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ABSTRACT: Efficient intracellular delivery of biomolecules into
cells that grow in suspension is of great interest for biomedical
research, such as for applications in cancer immunotherapy.
Although tremendous effort has been expended, it remains
challenging for existing transfer platforms to deliver materials
efficiently into suspension cells. Here, we demonstrate a high-
efficiency photothermal delivery approach for suspension cells using
sharp nanoscale metal-coated tips positioned at the edge of
microwells, which provide controllable membrane disruption for each cell in an array. Self-aligned microfabrication
generates a uniform microwell array with three-dimensional nanoscale metallic sharp tip structures. Suspension cells self-
position by gravity within each microwell in direct contact with eight sharp tips, where laser-induced cavitation bubbles
generate transient pores in the cell membrane to facilitate intracellular delivery of extracellular cargo. A range of cargo
sizes were tested on this platform using Ramos suspension B cells with an efficiency of >84% for Calcein green (0.6 kDa)
and >45% for FITC-dextran (2000 kDa), with retained viability of >96% and a throughput of >100 000 cells delivered per
minute. The bacterial enzyme β-lactamase (29 kDa) was delivered into Ramos B cells and retained its biological activity,
whereas a green fluorescence protein expression plasmid was delivered into Ramos B cells with a transfection efficiency of
>58%, and a viability of >89% achieved.
KEYWORDS: suspension cells, photothermal delivery, self-aligned cell seeding, intracellular delivery, microwell

High-efficiency intracellular delivery of biomolecules,
including nucleic acids, proteins, and intracellular
probes, is required for gene correction, immunother-

apy, cellular diagnostics, and other utilities.1−7 Suspension
cells, especially lymphocytes, which represent 25−30% of
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immune cells, are of great interest in cancer immunotherapies,
such as CAR-T cell therapy and cancer vaccines.8−10 However,
it remains challenging to transfer cargo into suspension cells
efficiently using currently available delivery methods.11−18 Viral
vectors work for delivering genetic materials into suspension
cells but may induce immune responses and genotoxicity.19−23

Nonviral vectors, including cationic polymer and lipid
mixtures, show relatively low delivery efficiencies for most
suspension cell types.24−28 Physical delivery methods, such as
nanoneedles, show versatility for different cell types, but are
limited by scalability due to a high-precision fabrication
requirement.29−34 A carbon nanosyringe array has also been
shown to be capable of delivering bioactive cargo into hard-to-
transfect cells under an applied centrifugal g-force.35,36 While a
cell squeezing technique could deliver cargo into suspension
cells with high throughput by mechanically deforming cells, the
delivery efficiency and viability are dependent on cell size.37−39

Electroporation, which can transfect suspension cells at high
throughput, induces significant cell death from an applied
electrical field, such as 40% cell death in suspended drop
electroporation, which may not be suitable for situations with
limited cell numbers.40−45

Recent studies deploying the photothermal effect for
intracellular delivery have shown promising results.46−55

Laser irradiation induces electron oscillations within metallic
nanostructures by absorption of incident photon energy,
resulting in a substantial increase in the temperature of the
metal.56,57 Heat generated by this process is rapidly transferred
to a surrounding thin layer of aqueous medium where
explosive cavitation bubbles nucleate.58 The rapid expansion
and collapse of cavitation bubbles exerts a large fluid shear
stress on an adjacent cell membrane, which generates transient
and localized pores.59 Membrane pores generated by photo-
thermal phenomena can be used to transport extracellular
cargo into cells. The size and the number of transient pores
generated in the cell membrane are critical parameters that
regulate cargo delivery efficiency and cell viability. The size of
cavitation bubbles can be adjusted with different laser
fluences,60 whereas the number of pores is determined by
juxtaposed metallic nanostructure configurations. Gold nano-
particles have been used to create local hot spots that generate
cavitation bubbles, but the number and the location of pores
on each cell are not easily controlled since the nanoparticles
distribute randomly in solution or on substrates.47,48,51,54,61−65

It has been observed that high delivery efficiencies achieved by
increasing nanoparticle concentration typically results in

compromised cell viability in such systems.66 To control
both the size and number of transient membrane delivery
pores, we investigated multiple metallic nanostructure design
configurations. In our prior work, a high-precision photo-
thermal nanoblade for large cargo delivery was developed by
integrating a glass needle micropipet with a sputtered metallic
tip connected to a fluid pump.53 The cavitation bubble pattern
was well controlled by the metallic structure, laser pulse
strength, and pulse duration to achieve precise membrane pore
opening. A massively parallel version that we termed “BLAST”
was developed next to perform up to 2 μm large cargo delivery
into 100 000 cells per minute with a high efficiency of 60% and
cell viability of over 90%.50

Our current nanoblade and BLAST photothermal delivery
strategies, however, face significant challenges when dealing
with cells that grow in suspension. To achieve efficient
membrane pore opening, direct contact between a cell and the
metallic nanostructure is necessary. In contrast to adherent
cells that naturally anchor on many substrate material surfaces,
suspension cells are only in loose contact with substrate
surfaces, including metallic nanostructures, and easily detach
with slight environmental perturbations, preventing efficient
biomolecule delivery. Therefore, existing flat-planar photo-
thermal platforms are not well configured for efficient cargo
delivery into suspension cells without additional adhesive
materials that interfere with delivery.
Here, we demonstrate a high-efficiency photothermal

delivery platform for suspension cells (Figure 1). Pore
formation for cargo delivery into each cell is controlled by
laser fluence and cell trapping in microwells with membrane
contact to sharp, evenly spaced metallic tips. This design
provides precise control over the number, location, and size of
poration on suspension cells to achieve high efficiency as well
as high viability. A straightforward, economical, large-area
microfabrication approach generates an array of microwells
with 3D nanoscale sharp tip structures. The compatibility with
commercial semiconductor fabrication processes ensures the
scaling capability of this platform. The sharp tips are uniformly
coated with heat-conducting metal to serve as integrated local
hot spots. During cell seeding, suspension cells self-position
within the microwells and near sharp tip structures by gravity.
Microwells of tunable dimensions physically anchor cells and
ensure direct contact between cells and tips. Cavitation
bubbles formed upon laser irradiation at the tips exert
disruption forces on the cell membrane to generate transient
pores at contact points to facilitate extracellular cargo diffusion

Figure 1. Photothermal delivery into suspension cells with self-aligned cell positioning. (a) Suspension cells are self-aligned within
microwells by gravitational settling. Bordering metallic sharp tips at the edges of each microwell serve as local hot spots under laser
irradiation to generate cavitation bubbles that open pores in adjacent, contacting cell membranes. Cargo in the surrounding medium diffuses
into the cytosol of each cell through open pores on the plasma membrane. (b) Side view schematic of one cell in a microwell.
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into cells. The number of pores on each cell is predefined by
eight sharp tips that surround each microwell. Pore size is
determined by laser fluence, which was optimized here based
on delivery results for FITC-dextran (4 kDa) into Ramos cells,
a mature human B lymphocyte cell line. A range of cargo sizes
was studied, with delivery efficiencies of up to 85% for Calcein
green (0.6 kDa) and 45% for FITC-dextran (2000 kDa),
viabilities over 98%, and throughput of greater than 100 000
cells per minute. The bacterial enzyme β-lactamase was
delivered into Ramos B cells and maintained its function
inside cells. A plasmid encoding green fluorescence protein
(GFP) yielded a high transfection efficiency of >58% and cell
viability of >89% with expression of the encoded fluorescent
protein in proof-of-principle studies.

RESULTS AND DISCUSSION

Platform Design and Operating Principles. The
platform substrate consists of 106 microwells on a 1 cm × 1
cm silicon chip with four pairs of metallic sharp tips spaced 90°
from each other surrounding each microwell (Figure 1).
Ramos B cells added onto the chip settle by gravity for 20 min,
with self-alignment and positioning of most cells into the
microwells over that time.67 The diameter of each microwell is
predesigned to fit the average cell size of interest, which is a
tunable fabrication feature for different cell sizes. To ensure tip
contact with a cell, the microwells are slightly smaller than the
average cell size, so that size variations between cells can be
mitigated. A laser beam with a 3 mm diameter scans the chip
surface by manually moving an X−Y stage in steps of 1 mm,
and the laser pulse was manually triggered after each step to
provide one shot irradiation for every movement. To cover the
entire sample, 100 pulses were fired, and the entire process
requires less than 2 min by manually moving the platform.
With an automatic 2D scanning mirror integrated, it takes 10 s
to cover the entire sample with a 10 Hz repetition rate pulse
laser used in this experiment. Metallic 3D sharp tips harvest
incident laser energy and superheat the adjacent liquid to
produce explosive cavitation bubbles that disrupt the
membranes of cells in contact with the tips. Transient pores
are generated on the cell membrane to facilitate extracellular

cargo diffusion into each opened cell’s cytosol before
membrane repair and resealing.
A high-throughput, large-area, self-aligned fabrication

process was developed to produce the microwell platform
with high uniformity and scalability (Figure 2a). Because each
cell settles into an individual station, the stoichiometry of tips
to cells is fixed for each cell, unlike previous nanoparticle−cell
mixtures. A silicon wafer with 1.2-μm-thick thermally grown
SiO2 layer was patterned and etched by reactive ion etching
(RIE). The SF6 vapor with plasma was used to undercut the
silicon isotropically, creating a hemispherical structure for each
microwell. Once two adjacent hemispheres expanded and
merged with each other, two 3D sharp tips automatically and
reproducibly form. Each microwell merges with four adjacent
microwells, resulting in eight sharp tips generated for each
microwell. The top layer of SiO2 was then removed by
hydrofluoric acid, followed by sputter deposition of 50-nm-
thick SiO2 and a 100-nm-thick titanium coating layer. The
sputter-deposited SiO2 layer serves as thermal isolation
between the top metal layer and the bottom silicon substrate.
Titanium was chosen for its high melting temperature (1941
K), compared with other commonly used heat-conducting
metals, such as gold (1337 K), and excellent substrate
adhesion, which enables repeated cycles of cargo delivery on
the same microwell platform. The device fabrication process
requires a single photolithography step free of alignment and
utilizes standard foundry-compatible lithography, material
etching, and metal deposition processes, which is promising
for mass production at low cost in future applications. By
adjusting the silicon etching time, microwells of different sizes
can be fabricated to fit different types of cells.68

Scanning electron microscopy (SEM) images show the
shape, size, and sharp Ti-coated nanoscale tip structure for
each microwell (Figure 2b,c). Ramos B cells have an average
diameter of 10 μm, and the diameter of the microwell for these
cells was therefore fabricated to be 8 μm. The shape of the tips
can be tuned by adjusting the pitch of the SiO2 opening of
each microwell. A three-dimensional (3D) finite element
simulation was performed to display the local heating effect
under laser irradiation of the metallic tips (Figure 2d,e).
Cavitation bubbles form when the temperature of the

Figure 2. Fabrication, structure, and finite element simulation of microwells and sharp tips. (a) Fabrication process of microwell array and
sharp tips: SiO2 layer patterning by reactive ion etching (RIE), isotropic etching using SF6 vapor, removal of SiO2 by hydrogen fluoride,
sputter deposition of 50 nm SiO2 and 100 nm titanium. (b) Scanning electron microscope (SEM) image of a fabricated substrate. (c) High-
magnification SEM image of the black square region in (b). (d, e) Finite element method simulation (COMSOL Multiphysics 5.3) shows the
hot spots at the sharp tips. Scale bars: (b) 5 μm, (c) 1 μm.
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surrounding aqueous medium rapidly rises to 80−90% of its
critical temperature, which is 640−650 K for water at 1
atm.69−73 Simulations show local heating at 1000 K, which is
beyond the bubble nucleation temperature.
Gravity-Assisted Cell Positioning into Microwells. Cell

positioning is critical for cargo delivery because the delivery
process relies on contact between the metallic sharp tips facing
each microwell and the cell membrane. Suspension cells added
onto the chip and incubated for 20 min self-align with the
microwells by gravity. The chip was then gently rinsed with 1×
phosphate-buffered saline (PBS), pH 7.4, to remove excess
cells outside of the microwells, whereas cells inside microwells
remained anchored. Cells were stained with Calcein AM dye
for imaging using fluorescence microscopy. A cell seeding
density of 2500 cells/mm2 was achieved over a large area, as
shown in Figure S1. The gravity-assisted self-alignment of cells
within microwells was shown by overlaying the bright field
image of the microwells (Figure 3a) with the fluorescence
image of Ramos B cells (Figure 3b) over the same area of the
chip (Figure 3c). The four corner images of bright squares
surrounding each microwell are the metallic sharp tips and
central bright spots that show the bottom of each microwell
(Figure 3d,e). To obtain a more precise image of suspension
cells in the microwells, we fixed cells directly on the chip with
4% parafolmadehyde in 1× PBS, pH 7.4, after cell self-
alignment and gentle washing, followed by standard cell
dehydration for SEM imaging. The SEM image confirms
Ramos B cells inside the microwells and sharp metallic tip to
cell membrane direct contacts (Figure 3f).
Characterization of Delivery Efficiency and Cell

Viability with Different Laser Fluences and Cargo
Sizes. Following cell seeding into microwells, the culture
medium was replaced by a solution containing the cargo for
delivery. A Petri dish with the cell-positioned chip was placed
on a translational X−Y stage. A Nd:YAG 6 ns pulsed laser
witha wavelength of 532 nm and 3 mm diameter beam spot
was set to fire at a repetition rate of 10 Hz. The laser beam was
then scanned across the entire chip in 10 s by a 2D scanning
mirror system. After the laser scan, the medium was changed
back to regular cell culture medium for incubation.

Delivery efficiency and viability results using fluorescent
molecule detection were performed 90 min after laser
scanning. To count the total number of cells with fluorescence
microscopy, we stained the nuclei of all cells on the chip with
Hoechst 33342, a cell-permeable nucleus fluorescence dye with
an emission wavelength of 497 nm. We first tested the
membrane-impermeable FITC-dextran cargo with a molecular
weight of 4 kDa. Control experiments were conducted by
seeding cells on the microwell platform in cargo delivery
solution without laser firing and scanning. No green
fluorescence was detected without laser activation and
scanning (Figure S2a). After laser irradiation at 21 mJ/cm2

and whole chip scanning, over 80% of Ramos B cells showed
green fluorescence staining, indicating FITC-dextran uptake.
The fluorescence images of Hoechst 33342 nucleus staining
(Figure 4a) and FITC-dextran delivery (Figure 4b) were
overlaid to show the parallel and uniform cargo delivery across
a large area of the microwell platform (Figure 4c). Co-
localization of the nucleus stain and delivered FITC-dextran
molecules was confirmed by overlaying high-magnification
fluorescence images to show delivery results at the single-cell
level (Figure 4d−f). Cell viability was evaluated using
propidium iodide (PI), a red fluorescence dye that is
permeable to dead cells and intercalates within the DNA in
the nucleus. Images of PI staining results were obtained and
overlaid with Hoechst 33342 nucleus staining and FITC-
dextran green fluorescence images (Figure S2).
A range of laser fluences was tested to optimize delivery

efficiency and viability. The dependence of efficiency and
viability on laser fluence is shown in Figure 4g, where over
6600 cells were counted; error bars represent the standard
deviation. Without laser irradiation, control experiments
showed no FITC-dextran cargo delivered and 98 ± 1% cells
viable. After irradiation and chip scanning at 7 mJ/cm2 laser
fluence, only 7 ± 6% of cells contained 4 kDa FITC-dextran
and 98 ± 3% cells were viable. We attribute the low delivery
efficiency at this fluence to suboptimal temperature increases at
the sharp metallic tips, which leads to low numbers of
cavitation bubbles and low numbers of pores opened on each
cell membrane. When the laser fluence was increased to 14
mJ/cm2, significantly more cavitation bubbles formed and the

Figure 3. Self-aligned cell seeding results. (a) Bright field image of a substrate. (b) Fluorescent image of cells with Calcein AM dye stain. (c)
Overlay of (a) and (b) shows alignment of cells and microwells. (d) Schematic of a cell in a microwell, (e) fluorescent image, and (f) SEM
image of a paraformaldehyde-fixed cell inside a microwell. Scale bars: (a−c) 50 μm, (e, f) 3 μm.
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delivery efficiency rose to 68 ± 7%. An optimum laser fluence
was determined to be 21 mJ/cm2, where a delivery efficiency of
81 ± 4% and viability of 99 ± 1% was achieved. Cell death
increased after the laser fluence was raised beyond 21 mJ/cm2.
At fluences of 28 and 35 mJ/cm2, cell viability dropped to 87 ±
3% and 85 ± 1%, respectively, as it is likely difficult for cells to
recover fully from severe membrane disruption induced by
excessive laser irradiation. At high fluences, delivery efficiency
also falls notably, presumably because of excessive cell
membrane damage and dead cells fail to retain fluorescent
FITC-dextran molecules. Further, reduced photothermal
effects due to damage to the metal layers of the sharp tips at
high laser fluences may also account for decreases in delivery
efficiencies.
Fluorescent molecules with sizes ranging from 0.6 to 2000

kDa, yielding hydrodynamic radii from <1 to 27 nm,74 were
tested to determine the accessible size delivery range of this
photothermal platform configuration. Cargo solutions were
prepared at the same concentration (1 mg/mL) for all types of
cargo. The laser fluence was set to 21 mJ/cm2 for the range of
cargo sizes. Since cargo with higher molecular weight has a

slower diffusion rate than smaller cargo, delivery efficiency
drops with increasing cargo size. Overlaid images of delivered
cargo with Hoechst 33342 nucleus stain and the PI dead cell
biomarker are shown in Figure S3. The quantitative
experimental result is shown in Figure 4h, where 480 cells,
3800 cells, 3900 cells, and 3100 cells were counted for 0.6 kDa
Calcein, 4 kDa FITC-dextran, 40 kDa FITC-dextran, and 2000
kDa FITC-dextran, respectively; error bars represent standard
deviations. Membrane-impermeable Calcein green of 0.6 kDa
size was delivered with an efficiency of 84 ± 3%, whereas the
delivery efficiency dropped to 58 ± 2% for 40 kDa FITC-
dextran. For large cargo, a delivery efficiency of 46 ± 1% was
achieved using 2000 kDa FITC-dextran molecules, indicating
the capability of large cargo delivery using this platform. High
cell viability was maintained (>96%) for different cargo sizes.

Delivery of a Functional Enzyme and Expression
Plasmid into Suspension Cells. The bacterial enzyme β-
lactamase (29 kDa) was delivered into Ramos cells to
demonstrate the biological activity of delivered cargo. The
delivery and functionality of β-lactamase were evaluated with
esterified β-lactamase substrate CCF4-AM. Upon entering the

Figure 4. Quantification of delivery efficiency and cell viability under different laser fluences and cargo sizes. Large-area delivery results: (a)
fluorescence image of nucleus stain (Hoechst 33342), (b) delivery of 4 kDa FITC-dextran (green), (c) overlaid image of (a) and (b) shows
colocalization. (d−f) High-magnification images of fluorescence (a−c), respectively. (g) Delivery efficiency and cell viability at different laser
fluences. Error bars, SD (n = 6608 cells for all tests). (h) Delivery efficiency and cell viability of cargo with sizes ranging from 0.6 to 2000
kDa (laser fluence 21 mJ/cm2). Error bars, SD (n = 486, 3863, 3986, and 3176 for 0.6 kDa Calcein, 4 kDa FITC-dextran, 40 kDa FITC-
dextran, 2000 kDa FITC-dextran, respectively). Scale bars: (a−c) 200 μm, (d−f) 40 μm.
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Figure 5. Bacterial enzyme β-lactamase functionality evaluated with CCF4-AM substrate. (a, d) Fluorescence images of CCF4-AM with or
without laser irradiation. (b, e) β-Lactamase cleaving results with or without laser irradiation. (c, f) Overlaid images of (a) and (b), (d) and
(e), respectively. (g) Mechanism of CCF4-AM substrate functionality in characterizing β-lactamase. Scale bars: (a−f) 100 μm.

Figure 6. Green fluorescence protein (GFP) encoding plasmid transfection. Transfection results with Lipofectamine 3000 using sharp tip
device: (a) fluorescence image of nucleus stain (Hoechst 33342), (b) GFP expression in Ramos cells (green), (c) overlaid image of (a) and
(b) shows colocalization. Transfection results with Lipofectamine 3000 only: (d) fluorescence image of nucleus stain, (e) GFP expression in
Ramos cells, (f) overlaid image of (d) and (e) shows colocalization. (g) Quantitative comparison of transfection efficiency and viability
between delivery using photothermal sharp tip platform and delivery using Lipofectamine 3000 only. Scale bars: (a−f) 100 μm.
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cell, CCF4-AM is converted to CCF4 by endogenous
cytoplasmic esterases. CCF4 is a fluorescence resonance
energy transfer (FRET) substrate, which emits green
fluorescence at 520 nm with excitation at 409 nm. Once β-
lactamase was delivered into cells, it cleaved CCF4 into two
separate fluorophores and disrupted the FRET effect, changing
the emission wavelength from 520 to 447 nm. Delivered
enzyme function results are shown in Figure 5 with a 39 ± 1%
substrate cleaving efficiency.
A plasmid encoding GFP was delivered into Ramos cells

using the platform. The plasmid was encapsulated with
Lipofectamine 3000, and the platform-activated transfection
efficiency was compared to delivery with Lipofectamine only.
We stained the nuclei of all cells with Hoechst 33342 to count
the total number of cells. The fluorescence images of nuclei
staining (Figure 6a) and GFP expression (Figure 6b) were
overlaid to show colocalization (Figure 6c). A transfection
efficiency of 58 ± 8% was achieved 48 h postdelivery using the
sharp tip platform, compared to 24 ± 4% delivery efficiency
using Lipofectamine only (Figure 6d−f), and a high cell
viability of 89 ± 3% was maintained (Figure 6g).

CONCLUSIONS AND PROSPECTS
Suspension cells play essential roles in biomedicine and
biomedical research, especially in areas related to the immune
system. High-efficiency and high-viability suspension cell
delivery approaches will enable improved applications in
related fields. Here, we demonstrated a photothermal delivery
platform for suspension cells with self-aligned cell positioning
and controllable cell membrane delivery pores on each cell. A
large-area, economical, safe, and high-throughput self-aligned
device fabrication process was developed with only one etching
step to create a microwell array platform with nanoscale sharp
tip structures facing each microwell cavity. With cell-size
designed microwells, suspension cells self-align with the
microwells and tips by gravity. Metal-coated sharp tips harvest
incident laser energy to generate cavitation bubbles in the
surrounding medium that disrupt contacting cell membranes
to create transient membrane pores for cell-impermeable cargo
to diffuse into cells. The size of the cavitation bubbles, and
therefore the force generated on the cell membrane and
resulting pore opening size, was controlled by laser fluence,
and the number of pores per cell was determined by fabricating
a fixed number of tips around each cell. Delivery efficiencies of
>84% for small molecules (0.6 kDa Calcein dye) and 45% for
large molecules (FITC-dextran 2000 kDa) were achieved, and
a cell viability of >96% was always maintained. Bacterial β-
lactamase was delivered and retained biological activity inside
cells. A GFP-encoded plasmid was also delivered with a high
transfection efficiency of 58% and viability of 89%. The
reproducible delivery of fluorescent molecules, an enzyme, and
GFP-encoded plasmids shows the potential for photothermal
delivery in biomedical applications for suspension cells.
Self-aligned cell seeding and anchoring by gravity enables

highly efficient delivery of cargo into a large number of
suspension cells nearly simultaneously. Adjusting the diameter
and pitch of the platform microwells adds versatility to this
platform for a wide variety of suspension cells of different sizes.
The cell diameters in Figure 4b varied from 8 to 17 μm,
showing the cell-to-cell size variation tolerance of the current 8
μm pitch microwell design. For biological samples that absorb
visible light, the current 532 nm pulsed laser could be replaced
by a near-infrared pulsed laser. Combined with the wafer-scale

self-aligned fabrication process, this approach can be expanded
and applied for high-efficiency, high-viability, safe, and high-
throughput suspension cell intracellular delivery, which creates
numerous opportunities in biomedicine.

METHODS/EXPERIMENTAL
Experimental Setup. The laser source is a Q-switched Nd:YAG

laser (Minilite I, Continuum, San Jose, CA, USA), with a wavelength
of 532 nm, a beam diameter of 3 mm, and a pulse duration of 6 ns. A
half-wave polarizer and polarizing beam splitter designed for the 532
nm laser are used to adjust the power splitting ratio of the two beams.
The laser energy was checked before every experiment using a laser
energy meter (Nova II, Ophir, North Logan, UT, USA). An X−Y
translation stage (Thorlabs, Newton, NJ, USA) and a 2D scanning
mirror (Thorlabs) were applied to expose the entire 1 cm2 area to the
laser beam sequentially.

Temperature Simulation. We used a finite-element method
(COMSOL, Multiphysics 5.3) to simulate the temperature distribu-
tion pattern. The simulation geometry was constructed according to
real device dimensions in a water medium. Scattered field formulation
was used to apply plane waves (wavelength = 532 nm, fluence = 21
mJ/cm2) in the z direction. Resistive loss from electromagnetic
interaction was calculated and used as the heat source for transient
heat transfer. Perfectly matched layers were applied to surround the
entire domain to mimic infinitely extending space.

Cell Seeding and Retrieval. Ramos Homo sapiens Burkitt’s
lymphoma B cells were obtained from ATCC (Manassas, VA, USA)
and maintained in RPMI-1640 (Corning, Manassas, VA, USA)
supplemented with 10% fetal bovine serum (Omega Scientific,
Tarzana, CA, USA), 1% penicillin/streptomycin (Corning), 1%
sodium pyruvate (Corning), and 1% nonessential amino acids (Life
Technologies Corporation, Carlsbad, CA, USA). Cells were incubated
at 37 °C and 5% CO2 and were checked regularly for mycoplasma
contamination using Lonza (Walkersville, MD, USA) Mycoalert
mycoplasma detection kit. Cells were passaged every other day and
were maintained at 5 × 105 to 2 × 106 cells/mL. The chip was put
into a 35 mm Petri dish. Ramos cells were loaded into the Petri dish
and kept in an incubator for 20 min to settle down when cells self-
aligned with microwells and sharp tips. After incubation for 20 min,
the chip was taken out and rinsed with PBS to wash away excessive
cells outside microwells, while cells inside microwells remained static
due to the anchoring feature of the structure. Stable seeding of 2.5 ×
105 cells per chip (1 cm × 1 cm) was reproducibly achieved. It takes 2
min to scan through the chip by manual control, which yields the
throughput of 1.25 × 105 cells/min. Using a 2D scanning mirror
system, the scanning time reduces to 10 s. Cell-permeable dye,
Calcein AM (Life Technologies Corporation), was added to stain the
whole cell so as to visualize individual cells in a fluorescent
microscope. Bright field images of the same area of the chip were
also obtained to compare the seeding status at the single-cell level.
After laser scanning, cells were retrieved by tilting the chip at 45°,
gently washing out cells with culture medium, and collecting them in
the Petri dish. Over 2 × 105 cells out of the 2.5 × 105 cells originally
seeded in one single chip were collected. The experimental results of
enzymatic function and plasmid transfection were analyzed after the
cells were retrieved from the chips.

Delivery Material. Fluorescent molecules ranging from 0.6 to
2000 kDa were applied to characterize the platform. Cell-
impermeable Calcein green molecules (0.6 kDa, Life Technologies
Corporation) were prepared as 500 μM in PBS. FITC-dextran
molecules (4, 40, and 2000 kDa, Sigma-Aldrich, St. Louis, MO, USA)
were prepared as 1 mg/mL in PBS. The PBS solution containing
fluorescent molecules was added into Petri dish immediately before
experiments and removed by rinsing the chip three times with fresh
PBS after the laser scan. The β-lactamase enzyme (Sigma-Aldrich)
was dissolved in Hanks’ balanced salt solution (HBSS) at 50 units/
mL. MSCV-GFP plasmid (4.5 μg) was diluted in Opti-MEM (200 μL,
Life Technologies Corporation) and P3000 Enhancer Reagent (9 μL,
Life Technologies Corporation), mixed with Lipofectamine 3000 (12
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μL, Life Technologies Corporation) in Opti-MEM (200 μL), and
incubated at room temperature for 15 min.
Delivery Efficiency and Viability. Cells were stained with

Hoechst 33342 (5 μg/mL, Life Technologies Corporation), a nucleus
stain, to facilitate the counting of total cell number. Cells with
designated cargo inside were counted as successfully delivered cells.
Delivery efficiency was calculated as the number of delivered cells
divided by the total number of cells. Propidium iodide (5 μg/mL, Life
Technologies Corporation) was used to mark the nuclei of dead cells.
Cell viability was calculated as the number of live cells (with no PI)
divided by the total number of cells.
Cell Counting and Reproducibility Information. We used an

automated cell-counting program in Fiji image processing software to
count cells from fluorescence images. Manual checks were also
performed to minimize counting errors. Each data point in Figure 4g
represents the mean value of at least three randomly selected fields of
view with over 100 cells counted; error bars represent standard
deviations. Each data point in Figure 4h represents the mean value of
at least three randomly selected fields of view with over 400 cells
counted; error bars represent standard deviation. Each data point in
Figure 6g represents the mean value of at least three randomly
selected fields of view in three independent experiments with over 800
cells counted; error bars represent standard deviations.
Cell Fixation. Cells were fixed with 4% paraformaldehyde in PBS.

After seeded on chip, cells were carefully rinsed with PBS three times
and immersed in paraformaldehyde for 20 min at room temperature.
Paraformaldehyde solution was fully removed with PBS rinse three
times. The sample was dehydrated by soaking in ethanol of graded
concentrations, which were 50% for 5 min, 70% for 5 min, 90% for 5
min, and 100% four times for 5 min each. Finally, the sample was
immersed in hexamethyldisilazane three times for 7 min each and air-
dried at room temperature.
Imaging. Fluorescence images were taken with an upright

fluorescence microscope (Axio Scope.A1, Carl Zeiss, Jena, Germany)
with a 10× objective lens. Scanning electron microscope images were
obtained with a field emission scanning electron microscope (Hitachi
S4700, Tokyo, Japan).
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