Image patterned molecular delivery into live
cells using gold particle coated substrates
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Abstract: An image-patterned molecular delivery system for mammalian
cells is demonstrated by pulsed laser irradiation of gold particles
immobilized on a substrate below a cell monolayer. Patterned cavitation
bubble nucleation was captured using a time-resolved imaging system and
molecular delivery verified by observing the uptake of a membrane-
impermeable fluorescent dye, calcein. Delivery efficiency as high as 90%
was observed and multiplexed, patterned dye delivery was demonstrated.
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1. Introduction

Optoporation, a method for molecule and gene delivery into cells, utilizes a tightly-focused,
pulsed laser beam to create pores in the cell membrane [1]. It allows for contact-free delivery,
and with the use of a femtosecond laser, high transfection efficiency that targets single cells
has been demonstrated [2]. One drawback of this approach is that in order to obtain site-
specific or patterned cell transfection, the laser beam must scan through every cell, which
would be time consuming when large-scale, patterned cell transfection is desired, such as in
complex tissues or in vitro with mixed co-culture systems.

An alternative contact-free method of increasing cell membrane permeability is to use
light-absorbing micro- or nanoparticles [3]. Upon irradiation by a short pulse laser, the
particles create transient and localized explosive bubbles, which disrupt part of the adjacent
cell membrane leaving the remaining cell structure intact. By controlling the particle size,
density and the laser fluence, cell permeablization and transfection can be achieved with high
efficiency [4]. Here we describe a device that can spatially select and target cells for
molecular delivery by light image patterning. Large-scale, image-patterned molecular
delivery could be enabled by this approach into specific cells within complex monolayer
mixtures.

2. Device principle

The device consists of a glass substrate with gold particles immobilized on the surface (Fig.
1). Cells are seeded on this substrate until a confluent culture forms. A pulsed laser irradiates
a shadow mask and the corresponding illumination pattern is imaged onto the substrate. In the
area exposed to the pulsed laser, gold particles are heated to high temperatures due to the
absorbed optical energy. Within nanoseconds, the heat is dissipated to the thin liquid medium
layer surrounding the gold particles, which generates explosive vapor bubbles [5]. The rapid
expansion and subsequent collapse of the vapor bubbles give rise to transient fluid flows,
which induce strong shear stress on nearby adherent cells causing localized pore formation in
the cell membrane. As a result, membrane-impermeable molecules can be carried into the cell
by fluid flows or thermal diffusion. Since the cavitation bubble only takes place where the
gold particle is exposed to the laser, an optical pattern can be designed to address molecular
uptake in specified areas of the cell culture. This way high-throughput, spatially-targeted
molecular delivery is made possible by controlling the gold particle size, density on the
substrate, and the irradiation laser fluence.

To achieve fast and large-area immobilization of gold particles on the substrate, we
utilized pulsed laser annealing of a thin gold film. The optical energy instantaneously melts
the continuous gold film into discrete gold particles on the glass substrate. Mean particle size
can be controlled by the thickness of the pre-annealed film [6]. The resultant high gold
particle density ensures that every cell in a monolayer cell culture encompasses sufficient
gold particles for reliable and effective molecular delivery.

3. Materials and methods
3.1 Pulsed laser annealing of gold films

The laser system is a Q-switched, frequency-doubled Nd:YAG laser at 532 nm in wavelength
and 6 ns in pulsewidth (Continuum, Minilite I). The laser beam is linearly polarized and the
pulse energy can be adjusted using a variable attenuator consisting of a half wave plate and a
polarizing beam splitter. The pulse energy was measured using a pyroelectric optical energy
detector (Newport, 1918-C). The sample was prepared by depositing a 10 nm thick gold film
and a 1 nm titanium adhesion layer on a glass coverslip via electron beam evaporation.
During pulsed laser annealing, the laser beam was sent through a holographic diffuser
(Edmund Optics, NT55-848) and irradiated the gold film at a normal incidence. The diffuser
reduces interference effects and smoothens the laser intensity profile. The laser spot, with a 3
mm diameter, scanned over the entire area of the gold film at a moving speed of 0.5 mm/sec.
Using a laser pulse repetition rate of 10 Hz, the typical number of pulses received per unit
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area was 60. After annealing, the sample morphology was inspected with a scanning electron
microscope (Hitachi S4700 field emission SEM). The gold particle diameter and density were
calculated using image analysis software (Imagel, http://rsbweb.nih.gov/ij/index.html).
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Fig. 1. Schematic of the device capable of image-patterned molecular delivery using a gold
particle coated substrate.

3.2 Patterned laser irradiation and a time-resolved imaging system

Figure 2 illustrates the experimental setup. The laser source is the same one used for gold film
annealing as described in 3.1. A shadow mask with a rectangular opening (2.3x4 mm) was
placed in the laser beam path to cast the desired optical pattern. The laser pattern was imaged
through an objective lens (40x, 0.6 NA) onto the device at a 25x reduction. Cell cultures were
observed using an inverted microscope (Zeiss, AxioObserver) with phase contrast and epi-
fluorescence capabilities. To capture the extremely short-lived cavitation bubbles induced by
the pulsed laser (typically with a lifetime < 1 ps), a time-resolved imaging system was
constructed. This included a high-speed Intensified CCD camera (Princeton Instrument, PI-
MAXTI), providing exposure times as short as 500 ps. A programmable delay between
receiving the laser triggering signal and the camera shutter opening was set by the camera
control unit. After the polarizing beam splitter, one arm of the laser beam was sent through a
fluorescent dye cell (Exciton, LDS 698). The excited fluorescence pulse (wavelength centered
around 698 nm) was coupled into a multimode fiber (Thorlabs, BFL37-600) and then sent
through the microscope condenser to illuminate the sample, in synchronization with the
camera shutter. A nanosecond time delay between the captured bubble image and the
excitation laser pulse can be achieved by controlling the length of the optical fiber delay line.

3.3 Dye delivery efficiency and cell viability evaluations

HelLa and immortalized human embryonic kidney cells (HEK293T) were cultured in
Dulbecco’s Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum
(Hyclone), 50 mg/ml non-essential amino acids, 50 mg/ml penicllin/streptomycin, and 50
mg/ml sodium pyruvate. Cells were harvested and plated in a dish on top of a gold particle
coated coverslip, fabricated by pulsed laser annealing. Cells were incubated overnight until
about 90-100% cell confluence was reached. Cell density was measured and controlled to be
around 3700 cells/mm? for HeLa and 4000 cells/mm” for HEK 293T. During laser pulsing,
the cells were immersed in cell culture medium containing the membrane-impermeable
fluorescent dye calcein (Invitrogen, 0.62 kDa) at 100 uM. After cavitation induction, the cell
culture was washed with phosphate buffered saline (PBS, pH 7.4) and incubated in fresh
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medium for 90 minutes at 37°C before adding propidium iodide (PI) at 5 pg/ml. PI is used as
a dead cell indicator as it stains the DNA of dead cells and is excluded from viable cells. Cells
were incubated in the presence of PI for another 30 minutes at room temperature and were
washed with PBS, pH 7.4, before fluorescence imaging. Dye delivery efficiency was
measured as the percentage of cells showing obvious calcein uptake within the laser
irradiation pattern. Viability was calculated as the percentage of cells that were negative of PI
staining within the laser irradiation pattern.

For multiplexed molecular delivery, the cell culture was first irradiated with the horizontal
bar pattern to induce dextran-tetramethylrhodamine (Invitrogen, 40 kDa) uptake. Following a
wash and change of medium, the same culture was irradiated with the two vertical bars to
induce calcein uptake. The cell culture was then washed and checked for fluorescence. A
concentration of 100 uM was used for both fluorescent molecules.
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Fig. 2. Schematic of the experiment setup for light-patterned molecular delivery and the time-
resolved imaging system used to capture the cavitation bubble dynamics.
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Fig. 3. Pulsed laser annealing of gold films. (a) Schematic of the formation of gold particles.
(b) SEM images of the 10 nm gold film annealed at 49.5 mJ/cm®. (c) Measured particle size
distribution. Bar=5 um.
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4. Results
4.1 Gold particle coated substrate generation by pulsed laser annealing of gold films

Pulsed laser annealing of metal thin films has been investigated [6,7]. It allows for large area
annealing in a room temperature environment while minimizing substrate heating. This way
the top layer can be effectively annealed even on a low-melting-point substrate, such as
plastic [8]. During the laser pulse irradiation, the metal layer rapidly heats up. For metals
which have poor wetting properties on the substrate (e.g. gold on SiO,), instability and
capillary flow drive the molten thin film to break up into droplets and form metal particles as
the droplets re-solidify. For 10 nm thick gold films, the measured particle diameter
distribution showed two peaks (Fig. 3(c)). One centered around 50 nm and the other at around
200 nm, resulting in a mean particle diameter of 118 nm. The particle density obtained was
3.0 particles/um”. This corresponds to 300 particles per cell, assuming the area of a HEK293T
fibroblast or HeLa is ~10x10 pm.
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Fig. 4. Image patterned bubble nucleation. (a) Bubble }z)attem by irradiating a “UCLA” light
pattern onto the substrate. Laser fluence = 153.5 mJ/cm”. Bar = 50 um. (b) Bubble nucleation
(indicated by red arrows) was observed at laser fluences higher than 39 mJ/cm?. Field of view
= 10x10 pm. (c) Calculated temperature increase at the surface of the gold particle (50, 118
and 200 nm in diameter) at the end of the 6 ns laser pulse under various laser fluences.

4.2 Image patterned cavitation bubble nucleation

Noble metal particles exhibit large absorption cross sections in the visible and near-infrared
range due to their surface plasmon resonance [9,10]. The energy of the collective electron
oscillation is transferred to the lattice and rapidly heats up the particle and the liquid medium
adjacent to the particle through thermal conduction [5]. The temperature range for bubble
nucleation on the heated particle surface is characterized by the spinodal of water at
atmospheric pressure, around 315 °C [11]. This criterion sets a minimum threshold for the
laser fluence. Upon surpassing this threshold for cavitation bubble induction, the bubble
volume is linearly proportional to the laser fluence [5].

To model this energy transduction process, we used Mie theory [12,13] to calculate the
absorption coefficient, Q,, of gold spheres of different diameters in water. The refractive
index of gold was taken from Johnson and Christy [14] with n,, =0.62+2.08i at
Avvewan =321 nm . The refractive index of water was n_,, =1.33. We calculated Q,,=3.34,
2.14 and 1.65 for gold spheres of diameter 50 nm, 118 nm and 200 nm, respectively. To
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simplify the analysis and yet obtain insightful solutions, we modeled the system as a gold
sphere immersed in an infinite water medium. The temperature increase in the sphere due to
the absorbed laser energy can be determined by solving the heat equation, Eq. (1):

a_T_KVZT:i (1)
ot pc,

where T is the temperature increase, p is the density, c, is the specific heat, and x is the

thermal diffusivity of gold. A is the heat generation rate per unit time per unit volume and was
modeled by Eq. (2) (assuming spatial and temporal homogeneous heat deposition within the
particle):

(7R*)Qus H  3Q,H
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—TT Rg Tpulxe
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where H is the laser fluence, 7, is the laser pulsewidth, and R is the particle radius. Using
the analytical solution obtained by Goldenberg and Tranter [15], the calculated temperature
increase at the surface of the gold particle is linearly proportional to the irradiation laser
fluence (Fig. 4(c)). The threshold fluence (300K temperature increase) is approximately 8.4,
10.4 and 14.0 mJ/cm’ for particles of diameter 50 nm, 118 nm and 200 nm, respectively.

We experimentally verified the bubble generation using the time-resolved imaging system
depicted in Fig. 2. To determine the threshold laser fluence for bubble nucleation, a 100x,
1.25 NA oil immersion objective lens was used to image the gold particle-coated substrate.
As shown in Fig. 4(b), cavitation bubbles can be observed at laser fluences higher than 39
mJ/cm®. This measured threshold value is almost 4 times higher than the calculated value
obtained from the analytic model. For more accurate modeling, the effect of the glass
substrate on optical absorption as well as heat conduction (borosilicate glass has a higher
thermal conductivity than water) cannot be ignored. To demonstrate image patterned bubble
nucleation, a shadow mask with a “UCLA” pattern opening was used. The bubbles were
nucleated around the gold particles in the irradiated area and coalesced with one another
forming larger bubbles with the shape of the letters (Fig. 4(a)).

60 mJicm® 72 mJicm? 84 mJicm?

(@) 48 mJ/em?

Fig. 5. Molecular delivery efficiency and cell viability assays in HeLa cells under (a) varying
laser fluences (only irradiated with 1 pulse in each case) and (b) varying applied laser pulse
numbers. Fluorescent images showing calcein (green) uptake within the laser irradiation
pattern and propidium iodide (red) staining of dead cells. Bar = 50 um.

#116246 - $15.00 USD Received 4 Sep 2009; revised 30 Oct 2009; accepted 4 Nov 2009; published 7 Jan 2010
(C) 2010 OSA 18 January 2010/ Vol. 18, No. 2/ OPTICS EXPRESS 943



4.3 Image patterned molecular delivery into adherent cells

The efficiency of molecule delivery into cultured cells in general increases with irradiation
laser fluence and the number of laser pulses applied. This can be rationalized by a larger pore
formation on the cell membrane due to larger cavitation bubbles and the number of times the
pores are induced. However, the disruption of the cell membrane needs to be kept at a
minimum to avoid irreversible damage that leads to cell death [16]. We systematically varied
the laser fluence and the applied pulse number to evaluate uptake efficiency and the
corresponding cell viability. Figure 5 shows representative images of these assays. The laser
irradiation pattern was measured to be 90x160 pm. To assess the effect of laser fluence, one
laser pulse was applied in each case with fluence varying from 24 to 84 mJ/cm®. In the other
case, laser fluence was kept at a constant value (60 mJ/cm? for HeLa and 36 mJ/cm? for HEK
293T) while the applied pulse number was increased in the order of 1, 3, 6 and then 10 pulses.
Efficiency and viability results were measured and plotted in Fig. 6. For calcein uptake, the
observed threshold fluence was around 48 mJ/cm” for HeLa and 36 mJ/cm® for HEK 293T.
These values match well with the threshold laser fluence for bubble nucleation obtained
experimentally. Higher laser fluences increased the number of cells loaded with calcein
within the irradiated area as expected. A similar increase in uptake efficiency was also
observed by increasing the applied pulse number. However, the efficiency reached a plateau
for 6 and more laser pulses. This can be explained by the explosion of the cavitation bubbles
detaching some of the particles from the substrate after each laser pulse. The particle is lost in
the medium and the particle density on the substrate decreases, and hence the uptake
efficiency ceases to increase. This phenomenon was also observed when imaging the
cavitation bubbles on the substrate. The overall bubble density decreased with an increasing
number of laser pulses. The highest efficiency and viability achieved in these assays were
58.2+4.8% (mean + standard deviation) efficiency with 86.1+3.4% viability in HeLa (number
of experiments n=3) and 98% efficiency with 90% viability in HEK 293T (n=1). Both
experiments used one laser pulse at 84 mJ/cm®. These efficiency and viability values are
comparable to that of a commercial automated scanning laser optoinjector [17]. In the
optoinjector, a highly focused pulsed laser beam (wavelength 532 nm with a pulse duration of
0.5 ns) porates the targeted cell membrane. A pair of x-y galvanometer mirrors scans the
focused laser spot across the cell layer to achieve large-area, patterned poration and
transfection. In this optoinjection system, the optoinjection efficiency of Sytox Green (MW
0.9kDa) in HeLa cells with a single laser pulse was around 50% with above 80% cell viability
at the critical laser fluence of 60 nJ/um2. The fluence level is about 100 times higher than that
used in the gold particles coated substrate presented in this work (60 mJ/cm2). The gold
particles act as highly optical energy absorbing agent and decrease the energy threshold for
inducing cavitation and the subsequent membrane poration. Hence a lower intensity, non-
focused light pattern can be used to achieve large area, parallel permeabilization in a
monolayer cell culture.

In Fig. 7, multiplexed molecular delivery was demonstrated on the device. The cell culture
was irradiated with a double horizontal bar laser pattern in the presence of dextran-
tetramethylrhodamine in the medium. After a wash, the cell culture was irradiated again with
a double vertical bar laser pattern in a medium containing calcein to form the resultant
multiplexed pattern. Within the field of view, four distinct groups of cells were present: cells
loaded with both dextran-tetramethylrhodamine and calcein (4 corners of the square), ones
with only dextran-tetramethylrhodamine (horizontal lines of the square), ones with only
calcein (vertical lines of the square) and ones without any of these molecules (inside and
outside of the square).
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Fig. 6. (a,c) Calcein delivery efficiency and cell viability under varying laser fluences (only
irradiated with 1 pulse in each case). (b,d) Efficiency and viability under varying applied laser
pulse numbers at 60 mJ/cm? for HeLa (b) and at 36 mJ/cm? for HEK 293T (d). The viability
and efficiency values are represented as mean + standard deviation. Number of experiments
conducted are n=3 for HeLa and n=1 for HEK 293T.

(a) Green channel (b) Yellow channel (C) Merge

(d) Phase contrast

Fig. 7. Multiplexed dye delivery. (a) Calcein uptake was induced in the vertical bar area (green
channel). (b) Dextran-tetramethylrhodamine uptake was induced in the horizontal bar area
(yellow channel). (c) Delivery for both calcein and rhodamine was induced in the 4 corners of
the square pattern in the cell culture. (d) Phase contrast image shows a confluent monolayer of
viable HeLa cells that were imaged by immunofluorescence microscopy in panels (a-c). Bar =
100 pm.

5. Discussion and conclusion

Methods for delivering molecules and genes into living cells have been highly sought after in
biology. A device capable of light-patterned molecular delivery is described here. Successful
delivery of fluorescent molecules was demonstrated in adherent cell culture. The targeted
delivery area was controlled by a shadow mask. Delivery efficiencies can be as high as
58.244.8% in HelLa and 98% in HEK 293T for small molecules such as calcein. The
threshold laser fluence observed necessary for calcein uptake was 48 mJ/cm” for HeLa and 36
mJ/cm® for HEK 293T, close to the experimentally found bubble nucleation threshold of 39
mJ/cm®. For larger molecules such as dextran-tetramethylrhodamine, we observed similar
delivery efficiency (calculated by the number of cells loaded with the fluorescent molecule of
interest divided by the total number of cells within the laser irradiation pattern). However, the
average fluorescence intensity exhibited in cells was discernibly lower for dextran-
tetramethylrhodamine compared to calcein. Judging from this observation, we think given the
same cavitation condition inducing cell membrane poration, the average number of
fluorescent molecules delivered per cell was lower for rhodamine compared to calcein. This
could be due to the slower thermal diffusion speed of rhodamine, which allowed fewer
molecules to diffuse across the transient pores during the time the pores remain open. To
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estimate the physical size of the dye molecules, we calculate the Stokes radius, rs, of an
equivalent Einstein sphere using Eq. (3):

. k,T 3)
© 6manD

where  k,T=4.14x10"' (J)at300K , 7 = viscosity of water=10" (N-s-m?®)  and
D = diffusion coefficient of the dye molecule . The calculated stokes radius is around 5.5 nm

for dextran-rhodamine and 0.7 nm for calcein respectively (Table 1). The delivery was also
impeded by the location of the pores forming on the bottom side of the cell. Microfluidic
trenches or structures could be utilized to facilitate the delivery and increase the efficiency for
large molecule uptake. This device has the potential to achieve large-scale, light-patterned
molecule and gene delivery into living cells.

Table 1. Calculated Stokes radius of fluorescent dye molecules

Molecule Molecular weight Diffusion coefficient, D, in Stokes radius, r;
(Da) water (mz/ s) (nm)
Calcein 0.6k 3.3x107'° (Yoshida 2000) 0.7
Dextran- 40k 4x107"" (Peters 1984 for 55
tetramethylrhodamine 62kDa Dextran molecules)

N. Yoshida, M. Tamura and M. Kinjo, Single Mol. 1(4), 279-283 (2000).
R. Peters, J. EMBO 3(8), 1831-1836 (1984).
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