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Abstract

Lasers enable modification of living and non-living matter with submicron precision in a contact-free manner which
has raised the interest of researchers for decades. Accordingly, laser technologies have drawn interest across disci-
plines. They have been established as a valuable tool to permeabilize cellular membranes for molecular delivery in a
process termed photoinjection. Laser-based molecular delivery was first reported in 1984, when normal kidney cells
were successfully transfected with a frequency-multiplied Nd:YAG laser. Due to the rapid development of optical tech-
nologies, far more sophisticated laser platforms have become available. In particular, near infrared femtosecond (NIR
fs) laser sources enable an increasing progress of laser-based molecular delivery procedures and opened up multiple
variations and applications of this technique.

This review is intended to provide a plant science audience with the physical principles as well as the application
potentials of laser-based molecular delivery. The historical origins and technical development of laser-based molecu-
lar delivery are summarized and the principle physical processes involved in these approaches and their implications
for practical use are introduced. Successful cases of laser-based molecular delivery in plant science will be reviewed in
detail, and the specific hurdles that plant materials pose will be discussed. Finally, we will give an outlook on current

limitations and possible future applications of laser-based molecular delivery in the field of plant science.
Keywords: Photoinjection, Optoporation, Laser transfection, Transformation, Laser-tissue interaction

Introduction and theoretical background

Historic view on laser-based molecular delivery

Since the laser became available to research in 1960, it
was established as a precise, versatile and contact-free
tool in many areas of the life sciences [1]. They were
used as optical tweezers, for microdissection of DNA
and filaments, to stimulate cell fusion, and to trigger
laser-induced molecular transport [2—6]. The latter was
first demonstrated in 1984, using an ultraviolet (UV)
microbeam (A=355 nm, £p=5 ns) to perforate the cell
membrane of normal rat kidney cells to introduce an
exogenous plasmid into the cells [7]. Few years later, a
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similar approach was presented for the manipulation of
plant cells and chloroplasts [8, 9]. The outstanding fea-
ture of this method was the high precision of the pro-
cessing, which enabled single cell selectivity and reduced
detrimental side effects.

As laser technology progressed, applications for laser-
based molecular transport, here referred to as “pho-
toinjection’, were increasingly developed. A sketch of a
typical photoinjection experiment using a pulsed laser
source is presented in Fig. 1. A major milestone was
the introduction of near-infrared femtosecond pulsed
(NIR fs) lasers and their application in transient trans-
fection [6]. The great advantage of these systems is the
reduced linear absorption of the NIR wavelengths in
biological tissues. Thus, high penetration depths (up to
3 mm under specific conditions [10]) can be achieved
and off-target effects outside the focal volume can be
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Fig. 1 Sketch of a typical photoinjection experiment using an inverted microscopic setup and a pulsed laser source. The laser beam is focused
onto the sample using an inverted microscope setup. A single laser pulse or a train of pulses facilitates of the cellular membrane and possibly the

cell wall. The exact physical process of photoporation depends on the applied laser parameters and will be discussed in the following section.
Plasmolyzing the plant cell prior to photoinjection supports the molecular uptake

avoided, whereas shorter wavelengths e.g. in the visible
range (VIS) had a residual risk of photoinduced changes
even outside the focal volume [11]. For the processing
of biological material at this wavelength, the simultane-
ous participation of several photons is required [12]. The
photon densities required for this are achieved by the
extremely high peak intensities confined in short time
regimes, without any side effects occurring outside the
focus.

Following up on this initial work, several studies inves-
tigated the fundamentals, possible optimizations, and
various applications of photoinjection. For example, the
high spatial selectivity of the approach was used to study
local effects of translation of nuclear transcription factor
E-26-like protein 1 (Elk-1) [13]. Elk-1 mRNA was selec-
tively introduced into the dendrites or cell bodies of pri-
mary rat neurons by photoinjection. Translation of the
mRNA in the dendrites resulted in cell death, whereas
translation in the cell body did not. This allowed detec-
tion of localized effects on the translation that would
have been difficult and invasive using other methods [13].
Another study used the approach to transfer the tran-
scriptome of a rat astrocyte into a nondividing rat neuron
which remodeled the cell type in 44% of the treated cells
[14]. In vivo applications in full organisms have also been
demonstrated by the transport of plasmids in zebrafish
embryos, gene therapy in mice, or production of trans-
genic plants [10, 15, 16]. For a more detailed review of
photoporation in mammalian systems we refer the reader
to existing reviews on this matter [17, 18].

One of the greatest features of laser transfection is
the single cell or even sub-cellular selectivity, but this
severely limits the throughput for some applications.
Therefore, different approaches have been presented to
increase the throughput. Methods to produce multiple
laser foci or to realize the positioning of the laser beam
on the cell membrane in a (semi-)automated fashion

increased the throughput, but only on a rather low level
[19-23]. In contrast, approaches with more enhanced
throughput rely on indirect laser-induced effects like
pressure or shock waves (laser induced shock waves,
LISW) generated by the absorbed laser energy or the
application of nanomaterials [24—32]. The latter focuses
the laser energy close to the cell membrane without the
need to position the beam in a targeted manner [27-
35]. The most widely used nanomaterials in this context
are plasmonic gold nanoparticles, which combine sev-
eral advantages for application in biological systems,
such as high biocompatibility and easy conjugation
[36]. Depending on the parameters, either the so-called
nanoheater effect is used, in which the particles are
abruptly heated by several 100 K via a short laser pulse
and material in a small radius of a few 10 nm around
the particle is thermally vaporized, or the enhancement
of the laser field by near-field scattering is exploited
(nanolens effect) [37, 38]. Both approaches have been
successfully used to introduce various molecules into
mammalian cells at high throughput (in the range
of 1000 cells/second) [28, 32, 34]. For details on the
underlying physics of laser-gold nanoparticle interac-
tion we refer the interested reader to an extensive pub-
lication on this topic [39].

Taken together, laser-based molecular delivery has
made great progress and yielded a variety of different
distinct approaches, making it a promising tool for
plant science. However, compared to the biomedical
field, photoinjection has received only little attention
in the plant community, so far, and the above described
high throughput approaches have not been considered,
yet. With this review, we aim to fill this gap by provid-
ing physical basics, an accurate picture of the available
publications, challenges and future potentials of pho-
toinjection in plant sciences.
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The literature on laser-based molecular delivery faces
the problem of incoherent terminology across the publi-
cations and a broad range of disciplines involved. Several
terms have been used to describe laser-based molecular
delivery under certain conditions, including laser micro-
beam cell surgery, laser micropuncture, laser transfec-
tion, photoporation, optoporation, and others [7, 16,
24, 40-46]. For consistency, we decided to use the term
“photoporation” in the following whenever referring to
the process of generating a transient laser induced open-
ing of biological cells or organelles, and the aforemen-
tioned term “photoinjection” as the process of delivering
a substance into the inner volume of a cell via photopo-
ration. In accordance with existing terminology [17], the
term photoinjection does neither imply a specific class of
molecule or substance to be delivered nor a certain laser
effect employed to achieve the delivery.

Basic physics of photoinjection

In the history of photoinjection, various laser sources
with differing physical parameters have been applied.
Some of these selections were based on the technical
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availability of specific laser sources to the respective
point in time, but nowadays laser parameters can be
selected to create specific interactions and should there-
fore be carefully considered when designing a respective
experiment. Accordingly, we give a short overview of the
different photoporation regimes and their basic physi-
cal concepts. Obviously, a large number of parameters
impacts the laser-tissue interaction, including laser wave-
length, applied intensity, pulse length, repetition rate, but
also the scattering and absorption characteristic of the
target material. In order to stick to an application-related
explanation, we will mostly focus on the pulse length
(or irradiation time) of the laser in respect to the time-
scales of relevant processes, as one major factor driving
the nature of the laser interaction (see Fig. 2). Further-
more, most of the following considerations use water as
a model because it represents the solvent of most bio-
logical processes, being present in excess compared to
other molecules, and yielding good estimates of the tissue
behavior [12, 47].

For photoinjection mechanisms, a basic distinction
can be made between thermal, photomechanical and
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Fig. 2 left: Overview comparing the time scales of different interaction and photopoinjection regimes. Note that the real values and borders vary
largely on the respective conditions and can therefore only be regarded as rough estimates. Right: schematic depiction of the different interaction
regimes. In the photomechanical regime, typically a single laser pulse with high energy (~several 10 nJ for fs pulses) is applied, whereas the LDP
requires multitudes of pulses with low energy (< 1 nJ) and high repetition rates (~ 80 MHz) to accumulate the photochemical effect. p (water):
thermal diffusion time in water for objective with high numerical aperture (NA), LDP: low-density plasma, NIR fs: near infrared femtosecond, CW:
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photochemical interactions (Fig. 2). A clear differentia-
tion of the individual processes is hardly possible in prac-
tice and a change in irradiation can easily lead to a shift
from one process to another. However, with the parame-
ters used for photoinjection, one of the processes usually
clearly dominates.

Photothermal regime

Thermal effects occur especially when using continu-
ous wave (CW) lasers or laser sources with long pulse
lengths (microseconds and longer). Under these condi-
tions, the irradiation time is typically close to or above
the thermal relaxation time, resulting in a steady state in
which energy is supplied to the focal volume and simulta-
neously released to the environment in the form of heat
[48]. To achieve efficient energy transfer from the laser to
the medium, dyes (e.g., phenol red) are often used, which
have an absorption range across the wavelength applied
[44, 45, 49, 50]. The achieved local temperature gradients
presumably cause denaturation of proteins in the imme-
diate vicinity, an increase in the permeability of the cell
membrane and, at sufficient temperatures, also evapo-
ration of the medium with accompanying formation of
long-lived (several seconds) gas bubbles [44, 45, 49]. The
thermally induced change in cell permeability is presum-
ably associated with a transition of lipids from the gel
phase to a liquid crystalline phase [45, 51, 52]. Due to the
relatively long time scales (well above stress confinement,
where the laser pulse duration is shorter than the time
required for the stress propagation out of the heated vol-
ume), thermoelastic effects are small in this regime and
likely do not contribute to membrane permeabilization.
Typical laser sources for this regime are argon ion lasers
(CW, A=488 nm), diode lasers in the visible range or
CW laser sources operating in the NIR wavelength range
[44, 45, 49, 50, 53].

Photomechanical regime

For shorter pulsed irradiation in the range of nanosec-
onds or shorter, the energy input duration is shorter
than the thermal relaxation time, so that thermal damage
outside the focal volume can be neglected. As a rule of
thumb, a limit of 1-10 ps is assumed for heat transfer in
biological tissues [12, 54]. The material in the focal vol-
ume is disruptively ablated, i.e., direct material removal
occurs followed by the formation of a cavitation bub-
ble. Accordingly, a mechanical shock wave is generated,
which propagates around the focal volume and can cause
additional mechanical damage to biological structures
[12, 55-57]. As the pulse length decreases, the pressure
amplitude of the emitted pressure wave initially increases
at constant applied energy, since the proportion of the
pressure relieved by relaxation during the pulse length
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also decreases. However, this trend reaches a plateau
as soon as the time range of the stress confinement is
reached, which is typically in the picosecond range [12,
57]. Since the pulse duration is now shorter than the
mechanical relaxation time, all of the mechanical energy
is delivered in the shock wave. The amplitude is no longer
dependent on the pulse length [12, 57]. At the same time,
however, as the pulse length decreases, the required
radiant exposure for optical breakdown decreases [12].
Accordingly, with shorter pulses (picoseconds, femtosec-
onds), the required energy input can be reduced, which
in turn allows more controlled laser manipulation.

Historically, nanosecond pulsed UV lasers were applied
with a wavelength around 340 nm, which is well above
the absorption peaks of DNA and most proteins (reduc-
ing the risk of undesired photochemical damage), but
still readily absorbed in aqueous media. More recent
studies mainly relied on NIR fs lasers, typically operat-
ing at 800 nm, where titanium sapphire laser proved their
power maximum. For the NIR fs lasers, amplifier sys-
tems yielding high intensity pulses (tens of nanojoules or
more) at kHz repetition rates and oscillator systems with
lower pulse energy (around 1 nJ) operating at MHz rep-
etition rates can be separated [12, 58]. The former allows
single pulse ablation following the aforementioned pro-
cess, the latter can also operate in the low-density plasma
regime (see below).

Photochemical and low-density plasma regime

With femtosecond laser systems, the interaction zone
is limited to the volume where the intensities are
higher than the thresholds of multi-photon absorption.
Whereas the optical resolution is limited by diffrac-
tion as described by the Abbe criterion, the non-lin-
ear relation of multi-photon absorption on the laser
intensity allows processing with resolution even below
this limit. This also applies to photochemical pro-
cessing in the so-called low-density plasma regime by
ultra-short laser pulses [12]. Due to the short pulses,
the electron density of the generated plasmas can be
controlled very precisely. This is because in this time
regime a significant number of electrons is directly
excited by photoionization, in the range of optical
wavelengths mainly by multiphoton absorption [12,
59]. This allows a deterministic relationship between
irradiance and free electron density [12]. For longer
pulses, the contribution from avalanche ionization is
dominant, which leads to a rapid increase in electron
density near the breakdown threshold that is difficult
to control and is therefore associated with photodis-
ruption [12]. The low-density plasma allows to pro-
vide a sufficient density of quasi-free electrons leading
to photochemical effects, in particular chemical bond
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breaking via recombination without triggering pho-
tomechanical effects. The timescale from generation
of quasi-free electrons, formation of ions and radi-
cals (mainly derived from water molecules) and their
recombination with biological molecules is in the
range of nano- to microseconds and the effects accu-
mulate over several laser pulses [12, 60-62]. Since the
plasma volume can be smaller than the actual opti-
cal focal volume, extremely precise processing below
the optical resolution limit can be achieved [12, 63].
Consequently, side effects should be lowest in this
regime. At the same time, the small processing vol-
ume requires extremely high precision in sample posi-
tioning [64]. In addition, the high repetition rates of
the laser systems used (typically 80 MHz) also result
in a pulse-to-pulse distance that is below the ther-
mal relaxation time in water for the focal volume (for
example, with water as absorbing medium, NA=1.3
and A =800 nm the resulting thermal diffusion time is
Tp ~ 100 ns). Accordingly, thermal accumulation can
occur over several pulses, so that for the thermal con-
sideration not the individual pulse, but the total length
of the applied pulse train must be considered [12].

Accordingly, from the physical-mechanistical point
of view, processing in the low-density plasma regime
would be the favorable approach, as it is associated
with the highest precision and potentially the least
side effects, suggesting minimal impairment of cell
viability. However, in the application of photopora-
tion, other factors such as practicability, efficiency of
opening and also size of the pore enabled play essen-
tial roles. Therefore, it should be carefully considered
to what extent the mentioned side effects have a sig-
nificant impact on cell vitality and whether a larger
processing volume in the application may even prove
beneficial.

The former description presents a brief review of the
different regimes. However, in context of this review
we neglect several details on the laser-tissue interac-
tion (thus, the areas of photoablation and photodisrup-
tion are not further differentiated and are combined
under the term “photomechanical regime”) and the
dynamics of resulting cavitation bubbles in the photo-
mechanical regime for the sake of simplicity. We refer
the interested reader to the extensive reviews on laser
surgery [12, 56]. In summary, all three regimes dis-
cussed can be utilized for photoinjection. Approaches
based on the photomechanical regime are the most
widespread and usually associated with the highest
injection efficiencies. Photochemical approaches, on
the other hand, should at least theoretically have the
highest precision and the least influence on the target
cells.
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Applications of photoinjection in plant science
Within the biomedical field, a large variety of publications
concerning different strategies and applications can be
found. Contrary, the amount of publications describing
photoinjection of plant cells is quite restricted — approx.
15 original publications since 1988 — although the poten-
tial applications appear manifold. Especially applica-
tions within plant breading, including genome editing
techniques, rely on efficient tools for molecular delivery.
An overview of the major publications, the applied laser
parameters and the investigated plant species is given in
Table 1. Hereafter, we give some general considerations
on photoinjection in plants cells followed by a detailed
discussion of the publications sorted by the utilized inter-
action regime.

General considerations on the physical transport
of molecules into plant cells
The majority of experiments employing photoporation
has been conducted in mammalian systems. These pro-
vided the basis for photoporation in plant cells, however,
several unique aspects related to the plant cell physiology
need to be considered in order to establish a successful
photoporation experiment. Here, we will briefly discuss
some general considerations, before giving a detailed
overview of published work in the following section.
Plant cells possess two main barriers, namely the cell
wall and the cellular membrane, which naturally func-
tion to protect the cell from external components.
Though the cell wall allows free diffusion of small mole-
cules, the penetration of macromolecules and nanopar-
ticles can be hindered. The exact cut-off values depend
on a variety of parameters, including the plant species,
the tissue, and the molecule (e.g. charge, 3D structure)
under consideration as well as external factors like pH
and temperature. For macromolecules, a size exclusion
limit (SEL) in the range of 40 to 60 kDa has been estab-
lished, whereas the SEL for particles (assumed as solid
spheres), often considered in nanotoxicity, is reported
between 5 and 20 nm [65-68]. Molecules below this
range should be able to passively diffuse in the apo-
plastic space and might be delivered to the cell by sin-
gle photoporation of the cell membrane. For molecules
above the SEL, the cell wall needs to be actively per-
meabilized first. This can be facilitated by performing
the photoinjection as a two-step mechanism, or punc-
tation at the contact points between the membrane and
wall in order to achieve permeabilization of both bar-
riers with a single illumination [8]. In such intact plant
cells, the inner pressure of the cell, the turgor, will pro-
vide a mechanical stability to the cell. This pressure will
result in extrusion of cytoplasmatic content when the
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membrane is opened, and this outflow of cell content
will hinder any inward transport [69, 70]. Accordingly,
pre-treatment with a hyperosmotic buffer inducing
plasmolysis of the cell is an efficient way to circumvent
this. The photoporation-induced uptake of external lig-
uid has been shown to lead to a restoration of the ini-
tial cell volume and to promote molecular uptake [8,
69, 70]. Furthermore, plasmolysis seems to result in a
higher cell viability after photoporation. Hyperosmolar
treatment can therefore be regarded as a central per-
quisite for photoporation of plant cells, although a well-
adjusted balance between plasmolysis and toxicity due
to the osmolar shock needs to be met.

Another approach is to enhance the permeability of
the cell wall via enzymatic digestion up to the release of
largely cell wall-free protoplasts. Protoplasts are sensi-
tive to changes in osmolarity. Therefore, an active volume
uptake as described in the previous paragraph cannot
easily be established without impacting cell viability.
Although protoplasts appear to be an attractive target
to photoporation due to their lack of cell walls, reports
on the photoporation of protoplasts have been of little
success until now, which might be related to the lack of
plasmolysis driven uptake and increased sensitivity to
treatments [70].

In the usual experimental configuration, photoinjection
allows permeabilization of the cellular membrane and
thereby molecular transport into the cytoplasm. When
substances are used that are destined for intracellular
compartments (e.g., exogenous DNA targeted for the
nucleus), the further transport needs to be considered.
Possible spontaneous transport of plasmid DNA through
nuclear pore complexes has been discussed in the past,
but the amount of cytoplasmic DNA entering the nucleus
on non-dividing cells is low (~0.1%) and its contribution
to transfection is likely small, if relevant at all [71-74].
The size of the aqueous channel of nuclear pore com-
plexes was estimated to be approx. 9 nm, allowing passive
diffusion of molecules up to 40-60 kDa [75, 76]. Accord-
ingly, larger molecules require active transportation or
other means to overcome the nuclear membrane. Studies
on photoinjection in mammalian cell cultures are there-
fore often based on temporary nuclear membrane degra-
dation during mitotic cell division [17, 77]. This approach
is feasible for proliferating cells, but significantly reduces
the scope of application in non-dividing cells. The intui-
tive approach to consecutively puncture the cellular and
the nuclear membrane via photoporation is theoretically
possible but experimentally laborious and the probabili-
ties of success have to be multiplied with each barrier
resulting in a significant reduction of the expected effi-
ciency [78]. Another possibility is provided by biochemi-
cal methods, such as nuclear localization sequences
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(NLS) in proteins that exploit active transport mecha-
nisms into cellular compartments [79].

Photoinjection of plant cells in the photothermal regime
Local temperature gradients induced by the absorption of
laser light in the focal volume can be utilized to permeal-
ize the cellular membrane (see “Basic physics of photoin-
jection” section). To achieve this, the combination of CW
laser radiation and absorbing dyes has been explored in
mammalian cells as well as in plant cells [44, 45, 49, 50,
53]. Besides some success for the transient transfection
of mammalian cells, only indirect evidence for permea-
bilization of the cells was given in plants [49]. Instead of
an external absorbing dye, natural occurring absorption
bands of cellular structures can be utilized [81]. The lin-
ear absorption by components of the cell wall and mem-
brane could induce a perforation and allow molecular
uptake without the need for focusing the laser. Bursts of
picosecond laser pulses were used to minimize the ther-
mal impact beyond the cell borders. With this approach,
the small fluorescent dye DAPI was delivered to approx.
3% of treated BY-2 cells and a transient transfection effi-
ciency of 0.5% was reached, based on a GFP marker vec-
tor [81]. As the approach doesn’t require focusing on the
cell surface, the increased throughput is a clear advan-
tage. However, absorption of laser energy by intracellular
components might give rise to toxicity and the publica-
tion lacks information in this regard [81]. Taken together,
because of the rather unspecific mode of action and the
potential thermal impact, thermal approaches seem to be
less promising.

Nanosecond UV laser pulses for photomechanical
photoinjection in plant cells

The use of UV laser microbeams pioneered the field of
photoinjection in plant science [8, 9, 80, 85—88]. The
applied nanosecond laser pulses together with the highly
energetic photons primarily induce photomechani-
cal effects to induce photoinjection (see Fig. 2). In early
studies, delivery of DNA labeled with the fluorescent
dye bisbenzimide into isolated chloroplasts of Bras-
sica napus was reported using a laser (\=343 nm, tp =
15 ns) coupled to a fluorescence microscope [9]. Uptake
of the labeled DNA was observed after applying a single
laser pulse to the chloroplast membrane by fluorescence
increase inside the organelle. Using video microscopy
and extracellular added DNase, resealing of the intro-
duced membrane opening was estimated within 1.2 s
[9]. Delivery of a plasmid encoding a triazine resistance
gene to chloroplasts inside an intact B. napus cell was
tested by mechanical loading of the plasmid into a proto-
plast following photoporation of the chloroplast’s mem-
brane. Although a transient expression of the transgene
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was observed in a small fraction of cells, no transgenetic
plants could be regenerated from these traits [88]. As
only a fraction of the protoplasts of a cell can be treated
this way, it is possible that transgenic chloroplasts were
not conserved during consecutive cell divisions. Using
the same laser setup, intact cells of B. napus pretreated
with hypertonic buffer were photoinjected with labeled
DNA, as well. Noteworthy, two consecutive pulses were
applied, the first perforating the cell wall and the second
targeting the membrane. The plasmolyzed cells recap-
tured their original cell volume after laser application,
implying a volume uptake through the laser-generated
hole. Within this experiment, 80% of laser treated cell
survived on a short term, while 50% kept their prolif-
eration capacity [8, 80]. Further experiments proved the
transient expression of an introduced transgene (a plas-
mid carrying bacterial glucuronidase (GUS) [89]) in 70%
of the laser treated B. napus cells. 85 hygromycin resist-
ant colonies were acquired out of 1,000 laser treated cells
incubated with a plasmid encoding a hygromycin B resist-
ance gene [8, 88, 90]. The authors stated the possibility to
regenerate transgenic plants from this trait as well as the
possibility to treat microspores from immature B. napus
pollen grains, however no data was presented to support
these statements [88]. These basic experiments marked
the starting point of plant photoinjection.

Using comparable systems equipped with lasers in the
UV range and with nanosecond pulse durations, other
groups tried to establish transgenetic plants. Embryonic
calli of Oryza sativa L. cv. Japonica were photoinjected
with an UV microbeam in a semi-automated fashion.
Using the GUS gene as marker, transient expression
occurred in about 1 out of 50,000 cells and using kana-
mycin as selection marker, complete transgenic plant-
lets could be regenerated from photoinjected calli [69].
Transgenetic plants resistant to Sclerotinia sclerotiorium
were produced by photoinjecting cotyledonary petiole
cells of B. napus. Plants were grown to the T, genera-
tion under kanamycin selection and the majority of the
plants showed resistance to S. sclerotiorium, while inci-
dence for stable integration of the transgenes was found
in two plants of a smaller sample check of the T, gen-
eration by southern blot analysis [91]. In Triticum aesti-
vum L. cv. Giza 164, transformation with a marker gene
for herbicide bialaphos resistance was investigated [16].
Five-day old calli were irradiated in a semi-automated
fashion, induced for regeneration and then selected on
bialaphos containing medium. Out of 600 treated imma-
ture embryos, two plants could be recovered, which were
resistant to the herbicide and showed integration of the
transgene [16]. No reduction of the regeneration capacity
was found for laser treated calli compared to untreated
calli but noteworthy, laser treated calli (without
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transgene) produced significantly higher amounts of
shoots per callus, which might be interpreted as a sort of
laser induced proliferation [16].

Historically, the use of nanosecond laser pulses is the
oldest approach for photoinjection and has been success-
fully used in various settings. However, only low injec-
tion rates have been published and the approach has now
been almost completely replaced by NIR fs laser systems
(see next section), which have a higher precision and sig-
nificantly lower damage potential.

Photoinjection in single plant cells with NIR fs laser pulses
As in photoinjection within the biomedical field, the rise
of NIR fs laser bearing their high precision and low off-
target effects resulted in a number of recent publications
exploring this laser type for photoinjection of plant cells.
Noteworthy, the first report of NIR fs laser photoinjec-
tion in plant cells was published even before the first
report of NIR fs laser transfection in mammalian cells,
which was the starting point of a large number of publi-
cations in this field [6, 11]. Single cells within Arabidopsis
thaliana meristems were irradiated using a NIR fs oscil-
lator (\ =800 nm, tp = 180 fs, f,,, = 80 MHz) to deliver
propidium iodide to selected cells. Thus, intercellular
communication based on dye diffusion could be deter-
mined in a cell type-dependent manner. This also demon-
strated the intrinsic advantage of using this class of lasers:
the near-infrared wavelength is only slightly absorbed in
the tissue and due to the multiphoton absorption pro-
cess, which is necessary for perforation (see “Basic phys-
ics of photoinjection” section), the effect is only limited
to the focal volume. Using an analogous approach with a
blue CW laser (A =488 nm), cells in the laser path above
the focus were loaded as well, thus rendering a single cell
analysis impossible [11].

A more detailed investigation of photoinjection was
performed using a comparable NIR fs laser source. The
applied energy density was deliberately chosen below the
calculated threshold for optical breakdown, so that the
authors assumed that the permeabilization of the mem-
brane took place in the low-density plasma regime (see
“Basic physics of photoinjection” section) [63]. In fact,
this was the only publication in the field of plant sciences
that explicitly claimed to work in this regime. Some of the
subsequent publications, both in the plant sciences and
in the biomedical sector, even explicitly refer to the gen-
eration of a cavitation bubble as an indicator of successful
photoinjection [70, 77]. The theoretical plasma expan-
sion in the axial direction was calculated to be approx.
260 nm. The z-position of the focus was varied in 0.5 pm
steps over 3 pum to ensure that the membrane was hit by
the small focus volume without irradiating areas multiple
times. With optimized parameters, the authors achieved
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68% delivery efficiency with fluorescently labeled dex-
trans as marker molecules. From the time course of the
fluorescence increases, a pore opening time of approxi-
mately 100 s was derived with an estimated pore size of
2-2.5 um [63]. Since this information was read from the
fluorescence images, it can be taken as a rough estimate
of the dimensions only. For comparison, more elabora-
tive investigations on the pore size using the low-density
plasma regime in mammalian cells calculated a pore
diameter in the range of 80 nm and transmission electron
microscopy images of laser irradiated and chemically
fixed cells indicated a pore diameter in the range of 0.5 to
1.0 pm [58, 92].

The positioning of the laser focus with sub-pum preci-
sion on the cell membrane or cell wall represents a major
challenge in photoinjection [70, 93]. To account for this,
different focus geometries previously used in mammalian
cells have been investigated: a single focus of a Gaussian
beam, three axially offset foci, and a Bessel beam [19, 20,
22, 94]. The latter represents a special beam geometry,
which is generated with the help of an axicon, a cone-
shaped lens. This creates an elongated, needle-shaped
focus with self-healing properties, meaning that the
beam reforms upon encountering an obstruction in its
path [94]. This way the axial distance for successful pho-
toinjection can be increased by a factor of approx. 20 (in
this particular setup 26 pm=2 pum), thereby reducing
the requirements on the focusing precision, while keep-
ing the lateral resolution comparable to a conventional
gaussian focus [93, 94]. All variants were compared based
on the transport of propidium iodide as a marker mol-
ecule in tobacco BY?2 cells. The triple focus and the Bessel
beam gave comparable results. Although the efficiencies
obtained with the triple focus were slightly higher (61%),
this was associated with reduced cell viability compared
to the Bessel beam [70, 93]. These studies show that
optical design also has a massive impact on the practi-
cal feasibility of biological studies and therefore inter-
disciplinary collaboration can be very beneficial to the
chances of success. In addition, the authors investigated
the relationship between the osmolarity of the buffers
used and the uptake efficiency. It was shown that under
hypoosmolar conditions, ejection of cytoplasm occurred
and, accordingly, no introduction of molecules was pos-
sible. With increasing osmolarity, this effect disappeared
and the cells began to take up molecules [70]. This obser-
vation agrees with the previously described data for UV
microbeam photoinjection [69, 87]. Since the molecular
weight of the dextran molecules scales with their Stokes
radius, it is not surprising that the number of molecules
taken up decreases with increasing molecular size [70].
For intact cells (i.e. with intact cell wall), uptake of mol-
ecules with 70 kDa (or, respectively, a Stokes radius of
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5.71 nm) could no longer be observed, which might cor-
respond to the SEL of the cell wall [65-68]. Indeed, at
least low uptake rates were observed in protoplasts of
the same cell type in the same experiment [70]. Inter-
estingly, uptake of significantly larger molecules has
been described by other authors, including the studies
employing fluorescently labeled or marker gene encod-
ing DNA described before. One possible explanation for
this lies in the combination of the SEL of the cell wall
and the retention force achieved by hyperosmolar plas-
molysis. The latter causes a rebound of the cell volume as
soon as the cell membrane is punctured by a laser, lead-
ing to an inward volume flow that restores the original
cell volume. The exchanged volume can be up to 10-20%
of the cell volume [8, 69]. However, in this case the cell
wall will be the size-limiting factor, so that only mol-
ecules that can diffuse freely through the cell wall will
be taken up into the cell (see “General considerations on
the physical transport of molecules into plant cells” sec-
tion). If the cell wall is removed enzymatically and pro-
toplasts are produced, this barrier is removed, but at the
same time the volume expansion up to the rigid cell wall
and thus the restoring force is missing. The reduced vol-
ume exchange could thus explain the lower uptake dur-
ing photoinjection of protoplasts. The early publications
using UV microbeams most likely employed sufficient
energy to not only perforate the membrane but also the
well wall when directed at a contact point between cell
membrane and wall (or applied two consecutive pulses
to achieve cell wall perforation) [8, 16, 69]. In this regard,
the increased precision and reduced energy deposition
of femtosecond lasers might actually be cumbersome. A
series of recent studies does support this hypothesis and
gives a possible solution for the NIR fs laser approach
[68, 83, 84]. The authors use an incomplete digestion of
the cell wall to increase its permeability to macromol-
ecules while maintaining the stabilizing effect of the cell
wall. Using a combination of partial enzymatic diges-
tion, plasmolysis in hypertonic buffer and fs NIR laser
irradiation (single laser pulse, A=800 nm, p = 150 fs)
of the cell membrane, the authors were able to transport
FITC conjugated dextrans up to 2 MDa as well as poly-
mer nanoparticles with a diameter of about 80 nm very
efficiently into BY2 cells (Fig. 3) [68, 83, 84]. The success
of the treatment was directly dependent on the pretreat-
ment with enzyme solution and hypertonic buffer. With-
out digestion, only smaller dextrans (20 kDa) were able
to diffuse through the cell wall and efficiently entered the
cell upon photoinjection, whereas the 2 MDa dextrans
were excluded. Upon enzymatic pre-treatment, both dex-
tran sizes readily diffused through the cell wall and could
be loaded into the cell [68, 83]. This approach was finally
used to study intra- and intercellular diffusion behavior
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Fig. 3 high-speed imaging of a photoinjection event in the photodisruptive regime. The focal point is depicted by a white arrow in (a). The
generation and progression of a short lived cavitaion bubble can be observed 4 ps (b) and 8 us (c) after application of a single laser pulse. The
differential images shown in the bottom row reflect the dynamics of the photoinjection. (image reprinted from Rukmana et al. [68])

of nanoparticles in BY2 cells [84]. The authors further
investigated the size cut-off for delivery by employing dif-
ferent sizes of particles. Whereas 80 nm styrene/boron-
dipyrromethene (BODIPY) methacrylate particles and
2 MDa dextrans (Stokes radius approx. 27 nm) could be
delivered across the cell membrane, 110 nm red fluo-
rescent nanoparticles were excluded [84]. Although it is
temping to define a maximum pore diameter and/or cut-
off molecular weight using this kind of approach, it needs
to be considered that various factors likely influence
the uptake, including the charge, the three-dimensional
structure as well as the flexibility of the applied nanopar-
ticle or molecule.

As initially discussed (see “Historic view on laser-
based molecular delivery” section), two basic regimes
can be differentiated when applying NIR fs lasers for
photoinjection: the low-density plasma regime which
is based on photochemical effects and optical break-
down which results in the formation of cavitation bub-
bles with associated mechanical impact. The former
is widely considered to be more precise and less toxic
to cells. On the other hand, optical breakdown intui-
tively should result in larger membrane openings and

accordingly to more efficient loading of large mol-
ecules, which is also supported by respective findings
in mammalian cells [58]. Ultimately, this raises the
question of the optimal balance between cell viability
and photoinjection efficiency. The more recent studies
imply that plant cells (at least in the case of BY2 cells
and microalgae) are relatively robust and can therefore
be treated efficiently by photoinjection in the optical
breakdown regime [68, 70, 83, 84]. Indeed, the occur-
rence of a bubble as a prerequisite for successful pho-
toinjection was described and the mechanical impact of
the cavitation bubble was shown to support molecular
delivery even if the focus was not directly aligned to the
cell membrane [70, 84]. Another putative advantage is
the possibility to treat cells with a single pulse from an
amplifier system supporting the throughput, whereas
the exposure times of oscillator systems are often given
in the range of some 10 to 100 ms to achieve a sufficient
effect. However, studies on this are limited and not
available for plant cells, so far.

In sum, the application of NIR fs laser pulses (in the
optical breakdown regime) represents the current gold
standard for photoinjection. Still, only very limited data
on its application in plant science is available.
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Alternative approaches for photoinjection in plant cells

Besides the classical regimes, some other approaches for
photoinjection in plant science have been explored. For
example, DNA-coated gold-micro-particles from a parti-
cle bombardment setup for plasmid delivery were applied
instead of soluble plasmid DNA. The particles were
placed directly on top of the target cells and then acceler-
ated across the cellular membrane by a single pulse of an
ArF laser (\=193 nm, £p = 10 ns). In primary explants of
Torenia hybrida cv. Summerwave Blue, transient expres-
sion was observed in about 10% of the treated cells [95].
In another experiment, the particles could even be tar-
geted to chloroplasts of Nicotiana tabacum cv. Xanthi
guard cells, when the laser was applied directly at the
cell surface on top of a chloroplast [96]. Besides being an
interesting concept, the approach can rather be consid-
ered as a laser assisted particle bombardment method on
a micrometer scale, than a photoinjection procedure.

In another interesting application, fs photoinjection of
microalgae was demonstrated [82]. In this case, peptide
aptamers were introduced into Euglena gracilis cells to
determine intracellular paramylon concentration. The
laser focus was automatically scanned over sedimented
cells and the intracellular fluorescence of the introduced
aptamers was correlated with the paramylon concentra-
tion. The authors also demonstrated the local selectiv-
ity of the laser treatment by spatially patterning of algae
monolayers [82]. Interestingly, the approach was effective
even though no specific focusing onto the microalgae was
conducted. Although these results should be confirmed
by further experiments, this represents an interesting
perspective on the versatility of the methodic approach
showing the applicability of photoinjection in very spe-
cific settings.

Conclusion and future perspectives

of photoinjection in plant sciences

The existing literature demonstrates the exciting poten-
tial of photoinjection methods in plant sciences to trans-
port extracellular molecules into the cytoplasm — and
in some specific applications even into organelles — of
walled plant cells and protoplasts. When optimized
parameters are applied, the approach proves to be very
efficient and of low toxicity for the target cells. Whether
its core feature, single cell selectivity, is advantageous or
disadvantageous depends on the application. However,
the potentially high efficiency in combination with mod-
ern automated approaches to sample processing, such as
microfluidic focusing, could realistically achieve medium
cell throughputs (hundreds to few thousands of cells per
minute), which could yield relevant cell numbers for a
variety of studies. Comparable approaches for automated
throughput have been reported for mammalian cells in
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the biomedical field [19-23]. Considering the practicabil-
ity and affordability of the approach, more cost-efficient
laser sources should be explored in the future. Although
NIR fs lasers theoretically provide the highest precision
whereas UV (or visible) wavelength could induce off-tar-
get effects, there is no clear experimental evidence that
this has a major impact in practice in the context of pho-
toinjection. In contrast, only very limited data is available
on picosecond laser systems for photoinjection, which
could provide a good balance between precision and
affordability. More fundamental research on the physics
of photoinjection in plant cell is needed to allow relevant
cost—benefit-estimations. In addition, there is a lack of
literature for plant research on the higher throughput
techniques already established in mammalian systems.

The available studies in plant science, in particular the
more recent ones, demonstrate the technical feasibility
of the methodology, but hardly show application beyond
the basic proof-of-concept. There is a strong need for
research in this area, where the photoinjection is not
only considered as an isolated research field, but is used
rather in the context of more complex biological ques-
tions. While historically the first publications focused
on the production of transgenic plants by integrating the
introduced genetic material into plant genomes, modern
molecular tools are further exciting fields of application
for photoinjection. In particular, the CRISPR/Cas9 tech-
nology and related genome editing methods could ben-
efit from photoinjection as a directed transfer method.
Since engineered Cas9 complexes contain NLSs, the fur-
ther transport into the nucleus following photoinjection
would not be an additional hurdle, the methods could
perfectly complement each other to produce genome-
edited cells [97]. Several of the above cited publications
demonstrated the feasibility to regenerate plants from
photoinjected cells and photoinjected zebrafish embryos
could develop into fully functional animals [15, 16, 40,
69, 91]. This shows the potential for photoinjection being
used not only in basic research but also in plant produc-
tion. As an exciting specific application, photoinjection
can potentially be used for the manipulation of pollen
and was described as a potential future technology in
this field [98]. However, the authors could not find any
reports on the use of photoinjection in the field of pollen
treatment until now.

The described applications do require strong interdis-
ciplinary cooperation at the interface of optical technolo-
gies and plant science and it was recognized as early as
1992 that the continued success of the methodology
heavily relies on this intense collaboration [99]. The most
recent publications demonstrate, that not only the physi-
cal interactions are relevant to successful photoinjection,
but also the sample pretreatment and handling play a
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major role. With the present review, we hope to inform
potential interested plant scientists about the possibilities
as well as current limitations of the technique and thus
give new impulses for the transfer of photoinjection into
the field of plant science.

Abbreviations

CW: Continuous wave; fs: Femtosecond; GUS: Glucuronidase; LDP: Low-density
plasma; LISW: Laser induced shock waves; NA: Numerical aperture; NIR: Near
infrared; NLS: Nuclear localization sequence; ROS: Reactive oxygen species;
SEL: Size exclusion limit; UV: Ultra violet; VIS: Visible.

Acknowledgements
We gratefully thank Frederik-Matti Bartels for his support during literature
research.

Author contributions

DH performed literature research and was major contributor in writing the
manuscript. MZ, MT, and JB performed thorough proof reading and provided
technical input. All authors read and approved the final manuscript.

Funding

Open Access funding enabled and organized by Projekt DEAL. This work was
funded by the Federal Ministry of Education and Research (BMBF), project

ID 031B0542, and by the Deutsche Forschungsgemeinschaft (DFG, German
Research Foundation) under Germany's Excellence Strategy within the Cluster
of Excellence PhoenixD (EXC 2122, Project ID 390833453).

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

"Hannover Centre for Optical Technologies, Leibniz University Hannover,
Nienburger Str. 17,30167 Hannover, Germany. 2Institute of Horticultural
Production Systems, Leibniz University Hannover, Herrenhauser Str. 2,

30419 Hannover, Germany. 3Cluster of Excellence PhoenixD, Leibniz University
Hannover, Welfengarten 1, 30167 Hannover, Germany. “Department of Elec-
tronics and Electrical Engineering, Keio University, 3-14-1 Hiyoshi, Kohoku-ku,
Yokohama 223-8522, Japan. °Institute of Plant Genetics, Leibniz University
Hannover, Herrenhduser Str. 2, 30419 Hannover, Germany.

Received: 11 October 2021 Accepted: 12 May 2022
Published: 11 June 2022

References

1. Maiman TH. Stimulated Optical Radiation in Ruby. Nature.
1960;187:493-4.

2. Ashkin A, Dziedzic JM, Bjorkholm JE, Chu S. Observation of a single-beam
gradient force optical trap for dielectric particles. Opt Lett. 1986;11:288.

3. Hoffmann F. Laser microbeams for the manipulation of plant cells and
subcellular structures. Plant Sci. 1996;113:1-11.

4. Vogel A, Horneffer V, Lorenz K, Linz N, Hittmann G, Gebert A. Principles
of laser microdissection and catapulting of histologic specimens and live
cells. Methods Cell Biol. 2007,82:153-205.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Page 12 of 14

Wiegand R, Weber G, Zimmermann K, Monajembashi S, Wolfrum J, Greu-
lich KO. Laser-induced fusion of mammalian cells and plant protoplasts. J
Cell Sci. 1987;88(Pt 2):145-9.

Tirlapur UK, Konig K. Targeted transfection by femtosecond laser. Nature.
2002;418:290-1.

Tsukakoshi M, Kurata S, Nomiya Y, lkawa Y, Kasuya T. A novel method of
DNA transfection by laser microbeam cell surgery. Applied Physics B
Photophys Laser Chem. 1984;35:135-40.

Weber G, Monajembashi S. Genetic manipulation of plant cells and
organelles with a laser microbeam. Plant Cell Tissue Organ Cult.
1988;12:219-22.

Weber G, Monajembashi S, Greulich K-O, Wolfrum J. Uptake of DNA in
chloroplasts of Brassica napus (L.) facilitated by a UV-laser microbeam. Eur
J Cell Biol. 1989;49:73-9.

. Zeira E. Femtosecond infrared laser—an efficient and safe in vivo gene

delivery system for prolonged expression. Mol Ther. 2003;8:342-50.
https://doi.org/10.1016/51525-0016(03)00184-9.

. Tirlapur UK, Kénig K. Near-infrared femtosecond laser pulses as a novel

non-invasive means for dye-permeation and 3D imaging of localised
dye-coupling in the Arabidopsis root meristem. Plant J. 1999;20:363-70.

. Vogel A, Noack J, Hittman G, Paltauf G. Mechanisms of femtosecond

laser nanosurgery of cells and tissues. Appl Phys B. 2005;81:1015-47.

. Barrett LE, Sul J, Takano H, Van Bockstaele EJ, Haydon PG, Eberwine

JH. Region-directed phototransfection reveals the functional signifi-
cance of a dendritically synthesized transcription factor. Nat Methods.
2006;3:455-60.

. Sul JY, Chia-wen KW, Zeng F, Jochems J, Lee MT, Kim TK, et al. Transcrip-

tome transfer produces a predictable cellular phenotype. Proceed Nat
Acad Sci. 2009;106:7624-9.

. KohliV, Elezzabi AY. Laser surgery of zebrafish (Danio rerio) embryos using

femtosecond laser pulses: Optimal parameters for exogenous material
delivery, and the laser’s effect on short- and long-term development.
BMC Biotechnol. 2008;8:7.

. Badr YA, Kereim MA, Yehia MA, Fouad OO, Bahieldin A. Production of

fertile transgenic wheat plants by laser micropuncture. Photochem
Photobiol Sci. 2005;4:803-7.

Stevenson DJ, Gunn-Moore FJ, Campbell P, Dholakia K. Single cell optical
transfection. J Royal Soc Interface/the Royal Soc. 2010,7:863-71.
Schneckenburger H. Laser-assisted optoporation of cells and tissues-a
mini-review. Biomed Opt Express. 2019;10:2883-6.

Cizmér T, Kolldrova V, Tsampoula X, Gunn-Moore F, Sibbett W, Bouchal Z,
et al. Generation of multiple Bessel beams for a biophotonics worksta-
tion. Opt Express. 2008;16:14024-35.

Antkowiak M, Torres-Mapa ML, Gunn-Moore F, Dholakia K. Application
of dynamic diffractive optics for enhanced femtosecond laser based cell
transfection. J Biophotonics. 2010;3:696-705.

Ma N, Ashok PC, Stevenson DJ, Gunn-Moore FJ, Dholakia K. Integrated
optical transfection system using a microlens fiber combined with micro-
fluidic gene delivery. Biomed Opt Express. 2010;1:694-705.

Rendall HA, Marchington RF, Praveen BB, Bergmann G, Arita Y, Heis-
terkamp A, et al. High-throughput optical injection of mammalian cells
using a Bessel light beam. Lab Chip. 2012;12:4816-20.

Georg Breunig H, Uchugonova A, Batista A, Konig K. Software-aided auto-
matic laser optoporation and transfection of cells. Sci Rep. 2015;5:11185.
Soughayer JS, Krasieva T, Jacobson SC, Ramsey JM, Tromberg BJ, Allbrit-
ton NL. Characterization of cellular optoporation with distance. Anal
Chem. 2000;72:1342-7.

Terakawa M, Ogura M, Sato S, Wakisaka H, Ashida H, Uenoyama M, et al.
Gene transfer into mammalian cells by use of a nanosecond pulsed laser-
induced stress wave. Opt Lett. 2004;29:1227-9.

Terakawa M, Sato S, Ashida H, Aizawa K, Uenoyama M, Masaki Y, et al.

In vitro gene transfer to mammalian cells by the use of laser-induced
stress waves: effects of stress wave parameters, ambient temperature,
and cell type. J Biomed Opt. 2012;11: 014026.

Ishii A, Hiruta Y, Heinemann D, Heisterkamp A, Kanazawa H, Terakawa M.
Intracellular localization and delivery of plasmid DNA by biodegradable
microsphere-mediated femtosecond laser optoporation. J Biophotonics.
2017;10(12):1723-32.

Heinemann D, Schomaker M, Kalies S, Schieck M, Carlson R, Escobar
HM, et al. Gold nanoparticle mediated laser transfection for efficient
SIRNA mediated gene knock down. PLoS ONE. 2013;8(3): e58604.


https://doi.org/10.1016/S1525-0016(03)00184-9

Heinemann et al. Plant Methods (2022) 18:82

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

Heinemann D, Kalies S, Schomaker M, Ertmer W, Escobar HM, Meyer
H, et al. Delivery of proteins to mammalian cells via gold nanoparticle
mediated laser transfection. Nanotechnology. 2014;25: 245101.
Chakravarty P, Qian W, EI-Sayed MA, Prausnitz MR. Delivery of mol-
ecules into cells using carbon nanoparticles activated by femtosecond
laser pulses. Nat Nanotechnol. 2010;5:607-11.

Saklayen N, Huber M, Madrid M, Nuzzo V, Vulis DI, Shen W, et al.
Intracellular delivery using nanosecond-laser excitation of large-area
plasmonic substrates. ACS Nano. 2017;11:3671-80.

Schomaker M, Heinemann D, Kalies S, Willenbrock S, Wagner S, Nolte
|, et al. Characterization of nanoparticle mediated laser transfection
by femtosecond laser pulses for applications in molecular medicine. J
Nanobiotechnol. 2015;13:10.

Yao C, Rahmanzadeh R, Endl E, Zhang Z, Gerdes J, Hittmann G.
Elevation of plasma membrane permeability by laser irradiation of
selectively bound nanoparticles. J Biomed Opt. 2005;10: 064012.
Baumgart J, Humbert L, Boulais E, Lachaine R, Lebrun J-J, Meunier M.
Off-resonance plasmonic enhanced femtosecond laser optoporation
and transfection of cancer cells. Biomaterials. 2012;33:2345-50.
Pylaev T, Vanzha E, Avdeeva E, Khlebtsov B, Khlebtsov N. A novel cell
transfection platform based on laser optoporation mediated by Au
nanostar layers. J Biophotonics. 2019;12:1-12.

Shukla R, Bansal V, Chaudhary M, Basu A, Bhonde RR, Sastry M.
Biocompatibility of gold nanoparticles and their endocytotic fate
inside the cellular compartment: a microscopic overview. Langmuir.
2005;21(23):10644-54.

Pustovalov VK, Smetannikov AS, Zharov VP. Photothermal and accom-
panied phenomena of selective nanophotothermolysis with gold
nanoparticles and laser pulses. Laser Phys Lett. 2008;5:775-92.
Nedyalkov NN, Imamova S, Atanasov PA, Tanaka Y, Obara M. Interaction
between ultrashort laser pulses and gold nanoparticles: nanoheater
and nanolens effect. J Nanopart Res. 2010;13:2181-93.

Hashimoto S, Werner D, Uwada T. Studies on the interaction of pulsed
lasers with plasmonic gold nanoparticles toward light manipulation,
heat management, and nanofabrication. J Photochem Photobiol, C.
2012;13:28-54.

KohliV, Robles V, Cancela ML, Acker JP, Waskiewicz AJ, Elezzabi AY. An
alternative method for delivering exogenous material into developing
zebrafish embryos. Biotechnol Bioeng. 2007;98:1230-41.

. Kurata S-I, Tsukakoshi M, Kasuya T, lkawa Y. The laser method for

efficient introduction of foreign DNA into cultured cells. Exp Cell Res.
1986;162:372-8.

Clark 1B, Hanania EG, Stevens J, Gallina M, Fieck A, Brandes R, et al.
Optoinjection for efficient targeted delivery of a broad range of
compounds and macromolecules into diverse cell types. J Biomed Opt.
2006;11:014034.

Rhodes K, Clark I, Zatcoff M, Eustaquio T, Hoyte KL, Koller MR. Cellular
laserfection. Methods Cell Biol. 2007;82:309-33.

Palumbo G, Caruso M, Crescenzi E, Tecce MF, Roberti G, Colasanti A.
Targeted gene transfer in eucaryotic cells by dye-assisted laser optopo-
ration. J Photochem Photobiol, B. 1996;36:41-6.

Schneckenburger H, Hendinger A, Sailer R, Strauss WSL, Schmitt M.
Laser-assisted optoporation of single cells. J Biomed Opt. 2002;7:410.
Uchugonova A, Kénig K, Bueckle R, Isemann A, Tempea G. Targeted
transfection of stem cells with sub-20 femtosecond laser pulses. Opt
Express. 2008;16:9357-64.

Zysset B, Fujimoto JG, Deutsch TF. Time-resolved measurements of
picosecond optical breakdown. Berichte der Bunsengesellschaft Phys
Chem Chem Phys. 1989;93:260-5.

Choi B, Welch AJ. Analysis of thermal relaxation during laser irradiation
of tissue. Lasers Surg Med. 2001,29:351-9.

Pirolo A, Mazzoni M, Vanni U, Monici M, Buiatti M, Bogani P, et al.
Indocyanine-green-assisted diode laser optoporation of plant cells.
Proceed SPIE Int Soc Optical Eng. 1996;1996(2928):176-9.

Paterson L, Agate B, Comrie M, Ferguson R, Lake TK, Morris JE, et al.
Photoporation and cell transfection using a violet diode laser. Opt
Express. 2005;13:595.

Chapman CF, Liu Y, Sonek GJ, Tromberg BJ. The use of exogenous
fluorescent probes for temperature measurements in single living cells.
Photochem Photobiol. 1995:62:416-25.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

Page 13 of 14

LiuY, Cheng DK, Sonek GJ, Berns MW, Chapman CF, Tromberg BJ.
Evidence for localized cell heating induced by infrared optical tweezers.
Biophys J. 1995,68:2137-44.

Nikolskaya AV, Nikolski VP, Efimov IR. Gene Printer: Laser-Scanning Tar-
geted Transfection of Cultured Cardiac Neonatal Rat Cells. Cell Commun
Adhes. 2006;13:217-22.

Niemz MH. Laser-Tissue Interactions. 4th ed. Springer International Pub-
lishing; 2019.

Vogel A, Venugopalan V. Mechanisms of pulsed laser ablation of biologi-
cal tissues. Chem Rev. 2003;103:577-644.

Quinto-Su PA, Venugopalan V. Mechanisms of laser cellular microsurgery.
Methods Cell Biol. 2007;82:113-51.

Faraggi E, Wang S, Gerstman B. Stress confinement, shock wave forma-
tion, and laser-induced damage. Proc. SPIE 5695, Optical Interactions with
Tissue and Cells XVI, 2005; doi:https://doi.org/10.1117/12.589469

Davis AA, Farrar MJ, Nishimura N, Jin MM, Schaffer CB. Optoporation and
genetic manipulation of cells using femtosecond laser pulses. Biophys J.
2013;105:862-71.

Keldysh L. lonization in the field of a strong electromagnetic wave. Soviet
Phys JETP. 1965,20:1307-14.

Nikogosyan DN, Oraevsky AA, Rupasov VI. Two-photon ionization and
dissociation of liquid water by powerful laser UV radiation. Chem Phys.
1983;77:131-43.

Oraevsky AA, Nikogosyan DN. Picosecond two-quantum UV photochem-
istry of thymine in aqueous solution. Chem Phys. 1985;100:429-45.
Hutchinson F. Chemical changes induced in DNA by ionizing radiation.
Prog Nucleic Acid Res Mol Biol. 1985;32:115-54.

LeBlanc ML, Merritt TR, McMillan J, Westwood JH, Khodaparast GA.
Optoperforation of single, intact Arabidopsis cells for uptake of extracel-
lular dye-conjugated dextran. Opt Express. 2013;21:14662.

Schinkel H, Jacobs P, Schillberg S, Wehner M. Infrared picosecond laser for
perforation of single plant cells. Biotechnol Bioeng. 2008,99:244-8.
Tepfer M, Taylor IEP. The permeability of plant cell walls as measured by
gel filtration chromatography. Science. 1981,213:761-3.

Woehlecke H, Ehwald R. Characterization of size-permeation limits of cell
walls and porous separation materials by high-performance size-exclu-
sion chromatography. J Chromatogr A. 1995,708:263-71.

Wang P, Lombi E, Zhao FJ, Kopittke PM. Nanotechnology: a new opportu-
nity in plant sciences. Trends Plant Sci. 2016;21:699-712.

Rukmana TI, Moran G, Méallet-Renault R, Ohtani M, Demura T, Yasukuni

R, et al. Enzyme-assisted photoinjection of megadalton molecules into
intact plant cells using femtosecond laser amplifier. Sci Rep. 2019;9:17530.
GuoYY, Liang H, Berns MW. Laser-mediated gene transfer in rice. Physiol
Plant. 1995;93:19-24.

Mitchell CA, Kalies S, Cizmér T, Heisterkamp A, Torrance L, Roberts AG,

et al. Femtosecond optoinjection of intact tobacco BY-2 cells using a
reconfigurable photoporation platform. PLoS ONE. 2013;8: €79235.
Lechardeur D, Sohn KJ, Haardt M, Joshi PB, Monck M, Graham RW, et al.
Metabolic instability of plasmid DNA in the cytosol: a potential barrier to
gene transfer. Gene Ther. 1999;6:482-97.

Pollard H, Toumaniantz G, Amos JL, Avet-Loiseau H, Guihard G, Behr JP,

et al. Ca?*-sensitive cytosolic nucleases prevent efficient delivery to the
nucleus of injected plasmids. J Gene Med. 2001;3:153-64.

Lukacs GL, Haggie P, Seksek O, Lechardeur D, Freedman N, Verkman AS.
Size-dependent DNA mobility in cytoplasm and nucleus. J Biol Chem.
2000;275:1625-9.

Lechardeur D, Lukacs GL. Nucleocytoplasmic transport of plasmid DNA:
a perilous journey from the cytoplasm to the nucleus. Hum Gene Ther.
2006;17:882-9.

Raices M, D'’Angelo MA. Nuclear pore complex composition: a new
regulator of tissue-specific and developmental functions. Nat Rev Mol
Cell Biol. 2012;13:687-99.

Hoelz A, Debler EW, Blobel G. The structure of the nuclear pore complex.
Annu Rev Biochem. 2011;80:613-43.

Stevenson D, Agate B, Tsampoula X, Fischer P, Brown CTA, Sibbett W, et al.
Femtosecond optical transfection of cells: viability and efficiency. Opt
Express. 2006;14:7125-33.

Hosokawa Y, Iguchi S, Yasukuni R, Hiraki Y, Shukunami C, Masuhara H.
Gene delivery process in a single animal cell after femtosecond laser
microinjection. Appl Surf Sci. 2009;255:9880-4.


https://doi.org/10.1117/12.589469

Heinemann et al. Plant Methods (2022) 18:82

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

o1

92.

93.

94.

95.

96.

97.

98.

99.

Remaut K, Sanders NN, De Geest BG, Braeckmans K, Demeester J, De
Smedt SC. Nucleic acid delivery: where material sciences and bio-sci-
ences meet. Mater Sci Eng R Rep. 2007;58:117-61.

Weber G, Monajembashi S, Greulich KO, Wolfrum J. Microperforation of
plant tissue with a UV laser microbeam and injection of DNA into cells.
Naturwissenschaften. 1988;75:35-6.

Awazu K, Kinpara T, Tamiya E. IR-FEL-induced green fluorescence protein
(GFP) gene transfer into plant cell. Nucl Instrum Methods Phys Res, Sect
A.2002;483:571-5.

Maeno T, Uzawa T, Kono |, Okano K, lino T, Fukita K, et al. Targeted delivery
of fluorogenic peptide aptamers into live microalgae by femtosecond
laser photoporation at single-cell resolution. Sci Rep. 2018;8:8271.
Rukmana TI, Moran G, Méallet-Renault R, Clavier G, Kunieda T, Ohtani M,
et al. Photoinjection of fluorescent nanoparticles into intact plant cells
using femtosecond laser amplifier. APL Photonics. 2020;5: 066104.
Rukmana Tl, Yasukuni R, Moran G, Méallet-Renault R, Clavier G, Kunieda T,
et al. Direct observation of nanoparticle diffusion in cytoplasm of single
plant cells realized by photoinjection with femtosecond laser amplifier.
Appl Phys Express. 2020;13: 117002.

Weber G, Monajembashi S, Greulich KO, Wolfrum J. Uptake of DNA in
chloroplasts of Brassica napus (L.) by means of a microfocussed laser
beam. Eur J Cell Biol. 1987;43(17):63.

Weber G, Monajembashi S, Wolfrum J, Greulich K-O. A Laser microbeam
as a tool to introduce genes into cells and organelles of higher plants. Ber
Bunsenges Phys Chem. 1989,93:252-4.

Weber G, Monajembashi S, Wolfrum J, Greulich K-O. Genetic changes
induced in higher plant cells by a laser microbeam. Physiol Plant.
1990;79:190-3.

Weber G, Monajembashi S, Greulich K-O, Wolfrum J. Genetic

changes induced in higher plants by a UV laser microbeam. Isr J Bot.
1991;40:115-22.

Topfer R, Prols M, Schell J, Steinbil3 HH. Transient gene expression in
tobacco protoplasts: Il. Comparison of the reporter gene systems for CAT,
NPT II, and GUS. Plant Cell Rep. 1988;7:225-8.

Gritz L, Davies J. Plasmid-encoded hygromycin B resistance: the sequence
of hygromycin B phosphotransferase gene and its expression in Escheri-
chia coli and Saccharomyces cerevisiae. Gene. 1983;25:179-88.

Chen Z,Wang L, Lan H, Zhang L, Dang B, Tian Y. Obtaining new sclerotia-
resistant lines of rape by genetic engineering. Proceedings of the 10th
International Rapeseed Congress. Canberra, Australia; 1999. p. 1-4.
Niioka H, Smith NI, Fujita K, Inouye Y, Kawata S. Femtosecond laser nano-
ablation in fixed and non-fixed cultured cells. Opt Express. 2008;16:14476.
Mitchell CA, Kalies S, Cizmar T, Bellini N, Kubasik-Thayil A, Heisterkamp A,
et al. Femtosecond optical injection of intact plant cells using a reconfig-
urable platform. Proc. SPIE 8972, Frontiers in Ultrafast Optics: Biomedical,
Scientific, and Industrial Applications XIV, 2014; Doi:10.1117/12.2037784
Tsampoula X, Gar¢s-Chavez V, Comrie M, Stevenson DJ, Agate B, Brown
CTA, et al. Femtosecond cellular transfection using a nondiffracting light
beam. Appl Phys Lett. 2007,91:5-8.

Kajiyama S, Inoue F, Yoshikawa Y, Shoji T, Fukusaki E, Kobayashi A.

Novel plant transformation system by gene-coated gold particle
introduction into specific cell using ArF excimer laser. Plant Biotechnol.
2007,24:315-20.

Kajiyama S, Joseph B, Inoue F, Shimamura M, Fukusaki E, Tomizawa K,

et al. Transient gene expression in guard cell chloroplasts of tobacco
using ArF excimer laser microablation. J Biosci Bioeng. 2008;106:194-8.
Fajrial AK, He QQ, Wirusanti NI, Slansky JE, Ding X. A review of emerging
physical transfection methods for CRISPR/Cas9-mediated gene editing.
Theranostics. 2020;10:5532. https://doi.org/10.7150/THNO.43465.

Eapen S. Pollen grains as a target for introduction of foreign genes into
plants: an assessment. Physiol Mol Biol Plants. 2011;17:1-8.

Weber G, Greulich KO. Manipulation of cells, organelles, and genomes by
laser microbeam and optical trap. Int Rev Cytol. 1992;33:1-41.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 14 of 14

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://doi.org/10.7150/THNO.43465

	Laser-based molecular delivery and its applications in plant science
	Abstract 
	Introduction and theoretical background
	Historic view on laser-based molecular delivery
	Basic physics of photoinjection
	Photothermal regime
	Photomechanical regime
	Photochemical and low-density plasma regime


	Applications of photoinjection in plant science
	General considerations on the physical transport of molecules into plant cells
	Photoinjection of plant cells in the photothermal regime
	Nanosecond UV laser pulses for photomechanical photoinjection in plant cells
	Photoinjection in single plant cells with NIR fs laser pulses
	Alternative approaches for photoinjection in plant cells

	Conclusion and future perspectives of photoinjection in plant sciences
	Acknowledgements
	References




