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Needle-free delivery of fluids from compact laser-
based jet injector
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Jet injection devices have been studied and developed for transdermal drug delivery to avoid the use of
needles. Due to bulky actuation mechanisms, they are limited to body areas that are easy to reach such as
skin. Here, we demonstrate a thin and long liquid delivery system (e.g. flexible and 30 cm long with 1.2 mm
outer diameter) compatible with minimally invasive surgical procedures. The actuation mechanism is based
on optical cavitation in a capillary nozzle where a laser pulse is delivered via a multimode optical fibre. We
show good controllability of the jet speed by varying the actuation laser fluence. The generated jets can
successfully penetrate into a 1% agarose gel which is representative of the mechanical properties of several
soft body tissues. We further observe that when the system is used in a low laser energy regime (<60 pJ),
the ejection is in the form of the single droplet which is promising for fluid delivery with high volume
precision or drop-on-demand inkjet printing. The jet injection system we propose has the potential to
deliver heat-sensitive therapeutics as we show processing of biomolecules without altering their

rsc.li/loc functionality.

1. Introduction

Technologies that can precisely deliver drugs in a spatially
confined inner body environment are highly relevant for
various fields in medicine such as deep brain stimulation,*
inner ear treatment,® ophthalmology®® or various targets of
gene or photodynamic therapy.® ' Here, we present a device
based on jet-injection technology in the long and thin
embodiment as the alternative to address both challenges of
the system miniaturisation and the precision of the drug dose
delivery.

Jet-injection techniques for transdermal vaccination were
introduced to overcome issues associated with hypodermic
needles."” Such contactless devices provide better dose
control, lateral and depth localization and lower collateral
damage than the needles.">”® In needle-free injection
devices, the liquid is pushed out of the nozzle forming a thin
jet, which is powerful enough to penetrate into a tissue. The
actuation scheme is commonly based on a piezoactuator,"*™**
loaded spring,'"'® gas cartridge,"* voice coil actuator’”'® or
an electrical discharge.”'®?° These actuation mechanisms
are bulky and do not allow implementation as a compact
minimally invasive device. Even if miniaturization could be
performed, it would pose a safety concern about bringing
high voltages or high pressure elements inside the body.
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Laser induced cavitation has been investigated as the
driving mechanism for needle-free injection systems.'>*'°
Tagawa et al.”® demonstrated injection with a new type of
highly focused liquid microjets generated by a laser pulse
focused by an optical objective from the side of a transparent
nozzle. In the recent study by Krizek et al.>® this concept was
elaborated on hydrogel models mimicking stiffer materials
representing mechanical properties of various soft body
tissues up to 0.5 MPa (e.g cancer tissue). Here we
demonstrate technical advancement in the design allowing
miniaturisation step in the form of a long and thin delivery
device by bringing the optical pulse from within the capillary
as opposed to the side. Using optical fibres to deliver light
unfolds the potential of using optical energy as a driving
mechanism. The fact that the energy can be remotely
generated in a large laser system and then delivered by
means of very thin fibres is convenient for miniaturization
the jet delivery device. A device employing optical fibres has
multiple advantages compared to those using free space
optics to focus light from the side of the capillary, as
previously reported in the literature.*>*®%%32 First of all,
the systems with a side focusing lens are not compact and do
not allow implementation into hand-held or minimally
invasive device. In addition, ensuring reproducible jet
ejection requires a fine alignment of the position of the
capillary with respect to the focusing lens. On the contrary,
in the proposed system with the optical fibre, the light
delivery is at the tip of the fibre, whose position is centred in
the capillary by design. Moreover, the nozzle material is
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limited to transparent glass capillaries whereas the fibre-
based system can easily work with standard metal syringes.

In this manuscript, we report on the design and
performance of a fibre-based jet-injection device actuated by
laser-induced cavitation. We demonstrate applicability for
needle-free injection on 1% agarose gels mimicking
mechanical properties of soft tissues. Furthermore, we show
the generation of a slow speed single droplet with parameters
suitable for low volume (nl) drug delivery or for drop-on-
demand printing. We investigate the impact of laser fluence
and the distance of the fibre tip to the liquid meniscus on jet
velocity. We also show jet generation with common non-
aqueous solvents relevant to injectable drugs - oil, glycerol
and ethanol. Finally we show that the ejection mechanism
did not denature the molecules contained in the liquid.

2. Materials and methods
2.1. Jet generation

Laser-actuated liquid microjets from capillaries have been
pioneered by Lohse et al**?® Energy from the laser pulse
leads to optical breakdown in the fluid followed by the rapid
expansion of a vapor bubble which is growing towards the
liquid/air meniscus interface. The axisymmetric curvature of
the meniscus results in the local orientation of the pressure
gradient towards the centre and forms a geometrically highly
focused and further accelerated flow. The generated jet has a
needle-like shape and despite its high Reynolds number (the
highest measured Re =~ 10%), the jet-tip sustains its shape
during the propagation.

2.2. Set-up

The experimental setup is described in Fig. 1, 5 ns laser
pulses are emitted by a Q-switched laser source (Continuum,
ML-II, 532 nm). Laser pulses are split by a polarization beam
splitter and monitored by an energy meter (Thorlabs,
ES111C). Light is further coupled into a multimode optical
fibre with core diameter varying from 200 um, 105 pm and
50 um (ThorLabs, FG200LEA, FG105LCA, FGO50LGA). The
fibre is inserted into a round capillary that has 0.3 mm inner
diameter and 1.2 mm outer diameter (see Fig. 2a), and which
is filled with the injection liquid. The capillary's length is 9.5
cm in the experiment, but it could be longer or shorter
depending on the application. The tool is not limited to the
rigid nozzle but can be also embodied with a flexible Teflon
tubing (Fig. 2b) and a glass capillary nozzle on the tip.
Flexibility is limited by the ability of the optical fibre to guide
the light without leaks. To connect the optical fibre with the
liquid supply shaft, we use a T-junction (Upchurch, Scientific
MicroTees). Handling of the fluid and the meniscus
positioning is performed by a hand-controlled syringe pump.
The experiment is monitored with an ultra-fast camera
(Vision Research, Phantom Miro M310). The minimum time
between two frames in our experiments is set to 10 ps (100
kfps). The time synchronization of the laser pulse and the
camera is performed by a delay generator (Berkeley
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Fig. 1 Scheme of the experiment. The generated laser pulse is
coupled into the optical fibre. The fluid and optical fibre channel are
connected in the T-junction which is further plugged into the glass
capillary. The jet generation, its velocity and injection into gel
phantoms is monitored by the ultrafast camera. D - capillary diameter,
H - fibre end to meniscus distance, ¢ - fibre core diameter.

Nucleonics, Model 577). The agarose gel for the tissue
phantom was prepared by dissolving 1 g of the agarose
powder (Sigma-Aldrich, Germany) in 100 ml of deionized
water. Hydrogel substrates were used in the same day within
about 2 hours after gelation. Parameter measurements are
made with the stained DI water with 52 mM of Allura Red AC
(ARAC; 80%, Sigma Aldrich, USA) to enhance the absorption
of the light. Demonstration of non-aqueous jets were made
on following formulations: sunflower oil (Migros France SAS)
was stained to a dye concentration of 56 mM oil red EGN
(Aldrich, USA). Glycerol was stained with 52 mM Allura Red

a)
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Fig. 2 Example of the tool embodiment. a) Rigid glass capillary 9.5 cm
long and 1.2 mm thin; b) flexible Teflon tube with a glass capillary tip,
30 cm long, 1.2 mm thin.
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(ARAC; 80%, Sigma Aldrich, USA). Ethanol was stained with
52 mM Allura Red (ARAC; 80%, Sigma Aldrich, USA).

2.3. Fibre coupling and laser induced damage threshold

The pulse energy that can be transmitted by the optical fibre
is limited by the damage threshold of the fibre glass media.
Spatial confinement of the laser pulse into the narrow fibre
core leads to high power densities and consequently induced
non-linear effects.***> The laser induced damage threshold
(LIDT) determines the maximum fluence (J] cm™?) the fibre
can handle. For a wavelength A = 532 nm, and pulse duration
t = 5 ns the theoretical estimation is 50 ] ecm™>. This is
estimated considering a flat top energy distribution at the
end of fibre facet. Experimentally, we observe that the
minimum fluence sufficient for the liquid cavitation is in the
range of 0.5-1 (J ecm ™), which is 50 to 100 times lower than
the glass damage threshold. It must be noted that the
cavitation threshold strongly depends on the fluid
absorbance for a given wavelength.

2.4. Inmunoassay protocol

Compatibility test of the system for processing heat-sensitive
molecules was made by assessing the integrity of rabbit
immunoglobulin (IgG) following the protocol described in
ref. 36 or in ref. 31. The rabbit IgGs (IgG; Sigma-Aldrich,
Germany) are diluted at a concentration of 50 ng ul™" in 80%
(v/v) PBS (PBS; Gibco®, Thermo-Fisher Scientific, UK) and
20% (v/v) of glycerol. Further staining was made by 52 mM of
Allura Red AC (ARAC; 80%, Sigma Aldrich, USA). The solution
containing IgG is deposited and dried onto poly-i-lysine
slides (Sigma Aldrich, USA) to assure the adhesion of the
molecules to the substrate. Further, slides are blocked with
3% (w/v) bovine serum albumin (BSA, Sigma Aldrich, USA)
for 30 min to avoid unspecific bonding of the secondary
antibody. Then, they are washed three times with the
solution of 0.1% (v/v) Tween-20 (PBS-T; Sigma Aldrich,
France) in PBS. In the next step we perform an immunoassay
by incubating for 30 min in a 30 ng pl™' solution of
secondary antibodies against rabbit IgG (Cy3-AffiniPure anti-
rabbit IgG, Jackson Immunoresearch, UK) conjugated with
fluorescent labeling. Slides are further washed three times by
the PBS-T, once with the DI water and once in 96% (v/v)
ethanol. Fluorescent imaging is made by a microscope (Leica
DM5500).

3. Results and discussion

3.1. Parameter dependence

The study of Tagawa et al.** gives good insights of the jet-

generation parameter space. In their study, the relationship:

(E - Eheat)

Viecoc (1 + ff cos6) DH

is established between the jet velocity vje;, the absorbed laser
energy E, the capillary diameter D, the distance between the
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meniscus and the laser focus H and the curvature angle of
the air-liquid interface 6. Here, we further introduce the
parameter S describing the area on which the laser energy is
distributed vjec = f (S, E, H, D, fcos6). In our fibre-based jet
injection device, the focusing area is well defined within the
fibre as opposed to the previous works in which a side
illumination was used to focus light. We experimentally
observe a clear dependence of the jet velocity on the area S as
described in the next section.

3.1.1. Laser energy and fluence. It was shown by Tagawa
et al® that the jet velocity is a linear function of absorbed
energy. We measured the jet velocity for three different
optical fibre core sizes (50, 105, 200 um) while keeping the
same distance of the fibre end from the meniscus (Z = 300
pum), the same capillary size (D = 300 um), the same meniscus
curvature and a constant delivered energy. We obtained jet
velocities that depend on the fibre core diameter, as
illustrated in Fig. 3. This suggests that there is another
parameter to consider which is related to the area of the
energy deposition, or in other words to the laser fluence (J
em™2). This is also in agreement with literature focusing on
laser cavitation phenomena in fluids.*”°
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Fig. 3 Velocity of the jet in dependence of the a) energy and b) laser
fluence (energy density). Capillary diameter 300 um, fibre end is
positioned 300 um apart from the meniscus. Error bars are standard
deviation from at least 5 measurements. Equation of linear trendlines
for 50, 105, 200 um fibre and 20x objective are following: vso = 0.81F
+ 15, vi05 = 0.46E - 8, vo90 = 0.40E - 42, v,0, = 0.23E + 40.
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The correlation coefficients of linear regressions (r) from
the Fig. 3a and the fibre core size diameter ¢ can be fitted by
the function r « ¢, which is in good agreement to the
definition of the laser fluence. Smaller fibre cores give rise to
higher fluences therefore with the same amount of energy,
the jet velocity is higher for smaller core fibre. On the other
hand, a smaller fibre core is not able to transport as much
total energy as a larger core fibre because of the laser
induced damage threshold of the fibre. The graph in Fig. 3b
shows the jet velocity as a function of the laser fluence. It
shows that the fluence nor energy cannot be used as a single
parameter to determine the resulting jet speed as it also
depends on the fibre core. Thus, the integral energy has to
also be considered. We suggest to modify the relation for the
liquid jet velocity vje. in ref. 32 by adding the parameter S -
the area on which the laser light is focused:

—1
Vjet < S

Interestingly, when we compare the jet velocity obtained with a
side illumination set-up (same experimental parameters with a
20x microscope objective for side illumination as in ref. 32), grey
square marker in Fig. 3a), we see a lower jet velocity increase
with laser energy than when the optical fibre is used in the
capillary. This can be explained as follows: the laser focus from
the objective creates an energy density higher than the laser
induced damage threshold of the glass capillary, thus to avoid
capillary breakage, the focal point has to be shifted towards the
center of the capillary, which gives a larger illumination area at
the interface between the capillary wall and the liquid. This
defocus yields a lower fluence and results in lower jet velocity.

3.1.2. Distance H. The dependence of the jet velocity on the
distance between the vapor bubble and the meniscus interface
was modelled as (vjec o« H ') from ref. 32 and 33. The vapor
bubble generated with the objective is always located at the
capillary wall interface where the energy is mainly absorbed
because of the staining of the ink. This geometrical offset from
the central axis of the capillary causes a tilted jet when we focus
the light closer than the D capillary diameter. This is not the
case with the fibre actuation for which the cavitation happens
in the centre of the capillary by design. With this arrangement,
we can generate straight jets with a meniscus to bubble
distance smaller than the capillary diameter. Fig. 4 depicts the
dependence of the jet velocity on the distance between the
fibre-end and the meniscus for distances shorter than the
capillary diameter. The experimental data is fitted to a linear
dependence, vje; oc —rH. For distances lower than ~ 100 um we
observed splashing rather than a focused jet.

3.2. Jet injection

In the previous study, Tagawa et al®® shows successful
penetration through the skin. The dynamics of penetration
into gels is also further studied in ref. 25, 29 and 40. A more
exhaustive evaluation of injection capability into various
material stiffnesses was demonstrated in ref. 29. We expect

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Velocity of the jet on the actuation distance from the
meniscus. Capillary diameter 300 um, fibre end is positioned 300 um
apart from the meniscus. Error bars are standard deviation from at
least 5 measurements. Linear fit equation are following: v,p0 = —0.15H
+ 355, vip5 = -0.17H + 213, vso = -0.13H + 105.

these results would be the same as the features of the jet
such as shape and velocity distribution remains the same.
Applicability of our device for jet injection was tested on a
1% agarose gel which is commonly used as a human skin
phantom to investigate performance of needle-free injection
device.?>""** One characteristic feature of focused jets is the
unequal velocity distribution along the jet. The front part has
a larger velocity than the following slow tail. On Fig. 5, we
can see three examples of injection sequence with different
distances of the fibre to the meniscus but with the energy
level tuned so that the velocity is around 130 m s '. In the
first case, the actuation happens at a distance of 150 um
from the meniscus: we observe that the whole ejected liquid
volume is subjected to the flow focusing effect and the slow
tail is mitigated. The injection efficiency is therefore high
(>94%). (Calculation of injection efficiency is based on the
portion of the jet entering the hydrogel.) The volume of
injected fluid is around 14 nl. The second example shows the
actuation at a distance of 300 um - the focused part is
followed by a slower tail (60 m s™*) which still have sufficient
power to penetrate in the gel. The injection efficiency is lower
than in the former case (>86%), but the injected volume is
augmented. The total volume ejected is approximately 24 nl.
In the last example, the actuation site is located 680 um away
from the meniscus, value is representing 2-times diameter of
the nozzle - the distance used in systems with the side
illumination.*>***® We observe that a considerable amount
of the ejected liquid is contained in the slow tail which does
not have a sufficient velocity (43 m s™) to penetrate into the
gel and it is bounced off the surface (Fig. 5, H = 680 um, at
203 ps). The total ejected volume is 48 nl, but considering
that only the focused part entered the gel, the injected
volume is similar to the first case, but yielding an injection
efficiency of approximately 30%. There is thus a trade-off
between injection efficiency and injection volume with a
single shot. The total volume can be also adjusted by using
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Fig. 5 Example of injection into a 1% agarose gel. Jets are propelled in different distances from the meniscus H (labelled with the white bar) but
the energy is levelled so that they have similar velocities 130 m s™*. Efficiency, as well as injected volume, vary with the actuation location.

Distance between the nozzle and the meniscus is kept 3 mm for all cases.

different capillary diameters. Moreover, augmented volume
injection can be achieved by implementing repetitive regime
such as was shown in our previous work.”®

3.3. Single drop regime

Cavitation in the low energy regime, slightly above the
threshold, propels a single droplet. An extensive study of the
different jetting regimes was made by Delrot et al.®" with the
system employing a microscope objective for the actuation
from the side. Microdroplets can be printed with the sub-
nozzle diameter and with high viscosity inks including non-

o

T o
Ous 15ps 30.3p 150p 272p 470p su 24ps  96ps 270ps 538ps 1940ps

Ill!ll

300 ym
Os 27ps 109us 680ps 967ps  2370ps

Fig. 6 Sequence of the single drop generation with a capillary
diameter of a) 150 um b) 300 um and c) 600 pum.

3788 | Lab Chip, 2020, 20, 3784-3791

Newtonian liquids. In the Fig. 6, we also demonstrate a single
droplet generation with our endoscopic jet-injection device
for three different capillary sizes (150 um, 300 um and 600
pm). In all cases, we used 105 um fibre core size.
Experiments were done with the 60% mass fraction of the
glycerol in water stained with 52 mM concentration of Allura
Red AC. The dynamic viscosity of the mixture was calculated
by Cheng's empirical formula®® as # = 9.2 cP. Results and
parameters of the measurement are summarised in the
Table 1. Printability and behaviour of liquid in motion can
be evaluated by dimensionless Reynolds (Re), Weber (We)
and Ohnesorge (Oh) numbers.*"*>** Typically, for a printing
application inks have viscosities 2-15 cP and droplet
velocities in the 3-10 m s™* range.** The successful printing
process is characterised by a single droplet without satellites
and with velocity low enough to avoid splashing on a
substrate. That falls into the region We < 200, Oh = 0.1-1.**
Increase of the actuation energy leads to the ejection of
bigger volumes but also contributes to the speed of the fluid
and results in multiple droplets or a jet. Thus, to reliably
change the droplet diameter one must change the capillary
diameter. Table 1 shows change of the droplet diameter with
respect to a capillary size. The result also represents the
potential of fine dose control with nano-litre precision.

3.4. Non-aqueous solutions

Laser-based jet injectors® " were tested with aqueous

solutions. While water is the most common solvent for

Table 1 Drop-on-demand regime results summary for different capillary
diameters

D H Speed  Droplet

[um]  E[W] [um] [ms'] diameter [um] Re We Oh
150 25.2+1.2 190 4.3 99 34 20 0.13
300 36.1+1.6 550 3.5 145 38 18 0.11
600 34.2+1.5 650 4.5 207 64 39 0.10

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Proof-of-the-concept for the most common pharmaceutically
relevant solvents. a) Sunflower oil b) glycerol c) ethanol. Velocity in all
cases is around 70 m s ™%,

injectable drugs, other fluids are frequently used as a solvent-
vehicle for substances with poor solubility in water. In the
Fig. 7 we present a proof of concept for the jet generation of
the most common non-aqueous solvents — oil, glycerol and
ethanol. Fluid properties like viscosity and surface tension do
not play a role in the initial stage of the jet generation.”>** It
was previously demonstrated that highly focused jets retain
the laminar-like flow despite very high Reynolds numbers.*>
However, viscosity and surface tension are expected to have
an impact on the formation of the slower tail.** In the slow
single-drop regime, it was shown that the resulting regime
(formation of either single drop, two drops or jet) is
dependent on the viscosity.>" Less viscous fluids with high
surface tension (e.g. water) will more likely create small
droplets and form the turbulent slower tail, whereas more
viscous oils will be mostly dragged by the main stream of the
jet (Fig. 7a). The liquid contained in a focused jet is in
motion which is inertia-dominated, therefore the role of the
density should be also considered.

3.5. Biocompatibility

Inks carrying biologically-relevant content are heat-sensitive,
laser-induced  jetting could potentially alter inks
functionality. A previous study investigating this issue in a
similar configuration®” shows that the temperature rise is
moderate (AT < 13 °C), spatially localized (<15 pm) and
having a short time effect (<1.3 ms). Further studies
employed laser-actuated cavitation in microfluidic systems in
close vicinity of living cells.*®*° Comparing these studies to
our work, we use a laser energy that is one order of
magnitude larger (<10 pJ in ref. 47, <1000 pJ in this study).
However the fluence in our system is lower (<10 kJ em™ in
ref. 47, <20 ] em™” in this study). The volume affected by the
direct laser illumination is larger but, because the fluence is
lower, we hypothesize that its effect are not greater than
reported in.**™*° The ejection occurs in less than 5 ps so we
can expect that the liquid in the front part of the jet will be
intact due to a relatively long heat diffusion rate. Moreover,
the vapor bubble occurs in a reasonable distance from the
jet generation site and so the deposited fluid will not be
affected. Another positive argument is that a similar system
was used for bioprinting application of cell suspensions and
authors showed good viability after processing of human
umbilical vein endothelial cell.>

This journal is © The Royal Society of Chemistry 2020
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We assess the potential to deliver heat-sensitive
biomolecules by testing the integrity of rabbit

Immunoglobulin G (IgG) delivered with the endoscopic
system on poly-t-lysine slides on which we performed an
immunoassay test similar to the protocol in ref. 31 and 36.
IgGs are large molecules with a strong structure-function
relation® and their denaturation would result in losing
affinity to the secondary antibody. Secondary antibodies are
conjugated with Cy3 fluorescent dye and their presence on
the slide is conditioned by binding to the primary antibody.
Fig. 8 shows stains/droplets just after the deposition before
drying and then fluorescent signal after performing the
whole protocol. A patterned deposition allows us to see the
clear contrast and the fluorescent signal shows the location
of IgGs, which are not degraded by the ejection process.
Measurements I-IV were made on the single slide and
assessed under the same optical conditions to ensure
comparable results. Measurements I and II represent jet
generation under high laser energy (330 pJ) and with high
velocity (>100 m s™'), distance of the actuation site is 150 pm
and 300 pm, with the total ejected volume approximately 14
nl and 24 nl, respectively. High velocity jet splashes on the
substrate and create a stain of solution. We note that this jet
would be injected in case of a softer material. Measurement
III is the control matrix showing droplets deposited from the
syringe without the laser actuation. Measurement IV was
made with the mixture of primary antibodies which was held
for 100 min in the 80 °C solution which should lead to the
complete denaturation of the IgC molecules.>® Indeed, we do
not observe a fluorescent signal, proof that the secondary
antibodies did not bind to the sites of the denaturized IgGs.
Despite the positive outcome of this test, further assessment
is needed as the effect on each molecule type can be
different. Likely, the alteration and potential side products
can occur in the proximity of the cavitation site and this
might not be acceptable for a certain kind of application.

a) AR EN
L
I S ‘v ee qece
o' o Y
11 mm II III ‘:‘“‘ 11mm

Fig. 8 a) Array of droplets/stains containing rabbit IgGs on the
poly-L-lysine coated slide and b) the same array imaged in the
fluorescent microscope after performing the immunoassay with
fluorescent labelled secondary antibodies. Parameters of a droplet/
stain generation: |. - laser pulse energy ~ 330 pJd, laser fluence
~ 3.8 J cm?, distance from the meniscus ~ 150 um, jet velocity
~ 160 m s, volume ejected ~ 14 nl; Il. - laser pulse energy =
330 pJd, laser fluence ~ 3.8 J cm™?, distance from the meniscus
~ 300 pm, jet velocity ~ 130 m s, volume ejected ~ 24 nl; IlI.
- no laser actuation, drops deposited from the syringe, volume =
30 nl; IV. - no laser actuation, solution of denaturized primary
IgGs. Presence of the fluorescence signal suggests that the
functional properties of primary IgGs were not altered during the
process of ejection. Scale bar in all images is equal to 1 mm.
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Conclusions

We introduce an endoscopic fibre-based jet-injection device with
is thin and long (e.g: 9.5 cm or 30 cm long, 1.2 mm in diameter)
and thus easily implementable to catheters or other minimally
invasive surgical systems. The actuation force is provided by a
laser-induced cavitation bubble and light delivery is made
through a thin multimode optical fibre. Our results suggest that
the jet velocity is a function of the area over which the laser
energy is distributed. A linear scaling of the jet velocity with the
laser fluence is observed, which, in other words, means that the
jet velocity scales with the inverse of the actuation area vj, oc S
Optical fibres with smaller core generate faster jets as they
intrinsically yield higher fluences by using the same pulse
energy. The potential of our fibre-based delivery system for jet-
injection is tested on soft tissue gel phantoms (1% agarose). We
further show that the portion of injected liquid is dependent on
the activation location in the capillary. We showed that our
design implementation can achieve superior injection efficiency
compare to systems using the side illumination, because the
location of the actuation can be close enough to avoid slow and
dispersed tail of the fluid. We tested the tool with a non-aqueous
solutions and showed possible handling of oil, glycerol and
ethanol based formulations. We further demonstrate the
generation of low speed single droplets with parameters suitable
for drop-on-demand printing or drug delivery with nanolitre
precision. Finally, we demonstrate the potential of our device for
delivery of heat-sensitive therapeutics by processing biomolecules
(IgG) and showing their viability with an immunoassay.
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