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Opto-perforation is an interesting alternative to conventional techniques for gene transfer into 
living cells. The cell membrane is perforated by femtosecond (fs) laser pulses, in order to induce an 
uptake of macromolecules. In this study, we successfully transfected cells with GFP vector. Trans-
fected cells were not showing any signs of apoptosis or necrosis after 48 h. Based on simultaneously 
measured membrane potential changes, we calculated and experimentally verified that the relative 
volume exchanged is 0.4 times the total cell volume. Thus, for the first time quantitative predication 
of the amount of uptaken molecules and therefore a quantification of transfection is possible. 
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1. Introduction 
Transfection or introduce particles or molecules into a 

living cell is an important tool in cell biology to analyse 
dynamic pathways and the function of cell organelles. An-
other essential technique is the fluorescence labeling of 
biological tissue. Autogene or endogene fluorophores typi-
cally excited by UV or visible light help to increase the 
contrast compared to bright field imaging. Therefore ex-
ogenous fluorophores have to be introduced into the cells 
to attach to special proteins or other molecules. Then a sin-
gle cell organelle can be visualized. However, these fluoro-
phores are mostly toxic so that they are not suitable for life 
cell imaging. 

 
The development of the plasmids coding for green fluo-

rescent protein (GFP) and its derivatives offered the oppor-
tunity to observe living cells that produces the fluorophore 
itself [1]. The DNA of GFP is impermeable to the cell 
membrane so that it has to be introduced by a transfection 
technique. Then the DNA of GFP is expressed in parallel to 
the endogenous DNA of the transfected cell. The produced 
fusion protein is therefore tagged with a fluorescent label 
which allows an imaging of the protein within the cell. 
Common transfection methods are the use of chemical car-
riers or electroporation [2,3]. However the critical aspect in 
cell transfection remains the achieved efficiency, toxicity, 
and reproducibility depending on the characteristics of the 
used cells. 

 
According to this, primary cells are difficult to transfect 

using chemical reagents [4,5]. Usage of electroporation 
might as well be limited because the electro shocks can 
induce irreversible cell damage to sensitive cells as primary 
cells and stem cells due to their limited cell population [6]. 

 

A less harmful method for the delivery of particles is 
the perforation of the membrane by fs laser pulses [7,8]. 
Whereas the whole membrane is perforated by the electro 
shocks during electroporation, the fs laser pulses is focused 
on a small region of the membrane in the order of one mi-
crometer. Due to the shortness of the laser pulses, there is 
almost no heating of the irradiated volume because the 
pulse duration is shorter than the thermal conduction time. 
The manipulation induced by the pulses is reduced to the 
focal volume because there is no linear absorption but 
nonlinear multiphoton absorption [9,10]. The multiphoton 
absorption can solely occur in the focal volume due to the 
high photon density. So that the perforation of the cell 
membrane by the fs laser pulses does not harm the whole 
cell volume but only a small region of some femto liters [8]. 
Compared to the electroporation, the number of the ma-
nipulated cells is very small but the selectivity is very high. 

 
For all that the optimum parameters in terms of viabil-

ity of the cells after the treatment and the efficiency are not 
well known. An important question is the opening time of 
the created transient pores. That is an important factor in 
terms of the repair mechanisms of the cell. If the cell dam-
age gets too high, the cell starts apoptosis or necrosis. 

 
In this study we combined the opto-perforation method 

with the patch-clamp technique to get new insights on the 
mechanics of fs laser based transfection. The membrane 
potential change leads to the amount of exchanged intra- 
and extracellular media during perforation and gives an 
idea of the maximum life time of the induced transient 
pores. As a well studied cell line for patch-clamp technique, 
we used GFSHR-17 cells. 

 
Additionally we present a microfluidic setup that leads 

to an improved number of transfected cells. The cells are 
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floating through a micro channel and guided by an optical 
tweezer for a precise positioning of the cell relative to the 
fs laser focus. 

 
As proof of principle we opto-perforated adherent ca-

nine mammary cells (MTH53a) and transfected them with 
a non-recombinant GFP vector or a recombinant vector 
coding for a GFP coupled to the architectural transcription 
factor HMGB1 (GFP-HMGB1). The fs-laser based trans-
fection resulted in either completely (GFP) or nucleus spe-
cific (GFP-HMGB1) fluorescing cells demonstrating the 
ability of the transfected cells to synthesis and process re-
combinant proteins. The opto-perforation in the microflu-
idic setup was proofed by transfection of human non-
adherent NB-4 cells with the same non-recombinant GFP 
vector. 

 

2. Materials and methods 

The described experiments were realized with a setup 
consisting of a fs-laser system, microscope including a 
fluorescence equipment and a patch-clamp assembly. In the 
following, these elements are explained in detail as well as 
the cell labeling and the cell culture.  

 
2.1 Laser system and microscope 

The laser system used in this study is a tunable 
Ti:sapphire laser (Coherent, Chameleon) which generates 
ultrashort pulses of 140 fs at a repetition rate of 90 MHz. 
The accessible wavelength range is between 715 nm to 955 
nm and the maximum pulse energy at 800 nm is 14 nJ.  

 
The laser beam is guided via a shutter (Thorlabs, SC10) 

and an attenuator to the microscope (PALM microdissec-
tion system, Zeiss). The beam enters the tubus directly via 
a home built reflector cube without passing the UV lamp 
pathway, so that the fluorescence equipment can be used 
alternatively. A 0.8-NA NIR water immersion objective 
(Carl Zeiss AG, Achroplan) focuses the beam into the sam-
ple with a theoretical spot size of 600 nm at a central wave-
length of 800 nm. The sample is placed in a chamber with a 
glass bottom having a thickness of 170 µm. Successful 
labeling after laser induced perforation of the cell mem-
brane, the fluorescence is observed by exciting the fluoro-
phores by the UV-lamp of the microscope and visualized 
by a CCD-camera (fig. 1). For the concentration measure-
ments a EM-CCD camera (Andor Technology, iXon) was 
integrated into the setup. 
 

To allow the comparison of the different laser parame-
ters as irradiation time and pulse energy, the irradiation 
time was regulated by a fast shutter between 30 ms and 60 
ms with an accuracy of 1 ms. These parameters were cho-
sen as a compromise between perforation efficiency and 
cell viability (see section 2.4). The pulse energy was 
changed by an attenuator consisting of a half waveplate and 
a polarizing beamsplitter cube. All experiments were real-
ized at a central wavelength of 800 nm.  

 
Additionally, a Nd:YAG (cw) laser (LCS-DLT-322, La-

ser2000) was coupled into the microscope as an optical 

tweezer via two cylindric lenses and a beamsplitter. The 
suspension cells are pumped through a microfluidic chan-
nel (µslide, ibidi) by a stepping motor pump (KDS100, 
kdScientific). The cells are guided into the fs-laser focus by 
the linefocus of the optical tweezer in terms of targeting the 
membrane. 

The imaging program used for the PALM system in-
cludes the connection to the CCD-camera and the manipu-
lation tool for the nitrogen laser (Carl Zeiss AG, PALM), 
which was used to mark the manipulation area by cutting a 
rectangle into the glass cover slip. The microscope includes 
the fluorescence equipment, the UV lamp, the filters for 
propidium iodide (coupled to DNA) and for GFP and the 
patch-clamp setup.  

 

 
Fig. 1 Microscope setup with patch-clamp equipment. 

2.2 Measurement of the membrane potential 
The membrane potential of the cells was measured by 

the patch-clamp technique in the current clamp modus [13-
15] using an amplifier (Axon Instruments, Axopatch-1D) 
and the computer interface (Instrutech Corporation, ITC-16 
Computer Interface) (fig. 1). 

 
The whole cell configuration was established on cells 

using a pipette solution consisting of 100 mM K+-Gluconat, 
40 mM KCl, 10 mM Hepes (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid), 5 mM Na2ATP, 1 mM Glu-
cose, 1 mM MgCl2, 5 mM EGTA (ethylene glycol tetraace-
tic acid), 0.25 mM cAMP (3'-5'-cyclic adenosine mono-
phosphate), 0.5 mM cGMP (cyclic guanosine monophos-
phate), pH 7.4 and an osmolarity 295 ± 5. The patch elec-
trode with the pipettesolution has a resistance of 10 MΩ. 

 
The culture media used in the perfusion chamber during 

the patch-clamp measurements was NaCl-media containing 
121 mM NaCl, 5 mM KCl, 0.8 mM MgCl2, 1.8 mM CaCl2, 
6 mM NaHCO3, 5.5 mM glucose, 25 mM HEPES, pH 7.4 
and an osmolarity 295 ± 5. 
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2.3 Cells and labeling 
GFSHR-17 granulosa cells of rat were cultivated on 

cover slips using DMEM 8900 (Dulbecco's Modified Eagle 
Medium) supplemented with 5% fetal calf serum (FCS) 
and the antibiotics penicillin, streptomycin and partricin. 
For the laser manipulation, a cover slip with cells was 
transferred in a perfusion chamber containing 0.5 ml of 
phosphate buffer saline (PBS) and 1.5 µM propidium io-
dide. 

 
The demonstration of the principle of transfection using 

opto-perforation was performed with pEGFP-C1 or 
pEGFP-HMGB1 vector to label MTH53a mamma cells of 
dog. The cells were cultivated on poly-L-lysine coated 
cover slips using M199 media (Gibco) supplemented with 
20% FCS and penicillin and streptomycin. For the laser 
treatment, a cover slip with cells was transferred in a perfu-
sion chamber containing 0.5 ml of the culture media and 50 
µg/ml of DNA. 

 
The human NB-4 suspension cells were cultivated in 

culture flasks using RPMI 1630 (Gibco) media supple-
mented with 10% FCS and penicillin and streptomycin. For 
the opto-perforation the cells were transferred into the mi-
crofluidic channel in the media containing 50 µg/ml of the 
plasmid. 

 
After the fs-laser transfection, the cells were incubated 

in the media for 24 to 48 hours and then observed by the 
fluorescence microscope. 

2.4 Opto-perforation and viability control 
Propidium iodide was dissolved in the media before 

manipulation. The laser was focused onto the membrane of 
the cell to induce a transient pore and an uptake of the solu-
tion with the dye molecules by diffusion. After treatment 
the cells were observed by fluorescence microscopy to ver-
ify the uptake of the dye and then washed with PBS and 
incubated in PBS for 90 minutes. 

 
Then the viability of the treated cells was controlled by 

relabeling the sample with propidium iodide and compar-
ing the fluorescence intensity before and after restaining. 
As the fluorescence intensity of the perforated cells is very 
low due to the small perforated area and the short interac-
tion time of the laser, there should be an increase of fluo-
rescence intensity in the cells with a damaged cell mem-
brane which indicates the cells to be in a pathologic state. 

 
The DNA transfection was performed in a similar way. 

The pEGFP-HMGB1 vector was dissolved in the media. To 
prevent adhesion of the DNA on the glass bottom, the dish 
was coated with poly-L-lysine. The laser was focused onto 
the membrane to induce the perforation as in the experi-
ments realized with propidium iodide. 

 
After the treatment, the cells were washed with NaCl 

media and then incubated for 48 hours in the culture media. 
Then the uptake and expression of DNA was verified by 
fluorescence microscopy.  

 

2.5 Determination of the exchanged volume during 
opto-perforation 

Under the present conditions, neither shrinkage nor 
swelling of the cells were observed during opto-perforation. 
According to the Nernst and Goldman equations (for con-
stant dye-concentration in the media and constant cell vol-
ume) the relative exchanged cell volume can be approxi-
mated by the following equation [16,17]: 

)/exp(1
)/exp(1

RTFU
RTFU

V m

m

−
Δ−−

=
α

 (1) 

where V is the cell volume, α the exchanged volume, R 
the gas constant, T the absolute temperature, F the Faraday 
constant, Um the initial membrane potential and ∆Um the 
change of membrane potential. 

 
These quantitative considerations can be verified by 

calibrating the measured fluorescence intensity after treat-
ment. The reference intensities can be determined by intro-
ducing a defined lucifer yellow (LY) concentration into the 
cell via the patch-clamp-pipette in whole-cell configuration. 
The dye diffuses into the cell and achieves an equilibration 
with the pipette-solution after 15 minutes. The fluorescence 
can then be linked to the concentration as a reference inten-
sity. LY is impermeable to the cell membrane and the fluo-
rescence is independent on the binding to any molecules, as 
for example PI, and is therefore an excellent dye for con-
centration measurements. 

 
 

3. Results 

3.1 Membrane potential change due to opto-
perforation by fs-laser pulses 

 
 One important key factor of the membrane perforation 

by fs-laser pulses is the exchange of intra and extracellular 
media so that dye molecules or DNA can diffuse into the 
perforated cell. During laser perforation of the cell mem-
brane, the media in the immediate vicinity of the pore can 
enter the cell, a volume of some femtoliters was predicted 
in literature [8] (fig. 2). Not only molecules, which are 
meant to diffuse into the cell, are exchanged but also ions 
as for example sodium or potassium. This alters the mem-
brane potential as the ion concentration inside the cell dif-
fers from the concentration in the extracellular media. The 
verification of the uptake of molecules in these patch-
clamp experiments was performed with propidium iodide 
(PI) dissolved in the extracellular media. PI is only fluores-
cent when bound to DNA. Thus, it is not necessary to wash 
the sample for the fluorescence observation which could 
lead to the loss of the whole-cell configuration. 

 
The resting membrane potential of granulosa cells is 

normally at about -45 mV. Fs-laser irradiation induces de-
polarization. Depending on the focusing of the laser rela-
tive to the membrane, two regimes were found, character-
ized by the formation or absence of a visible gas bubble. 
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Fig. 2 Principle of membrane potential change due to opto-
perforation of the cell. 

 
The membrane potential starts to increase about 2 to 5 

mV in both cases (fig 2A). The observed  depolarization 
time ∆t is in some milliseconds longer than the laser irra-
diation time t. 

tt >Δ  (2) 
While the cases showing no visible formation of the gas 

bubble were characterized by a slow potential repolariza-
tion, the cases showing the gas bubble depolarized dra-
matically (fig. 3A and 3B). After the manipulation, the po-
tential repolarizes slowly or stays on the new level some 
mV above the initial value. In the case of bubble creation 
the membrane potential starts to depolarize the same way 
as in the first case. But when the bubble is expanding, the 
potential increases in general about 10 mV up to 20 mV 
(fig. 3B). This depolarization continues some ms after the 
laser irradiation, as in the first case, ∆t > t. After that, the 
cell repolarizes in some cases but slowly compared to the 
depolarization. In this regime, fluorescence of PI was 
clearly observable whereas in the case without bubble for-
mation no fluorescence was detectable. Thus, the induced 
gas bubble can be used as indicator of perforation of the 
cell membrane and successful uptake of dye molecules. 

 

 
Fig. 3 The membrane potential of a granulosa cell during fs laser 
perforation [17]. The laser pulse energy was 0.9 nJ. The grey bar 
represents the laser irradiation time t for the optoperforation, Δt 
represents the maximum depolarization time. (A) There was no 
bubble formation during the treatment (n = 7); (B) a small gas 
bubble was created during the treatment (n = 4). 

3.2 Determination of the exchanged volume during 
opto-perforation 

 
Knowing the membrane potential during laser irradia-

tion, the exchanged cell volume can be calculated. With the 
mean value of 10 mV membrane potential depolarization, 
the relative exchanged volume α/V is about 0.4. For the 
GFSHR-17 granulosa cells with a diameter of 10 µm, 
measured by trypsinizing the cells and measuring the di-
ameter of the spherical cells, and a volume of 500 femtoli-
ters (fl), the exchanged volume is 200 fl. At 200 µM dye 
concentration in the extracellular media, the intracellular 
dye concentration is about 80 µM. In the case of a mem-
brane potential depolarization of 3 mV, the relative ex-
changed volume α/V is 0.13. For the granulosa cells, the 
exchanged volume is 65 fl and the intracellular dye concen-
tration is only at 26 µM. 

 
We performed cell-perforation in presence of different 

concentrations of LY in the extracellular solution. Since we 
assumed a relative volume exchange of 0.4, a dilution of 
LY by a factor of 2.5 in the cell was expected. The mean 
fluorescence intensity of the cells after laser-manipulation 
and after washing with NaCl-media was measured for an 
extracellular concentration of 1000, 600, 200 and 100 µM 
at standard laser parameters, 40ms irradiation time and 0.9 
nJ pulse energy (30 to 50 cells per concentration). 

 
The concentration of the LY in the pipette-media was 

chosen between 2 and 2000 µM. The fluorescence intensity 
increases linearly with increasing dye concentration (fig. 4). 
The measured values fit extraordinarily well to the linear fit. 
In the case of 2 and 10 µM the fluorescence is very low and 
in most cases not distinguishable from the background. At a 
concentration of 20 µM the fluorescence is more intense 
and the fluorescent cell clearly observable. 
 

At a LY concentration of 1 mM in the extracellular me-
dia the calculation after Eq. 2 results in an intracellular 
concentration of 400 µM after opto-perforation. Following 
the reference curve for the concentration (fig. 4), we expect 
a fluorescence intensity of 186 a.u. after perforation. We 
observed a mean intensity of 142 a.u. which leads to an 
intracellular concentration of 304 µM and a factor of ex-
changed media α /V of 0.33. 

 
For 600 µM, the mean fluorescence intensity was 123 

a.u., the corresponding intracellular concentration is 263 
µM (fig. 4) and the factor of exchanged media α/V of 0.44. 
At an extracellular concentration of 200 µM, the fluores-
cence intensity was 34 a.u. corresponding to an intracellu-
lar concentration of 70 µM and an α/V of 0.35 for the ex-
changed cell volume. The extracellular concentration of 
100 µM leads to a factor α/V of 0.37 at the fluorescence 
intensity of 19 a.u. and a corresponding intracellular con-
centration of 37 µM (table 1). 
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Fig. 4 The fluorescence intensity of LY introduced in cells at 
different concentrations via the patch-clamp pipette [17]. The data 
points represent average standard deviation for at least 5 different 
cells for each concentration. The linear fit (f (x) = 0.46x + 1.77) 
was used to estimate the concentration of LY in the cells after 
opto-perforation induced uptake of the chromophor dissolved in 
the extracellular solution. The area of interest for the used ex-
tracellular concentrations during opto-perforation is zoomed out. 
As an example, to the extracellular LY concentration ([LY]o) of 
600 μM corresponds an intracellular concentration ([LY]i) of 263 
μM and a fluorescence intensity of 123 a.u. (table 3.2) represented 
by the grey triangle.
 

extra-
cellular  
concen-
tration  
([LY]o) 
[µM] 

expected 
intracellu-

lar con-
centration 

[µM] 
(with 

α/V=0.4) 

measured 
intracellular 
concentra-
tion ([LY]i)  
 [µM] (lin-

ear fit) 

measured 
fluores-
cence 

intensity 
[a.u.] 

relative ex-
changed 

volume α/V 
([LY]i/[LY]o)

1,000 400 304 ± 91 142 ± 30 0.33 ± 0.10
600 240 263 ± 79 123 ± 37 0.44 ± 0.13
200 80 70 ± 21 34 ± 12 0.35 ± 0.10
100 40 37 ± 11 19 ± 6 0.37 ± 0.11

Tab. 1 Fluorescence intensity of LY measured in cells after appli-
cation of opto-perforation in presence of different LY concentra-
tions in the extracellular solution ([LY]o) [17]. The values 
were reported on the calibration line (Fig. 4) to estimate the intra-
cellular LY concentration ([LY]i). The measured relative volume 
exchanged is given as [LY]i/[LY]o. The expected 
intracellular concentrations were calculated by assuming α/V = 
0.4. These values were reported to the calibration curve to obtain 
the expected fluorescence intensities. All measured values include 
± standard deviation 

3.3 Transfection of adherent or suspension cells by fs-
laser pulses with pEGFP-C1 or pEGFP-HMGB1 vectors 

 
The adherent canine mammary cells (MTH53a) were 

transfected by opto-perforation applying 40 ms irradiation 
time and thus 3.6 million pulses at an energy per pulse of 
0.9 nJ. The cells were treated either in presence of 50 
µg/ml non-recombinant pEGFP-C1 vector or recombinant 
pEGFP-HMGB1 vector in the culture media. The fluores-
cence was observed 24 and 48 h after treatment allowing an 
expression and processing of the respective recombinant 
proteins. The cells transfected with pEGFP-C1 vector 
showed a labeling of the complete cell (fig. 5A) by the syn-
thesized recombinant GFP proteins. The cells transfected 

with the pEGFP-HMGB1 vector showed a specific labeling 
of the nucleus (fig. 5B). These specific labeling shows that 
the cells are post transfected still able to synthesize the 
pEGFP-HMGB1 fusion protein and to transport the chro-
matin associated architectural transcription factor HMGB1 
to its native cellular localization in the nucleus. 

 
Fig. 5 MTH53a cells transfected with either pEGFP-C1 or 
pEGFP-HMGB1 vectors. (A) Complete labelling of MTH53a 
cells by GFP. (B) Specific labelling of the MTH53a cell nucleus 
by pEGFP-C1-HMGB1 fusion proteins. The opto-perforation 
was performed at a wavelength of 800 nm, a pulse energy of 0.9 
nJ and an irradiation time of 40 ms. The images were taken 48 
hours after the treatment. Scale bars: 20 µm. 
 

Compared to the transfection of adherent cells, a lower 
pulse energy was necessary to transfect the suspension NB-
4 cells. The opto-perforation was performed at 20 ms irra-
diation time and 0.7 nJ pulse energy. As a proof of principle 
experiment, the cells were manipulated in presence of 50 
µg/ml of pEGFP-C1. Approximately 10% of the manipu-
lated cells were successfully transfected (n≈300). 

 

 
Fig. 6 Transfected NB-4 cell with non-recombinant pEGFP-C1 
vector. (A) Fluorescence image of the transfected cell, (B) bright 
field image of the same cell. The opto-perforation was performed 
at an exposure time of 20 ms and a pulse energy of 0.7 nJ. The 
images were taken 48 hours after the treatment. Scale bars: 20 µm. 

4. Discussion 

Transfection of macromolecules represents a key tech-
nique in molecular biology. The currently applied methods 
e.g. viral vectors, chemical carriers, lipofection and elec-
troporation face several critical problems in terms of the 
achieved efficiency, toxicity, and reproducibility. Although 
for multiple applications the used systems are sufficient, 
several experimental approaches require more sophisticated 
methods. Parameters like a defined amount of induced 
molecule uptake, reduced cell damage and high transfec-
tion efficiency represent critical magnitudes when working 
with cell type requiring extremely high complexity han-
dling e.g. stem cells. The here used fs-laser based opto-
perforation of cells allows a defined control of the de-
scribed critical parameters. In detail the measurements of 
the cell membrane potential showed two different behav-
iors during opto-perforation.  
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As described previously the membrane potential in-
creased in both cases instantaneously about 2 to 5 mV at all 
parameters. If no bubble was created fluorescence analysis 
using PI did not show an uptake of the fluorophore in con-
trast to the case of bubble formation showing a characteris-
tic high PI uptake. The observed difference is probably 
caused by a disruption or non-disruption of the membrane 
which is large enough for the uptake of the PI molecules. 
The critical parameters for formation or non-formation of 
gas bubbles where shown to be the irradiation time, the 
pulse energy, and the position of the laser focus relatively 
to the membrane. 

 
 In the case of bubble formation, the potential depolar-

ized first as described above and, as soon as the bubble was 
created, the potential increased by another 10 mV or more. 
After the manipulation, the membrane potential repolarized 
again or stayed at the same level but did not rise to 0 mV in 
most cases. These results show that there was an exchange 
of intra and extracellular media, especially when a bubble 
was induced which can be used as an indicator for success-
ful opto-perforation. Additionally it can be concluded that 
the cell is still alive and it is able to repair the laser induced 
damage. 

 
The maximum depolarization time (∆t = 60 ms) is 

longer than the irradiation time (t = 30 ms). Thus the in-
duced pore seems to be open longer than the laser irradia-
tion time t. However, it is possible that the pore closes be-
fore the depolarization stops. The signal may continue to 
increase, for example, due to the diffusion of the liquid 
inside the cell and the time delay the liquid needs to dis-
tribute homogeneously in the cell volume. 

 
The volume of exchanged cell media during opto-

perforation was calculated to be about 0.4 times the cell 
volume. The comparison of the fluorescence intensities of 
the introduced dye molecules during laser irradiation of the 
defined dye concentration after the whole cell patch-clamp 
verifies this result. In case of 1 mM LY in the media, the 
concentration in the perforated cells is 304 µM which 
means a volume exchange of 0.33 times the cell volume. At 
an extracellular concentration of 600 µM the relative ex-
changed volume is 0.44, at 200 µM it is 0.35 and at 100 
µM it is 0.37. Therefore, our calculations are in very good 
agreement with the experimental data and enable us to es-
timate how many molecules are taken up during opto-
perforation. 

 
We successfully transfected canine mamma cells with 

non-recombinant pEGFP-C1 vector or recombinant 
pEGFP-C1-HMGB1 vector. This specific labeling shows 
that the fs-laser based transfection allows even to success-
fully transfect cells which are still able to synthesize and 
process recombinant proteins. The calculation of the ex-
changed cell volume gives information about the number of 
introduced DNA molecules. At an extracellular concentra-
tion of the pEGFP-HMGB1 vector of 50 µg/µl, about 10 fg 
DNA molecules enter into the perforated cells during laser 
irradiation at a cell diameter of 10 µm, if the membrane 
potential change during perforation is about 10 mV (as 
measured for the GFSHR-17 granulosa cells). The effi-

ciency of introduction and the viability of the treated cells 
strongly depend on the laser parameters and the position of 
the laser focus relative to the cell membrane.  

 
The transfection of suspension NB-4 cells was success-

fully performed in the microfluidic chamber using the 
Nd:YAG laser as optical positioning of the cells. The laser 
parameters used were 0.7 nJ pulse energy and 20 ms irra-
diation time which is lower and shorter than for adherent 
cells. This is probably due to the fact that adherent cells are 
very flat growing on the cover glass of the dishes whereas 
the suspension cells are spherical and targeting the edge of 
the cell is therefore more precise when using bright field 
microscopy. The optimum laser and flow parameters have 
to be investigated for high transfection efficiency. The effi-
ciency in the described proof of principle experiments was 
approximately 10%. The automation of transfection due to 
this microfluidic setup offers the possibility of high 
throughput perforation. This is required for most of the 
applications in biology and medicine for adequate numbers 
of transfected cells. 

 
Finally, the established system allows a controlled 

transfection of cells including the possibility to determine 
the amount of transfection uptake and thus allowing to 
regulate the amount of effector molecules transfected into 
the cell. Consequently this allows a gentle procedure for 
e.g. stem cell transfection opening new possibilities for 
stem cell based experimental and therapeutic approaches.  
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