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Abstract.  We consider laser printing of gel microdroplets – a prom-
ising method for microbiology, biotechnology and medicine. In the 
printing process, small volumes of gel containing living microorgan-
isms are transferred as a result of cavitation caused by the absorp-
tion of a short laser pulse in a metal film. However, in such a trans-
fer, certain physical factors arise that can lead to damage and death 
of biological material. These factors include elevated temperature 
and pressure, high radiation intensity and some others. Experimental 
estimates of these parameters are conducted, based on measure-
ments of the acoustic response of laser printing, electron micros-
copy of the affected areas and the results of high-speed imaging of 
the transfer process. It is shown that these factors are not a signifi-
cant limitation for the technology being developed. Laser printing is 
performed by exposing a metal film to laser pulses with an energy 
of 5 – 30 mJ and a duration of 8 – 14 ns, the laser beam diameter 
being 30 mm.

Keywords: laser pulsed action, acoustic signal, microorganisms, 
nanoparticles.

1. Introduction

Many biological and medical applications of the laser-induced 
forward  transfer  process  are  currently  being  developed 
[1 – 16].  One  of  the  newest  applications  is  the  isolation,  or 
laser printing, of hard-to-cultivate microorganisms  [17,  18]. 
In laser printing, a substrate layer (gel with cells or microor-
ganisms) is applied to a donor glass plate with a thin absorb-
ing metal  coating  [19 – 23]. Pulsed  laser  radiation  is  focused 
on the metal layer. Radiation absorption leads to rapid local 
heating of the metal film and to the appearance of a rapidly 
expanding  vapour-gas  bubble. As  it  expands,  jets  of  liquid 
appear, transferring droplets with a small number of micro-
scopic living systems onto an acceptor glass plate, a Petri dish, 

or into the wells of a tablet. The principal advantage of laser 
printing in microbiology and medicine is the possibility of tar-
geted transfer of a given microscopic amount of matter (indi-
vidual cells and their agglomerates). In this case, however, the 
conditions of the ongoing processes are quite stringent with 
respect  to  living  organisms:  there  is  a  number  of  negative 
physical factors such as shock acoustic waves, high tempera-
tures,  high  dynamic  loads  in  the  droplet  transfer,  toxic 
nanoparticles formed during the destruction of sections of the 
absorbing film and a high intensity of pulsed laser radiation 
transmitted through a metal film.

In this work, we evaluate the impact of these factors on 
the  survival  of  microorganisms  in  the  processes  of  laser 
printing of gel droplets. These estimates are important both 
for optimising the method and as an additional material in 
interpreting the results of biological experiments using laser 
printing.

2. Experimental setup

A schematic of the laser printing system for microbiological 
systems, described  in detail  in  [24],  is  shown  in Fig.  1. The 
radiation source is a YLPM-1-4x200-20-20 (LLC NTO IRE-
Polyus, Russia) laser ( 1 ) with a radiation wavelength of 1064 
nm, a pulse duration of 4 – 200 ns, and an energy of 2 mJ – 1 mJ. 
To  position  the  laser  beam,  an  LscanH-10-1064  ( 2 ) 
(AtekoTM, Russia) two-mirror galvanic scanning head with 
a lens providing a focus spot diameter of 30 mm is used. The 
donor and acceptor plates are 1 mm apart. Relative position-
ing of the laser head and plates is performed by an automated 
three-coordinate translation stage ( 3 ). The donor glass plate 
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Figure 1. Setup for laser printing of microorganisms: ( 1 ) ytterbium fi-
bre  laser;  ( 2 )  optical  beam  shaper;  ( 3 )  three-coordinate  translation 
stage;  ( 4 ) donor plate;  ( 5 )  acceptor plate;  ( 6 ) metal  coating;  ( 7 )  gel 
layer with microorganisms; ( 8 ) microdroplets formed during transfer. 
On the right is the SEM image of a matrix of the substance of crystal-
lised microdroplets on the acceptor plate.
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is  coated with  a  layer of metal  (gold,  chrome and  titanium 
coatings are used) with a thickness of 50 nm, and the metal – 
with a gel  layer having a thickness of 200 ± 30 mm, which is 
applied using a special device. The gel is a 2 % aqueous solu-
tion of hyaluronic acid. All systems used in the work are syn-
chronised. The  process  of  laser  exposure  is  controlled  by  a 
personal  computer.  An  example  of  the  image  of  the  thus 
obtained matrices is shown in Fig. 1. Dark spots correspond 
to dried gel droplets, white spots – to crystallisation centres of 
gel  content.  Note  that  the  droplet  size  can  vary  widely  by 
changing  the  system  parameters  (film  material,  gel  layer 
thickness, energy and pulse duration, etc.). Further study of 
the printing process was carried out on the example of a gold-
coated donor plate.

3. Acoustic response of laser printing

One  of  the  values  characterising  the  transfer  process  is  the 
pressure of acoustic waves excited during heating and destruc-
tion of the metal film [25]. Under the action of high-intensity 
laser radiation, shock acoustic waves can arise, which, how-
ever, quickly decay and pass over  to a  linear  regime at dis-
tances of ~200 mm [26]. The smallness of this distance makes 
it necessary to use optical methods for studying such shock 
waves,  in  particular,  shadowgraphy,  the  implementation  of 
which  is  rather  complicated.  In  this  regard,  in  the  present 
work,  the  assessment  of  the  characteristics  and  qualitative 
description of the ongoing processes were conducted on the 
basis  of measurements  of  the  acoustic  field  in  the  far  zone 
using a hydrophone [26, 27].

Acoustic pulses excited by nanosecond  laser  radiation 
have a wide spectral band (from 100 kHz to 100 MHz and 
higher)  [28];  therefore,  for  their  registration,  a  high-fre-
quency broadband coaxial hydrophone (Fig. 2) based on a 
LiNbO3  crystal  was  used.  The  distinctive  feature  of  such 
receivers is their high sensitivity in a wide (1 – 100 MHz) fre-
quency band and the presence of a narrow time diagnostic 
window that enables recording of pulses with a duration up 
to ~1 ms (which is determined by the crystal length of 6 mm 
[29]).

To  obtain  numerical  values  characterising  the  acoustic 
pressure recorded in the far zone, amplitude calibration of a 
broadband hydrophone is required. The difficulty of calibrat-
ing such receivers is the need for a broadband source and a 

receiver  with  known  spectral  characteristics.  Optoacoustic 
sources are broadband sources with a well-repeated and accu-
rately calculated pulse  shape  [28];  therefore,  in  this work, a 
photoacoustic ultrasound source was produced using a stable 
Nd : YAG laser (pulse duration, 8 ns; wavelength, 1064 nm; 
tunable pulse energy, 1 – 20 mJ; Quantel, USA) and a SZS-22 
light filter absorbing laser radiation and exciting ultrasound 
due  to  the  thermoelastic  effect.  The  spectral  band  of  the 
excited  ultrasound  is  0.1 – 20 MHz. A  piezopolymer  needle 
hydrophone based on polyvinylidene fluoride with a sensing 
element diameter of 1 mm and a reception band of 0.5 – 15 MHz 
(Precision Acoustics, United Kingdom) was  used  as  a  cali-
brated receiver.

For calibration, a series of measurements of acoustic sig-
nals by two hydrophones at different laser pulse energies was 
conducted. In each measurement, the waveforms (Fig. 3) of 
pulses received by both hydrophones were recorded and the 
amplitudes of the second peaks were measured, which carried 
the basic information about the excited signal. The first spuri-
ous recorded peak (Fig. 3b) occurs when an ultrasonic pulse 
crosses the front surface of a lithium niobate crystal, and has 
a small amplitude. The second peak is formed when the pulse 
crosses the back surface of the crystal. The rest of the signal 
can be considered spurious: it consists of various kinds of re-
reflections inside the crystal.

The dependence of the amplitude of the signals recorded 
by the broadband hydrophone on the amplitude of the signals 
recorded  by  the  needle  hydrophone  was  linear,  and  so  the 
least  square  approximation  of  data was  used  to  obtain  the 
calibration coefficient. The frequency bands of both hydro-
phones and the source are different, but  they have overlap-
ping  parts.  In  this  regard,  before  determining  the  signal 
amplitudes, their filtering was used to isolate the signal com-
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Figure 2. Scheme of  recording  the acoustic  response of  laser printing 
using a broadband acoustic receiver.

0 0.5 1.0 1.5 2.0 2.5
Time/ms

0 0.5 1.0 1.5 2.0 2.5
Time/ms

–0.3

–0.2

–0.1

0.1

0.2

0.3

0.4

0

–3

–2

–1

1

2

3

0

S
ig

n
al

 a
m

p
lit

u
d

e /
V

A
co

u
st

ic
 p

re
ss

u
re

/b
ar

Probe pulse

Probe pulse

Spurious
signal

Probe pulse re-reflection

Probe pulse re-reflection

8 mJ
6 mJ
4 mJ

8 mJ
6 mJ
4 mJ

a

b

Figure 3. (Colour online) Examples of acoustic signals recorded during 
the calibration of a broadband hydrophone using laser pulses with dif-
ferent  energies:  (a)  signal  from  the needle hydrophone and  (b)  signal 
from the broadband hydrophone.
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ponents  in  the  common  frequency  band  2 – 12 MHz. Thus, 
narrowband calibration of the broadband receiver allowed us 
to obtain accurate results due to sufficient uniformity of spec-
tral characteristics of the receiver based on a lithium niobate 
crystal [29].

To measure the acoustic response during laser printing, a 
broadband hydrophone was placed in water, opposite to the 
place  of  laser  irradiation  of  the  gold  coating  of  the  donor 
plate at a distance z ~30 mm from it, which corresponds to the 
far zone of acoustic radiation (the diameter of the laser spot on 
the  absorbing  film was  30 mm). A  series  of  experiments was 
conducted  to  measure  the  dependence  of  the  amplitude  of 
acoustic pulses on the  laser pulse energies E » 5 – 100 mJ for 
durations tlas = 8 and 14 ns. To evaluate  the pressure  in  the 
immediate vicinity of the film, data were recalculated according 
to the Gaussian beam formula [29] Pa =  ( / )p z r1exp 0

2 2pl+ , 
where r » 15 mm is the initial beam radius; pexp is the pressure 
measured in the far zone;  l0 = c0tlas is the characteristic wave-
length of acoustic radiation; and c0 = 1500 m s–1 is the speed 
of sound in water. The results presented in Fig. 4 show that 
the  dependence  of  the  acoustic  response  amplitude  on  the 
laser pulse energy is linear with good accuracy, and the acous-
tic pressure amplitude weakly depends on the duration of the 
laser pulses in the range of 8 – 14 ns. The maximum pressure 
amplitude was ~500 bar. When a plane wave propagates in 
water,  such amplitudes correspond  to a nonlinear propaga-
tion regime. However, in this case, the transverse size of the 
excitation region of the sound beam is small and diffraction is 
the predominant process. Therefore, the waveform is closest 
to spherical, and for such waves, as is known [30], nonlinear 
effects are much weaker than those for plane waves. In this 
regard, consideration of the propagation of waves outside the 
region of their excitation in the linear regime does not lead to 
significant errors in the estimates.

Note  that  the  negative  effect  of  the  acoustic  wave  on 
microbiological  living  systems  depends  on  both  the  wave 
amplitude and its frequency. An increase in both parameters 
leads to an increase in the forces deforming microorganisms. 
In  the  operating  range  of  laser  pulse  energies,  the  pressure 
amplitude  reaches  several  hundred  bars  in  the  gel  volume, 
and the characteristic wavelength of acoustic radiation is l = 
c0tlas » 15 mm, which is  larger or comparable to the size of 

many microorganisms. The assessment of the influence degree 
of acoustic pressure can be based on the fact that in acoustic 
microscopy  of  microorganisms  and  other  similar  methods, 
high-frequency nondestructive acoustic radiation with higher 
frequency is used, the pressure amplitude of which is compa-
rable to the pressure estimates obtained in this work for the 
operating regime [31].

4. Transfer processes and their impact on living 
systems

Physical processes occurring in a metal film during the laser 
radiation absorption  should be  considered at different  time 
scales [32]. The main absorber of laser radiation in metals is 
the electron gas. In this case, the temperature of the electron 
gas and crystal lattice is equalised as a result of electron – pho-
non relaxation during  the  times of ~10–11  s. After  that,  the 
equations  of  equilibrium  thermodynamics  become  applica-
ble. The most  important  factor  that  actually determines  all 
physical  processes  during  laser  printing  of microdroplets  is 
the heat  transfer  in  the glass  substrate – film – liquid  system. 
The time of heat redistribution over the film thickness can be 
estimated as ttl = hg2/cg » 20 ps, where cg is the thermal diffu-
sivity of gold and hg = 50 nm is the gold deposition thickness. 
The heat propagation time in the film plane can be estimated 
similarly: ttt = r2/cg » 2 ms. Thus, at tlas » 10 ns, the inequality  
ttl << tlas << ttt is satisfied, and heat propagates mainly perpen-
dicular to the film plane. To calculate the fractions of radia-
tion energy absorbed (g) and transmitted (t) through a metal 
film, we can use the formula for the case of a film that is thin 
compared to the wavelength (hg = 50 nm << 1064 nm) [33]; 
these fractions constitute ~0.03 and ~0.05, respectively.

The thicknesses of the heated layers of the glass substrate 
and water during the laser pulse action are as follows:  hgl =

las glt c  ~ 60 nm, hw =  las wt c  ~ 40 nm, where cgl and cw are 
the thermal diffusivities of glass and water. Then the average 
temperature in this area can be estimated from above as fol-
lows:

( )
T

r h c h c h c
E

2
gl gl gl w w w g g gp r r r

g
=

+ +
a  ~ 1000 K,

where E = 30 mJ is the laser pulse energy; cgl, cw and cg  are the 
heat capacities of glass, water and gold; and rgl, rw and rg are 
the densities of these substances. Thus, a really high tempera-
ture is reached near the metal film; however, due to the high 
heat  capacity of gel,  the  temperature of areas distant a  few 
micrometers from the metal film is only slightly higher than 
the temperature of the ambient medium. Thus, the resulting 
temperatures practically do not damage the biological mate-
rial during laser printing.

Strong and rapid heating of the liquid near the metal film 
causes  its  explosive  boiling  and  the  formation  of  a  rapidly 
expanding  vapour  bubble.  In  this  case,  a  gel  jet  appears, 
transferring  the  substance  to  the  acceptor  plate.  In  some 
works [5, 34, 35], the laser-induced formation of gel jets near 
the free surface of the liquid was experimentally studied and 
numerically analysed. These results can be used to illustrate 
the jet formation in our case as well. As a result of explosive 
boiling, a small vapour bubble rapidly expanding towards the 
free surface is formed, along the wall of which a pressure gra-
dient arises,  leading  to  the appearance of external gel  flows 
from the bubble periphery to its apex. The interaction of these 
flows leads to the appearance of a jet and a counter-jet in the 
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Figure 4. Acoustic response amplitude Pa of the system as a function of 
the laser pulse energy E at tlas = ( ) 8 and ( )14 ns.
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apex region. Depending on the regime used, the jet can then 
break away  from  the bubble wall,  continue  its  independent 
motion towards the acceptor plate and disintegrate into sev-
eral fragments or start moving in the opposite direction and 
completely absorb into the gel layer. The main factors deter-
mining the regime of emerging flows are the viscous and ther-
mal properties of the liquid, the amount of energy absorbed 
by the plate and thermal properties of the metal deposition.

To  study  the  regimes of occurrence of  such  jets, optical 
recording  of  the  process  of  their  formation was  conducted 
using a Fastcam SA-3 high-speed camera (recording speed up 
to 100 000 frames per second; Photron, Japan). In the course 
of high-speed imaging, illumination was performed by radia-
tion from a cw laser at a wavelength of 660 nm, with the for-
mation  of  a  beam  using  a  telescopic  system.  The  recorded 
transfer process is shown in Fig. 5. In the operating regime, a 
droplet  is  formed  in  two  stages.  At  the  first  stage  (second 
frame  in Fig.  5)  a  small  volume of  substance  is  transferred 
with a large acceleration (~105 m s–2, calculated on the basis 
of the frames obtained). At the second stage (from the third to 
the last frame in Fig. 5), a bulk of the substance is transferred 
with much lower acceleration (~5000 m s–2). From the view-
point of the microorganism survival rate, such dynamic loads 
are not a critical obstacle for  laser printing: for example,  in 
work [36] it was shown that the survival rate of a number of 
bacterial  organisms  at  accelerations  being  several  orders  of 
magnitude greater is close to 100 %.

Another factor that can significantly affect the survival 
of  bacteria  is  the  presence  of  micro-and  nanoparticles  of 
metal  in  the  microdroplets  formed  during  laser  printing. 
There are several mechanisms of the metal film destruction, 
associated with melting, evaporation and mechanical ‘split-
ting’ of metal. It is these mechanisms that determine the size 
of the particles formed. The initial motion of fused gold is 
determined by the stresses in metal, which must exceed the 
adhesion force of the fused film, the surface tension of the 
fused  metal  and  the  external  pressure  from  the  gel.  This 
motion leads to the removal of part of the film material and 

its transfer  in gel droplets to the acceptor plate. As can be 
seen in the SEM images of the holes formed in the film under 
laser  irradiation  (Fig.  6),  the  extreme  fused  part  of  these 
holes peels off. This is because the material is removed along 
the melting boundary due to mechanical stresses caused by 
the  relatively  weak  adhesion  of  the  deposited  gold  to  the 
glass substrate. Thus, the material of the metal film from its 
central  region breaks away with great  speed  from  the  sur-
face, pulling out the edge areas behind it. The resulting non-
uniformity of the fused edges is due to the nonuniformity of 
the film adhesion and the nonuniformity of  laser  illumina-
tion. A significant amount of gold is present in the central 
part (the zone of the greatest impact), which can be explained 
by the fusion of part of the glass substrate and the remaining 
gold particles.

A significant number of works is dedicated to the study 
of toxicity of gold particles (and other metals) in relation to 
various  microorganisms.  It  can  be  noted  that  the  most 
important factors determining toxicity are the size and con-
centration of these particles [37, 38]. The maximum concen-

400 mm

Gel surface

Acceptor
plate

Figure 5. Process of the microdroplet formation on the acceptor plate, recorded by a high-speed camera (10 000 frames per second) at E = 30 mJ, 
tlas = 8 ns. 

30 mm

a b

Figure 6. SEM images of the holes formed under irradiation of a gold 
film by pulses with tlas = 8 ns and E = (a) 10 and (b) 30 mJ.
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tration of gold in microdroplets in the present work can be 
estimated as 50 – 100 mM (under the condition of complete 
transfer  of  gold  from  the  laser  irradiation  region).  In  this 
case, as follows from the results of electron microscopy, par-
ticle  sizes  are  in  the  micro-  and  nanometre  ranges.  As  is 
known  (see,  for  example,  [38]),  depending  on  the  particle 
size distribution,  such concentrations of gold particles can 
lead to an increase in the metal content directly in microor-
ganisms. This  has  a  toxic  effect  on  some microorganisms, 
others are more resistant.

Another factor to consider is the high density of electro-
magnetic  radiation.  Previous  experimental  studies  have 
shown [24] that up to ~15 % of laser energy, or 0.2 – 0.6 J cm–2 
in  the operating energy range, passes  through  the gold  film 
during laser printing. Pulsed radiation with a wavelength of 
1064 nm used in this work is poorly absorbed by cell elements, 
and therefore its impact on microscopic living systems, even 
at doses close to the operating ones, should not lead to irre-
versible changes. Thus, Sengupta et al. [39] showed that expo-
sure  of  human  cells  to  600  consecutive  radiation  pulses  of 
5 – 9 ns duration with a wavelength of 1064 nm at a dose of 
0.2 J cm–2 leaves ~90 % of cells viable even with addition of 
carbon-absorbing  nanoparticles. Kim  et  al.  [40]  established 
that the impact on Escherichia coli of pulsed laser radiation 
with a wavelength of 1064 nm at a dose of 3 J cm–2 did not 
lead to changes in 95 % of cells.

However, the influence of most of these factors on various 
types of microorganisms can be significantly different, and so 
it is necessary to consider the efficiency of laser printing for 
each specific species. The laser printing setup presented in this 
work was used to isolate microorganisms from the soil [41]. It 
is shown that laser printing really allows one to increase the 
number  of  cultivated  microorganisms  compared  to  tradi-
tional methods while maintaining a high viability of organ-
isms. The use of  laser printing has  led  to an  increase  in  the 
number of genera of isolated bacteria of both gram-negative 
and gram-positive groups that have not been cultivated before 
by standard methods. In this case, a representative of the rare 
genus Nonomurea was isolated from the soil without the use 
of sophisticated selective media and the addition of cocktails 
with antibiotics.

5. Conclusions

Thus, we have evaluated the parameters of physical processes 
that occur during  laser printing of  gel  droplets  and are  the 
most harmful to microorganisms. For this purpose, a meth-
odology has been developed for evaluating the acoustic pres-
sure arising  in  the  field of  laser printing using a broadband 
hydrophone based on a lithium niobate crystal. According to 
the results obtained,  the pressure amplitude  in  the gel  layer 
reaches  several hundred bars. Dynamic  loads arising  in  the 
processes  of  temperature  transfer  and  the  concentration  of 
metal  particles  in  the  droplets  have  been  estimated.  The 
results obtained have been compared with the data on the sur-
vival  of  microorganisms,  known  from  the  literature.  The 
comparison  has  shown  that  factors  negatively  affecting 
microorganisms do not  limit the prospects of the developed 
printing method. This conclusion is consistent with successful 
biological experiments on the transfer and cultivation of indi-
vidual bacterial organisms.
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