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A B S T R A C T   

Development of needle-free methods to administer injectable therapeutics has been researched for a few decades. 
We focused our attention on a laser-based jet injection technique where the liquid-jet actuation mechanism is 
based on optical cavitation. This study investigates the potential damage to therapeutic molecules which are 
exposed to nanosecond laser pulses in the configuration of a compact laser-based jet injection device. Imple
mentation of a pulsed laser source at 1574 nm wavelength allowed us to generate jets from pure water solutions 
and circumvent the need to reformulate therapeutics with absorbing dyes. We performed H1-NMR analysis on 
exposed samples of Lidocaine and δ-Aminolevulinic acid. We made several tests with linear and plasmid DNA to 
assess the structural integrity and functional potency after ejection with our device. The tests showed no sig
nificant degradation or detectable side products, which is promising for further development and eventually 
clinical applications.   

1. Introduction 

The needle-free jet injection is a non-contact technique investigated 
to deliver injectable therapeutics without needles (Mitragotri, 2006). It 
was initially introduced for mass vaccination programs to avoid 
contaminated waste from used needles and reduce patients’ fear of in
jection (Weniger and Papania, 2013). Although it has not yet been 
widely accepted in clinical practice, this approach has multiple advan
tages: it is contactless, provides better dose control, superior depth and 
lateral localisation and notably lower collateral damage to the tissue 
(Arora et al., 2008; Cu et al., 2020; Delrot et al., 2018). Further, it also 
proved to promote the efficacy of several treatments such as photody
namic therapy (Barolet and Boucher, 2011; Gong et al., 2016; Harris and 
Pierpoint, 2012; Li et al., 2013), gene therapy (Fargnoli et al., 2016; 
Horiki et al., 2004; Kunugiza et al., 2006; Sawamura et al., 1999; 
Taniyama et al., 2012; Walther et al., 2008; Walther et al., 2001) and 
others (Barolet and Benohanian, 2018; Jones et al., 2019). 

The force pushing a liquid out of a nozzle can be generated by 
releasing mechanical energy from a loaded spring or compressed gas 
(Weniger and Papania, 2013), piezoelectric element (Arora et al., 2007; 
Stachowiak et al., 2009; Stachowiak et al., 2007), Lorentz force actuator 
(McKeage et al., 2018; Taberner et al., 2012), electrical breakdown 
(Fletcher and Palanker, 2001; Avila et al., 2015) or chemical reaction 

(Chang et al., 2019; Aran et al., 2017;9.). A relatively new approach 
employs laser-induced cavitation in liquids as a jet’s driving mechanism 
(Krizek et al., 2020; Krizek et al., 2020; Han and Yoh, 2010; Jang et al., 
2014; Park et al., 2012; Berrospe-Rodriguez et al., 2016; Oyarte Gálvez 
et al., 2019; Oyarte Gálvez et al., 2020; Rodríguez et al., 2017; Tagawa 
et al., 2013; Rohilla and Marston, 2020; Moradiafrapoli and Marston, 
2017; Shangguan et al., 1996). Energy deposition leads to a localised 
phase transition resulting in bubble generation and its abrupt growth 
(Vogel and Venugopalan, 2003). The laser-based jet injection is gaining 
more attention among clinicians as the first device obtained the Ce-MDD 
certification for use as a medical device in Europe. The device developed 
by JSK Medical is based on the work of Yoh et al. (Han and Yoh, 2010; 
Jang et al., 2014; Park et al., 2012) and consists of two compartments. 
The first one serves as a drug reservoir with a nozzle opening, and the 
second reservoir contains water to absorb laser light. This way, the laser 
light does not interact with the drug, so potential damage is excluded. 
Another promising direction, especially for intradermal injection, is the 
implementation of laser diodes in a continuous wave emission regime. A 
relatively low price of such a system can fulfil the need for a portable and 
widely used needle-free injection device (Berrospe-Rodriguez et al., 
2016; Oyarte Gálvez et al., 2019; Oyarte Gálvez et al., 2020; Rodríguez 
et al., 2017). A new type of highly-focused liquid microjets was proposed 
for jet injection by Tagawa et al. (Tagawa et al., 2013). Further studies 

* Corresponding authors. 
E-mail addresses: jan.krizek@epfl.ch (J. Krizek), christophe.moser@epfl.ch (C. Moser).  

Contents lists available at ScienceDirect 

International Journal of Pharmaceutics 

journal homepage: www.elsevier.com/locate/ijpharm 

https://doi.org/10.1016/j.ijpharm.2021.120664 
Received 26 November 2020; Received in revised form 16 April 2021; Accepted 26 April 2021   

mailto:jan.krizek@epfl.ch
mailto:christophe.moser@epfl.ch
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2021.120664
https://doi.org/10.1016/j.ijpharm.2021.120664
https://doi.org/10.1016/j.ijpharm.2021.120664
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2021.120664&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


International Journal of Pharmaceutics 602 (2021) 120664

2

on these jets demonstrated injection into gel phantoms and ex vivo in
jection into the skin (Krizek et al., 2020; Rohilla and Marston, 2020; 
Kiyama et al., 2019). Laser light represents an exciting alternative 
because, as opposed to other actuation schemes, it allows the compact 
size of the end nozzle (Krizek et al., 2020). Hence, it potentially 
broadens the applications as mentioned above to target intrabody or
gans in minimally invasive procedures. 

Subjecting a drug to direct laser illumination raises concerns about 
potential damage to the liquid substance, which may be caused by 
excessive heating or light-induced degradation. To the best of our 

knowledge, no study has explored drug degradation in this context. It is 
a large gap of knowledge because if such damage is demonstrated, it 
would be difficult to translate the technology into clinical practice. In 
our previous study, we examined the integrity of large biomolecules 
(rabbit immunoglobulin) (Krizek et al., 2020) and showed, by immu
noassay, that even after deposition, they keep their affinity to anti
bodies. Although this was an encouraging result, the method lacks 
information about potential side products and providing only qualitative 
results. The purpose of the present study is to quantitively analyse po
tential by-products of several compounds resulting from laser light 
actuation. 

For this, we need to collect enough sample volume (>µl), which 
poses a technological challenge as a single jet contains only ≈10 nL. In 
this manuscript, we adapted a method for jetting in a repetitive regime 
from Krizek et al. (Krizek et al., 2020) to reach a sufficient volume of 
around 10 µL by collecting jets with a frequency of 10 Hz. Moreover, we 
used a new laser system whose wavelength and pulse energy (λ =

1.57 μm, 6 ns, E < 4.5 mJ) is capable of producing a bubble without 
requiring dye additives. It is an essential step for the analysis as the dye 
can distort our results and for the clinical use where the drug’s refor
mulation is not favourable. We used proton nuclear magnetic resonance 
(H1-NMR) to study the degradation of therapeutic molecules, such as 
Lidocaine (Patakfalvi and Benohanian, 2014) or δ-Aminolevulinic acid 
(Agostinis et al., 2011). H1-NMR analysis did not show any detectable 
degradation products on heat-sensitive and photosensitive molecules. 
Considering the attractive use of this technology for gene delivery, we 
examined the effect of our device on linear and plasmid DNA molecules. 
Several tests challenging the structure and functionality of DNA mole
cules are showing no exceptional degradation products or side effects 
after processing with a laser-based jet injection device. This positive 
outcome is promising for pre-clinical and clinical studies with laser- 
based jet injection devices. 

2. Methods 

2.1. Set-up 

We used a similar experimental set-up as in our previous study 
(Krizek et al., 2020). The experimental set-up is depicted in Fig. 1. Liquid 
microjets are actuated by optical cavitation on the tip of an optical fibre 
(105 µm, ThorLabs, FG105LCA). The end part of the fibre is stripped 
from the coating (250 µm) so that the end facet can be cleaved. The 
larger diameter of the coating facilitates the positioning of the fibre 
towards the axis of the capillary. The fibre is located in the centre of a 
round-shaped glass capillary with an inner diameter of 300 µm and 1.2 
mm outer diameter. The capillary is attached to a flexible Teflon tubing 
and plugged into a T-junction (Upchurch, Scientific MicroTees) which 

Fig. 1. a) System set-up for the laser-based liquid jet generation and collection 
of the exposed sample. b) Picture of the laser-based jet injector. 

Fig. 2. Pure DI water jet. Image sequence from the ultrafast camera vjet = 98 m/s, Elaser = 2.2 mJ. NIR absorption band of water allows the generation of jet without 
dye additive; hence there is no need to reformulate drug before its use. 
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connects the fibre with a drug supply and a pressure control unit (Low- 
Pressure Syringe Pump neMESYS 290 N, CETONI) operated by a com
puter. A laser (Falcon Lumibird, λ = 1.57 μm, 6 ns, E < 4.5 mJ) is 
coupled into the optical fibre. It is essential to achieve a high coupling 
efficiency to maximise the energy at the fibre tip and minimise the 
probability of laser-induced damage to the fibre input. The energy value 
noted in this manuscript is measured at the distal end of the fibre by an 
energy meter (Thorlabs, ES111C). The jet generation and its parameters 
are monitored by an ultra-fast camera (Vision Research, Phantom Miro 
M310). Laser action and the camera are synchronised with a delay 
generator (Berkley Nucleonics, Model 577). The liquid jets (exposed 
sample) are ejected and collected in a tube. The total collected volume is 
the result of multiple jets. We equipped the illumination system with a 
coloured glass filter (FGB37S, ThorLabs) filtering the IR spectrum to 
protect the sample from heating during the sample collection. 

2.2. Laser-induced microjets 

Highly focused microjets can be generated from axisymmetric cap
illaries with the actuation mechanism based on laser-induced liquid 
cavitation (Tagawa et al., 2012). The sequence of the jet generation is 
depicted in Fig. 2. The fluid is pushed from the tube by the growing 
bubble. The liquid/air meniscus curvature causes the pressure gradient, 
which is oriented towards the centre and enables further acceleration 
into a needle-like shape. Variation in the meniscus shape or decentral
isation of the fibre position may cause minor variation in the jet shape, 
like slight inclination of the jet tip seen in Fig. 2. More information on 
the jet parameters and soft material penetration characteristic can be 
found in (Krizek et al., 2020; Krizek et al., 2020; Kiyama et al., 2019; 
Tagawa et al., 2013; Rohilla and Marston, 2020; Moradiafrapoli and 
Marston, 2017). 

2.3. Laser system (λ = 1.57 μm, 6 ns, < 4.5 mJ) 

This section explains the choice of the laser Falcon Lumibird (λ =

1.57 μm, 6 ns, E < 4.5 mJ). The wavelength of the laser is close to the 
first infra-red absorption overtone of water, yielding a relatively high 
absorption coefficient around 9 cm− 1 (Hale and Querry, 1973). Even a 
better choice would be a system with λ = 1.45 μm, where the absorption 
reaches 28.8 cm− 1. However, such a system is currently not available on 
the market. Simultaneously, this wavelength is known to have the 
lowest attenuation in silica-based optical fibres hence exhibiting the 
highest damage threshold (Keiser et al., 2014). Delivering enough 

energy is essential to create cavitation and eject liquids from a pure 
water solution with no additives. It is a necessary step towards a po
tential clinical use as there is no need for further modification of the 
drug with a dye that facilitated laser absorption, such as was used in 
previous studies (Krizek et al., 2020; Krizek et al., 2020; Tagawa et al., 
2013). Moreover, this laser system is relatively small in size (144× 64×

38 mm), lightweight, and can be powered by a battery and thus even 
portable or adaptable into a desk-top sized system. 

2.4. Repetitive regime and operation condition 

A single jet volume in our configuration is about 10 nL which is too 
little to run analytical tests. The target volume of the exposed sample is 
in the range of 10 µL; therefore, we need to collect at least 103 jets. To do 
this efficiently, we used the repetitive jet ejection regime reported in 
(Krizek et al., 2020). By careful adjustment of the flow rate together with 
the laser pulse energy and the repetition rate, we were able to achieve 
stable jetting. As an example, we show a sequence of three jets of 
Lidocaine solution from one continuous jetting cycle with 3 min delay 
between each other. The jetting parameters are in Fig. 3, showing jets 
with velocity around 45 m/s, jet repetition rate 10 Hz and laser pulse 
energy of 2.25 mJ. The measured speed of single jets was varying within 
10%. 

Rohilla and Marston (Rohilla and Marston, 2020) pointed out that in 
some instances, the bubble gets trapped in the nozzle and then the 
sequence has to be stopped and readjusted. A set-up with a short dis
tance between the fibre tip and meniscus interface is more resistant to 
this effect. However, in some cases, it happened, and it indeed poses a 
practical limit to the current setting as we rely on the visual feedback 
from the camera because the uncontrolled leak is unfavourable. From 
our experience, once the system is defined, there is no need to monitor 
the jet with the ultrafast camera, but only the interface’s position, which 
could be forced, e.g. by a microfluidic stop valve. 

Clinically relevant doses are 10–100 µL for DNA vaccination (Chang 
et al., 2019), 10 s of µL for tumour gene therapy (Walther et al., 2008; 
Walther et al., 2005), 0.4 mL for photodynamic therapy (Barolet and 
Boucher, 2011; Gong et al., 2016; Harris and Pierpoint, 2012; Li et al., 
2013), 0.1–0.5 mL cardiac gene therapy (Fargnoli et al., 2014), 10 – 100 
µL per site for lidocaine anaesthesia (Barolet and Benohanian, 2018) to 
treat dermatological conditions. This clearly points out that the dose rate 
should be augmented in future design. There are several possible stra
tegies: an increased repetition rate, parallel nozzle design for simulta
neous injections, higher concentration of the therapeutic molecule 

Fig. 3. Jets of 4% Lidocaine in repetitive regime with the velocity around 45 m/s, 10 Hz. Two sequences of 3 jets captured with 3 min delay to each other in one 
continuous jetting cycle. Left: Jet sequence recorded at the time T, Right: Jet sequence was taken at the time T + 3 min. 

J. Krizek et al.                                                                                                                                                                                                                                   



International Journal of Pharmaceutics 602 (2021) 120664

4

thanks to the extended range of injectable viscosity (Delrot et al., 2016). 

2.5. Degradation effects 

2.5.1. Thermal effects 
The laser interaction with the fluid generates the driving force for the 

jet acceleration. Thermal side effects are a source of concern, because 
absorbed optical energy is transformed into heat. A common strategy to 
mitigate heat damage is selecting short pulse duration and minimising 
heat diffusion (Vogel and Venugopalan, 2003). For ns laser pulses, the 
high energy deposition rate can cause so-called thermal confinement, 
which in other words means that the heat does not escape out of the 
irradiated region during the time of deposition. This happens when the 
pulse duration is shorter than the heat diffusion time tth: 

tth <
δ2

4κ
= 4.8 ms (1)  

Where δ is the smallest dimension of the irradiated volume (in this case, 
the fibre core radius = 52.5 µm; for a highly absorptive medium it could 
be optical penetration depth) and κ is thermal diffusivity of water (κ =

1.44× 10− 3 cm2/s). 
Moreover, stress confinement happens when the pulse is shorter than 

the stress relaxation time tac: 

tac <
δ
c
= 35 ns (2)  

Where δ is the smallest dimension of the irradiated volume and c is the 
speed of sound in the medium (1500 m/s). Then in the vicinity of the 
fibre tip, the pressure is temporarily built up, and boiling can occur at 
temperatures below 100 ◦C (Frenz et al., 1998; Paltauf et al., 1998). 

Considering there is no heat exchange from irradiated volume 
(τpulse < tth), we can calculate the temperature rise ΔT as following: 

ΔT =
αF
ρcv

(3)  

Where α stands for the linear absorption, F for the fluence of the laser 
pulse, ρ is the density of the fluid, cv is the specific heat capacity. Typical 
values for our system are α = 9.34 cm− 1, F = 28 J cm− 2 (for the pulse of 
2.4 mJ), ρ = 1 g cm− 3, cv = 4.2 J K− 1g− 1 which gives the peak value of 
ΔT = 62◦. This temperature change alone would not lead to the vapour 
bubble initiation, therefore we assume that built-up pressure on the fibre 
tip leads to the decreased limit for bubble nucleation similar to (Frenz 
et al., 1998; Paltauf et al., 1998). 

Linear absorption of the water for the given laser radiation is α =

9.34 cm− 1 which predicts that most of the energy is not used and radi
ated out of the system. Along the beam path, the fluid is heated, which 
for the illumination scheme with 105 µm fibre means that almost 1/8 of 
the total sample is heated. The average temperature rise in this volume is 
56 ◦C, and if we consider perfect mixing with the whole liquid shortly 
after heating due to the bubble cavitation and jet generation (<30 µs), 
the average temperature rise of the entire ejected volume is only around 
7 ◦C. 

This is well in agreement with results from the study of Quinto-Su 
et al. (Quinto-Su et al., 2014) who measured thermal effects accompa
nied to the ns laser-induced cavitation. In their observation, the tem
perature rise is only moderate (<12.8 ◦C) and highly localised. 

2.5.2. Photo-induced effects 
A photo-initiated chemical reaction can cause another potential 

damage to the therapeutics. Light can provide activation energy to 
initiate a chemical reaction which would result in the production of 
unfavourable side products. The extent of this effect is given by the 
ability of molecules to absorb light of a specific wavelength. From the 
light radiation spectrum, UV photons have the highest energy and could 

initiate chemical changes more effectively than light with a longer 
wavelength. 

Side products in photosensitive materials were reported in droplets 
generated by Laser direct writing technique (Kattamis et al., 2009). The 
droplet generation scheme is different: the UV laser light illuminates a 6 
µm thin liquid layer; hence, a large portion of the sample is exposed, and 
the whole volume is in close vicinity to the cavitation site. Moreover, UV 
photons have high energy and could initiate chemical changes more 
effectively than light with a longer wavelength. 

Photo-induced chemical reactions for nanosecond laser pulses in the 
near-infrared spectrum has not been reported. In general, photons in 
NIR have low energy and are not interacting directly with the covalent 
bonds of molecules. However, they can interact with vibration states of 
molecules and cause localised heating which might lead to some struc
tural changes such as unfolding larger protein molecules (Jones et al., 
1993). 

2.5.3. Mechanical stress effects 
The disintegration of the molecular structure due to mechanical 

stress is a problem mainly for larger molecules like proteins or nucleic 
acids. In the case of needle-free injection devices, this concern is based 
on the shear pressure during the jet generation and upon impact. Later 
studies provided an argument that no such degradation on peptides and 
proteins are present after processing with a spring-actuated needle-free 
injection device (Benedek et al., 2005). Another study (Hogan et al., 
2006) confirms that result by in-vivo efficacy test, showing that thera
peutic enzymes sustain their function after administration by Lorenz- 
force actuated needle-free injector. A very susceptible substance to 
shear stress is a plasmid DNA vector used for gene therapy (Catanese 
et al., 2012). Walther et al. (Walther et al., 2001; Walther et al., 2002; 
Cartier et al., 2000) showed that using the air-powered actuation pres
sure higher than 2.5 bar leads to topology changes in DNA plasmids. 
Later studies showed that such damage is not a limiting factor for effi
cient in vivo gene transfer (Walther et al., 2008; Walther et al., 2005), 
nevertheless, the loss of 20–40% of therapeutic plasmid has to be 
accounted (Walther et al., 2001). 

The positive feature of our laser-based jet injector is the inviscid 
character of the jet (Peters et al., 2013), which is not in contact with the 
nozzle wall and therefore, the substrate does not experience shear stress 
during the jetting action. However, another source of mechanical stress 
may occur due to the photoacoustic waves, which are exited in liquids 
by short laser pulses (Paltauf et al., 1998). This effect occurs only in 
conditions of the stress confinement (Equation (2)), and considering the 
parameters of our system, we have to take this effect into account. The 
high-amplitude peak pressure (≈10^7 Pa) (Paltauf and Schmidt-Kloiber, 
1996) leads to a cloud of cavitation bubbles along the axis of the fibre 
and takes place before the main vapour bubble is generated (<1 µs) 
(Paltauf et al., 1998). This cavitation cloud is similar in nature to bub
bles generated during sonication, which has been demonstrated to have 
a damaging effect on plasmid DNA when exposed for an extended time. 
Unfortunately, our imaging system does not have the proper time res
olution to study this phenomenon in detail. 

2.6. Small molecules preparation protocol 

5-Aminolevulinic acid hydrochloride (Sigma-Aldrich Chemie GmbH) 
was mixed with DI water to a concentration of 100 mg/mL. The solution 
was further split into three separate samples – one was directly collected 
for NMR analysis; the second was exposed with the laser-actuated jet 
injector, and the last was subjected to a forced degradation. Jets were 
generated in the repetitive regime with laser pulse energy 2.75 mJ and 
10 Hz. Forced degradation consisted of heating the sample to 90 ◦C for 
10 min and simultaneous exposition to a bright light source (LED diode 
LZC-00CW0R, Led Engin®, I = 50 mW/cm2 at the sample position 
plane). 10 µL of each sample was diluted in 500 µL of D2O (Sigma- 
Aldrich Chemie GmbH) and poured into a NMR tube (Wilmad WG- 
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1228–7). NMR analysis was done within one hour since the initial so
lution preparation and samples were kept in the dark and cooled by 
chopped ice. 

Lidocaine hydrochloride (Sigma-Aldrich Chemie GmbH) was mixed 
with DI water to a concentration of 40 mg/mL. The solution was further 
split into two separate samples – one was directly collected for NMR 
analysis, the second was exposed by the laser-actuated jet injector. Jets 
were generated in the repetitive regime with laser pulse energy 2.75 mJ 
and 10 Hz. 10 µL of each sample was diluted in 500 µL of D2O (Sigma- 
Aldrich Chemie GmbH) and poured into a NMR tube (Wilmad WG-1228- 
7). 

2.7. DNA preparation protocol 

pET21a(+)-Histag-Citrine plasmids and pET21a(+)-Histag-mCherry 
were used in the study obtained from Addgene (Addgene plasmid # 
70718, # 70719) (Niederholtmeyer et al., 2015). Linear template DNA 
was amplified from pET21a(+)-Histag-Citrine plasmid by PCR with 
primers: 5′ GCGTCCGGCGTAGAGGATC 3′ and 5′ GCGTCCCATTCGC
CAATCCG 3′. The plasmid pET21a(+)-Histag-mCherry was used for the 
plasmid degradation study. The plasmid and linear template DNA were 
purified using ZymoPURE Plasmid Miniprep and DNA Clean and 
Concentrator-25 (Zymo Research), respectively. DNA was eluted in 
nuclease-free water instead of elution buffer. The DNA samples were 
further split into two separate samples – one was used for analysis, the 
second was exposed by the laser-actuated jet injector. All the samples 
were stored at − 20 ◦C. 

2.8. DNA degradation study protocols 

DNA concentration was measured by NanoDrop™ One (Thermo 
Scientific). Separation of DNA by size was done by agarose gel electro
phoresis. For agarose gel electrophoresis, 1.75 µL of DNA solution was 
loaded into a 1% agarose gel. For restriction digest, 1.5 µL of plasmid 
DNA was digested in NEBuffer 3.1 buffer with 2 U of BamHI-HF (NEB 
Inc.) for 20 min at 37 ◦C, 1.35 µL of the DNA solution were loaded into 
an agarose gel. Electrophoresis parameters were the following: gels were 
run at 100 W for 40 min unless otherwise stated, stained with SYBR Safe 
DNA Gel Stain (Thermo Scientific) and image with Benchtop 3UV 
transilluminator (UVP) and EL Logic 100 imaging system and analysed 
with ImageJ. Additionally, the DNA samples were amplified by PCR, 
purified as described above and send for Sanger Sequencing (Microsynt). 

We performed a forced degradation of DNA by using a sonication 
bath. 150 µL of DNA solution was sonicated on ice using a probe soni
cator (Vibra cell 75186, probe tip diameter: 3 mm) with 50% or 20% 
amplitude for linear or plasmid DNA, respectively. 

Plasmid samples were 300 × diluted in water and transformed into 
15 uL High-Efficiency 5-alpha Competent E. coli (NEB Inc.) based on a 
standard protocol and mixed with 100 µL of SOC media. 100 µL of the 
suspended cells were directly plated on an LB agar plate and incubated 
at 37 ◦C for 24 h. Transformed colonies were picked up from to the plate 
and send from Ecoli NightSeq® sequencing (Microsynt). 

Cell-free expression reactions were performed in a reconstituted 
transcription-translation system (PURE system) as previously described 
in (Lavickova and Maerkl, 2019). PURE reactions (5 μL) were estab
lished by mixing 2 μL of 2.5 × energy solution, 0.9 μL of 10 μM ribo
somes (final concentration: 1.8 μM), 0.65 μL of OnePot PURE and 0.15 
µL of DNA template. The mixtures were brought to a final volume of 5 μL 
with the addition of water and incubated at 37 ◦C at constant shaking for 
3.5 h, and measured (excitations: 425, 475, 585 nm; emission: 475, 530, 
610 nm for cerulean, citrine, mCherry, respectively) on a SynergyMX 
plate reader (BioTek). 

3. Experiments & results 

3.1. Stability of small drug molecules 

The stability and potential degradation of small molecules are 
assessed by a proton nuclear magnetic resonance (H1 MNR, Bruker 
Avance III 400 MHz NMR spectrometer). It is a standard technique used 
to identify and characterise degradation products in pharmacy (Maggio 
et al., 2014). The analysis gives a simple parameter – NMR chemical 
shift, which yields information about the chemical environment, and it 
is unique for each compound (Maggio et al., 2014). Comparing the intact 
drug sample with the exposed one can identify structural changes on a 
molecular level. 

3.1.1. δ -Aminolevulinic acid 
δ-Aminolevulinic acid (ALA) is being studied as an agent for photo

dynamic therapy (PDT) in numerous types of cancer (Agostinis et al., 
2011) or treating infections (Harris and Pierpoint, 2012). Jet injectors 
have been clinically implemented to facilitate otherwise low ALA 
penetrability through the skin to treat dermatological cancer conditions 
(Barolet and Boucher, 2011; Gong et al., 2016; Harris and Pierpoint, 
2012; Li et al., 2013). The aqueous solution of ALA is thermally sensi
tive, and even under room temperature, it undergoes degradation of 
more than 10% within a few hours (Elfsson et al., 1999). 

The results of the analysis can be seen in Fig. 4. A spectral signature 
of a non-exposed sample is the reference (blue line). Compared to the 
sample exposed by the laser-based jet generator (green line), we do not 
observe any changes; hence there is no detectable degradational prod
uct. On the other hand, looking at the spectra of the forced degradation 
sample (red line), we see additional peaks that suggest molecular 
structure changes in the solution. The new peak at 3.58 might point to 
previously observed degradation product 2,5-dicarboxyethyl-3,6-dihy
dropyrazine in the reference (Bunke et al., 2000). Looking closely at 
the region of this peak, we can observe that this signal is present even for 
not-exposed and exposed sample. However, the signal-to-noise ratio is 
lower than 10, which is considered the method’s detection limit. For this 
particular measurement, it means that the concentration of the bi- 
product for exposed and not exposed is lower than 2%. The molecule of 
5-ALA is sensitive, so we can hypothesise that the minor degradation 
happens during the sample handling. 

3.1.2. Lidocaine 
Lidocaine is a medication used to numb tissue in a specific area. It is 

administered topically in the form of a gel or as a local injection. Often, it 

Fig. 4. H1-NMR spectra of δ-Aminolevulinic acid hydrochloride.  
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has to be applied to a tissue that is already affected, and needle injection 
then presents an additional source of distress for patients. The jet in
jection technology can then offer an alternative, less traumatic solution 

(Patakfalvi and Benohanian, 2014). Lidocaine HCl is very stable against 
severe heat and light conditions (Kadioglu et al., 2013); the motivation 
to do the test is driven by a high application potential. Results from the 
NMR analysis depicted in Fig. 5 suggests no detectable degradation 
during the process of laser-assisted jetting. 

3.2. Stability of DNA 

Gene therapy is a promising treatment option for a wide range of 
human disorders (Dunbar et al., 2018;359.). Naturally, transfection of 
foreign DNA molecules through a cellular barrier is problematic, which 
protects us from genetic contamination and helps to preserve our 
genomic information. Needle-free injection techniques were used both 
in vivo and in vitro to facilitate cellular uptake of DNA-based therapeutics 
(Fargnoli et al., 2016; Horiki et al., 2004; Kunugiza et al., 2006; Sawa
mura et al., 1999; Taniyama et al., 2012; Walther et al., 2008; Walther 
et al., 2001). To assess the viability of DNA delivery via laser-based jet 
injection, we compared exposed samples with the structure of linear and 
plasmid DNA when subjected to this method, and compared the pro
cessed samples with samples subjected to the forced degradation by 
sonication and thermal heating. 

Fig. 5. H1-NMR spectra of Lidocaine hydrochloride.  

Fig. 6. Forced degradation of linear and plasmid DNA by sonication for different time intervals. A) Agarose gel electrophoresis of the sonicated linear template DNA. 
The corresponding intensity profiles derived from the gel analysis are plotted as a function of the distance from the top of the gel for the different time intervals. We 
observe a decrease in the intensity of the 1 kb band due to DNA shearing and smear appearance due to the formation of various lengths of DNA fragments. The time 
point zero represents the untreated sample. Amplitude (Amp) 50% was used to degrade the linear DNA. B) Agarose gel electrophoresis of the sonicated plasmid DNA. 
The corresponding intensity profiles derived from the gel analysis are plotted as a function of the distance from the top of the gel for the different sonication time 
intervals. The band at 6 kb shows the supercoiled (SR) form of the plasmid, while the > 10 kb band shows the relaxed (R) state, and the smear below is a result of the 
formation of various lengths of DNA fragments. The time point zero represents the untreated sample. Amplitude (Amp) 20% was used to degrade the plasmid DNA. 

Fig. 7. Forced degradation of plasmid DNA at various temperatures (40 ◦C, 60 ◦C, 80 ◦C, 95 ◦C) and different time intervals. Agarose gel electrophoresis of the heated 
plasmid DNA, the band at 6 kb shows the supercoiled (SR) form of the plasmid, while the > 10 kb band shows the relaxed (R) state and the band at 3 kb represents the 
single-strand (Ss) plasmid DNA (black arrows indicate Ss form). Below are shown intensity profiles, derived from the gel analysis and plotted, as a function of the 
distance from the top of the gel for the different time intervals at various temperatures. The black arrows indicate the band for the disappearing R form of a plasmid 
and appearing Ss form. The time point zero represents the unheated sample. 
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3.2.1. Structural integrity of DNA 
To assess any structural changes during mechanical and thermal 

stress, we used agarose gel electrophoresis. Implementing this technique 
allowed us to separate DNA fragments by length and visualise the DNA 
samples. 

3.2.1.1. Forced degradation of DNA by mechanical stress. We observe 
that even short and low energy sonication cycles led to visible DNA 
shearing, apparent from the decrease in intensity of the expected DNA 
band and the formation of a smear due to the generation of random DNA 
fragments (Fig. 6). 

3.2.1.2. Forced degradation of DNA by thermal stress. In the controlled 
sample degradation by heating (Fig. 7), a lower amount of DNA degra
dation was observed than for sonication. For temperatures below 80 ◦C, 
we did not observe any degradation or change in plasmid conformation. 
Temperatures above 80 ◦C appear to introduce single-stranded plasmid 
molecules, mainly due to denaturation of the plasmid’s relaxed form. 
When the sample was heated for 10 min at 95 ◦C, we also saw a tran
sition from supercoiled plasmid to the relaxed form and then further to 
single-stranded conformation. 

3.2.1.3. Analysis of the exposed DNA. We analysed the structure of the 
exposed DNA samples by agarose gel electrophoresis (Fig. 8a). We 
compared them to DNA samples subjected to forced degradation by 
sonication (Fig. 6) and temperature (Fig. 7) to assess if our method might 
generate similar degraded products. This analysis shows that the laser 
exposition and jet generation did not induce DNA shearing and that 
neither the linear nor the plasmid DNA samples suffered significant 

structural degradation (Sarker et al., 2019; Wu et al., 2016). As in the 
case of DNA shearing after sonication, we did not see these temperature- 
induced changes in the sample after jet generation, indicating that 
sample heating is either not significant or is only too transient (ns) to 
cause these changes. 

However, we observed conformational changes for the undigested 
plasmid sample (Fig. 8a plasmid). The band at 6 kb shows the super
coiled form of the plasmid, while the > 10 kb band shows the relaxed 
state of the plasmid (Nguyen and Elimelech, 2007). The intensity in
crease for the higher band from 10% in not-exposed to 35–40% in 
exposed samples indicates the formation of the relaxed form of the 
plasmid. This relaxation could have two sources – thermal or mechan
ical. As the jet generation is in principle inviscid, we hypothesise that 
this relaxation may be caused by the cavitation bubble cloud present 
before the vapour bubble, as discussed in Section 3.4.3. Mechanical 
induced effects. The damaging effect of this short lasted bubble cloud 
(<1 µs) would be similar to sonication. However, we could not confirm 
the root of the structural relaxation, as the energy introduced to the 
system by sonication is in the J range and in order of s, and the me
chanical energy induced by laser radiation is in the µJ range and time 
order of 100 ns. Nevertheless, compared to other methods like nebu
lisation, we did not see the significant degradation and adverse effect on 
the subsequent use of the plasmid (Catanese et al., 2012; Lentz et al., 
2005). 

Moreover, to confirm that the plasmid sample is not forming a cut- 
linearised form, we performed restriction digestion. In this process, a 
sequence-specific part of the plasmid DNA is cut, leading to a linear 
fragment formation. As expected, the sample digestion led to a single 
length DNA fragment formation (Fig. 8a digest). As opposed to the case 

Fig. 8. Degradation of the linear template and 
plasmid DNA. a) Agarose gel electrophoresis of linear 
template DNA (1 kb, lanes 2–5). Agarose gel elec
trophoresis of plasmid DNA (lanes 8–11), the band at 
6 kb shows the supercoiled (SC) form of the plasmid, 
while the > 10 kb band shows the relaxed (R) state of 
the plasmid. A table below the plasmid lanes (8–11) 
shows the overall intensities derived from the gel 
analysis for the different plasmid forms (R, SC) of the 
corresponding lanes. Agarose gel electrophoresis of 
plasmid DNA fragments cut by digestion (lanes 
13–15). The circular plasmid DNA was digested by 
the BamHI restriction enzyme to form a single linear 
DNA fragment instead of more fragments if it had 
been degraded prior. b) DNA concentration measured 
before (not exposed) and after passing through a 
capillary without (processed) or with jet generation 
(exposed). Data are shown as mean ± s.d. (n = 3, 
technical replicates). The non-exposed sample is 
marked as +, linear samples are numbered 1 and 2, 
and plasmid samples 3 and 4.   
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where the plasmid DNA would be already cut by other causes, which 
would lead to the formation of multiple linear strands. 

3.2.2. DNA concentration 
DNA concentration measurements showed a loss of around 25% 

linear template and 5% plasmid DNA (Fig. 8b). The loss is in agreement 
with samples processed through the capillary without the laser exposi
tion and jet generation. Therefore, we contribute this loss to the sample 
handling and absorbance to surfaces, not degradation due to jet 
formation. 

3.2.3. DNA sequencing 
To ensure that the DNA was not modified, we amplified all the DNA 

samples by PCR and sent samples for Sanger sequencing (Microsynt AS). 
This allowed us to analyse the DNA sequence and determine if there are 
any mutation, i.e. alternations in the order of the incorporated nucleo
tides (adenine, guanine, cytosine, and thymine), in the DNA strand. We 
did not observe any mutation in the fluorescence genes (Data from 
sequencing are shown in the supplementary table) for the amplified 
samples. 

3.2.4. DNA bacterial transformation with plasmids DNA 
To verify that the plasmid DNA preserves its function after the laser- 

based jetting process, we carried out E. coli transformations (Fig. 9a). 
Uptake of the plasmid DNA by bacteria and following growth and colony 
formation is conditioned by the correct plasmid function, which is also 
associated with its structural integrity. Transformations of the exposed 

products into E. coli successfully resulted in a large number of colonies 
similar to the positive not-exposed sample (Fig. 9a n◦3,n◦4 exposed: 
compare to + not-exposed; the graph represents quantitative analysis). 
In contrast, almost no background colonies were obtained when the 
sample was digested with BamHI as a negative control (Fig. 9a upper 
right plate). We sequenced two colonies from each plate to confirm that 
the transformed plasmids did not contain mutations in the gene coding 
for the fluorescent protein. We did not observe any mutation in the gene 
(Data from sequencing are shown in a supplementary table). 

3.2.5. In-vitro protein synthesis 
Cell-free expression reactions, i.e. production of protein using the 

biological machinery without the use of living cell, were performed in a 
reconstituted transcription-translation system (PURE system) as previ
ously described in (Catanese et al., 2012). The fluorescent protein pro
duction demonstrated that the exposed DNA could be used by the 
transcription-translation machinery and generate function protein 
(Fig. 9b). Contrary to that, degraded or defective DNA could not be 
transcribed to RNA and subsequently translation to the fluorescent 
protein. Slight variations in the final fluorescent protein concentration 
among the samples are probably due to the varying DNA input we did 
not control. 

4. Conclusion 

This study explores the potential degradation of products obtained 
using a custom-built pulsed ns laser jet injector (Krizek et al., 2020). We 

Fig. 9. Degradation of the linear template and 
plasmid DNA. a) LB agar plates of E. coli 5-alpha cells 
transformed with the plasmid samples form Fig. 6., 
exposed (n◦3, n◦4), not-exposed (+), and digested 
plasmid samples (–(BamHI)). The cells were grown 
under selective conditions for ampicillin. The viable, 
resistant colonies represent bacteria successfully 
transformed with circular form plasmid containing 
ampicillin resistance. b) In vitro expression of fluo
rescence proteins from the different DNA templates. 
Linear template DNA was coding for YFP (yellow 
fluorescent protein) and plasmid DNA for mCherry 
fluorescent protein. An increase in the corresponding 
fluorescence demonstrates the production of recom
binant proteins from the supplied DNA using bio
molecular translation machinery extracted from 
cells. Data are shown as mean ± s.d. (n = 3, technical 
replicates). The non-exposed sample is marked as +, 
linear samples are numbered 1 and 2, and plasmid 
samples 3 and 4.   
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adapted the device to collect enough sample and employed a new laser 
system to process pure drug formulations without any additives. Nuclear 
magnetic resonance spectra show no degradational product on exposed 
samples of Lidocaine and δ-Aminolevulinic acid. Assessment on the 
structural integrity of DNA molecules was benchmarked by several tests, 
including an agarose gel electrophoresis and gene sequencing. We also 
tested the DNA functionality by E. coli transformation and in vitro fluo
rescent proteins expression. All of these showed encouraging results and 
hence rendered this novel device potentially useful in various therapies. 
Foreseen applications include anaesthesia (Lidocaine), photodynamic 
therapy (5-ALA) or gene therapy (DNA). An appealing aspect of this 
device is the compact size of the end nozzle (long and thin) to reach 
inaccessible inner body locations. 
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Walther, W., Siegel, R., Kobelt, D., Knösel, T., Dietel, M., Bembenek, A., et al., 2008. 
Novel Jet-Injection Technology for Nonviral Intratumoral Gene Transfer in Patients 
with Melanoma and Breast Cancer. Clin. Cancer Res. 14, 7545–7553. https://doi. 
org/10.1158/1078-0432.CCR-08-0412. 

Walther, W., Stein, U., Fichtner, I., Malcherek, L., Lemm, M., Schlag, P.M., 2001. 
Nonviral in vivo gene delivery into tumors using a novel low volume jet-injection 
technology. Gene Ther. 8, 173–180. https://doi.org/10.1038/sj.gt.3301350. 

Barolet, D., Benohanian, A., 2018. Current trends in needle-free jet injection: an update. 
Clin. Cosmet. Investig. Dermatol. 11, 231–238. https://doi.org/10.2147/CCID. 
S162724. 

Jones, A.T., Shen, X., Walter, K.L., LaBranche, C.C., Wyatt, L.S., Tomaras, G.D., et al., 
2019. HIV-1 vaccination by needle-free oral injection induces strong mucosal 
immunity and protects against SHIV challenge. Nat. Commun. 10, 798. https://doi. 
org/10.1038/s41467-019-08739-4. 

Arora, A., Hakim, I., Baxter, J., Rathnasingham, R., Srinivasan, R., Fletcher, D.A., et al., 
2007. Needle-free delivery of macromolecules across the skin by nanoliter-volume 
pulsed microjets. Proc. Natl. Acad. Sci. USA 104, 4255–4260. https://doi.org/ 
10.1073/pnas.0700182104. 

Stachowiak, J.C., Li, T.H., Arora, A., Mitragotri, S., Fletcher, D.A., 2009. Dynamic control 
of needle-free jet injection. J. Controlled Release 135, 104–112. https://doi.org/ 
10.1016/j.jconrel.2009.01.003. 

Stachowiak, J.C., von Muhlen, M.G., Li, T.H., Jalilian, L., Parekh, S.H., Fletcher, D.A., 
2007. Piezoelectric control of needle-free transdermal drug delivery. J. Controlled 
Release 124, 88–97. https://doi.org/10.1016/j.jconrel.2007.08.017. 

McKeage, J.W., Ruddy, B.P., Nielsen, P.M.F., Taberner, A.J., 2018. Power-efficient 
controlled jet injection using a compound ampoule. J. Controlled Release 291, 
127–134. https://doi.org/10.1016/j.jconrel.2018.10.025. 

Taberner, A., Hogan, N.C., Hunter, I.W., 2012. Needle-free jet injection using real-time 
controlled linear Lorentz-force actuators. Med. Eng. Phys. 34, 1228–1235. https:// 
doi.org/10.1016/j.medengphy.2011.12.010. 

Fletcher, D.A., Palanker, D.V., 2001. Pulsed liquid microjet for microsurgery. Appl. Phys. 
Lett. 78, 1933–1935. https://doi.org/10.1063/1.1357452. 

Avila, S.R.G., Song, C., Ohl, C.-D., 2015. Fast transient microjets induced by 
hemispherical cavitation bubbles. J. Fluid Mech. 767, 31–51. https://doi.org/ 
10.1017/jfm.2015.33. 

Chang, C., Sun, J., Hayashi, H., Suzuki, A., Sakaguchi, Y., Miyazaki, H., et al., 2019. 
Stable Immune Response Induced by Intradermal DNA Vaccination by a Novel 
Needleless Pyro-Drive Jet Injector. AAPS PharmSciTech 21, 19. https://doi.org/ 
10.1208/s12249-019-1564-z. 

Aran, K., Chooljian, M., Paredes, J., Rafi, M., Lee, K., Kim, A.Y., et al., 2017. An oral 
microjet vaccination system elicits antibody production in rabbits. Sci. Transl. Med. 
9 https://doi.org/10.1126/scitranslmed.aaf6413. 
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