelectric semiconductor-based heterostructure. The key
concept of the piezo-phototronic effect is using stain-generated
piezoelectric polarization charges at the interface to modulate carri-
er generation, separation and transport, and/or recombination pro-
cesses at the heterojunction (31, 32). In this work, we designed and
fabricated a uniform and well-aligned InGaN/GaN nanopillar array
as a force-visualized detector, named piezo-phototronic light nano-
antenna (PLNA) array, for CTF quantification. The PL of the mul-
tiple quantum wells (MQWs), which is at the tip of the InGaN/GaN
nanopillar, is extremely sensitive to the inner piezo-potential. A tiny
external force can change the intrinsic strain of the InGaN/GaN
nanopillar, causing redistribution of the piezo-potential and then
subsequently modulating the PL emission of the piezo-phototronic
nanopillar. Therefore, the CTF of cardiomyocytes can be directly
derived and visualized in both their resting and contraction states at
an unprecedented spatial resolution of 800 nm and a temporal res-
olution of 333 ms, which shows the first image of CTF generated in
the cell and the force-related dynamic process in different cycles.
This method for measuring the mechanical behavior of live cardio-
myocytes could be crucial for understanding the intrinsic process
and behavior of cardiomyocytes and providing valuable informa-
tion to guide the detection of biomechanically related diseases, the
screening of drugs, and the evaluation of heart tissue engineering.

RESULTS

Schematic of measuring CTF by PLNA

As a dynamic cell force mapping method, the PLNA array is based
on strain/piezo-potential tuned PL imaging. The basic working
principle of the PLNA array is demonstrated in Fig. 1. The primary
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Fig. 1. Schematic of measuring CTF of a live cardiomyocyte by the PLNA arrayABCD. (A) Schematic diagram of the CTF detection process using the PLNA array.
(B) Signal simulation of the strained PLNA array under CTF; from left to right: luminescence signal, displacement, and piezo-potential. (C) PL imaging of the cytoskeleton
of a cardiomyocyte and its PLNA attached underneath: (top left: fluorescently stained cytoskeleton; top right: PL of the PLNA array; bottom: merged image; scale bars: 10 um).
(D) SEM image of an isolated cardiomyocyte and its PLNA attached underneath and partially enlarged detail, showing the bending of the nanopillars.

cardiomyocytes are extracted from neonatal Sprague-Dawley (SD)
rats and seeded on the PLNA array (Fig. 1A). Before seeding cardio-
myocytes, the PLNA array is modified with poly-L-lysine, which
serves as an extracellular matrix to provide a suitable environment
for the attachment and spreading of cardiomyocytes. By carefully
controlling the cell seeding density and culture conditions, a single
cardiomyocyte is beating on top of the device, which is crucial for
mapping and analyzing CTF at the single-cell and subcellular level.
The PLNAs underneath and the cell-bonded PLNAs are dragged by
the cardiomyocyte to be bent transversely, resulting in a change of
PL intensity. The intracellular molecular mechanism of measuring
CTF by the PLNA array is shown in fig. S1.

The PLNA is made of an InGaN/GaN nanopillar with a diameter
of 150 nm and an aspect ratio of 10:1. The PL can be generated at
the InGaN/GaN MQW region (15 nm in thickness), which is at the
tip of the nanopillar. Because of the piezo-phototronic effect (33),
the PL of InGaN/GaN MQWs is ultrasensitive to mechanical stim-
ulations, which can serve as the signal of PLNA. When an applied
strain is induced to the InGaN/GaN nanopillar, piezoelectric charges
will be generated at the interface between InGaN and GaN, which
modulates the transport/separation/recombination of carriers at the
MQW region. Thus, a tiny external force can tune the PL emission
of the MQWs, especially the PL intensity (31, 32). Once a cardio-
myocyte is cultured on the PLNA array, the CTF will pull all cell-
attached PLNAs and induce the change of regional PL intensity. The
PLNA array serves as a function of high-density force sensor array
for the distribution and the magnitude of the dynamic CTF in real
time. The larger the CTF is, the higher the piezo-potential will be in-
duced (Fig. 1B), which subsequently causes the larger change of PL
intensity of the MQWs. The piezo modulation of the PL and the dis-
placement of each PLNA are closely related to the CTF, which can be
directly visualized and recorded by a confocal microscopy in real time.
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In a living state, the contraction and relaxation of a cardiomyo-
cyte will cause bending (strained) and the release (unstrained) of
cell-attached PLNAs. The movement of the PLNAs results in posi-
tion shifting of the lighting spots, which are from the MQWs at the
free ends of PLNAs, and a change in the corresponding PL intensi-
ty, when under a fluorescence microscope. Therefore, PLNAs will
present “shaking and switching” lighting nanospots of matrix, if
there is a beating cardiomyocyte on its tip (Fig. 1C). The real-time
PL intensity change rate (AI = (I — I;)/Iy) from bright to dark in a
cardiomyocyte beating cycle is the basic data for quantifying CTF,
where I; and I denote the PL intensity under the applied CTF at the
contraction and relaxation state of cardiomyocyte, respectively,
measured in situ by local confocal microscopy (Leica SP-8). On the
basis of the data, we can quantitatively capture the real-time CTF
either throughout the whole cell area or at a different region of a
single contracting cardiomyocyte by using a charge-coupled device
(CCD). In addition, the continuous and time-varying intensity change
of PL, which takes place at about nanoseconds or even less, means
that the PLNA array can meet the needs of recording a dynamic
process at an ultrafast rate.

The mechanical force and resist compression in contracting
cardiomyocytes are transmitted by the cytoskeleton, the distribu-
tion of which completely coincides with the CTF-induced shadow
region in the PL image of the PLNA array of Fig 1C. A SEM image
also demonstrates that the cell-attached PLNAs were obviously bent
along the direction of cell contraction in Fig. 1D. All these results
further indicate that the PLNA array can sensitively respond to the
CTF in nanoscale spatial resolution.

Method of measuring CTF by the PLNA array
The PLNA array is fabricated by the state-of-the-art top-down ap-

proach from an epitaxial InGaN/GaN multilayer film grown on a
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c-plane polished sapphire substrate, including a photolithography-
patterned nickel metal dot matrix, low-damage dry etching of GaN-
based thin films, and removal of the Ni metal mask (fig. S2). It shall
be noted that no extra electrodes are needed here, which markedly
reduces engineering complexity and extremely cuts down fabrica-
tion cost. As shown in Fig. 2A, the well-aligned and uniform PLNA
array has a high pixel density of 31,750 dpi. Each PLNA is 150 nm
in diameter and 1.5 um in length. The center distance between two
adjacent PLNAs is 800 nm (Fig. 2, B and C). Such vertically aligned
ultrathin PLNA array can be fabricated in a large area with excellent
uniformity in size, shape, period, and height. The large-area PLNA
array is uniformly excited by a laser diode of 405 nm, showing a
shiny blue fluorescent dot matrix, and its corresponding PL emis-
sion signal is at a peak wavelength of ~460 nm (fig S3). This device

A PL image
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also shows great PL stability compared with traditional organic
fluorescent dye. In a continuous 100-hour test under a cell culture
environment, the PL intensity maintains extreme stability, showing
great resistance against photobleaching, surface adsorption, and
structural erosion (Fig. 2D). The high brightness, uniformity, and
outstanding PL stability ensure a clearly defined and reproducible
PL imaging for the force mapping.

Individual live cardiomyocytes are used to analyze the effect of
dynamic CTF on the PLNA array that consists of InGaN/GaN
MQWs. Although the bright-field imaging of a live primary cardio-
myocyte is displayed on the PLNA array (Fig. 2E), the cell in the
shadowed region can be observed to be clearly coincidental with
the area where the fluorescence signal is changing (Fig. 2F). Using the
Image] software, a calculated PL intensity image is shown in Fig. 2G,
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Fig. 2. Basic method for measuring the dynamic CTF in real time. (A) Fluorescent image of the as-fabricated PLNA array (scale bar, 2 um). (B and C) SEM images of the
as-fabricated PLNA array (scale bars, 2 um). (D) PL stability of the PLNA array under 37°C in cell culture medium. a.u., arbitrary units. (E) Bright-field image of the tested live
cardiomyocyte on the PLNA array. (F and G) PL image and its calculated PL intensity of the PLNA array. The represented “shadow” region was where a live cardiomyocyte
located (inset: enlarged view of the selected region). (H) Basic model of the process for measuring the displacement of one PLNA under strain of CTF (left: the original state
of one PLNA without the effect of CTF; right: the bending state of one PLNA under the CTF). (I) Real-time PL spectrum across the shadow region, revealing the PL intensi-

ty change of PLNAs under the CTF.
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which clearly demonstrates the CTF-related fluorescence intensity
distribution. The variation of PL intensity in the PLNA array can be
directly read out by in situ local spectral measurement for the pur-
pose of simultaneously quantifying CTF (Fig. 2I). With the increase
of CTF, the change of PL intensity is more enhanced.

Besides quantifying CTF from PL intensity change, the displace-
ment data of the PLNA array can be acquired through actual
measurement of the position offsets of PLNAs from their initial po-
sitions by the software Image]. As shown in the insets of Fig. 2F, the
light spots in the “shadow” region were obviously “elongated.” We
attributed this phenomenon to the CTF-induced bending of the
PLNA and the consequent shift of its MQW region and the fluores-
cence projection onto the CCD of local confocal microscopy. The
distance (8) of the center point of the PLNA shifting from its origi-
nal position after bending is measured as the displacement parame-
ter of the PLNA under the CTF (Fig. 2H).

A

Original
state

)
At=333ms b

Relative PL intensity
o -

Real-time, dynamic CTF measurement of a beating
cardiomyocyte by the PLNA array
Systematic studies are carried out to analyze the dynamic process of
both fluorescence signal change and displacement variation of the
PLNA array in a cardiomyocyte beat cycle. We trace the position
information of 128 light spots in the range of tested cells frame by
frame based on the continuous video image (movie S1). The
displacement data of four randomly selected spots are plotted in
Fig. 3A. They show an apparent periodicity of 900 ms, which is con-
sistent with the beating rhythm that is observed in situ from bright-
field video images of the same live cardiomyocyte (fig. S4). The
maximum displacement was nearly 100 nm, corresponding to the
maximum traction force at the cell contraction state.

The change in force/strain-sensitive PL intensity is a unique ad-
vantage of our method, which is ideal for dynamic visualization and
quantification of CTF in living kinetic cells without a direct contact.

“ Stretching I ‘ Stretching " Stretched iJ’/ Relax | ‘

Normalized PL intensity (¢)

Time (s)

; 8 Cell region Control region

Fig. 3. Measurement of the displacement and the PL intensity change of PLNAs under the traction of a beating cardiomyocyte. (A) The PL images of four random-
ly selected PLNAs showing their displacements in a typical cardiomyocyte cycle (dashed red circle: the original position of PLNAs at the beginning of the cardiomyocyte
cycle; yellow circle: the real-time position of PLNAs under cell traction). (B and €) Dynamic quantitative analysis of PL intensity change of four typical PLNAs. The PLNAs at
the noncell region were selected as reference (N). (D) Standard deviations above the average PL intensity change rate for the cell region and the control region.
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The shadow region of the PL image shares the same contour with
the shape of the cell as provided by the bright-field optical image,
which means that the fluorescent “off” state was mainly caused by
the CTF after attaching the cell. Originating from the intrinsic trac-
tion force of the cardiomyocyte, a shear force was applied to each
PLNA attached to the cell, which subsequently influenced its PL
intensity owing to the piezo-phototronic effect of the MQW.

Time scale PL imaging is obtained for the real-time CTF infor-
mation of cardiomyocytes (movie S2). We can obviously see alter-
nating changes between bright and dark in the cell range as the
cardiomyocyte rhythmically contracts and relaxes. Because the mo-
tion amplitude at different parts of a contracting cardiomyocyte is
notably different, the maximum shear force applied to the related
PLNAs is changed correspondingly. Therefore, the PL intensity
change rate at different areas is also diverse. We selected four typical
piezo-phototronic PLNAs in different regions for quantitative anal-
ysis. One (N) is located out of the cell region as a control group and
the other three (I, I, and IIT) are located in the cell region. As shown
in Fig. 3B, the PLNA of N presented a stable PL signal. The PL in-
tensity of N remained almost the same throughout the testing peri-
od, while compared with the control group, the PL intensity of the
other three PLNAs located in the cell region fluctuates significantly
and periodically. The average cycle time is about 900 ms, which is
also consistent with our measured contraction cycle of the cardio-
myocyte. Taking PLNA II as an example, at the initial state of a
contraction cycle, the brightness of the PLNA II is comparable with
that of the control N. Once the cardiomyocyte begins to contract,
the related fraction of the cell pulls this PLNA and results in a grad-
ual darkening of its PL intensity until the end of contraction. After
that, the cell begins to relax, and the PL intensity thus recovers to its
initial state.

We also notice that the initial PL intensity is a little lower than
that of the control N, which may derive from the interaction of two
processes: (i) the slight scattering of light by the components of the
cardiomyocyte and (ii) the tiny static strain on PLNAs caused by the
slight weight of cell. The maximum PL intensity change rate can
reach ~50% (II), and the intensity of the PLNA near the nucleus of
the cardiomyocyte is only changed by 10% (I) (Fig. 3C). This differ-
ence characterizes the capability that our devices can reflect the tiny
variation of CTF in different regions of a cell, which is significantly
important for dynamic mapping of cell mechanics. The phenomenon
of heterogeneity contraction, diminishing toward the nucleus of
cardiomyocytes, is first described and quantified by dynamic CTF
mapping. This advantage may give researchers more inspiration in
fundamental research of cell mechanics, extracellular matrix, and
reconstruction of cytoskeleton of cardiomyocytes and a new method
for disease research and drug development.

Statistical analysis is carried out by measuring PL intensity
change rate from numerous PLNAs located in and out of the region
of contracting cardiomyocytes. The amplitude of PL intensity change
rises markedly from the controlled region to the experimental re-
gion. Using a threshold of two standard deviations above the aver-
age PL intensity change rate of the controlled group, we found that
more than 85% of experimental PLNAs showed obvious repeatable
PL intensity change (Fig. 3D).

Further analysis can describe subregional (fig. S5) and whole-
cell (fig. S6) mechanics at the real-time scale through PL imaging by
fluorescence spectroscopy. Six regions of PLNAs under the cell are
selected for further studies. They show quite clearly that the PL
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intensity and distribution in different regions are inhomogeneous.
In the edge area of the cell, it appeared with a larger PL intensity
fluctuation. In the area close to the internal part, the change of the PL
intensity is smaller (fig. S5). This result reveals the inhomogeneous
distribution of CTF across the whole cell, which is mainly due to the
complex cell geometries, boundary conditions, and the natural in-
homogeneous based on diversiform of materials, structures, and regional
functions of a cell. The experiment of the PLNA response to CTF is
shown in fig. S7, verified by the PL image of a live cardiomyocyte
and the same cardiomyocyte exposed under ultraviolet (UV) for 15 min.
In addition, the PLNA exhibits good biocompatibility, which indi-
cates that the device can achieve long-term CTF detection (fig. S8).

Mechanism and modeling of the PLNA

There are three core parameters involved in CTF quantification:
force, displacement, and PL (Fig. 4A). To realize the quantitative
reading of CTF by measuring the PL intensity of PLNA, we need to
establish the relevance between two parameters of the PL intensity
variation ratio: spatial displacement and CTF. Figure 4B shows the
relationship of the cell force (f,) and the displacement of PLNA (d),
which can be simply calculated by

4
-
where E is the Young’s modulus (340 GPa) of the GaN, [ is the
length of the PLNA (1500 nm), and a is the radius of the PLNA
(75 nm), respectively.

Figure 4 (C, original state, and D, stressed state) shows the
mechanism of how the photoluminescence of InGaN/GaN MQW
PLNAs is tuned by the external stress through the piezo-phototronic
effect. Here, we chose one PLNA as the representative of the strain
sensors. The z axis is set as the longitudinal direction of the PLNA
as well as the ¢ axis of the GaN, and the x axis is perpendicular to the
z axis. The spontaneous polarization (polarization without external
strain) of InGaN/GaN MQW s was only around —0.03 C/m?, which
was much smaller than the polarization constant of InGaN (0.97 C/m?)
and GaN (0.73 C/m?). Thus, we could ignore the spontaneous po-
larization when we examined the tunability of photoluminescence
of MQW through the external strain/stress-induced piezoelectric
charges. As the original state, the PLNA was unstrained with the
InGaN/GaN MQWs at the tip of the nanopillar. The quantum wells
could be considered as flat due to the omission of the spontaneous
polarization. In this case, photoluminescence processing has the maxi-
mum efficiency with the brightest luminescence spot. When the PLNA
was bent (as shown in the left graph of Fig. 4D), the left-hand part
of MQW s was elongated, while the right-hand part was contracted;
thus, positive and negative piezoelectric charges were generated at
the interfaces of the MQWs because of the asymmetric structure along
the ¢ axis of the wurtzite GaN and InGaN. Either positive or negative
piezoelectric charges at the interfaces will make the quantum wells
oblique, thus decreasing the photoluminescence efficiency of the
MQWs and the intensity of the luminescence of the PLNA (34, 35).

The photoluminescence intensity change rate can be derived from
the change of the strain in the quantum wells due to the piezo-
phototronic effect as (35, 36)
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Fig. 4. Mechanism of CTF measurement based on the PLNA array. (A) Three core parameters involved in CTF monitoring. (B) Relationship of cell force and displace-
ment of the PLNA. (C and D) Band diagram for understanding the PL change of the PLNA under cell traction. (E) Experimental (red dot) and fitting (violet line) results of

the cell force upon the photoluminescence intensity change rate.

where I is the intensity of the PL under a certain strain, Ij is the
intensity of the PL without the external strain, q is the absolute value
of unit electronic charge (1.6 x 107 C), e is the piezoelectric con-
stant (0.73 C/m?), ¢ is the relative dielectric constant (8.9), Whiezo 18
the piezoelectric depletion width (2.2 nm), T is the temperature
(300 K), and k is the Boltzmann constant (1.38 x 1072 J/K). Here,
s33 is the absolute average stress along the longitudinal direction of
the PLNA at the MQW position, which can be calculated by

8-)3’4)} a2_y2 (l_z)

Ema

(©)

2 I“
$33 = —>Jo
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where y and z are the positions of the quantum well along the y and
z axes, respectively. Figure 4E shows the experimental (dot) and fit-
ting (line) results of the relationship between the PL intensity
change rate and displacement distance, and the cell force upon the
PL intensity change rate, which can be calculated as follows

_ 4qe33 Whiero(l—2)a
Al = IO IS _ 1—6Xp<— qess plezo( ; ) d> (4)
I neseokTl
8‘] 633(1 - Z) Wpiezo )
Al = 1-exp| ~——————— 5
p( 3e,e0En’a’kT 4 )

where Al is the PL intensity change rate of the light spots, d is the
displacement distance of the light spots, a is the radius of the
nano-antenna (75 nm), /is the length of the nano-antenna (1500 nm),
z is the distance from the MQW to the bottom of the nano-antenna
(1340 nm), & is the vacuum dielectric constant (8.85 x 1072 F/m),
k is the Boltzmann constant (1.38 x 1072 J/K), and T'is the temperature
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(300 K), respectively .When the change of photoluminescence in-
tensity is small, the force can be considered as a linear relationship
with the change rate of photoluminescence intensity.

DISCUSSION

In this work, the PLNA array provides a new, unique, and quantita-
tive method for directly “visualizing” CTF maps of a living cell in
real time at an unprecedented time and spatial resolution. Table S1
shows a comparison of performance parameters related to the methods
of measuring CTF by nano-/micro-pillar arrays (19, 28, 37-39). In-
stead of fixing and staining cells and manually measuring and cal-
culating the CTF subsequently, the PLNA array permits to “image”
and “read out” the distribution maps of single living cells in real
time. Because there is a quantitative relationship between the strain/
force-sensitive PL intensity change of PLNAs and the CTF, dynamic
force change can be directly “imaged” by confocal microscopy in
real time, without introducing any special cell treatment or equip-
ment. The outstanding resolution (31,750 dpi) and pixel size
(150 nm pixel ') facilitated an accurate measurement at many scales
(whole-cell scale or subcellular scale). Therefore, the PLNA array is
able to extract larger quantitative data and provide a more convinc-
ing analysis compared with older methods. The PLNA array exhib-
ited amazing biocompatibility and stability. The newly extracted
cardiomyocytes (one of the most difficult cells to cultivate) can eas-
ily survive for a long period onto the PLNA’s surface. The dense
PLNA array ensures that it will not adversely affect cell growth,
crawling, and beating and creates a good growth environment sim-
ilar to the normal culture conditions of cells. These results allowed
us to study the true behavior and intrinsic state of many kinds of
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cells. It is possible that the PLNA array has the potential to become
a technology for phenotypic drug screening and discovery pertain-
ing to conditions involving aberrant cellular force generation.

MATERIALS AND METHODS

Fabrication of the PLNA array

The PLNA was fabricated from an Ing ;3Gag s;N/GaN MQW epitaxial
multilayer thin film through a top-down semiconductor technique.
The fabrication and the construction of the Ing15Gagg,N/GaN
MQW multilayer thin film were the same as previously described in
(33). The top-down semiconductor technique includes the follow-
ing processes: First, a highly ordered dot matrix was photolithogra-
phy patterned by electron beam lithography, and the diameter and
the period of nanopillars are 150 and 0.8 um, respectively. Then, a
pure Ni metal mask was deposited as the protective material through
electron beam evaporation. Last, the PLNA was fabricated by an
inductively coupled plasma etching technique. The length of each
PLNA is 1.5 um.

Characterization of the PLNA array

The nanostructure of PLNAs was carried out by SEM (SU8020).
The high-resolution PL imaging measurement was based on a laser
scanning confocal microscope (Leica SP8) and a spinning disk con-
focal microscope (ZEISS). According to the schematic diagram of
the PL imaging measurement, we chose a semiconductor laser of
405 nm as the PL excitation source.

Primary culture of SD neonatal rat cardiomyocytes

SD neonatal rats were purchased from the Academy of Military
Medical Sciences. The procedures in handling the animals were
supervised by the Committee on Ethics of Beijing Institute of Nano-
generator and Nanosystems, which strictly conformed to the
“Beijing Administration Rule of Laboratory Animal” and the national
standards “Laboratory Animal Requirements of Environment and
Housing Facilities (GB 14925-2001).” The hearts of SD rats were
isolated via surgical operation and processed to separate and purify
ventricular cardiomyocytes by mechanical trituration, collagenase
II digestion (0.1%), filtration, and centrifugation. Nevertheless, the
extracted cells might contain fibroblasts. To purify the cardiomyo-
cytes, the method of differential adhesion was used. In brief, the cell
suspension was inoculated on the culture dish; after 1 hour, the cell
suspension was recycled. Because the adherent speed of the fibro-
blasts was faster than that of cardiomyocytes, 1 hour later, the filtra-
tion had adhered, but the cardiomyocytes had only just adhered.
The recycled cell suspension was composed of purified cells. Trypan
blue staining showed that 86.3% of extracted cells were positive.

The purified cardiomyocytes were cultured in Dulbecco’s modi-
fied Eagle’s medium (DMEM) (Hyclone) supplemented with 10%
fetal bovine serum (FBS) (Gibco) and 1% penicillin-streptomycin
solution (Macgene). Before inoculation, the PLNA array was steril-
ized by immersing it several times in 75% ethanol for 1 hour and
under UV light for 30 min, and then the samples were washed three
times for 5 min in sterile phosphate-buffered saline (PBS) to elimi-
nate any residual ethanol.

The cardiomyocytes were seeded at a density of 1 x 10° cells/cm?
on the PLNA array and incubated at 37°C in a humidified
atmosphere with 5% CO,. The culture medium was refreshed
every 2 days.
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Cardiomyocyte immunofluorescent staining

The cytoskeleton and nucleus were stained with phalloidin and
4’,6-diamidino-2-phenylindole (DAPI), respectively. In detail, the
samples were fixed with immunohistochemically fixed fluid (Beyotime)
for 30 min and then rinsed three times with prewarmed PBS. The
samples were blocked with 0.1% bovine serum albumin solution for
1 hour at 37°C and then incubated with DAPI (1:400 diluted)
and Alexa Fluor Phalloidin 568 conjugate (1:200 diluted) for
2 hours at 37°C. The Dil (Beyotime) was used to stain the live
cardiomyocytes.

Cell compatibility of the PLNA

The material of the PLNA was immersed in DMEM with 10% FBS
and 1% penicillin-streptomycin solution for 24 hours. This DMEM
was used to culture the L1929 cells as the experimental group. The
L1929 cells were seeded on 96-well plates with a density of 5000 cells
per well. The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay was used to evaluate the proliferation of the cul-
tured L929 cells, which can be taken up by living cells and reduced
in the mitochondria to insoluble purple formazan granules. First,
the MTT solution with 20 pl was added to each well. After incubat-
ing for 4 hours, the medium was discarded. Then, dimethyl sulfox-
ide with 100 pl per well was added to each well to dissolve the
precipitated formazan. Last, the optical density of the solution was
evaluated by a microplate spectrophotometer at a wavelength of
490 nm. MTT assay was performed at days 1, 2, and 3. At least four
samples were randomly examined each time.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/22/eabe7738/DC1
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