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Anticancer drugs and other pharmaceuticals achieve maximal therapeutic efficacy with minimal side effects
when delivered to the target site at an appropriate concentration. Accordingly, quantifying the amount of
drug reaching the target tissue is essential for evaluating pharmacological effectiveness. However, direct
measurement of a drug concentration within specific tissues in vivo remains technically challenging. In
this study, a plasma injection probe incorporating an ultra-small plasma source inside a syringe needle
was developed, and its fundamental performance was evaluated using 4-isopropylantipyrine as a model
analyte. First, an ultra-small plasma source with an outer diameter of approximately 700 pm, suitable for
integration into an injection needle, was fabricated. Plasma irradiation of a biological tissue-mimicking
sample surface demonstrated that helium yielded the highest signal intensity among the tested plasma
generation gases. In addition, the introduction of 2% hydrogen further enhanced analytical sensitivity.
The measured gas temperature was approximately 22-23 °C, indicating suitability for potential in vivo
application. Subsequently, the plasma injection probe was inserted into a biological tissue-mimicking

Received 12th December 2025 sample to evaluate its capability to detect drugs within the sample interior. When the plasma gas flow
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rate was varied, the signal intensity reached a maximum at 100 mL min~
approximately 10 ppm. Furthermore, the depth resolution of the plasma injection probe was determined

DOI: 10.1039/d5ja00495k

rsc.li/jaas to be 0.4 mm.

1 Introduction

In recent years, advances in understanding disease mechanisms
have increased the need for molecularly targeted therapies that
selectively act on tissues involved in disease onset and progression,
thereby reducing patient burden.*™ In particular, anticancer drugs
eliminate cancer cells by inhibiting cell division or inducing DNA
damage. However, systemic administration exposes normal cells to
the drug, resulting in adverse effects. Minimizing systemic expo-
sure is therefore essential.>” Consequently, molecularly targeted
drugs®® that selectively act on specific disease-causing molecules
within the body, and drug delivery systems (DDS) that enhance
drug efficacy and suppress side effects by efficiently delivering
drugs to target sites, are attracting significant attention.'**® The
development of such therapeutics requires characterization of
their pharmacokinetics, including their localization within lesions
and their ability to penetrate deep tissues. Accordingly, numerous
studies have investigated the in vivo distribution of these drugs."*"®
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! and the limit of detection was

Current methods for evaluating drug concentrations at
defined sites in the body include tissue sampling through
biopsy,"”** microdialysis using thin probes inserted into tissue
to collect drugs from interstitial fluid,*** and imaging tech-
niques that track radiolabeled or fluorescently labeled drugs to
determine their distribution and concentration over time after
administration.”®* In biopsy-based analysis, various analytical
techniques, including immunostaining and mass spectrometry,
can be applied. However, the invasiveness of biopsy limits the
amount of tissue that can be clinically collected, making it
difficult to obtain a comprehensive understanding of drug
distribution within the entire lesion. Microdialysis enables drug
analysis at specific locations in vivo by inserting a probe and
collecting interstitial fluid through the dialysis membrane.
Nevertheless, the collected drug concentration is lower than the
true extracellular concentration, which complicates highly
sensitive quantification. In addition, the probes are thin and
may fracture when inserted into rigid tissues such as tumors or
muscles. Imaging-based approaches using labeled drugs allow
assessment of drug distribution within the body, yet the range
of analysable drugs is restricted, and the labeled compounds
themselves may pose safety concerns.

Therefore, our group focused on the Atmospheric Plasma
Soft Ablation (APSA) method,**° which our laboratory previ-
ously developed for the non-destructive desorption and analysis

This journal is © The Royal Society of Chemistry 2026
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of substances adhering to material surfaces. This technique
uses a plasma source capable of generating low temperature
plasma at atmospheric pressure and about room temperature.
Plasma irradiation onto the material surface causes adhered
drug molecules to desorb, after which the desorbed molecules
are ionized by protons originating from ambient water vapor
and introduced into a mass spectrometer for analysis. By
varying the irradiation position, this method enables wide area
mapping analysis. It also allows on-site quantification of drug
concentrations in diseased tissue without the need for complex
sample pretreatment. Therefore, we propose a plasma injection
probe that incorporates a plasma source capable of generating
atmospheric-pressure low-temperature plasma within an
injection needle. This plasma can be irradiated directly into the
body, enabling desorption and ionization of drugs and thus
allowing real-time in vivo drug analysis based on the APSA
method. With this device, inserting the injection needle into
a target lesion and irradiating the site with plasma would
desorb and ionize drug molecules at the needle tip. The gas
carrying these desorbed molecules can then be extracted
through the internal gap of the injection needle and trans-
ported outside the probe for introduction into a mass
spectrometer.

In this study, we developed an ultra-small plasma source
suitable for integration into an injection needle. We optimized
analytical conditions by measuring drug containing surfaces
while varying the gas type and other parameters. Furthermore,
we constructed the plasma injection probe by incorporating this
ultra-small plasma source into the injection needle. To assess
its fundamental performance, we analysed drugs within a bio-
logical tissue-mimicking sample prepared by dispersing drug
compounds in agar.

2 Experimental
2.1 Development of the plasma injection probe

Fig. 1 shows a conceptual diagram of the plasma injection
probe developed for real-time analysis of drug concentrations at
specific locations within biological tissue. The device incorpo-
rates a plasma source capable of generating atmospheric-
pressure low-temperature plasma inside a 16 G needle (inner

gl Needle(16G)
id. 1.25,0d.1.61

to Mass Spectrometer

Fig. 1 Schematic diagram of the plasma injection probe.
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Fig. 2 Schematic diagram of the ultra-small plasma source.

diameter: 1.25 mm; outer diameter: 1.61 mm), enabling the
desorption and ionization of drug molecules. To develop this
device, an ultra-small plasma source with an outer diameter of
approximately 700 pm, suitable for integration into the injec-
tion needle, was fabricated. A schematic of the ultra-small
plasma source is shown in Fig. 2.

The plasma source was constructed by insulating a hollow
optical fiber (inner diameter: 120 pm; outer diameter: 275 pm;
HC-1550, Thorlabs Inc.) with a PTFE heat-shrink tubing (SLW-
AWG-33HS, HAGITECH LTD). A 50-um-thick copper wire was
then wound spirally around the outer surface of the fiber as an
electrode, followed by re-insulation using a PTFE heat-shrink
tubing (SLW-SWG-32HS, HAGITECH LTD) arranged in
a helical configuration over the electrode. All materials used in
this device are expected to be compatible with sterilization
methods similar to those applied to general medical devices. In
particular, even when high-pressure steam sterilization (auto-
claving) is used, the operating temperature is lower than the
shrink temperature of the heat-shrink tubing. Therefore, the
fabricated ultra-small plasma source is expected to be sterilized
without affecting its structure or performance.

To generate plasma, a plasma-generation gas was introduced
through the ultra-small plasma source, and an alternating
voltage of 8 kV at 16 kHz, monitored using an oscilloscope (TBS
2000B Series, Tektronix) and a high-voltage probe (HVP-30Pro,
PINTEX), was applied to the copper electrode. The completed
ultra-compact plasma jet was then integrated into a 16 G
injection needle to verify the feasibility of plasma generation
within the needle.

2.2 Optimization of plasma irradiation

To evaluate the applicability of the APSA method using plasma
generated by the fabricated ultra-small plasma source, a bio-
logical tissue-mimicking sample was prepared and analysed for
drug molecules on its surface. The experimental setup is shown
in Fig. 3.

The biological tissue-mimicking sample was prepared using
agar. Agar powder was dissolved in purified water at
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Fig.3 Experimental setup for evaluating plasma irradiation conditions.

a concentration of 1.5 g per 100 mL, and 4-isopropylantipyrine
(Tokyo Chemical Industry Co., Ltd) was added as the target
analyte at a concentration of 1000 ppm. The mixture was
autoclaved at 121 °C for 15 min and then allowed to solidify at
20 °C for 24 h to obtain the biological tissue-mimicking sample.
4-Isopropylantipyrine was selected as the model analyte
because it has been reported to exhibit high analytical sensi-
tivity and stable signal responses in the previously reported
APSA method. For surface analysis, plasma was generated using
argon, carbon dioxide, or helium at a flow rate of 150 mL min~"
and a discharge voltage of 6 kVpp at 16 kHz. The biological
tissue-mimicking sample was positioned in front of the ion
inlet of the mass spectrometer (amaZon SL-Al, Bruker), with its
surface located 4 mm below the inlet. The ultra-small plasma
source was placed 1 mm above the sample surface, oriented at
a 20° angle, and positioned 10 mm from the ion inlet. Plasma
irradiation desorbed and ionized drug molecules, which were
subsequently introduced into the mass spectrometer. Because
the APSA method relies on protonation by protons originating
from water vapor in the air, hydrogen addition was expected to
enhance ionization efficiency. To examine this effect, plasma
was generated using helium containing 0-5% hydrogen at
a total flow rate of 150 mL min~ ", and the resulting signal
intensity was evaluated.

The gas temperature of the plasma was also measured to
determine whether the plasma source could be safely applied to
the human body. Plasma generation conditions were identical
to those used for the hydrogen-addition experiments. As shown
in Fig. 4, plasma temperature was measured for 90 s after
ignition using a fiber optic temperature sensor (PRB-G40-02M-

0.5 m

Fiber optic
temperature sensor

Plasma gas = == -
He+H?(O—~g-5%) —fp
150 mL/min ¢ —e

Fig. 4 Experimental setup for measuring plasma gas temperature.
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Fig. 5 Experimental setup for plasma-generation gas flow rate.

ST-C, Osensa Innovations) connected to a fiber-optic trans-
mitter (FTX-200-LUX+, Osensa Innovations). The sensor tip was
positioned 0.5 mm from the outlet of the ultra-small plasma
source.

2.3 Analysis of biological tissue-mimicking samples

To evaluate the capability of the developed plasma injection
probe for in vivo analysis, the probe was inserted into a biolog-
ical tissue simulant and subjected to analytical testing. The
biological tissue simulant was prepared following the same
procedure described in the previous section. The experimental
setup for the analysis using the plasma injection probe is shown
in Fig. 5. As illustrated in Fig. 5, the biological tissue-mimicking
sample was positioned upstream of the mass spectrometer, and
the plasma injection probe was inserted 15 mm into the sample
at a location 10 mm from the ion inlet. Plasma irradiation was
applied to desorb and ionize drug molecules within the
biomimetic matrix. To examine the relationship between the
plasma-generating gas flow rate and analytical sensitivity,
helium containing 2% hydrogen was introduced at flow rates
ranging from 50 to 200 mL min ' to generate the plasma.

He+H2(2%)
100 rIL/min C/
0 ppm [ — )
-T mm T~ =~
mm—
1 mm
1000 ppm

Fig. 6 Experimental setup for depth resolution.
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Subsequently, to assess the depth resolution of the plasma
injection probe, a biological tissue-mimicking sample with
a spatially varied drug concentration was prepared and ana-
lysed. The experimental setup is shown in Fig. 6. In this
experiment, drug-free agar was layered atop a 1000 ppm bio-
logical tissue-mimicking sample. The plasma injection probe
was fixed in place, and analyses were conducted at positions
1 mm above and below the interface between the two layers,
with the boundary defined as 0 mm.

3 Results and discussion

3.1 Plasma generation using the plasma injection probe

Fig. 7(a) shows the plasma generated using the developed ultra-
small plasma source, and Fig. 7(b) presents plasma generation
inside a biological tissue-mimicking sample using the plasma
injection probe, in which the ultra-small plasma source is
integrated into a syringe needle. As shown in Fig. 7, the plasma
injection probe successfully generated plasma inside the bio-
logical tissue-mimicking sample. In addition, no electrical
discharge was observed between the ultra-small plasma source
incorporated in the syringe needle and the inner wall of the
needle. These results indicate that the plasma injection probe
does not pose a risk of electric shock from the needle when
inserted into the human body for analytical purposes.

The needle employed in the plasma injection probe devel-
oped in this study was 16 G. In core needle biopsy, sampling
with a 14 G needle (inner diameter: 1.69 mm; outer diameter:
2.11 mm) has been reported for soft tissue sarcomas® and
neuroblastomas,® suggesting that the plasma injection probe is
suitable for drug analysis in such deep-seated tissues. In
contrast, in the thyroid, finer needles of 18 G (inner diameter:
0.90 mm; outer diameter: 1.26 mm) or smaller are commonly
used.**** Considering that the diameter of the ultra-small
plasma source is approximately 700 pum, the probe can be
directly applied to an 18 G needle. However, the gap between the
plasma source and the inner wall of the needle becomes
smaller, which may affect the transport efficiency and the
amount of gas containing the drug introduced into the mass

¢76§ Mm
-5 <+

Rice grain
(a)Ultra-small plasma source (b)Plasma injection probe

Fig. 7 Photograph of plasma generation.
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Fig. 8 Analysis result of the sample surface.

spectrometer. Therefore, it is necessary to adjust both the flow
rate of the plasma-generation gas and the suction flow rate of
the drug-containing gas. For application to needles thinner
than 18 G, further miniaturization of the plasma source would
be required. In this case, since the plasma generation mecha-
nism remains the same, the stability and temperature of the
plasma are not expected to change significantly. However,
higher fabrication precision would be required due to the
miniaturization of the electrode structure, and therefore opti-
mization of the development process would be necessary.

3.2 Optimization of plasma conditions

The result of the surface analysis of the biological tissue-
mimicking sample using helium plasma generated by the
ultra-small plasma source is shown in Fig. 8. As shown in Fig. 8,
the developed ultra-small plasma source successfully enabled
the surface analysis of the biomimetic sample. A signal peak
was observed at m/z = 231 rather than at the nominal mass of 4-
isopropylantipyrine (m/z = 230). This shift is attributed to
protonated molecular ions formed through the attachment of
protons derived from airborne water vapor within the mass
spectrometer.

Fig. 9 compares the analytical results obtained using plasma
generated from different discharge gases. The error bars

0.6f

0.2}

Signal Intensity [108 a.u.]

Ar CO2 He
Gaseous Species

Fig. 9 Signal intensity for each gas type.
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Fig. 10 Signal intensity at each hydrogen concentration.

represent the standard deviation. Among the argon, carbon
dioxide, and helium plasmas, helium produced the highest
signal intensity. This is likely because, for molecular gases such
as carbon dioxide, part of the supplied energy is consumed in
molecular dissociation,® resulting in fewer energetic ions
capable of inducing desorption and ionization of the drug
molecules. Furthermore, the higher ionization energy of helium
relative to argon®® is presumed to yield a greater population of
ions with sufficient energy for analyte desorption and ioniza-
tion, thereby producing stronger signals.

Helium is an inert gas with low chemical reactivity and is
therefore considered to have minimal biological impact.
Moreover, previous studies have reported the irradiation of
biological tissues using helium-based low-temperature plasma,
with no significant adverse effects observed.*”** However, when
plasma is irradiated inside biological tissues, as proposed in
this study, additional verification of safety and operating
conditions will be necessary.

The analytical results obtained while varying the hydrogen
concentration in the plasma generation gas are presented in
Fig. 10. The error bars represent the standard deviation. The
signal intensity increased progressively as the hydrogen
concentration was raised from 0% to 2% but further increases
to 3-5% resulted in a marked decrease in signal intensity. These
results indicate that the optimal hydrogen concentration for

g} 25
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Fig. 11 Gas temperature at each hydrogen concentration.
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drug analysis using the ultra-small plasma source is approxi-
mately 2%. The enhancement observed up to 2% is attributed to
the additional supply of protons from hydrogen, which
supplements the proton contribution from atmospheric water
vapor and thereby increases the number of ionized drug
molecules. In contrast, the decline in signal intensity at
hydrogen concentrations of 3-5% is likely due to a reduction in
helium plasma density and the energy consumption associated
with hydrogen atom ionization, ultimately decreasing the effi-
ciency of analyte desorption and ionization.

The average gas temperatures of plasma generated with 0-5%
hydrogen admixture, measured 60-90 s after ignition, are pre-
sented in Fig. 11. The error bars represent the standard deviation.
Under all conditions, the gas temperature remained nearly
constant at approximately 22-23 °C. This stability is attributed to
the dielectric barrier discharge (DBD) mechanism utilized in the
ultra-small plasma source, in which intermittent discharges
occur because the applied AC voltage periodically interrupts the
discharge. Such intermittent behavior reduces the frequency of
particle collisions within the plasma and thereby suppresses gas
heating.*” Based on these results, the plasma generated by the
ultra-small plasma source developed in this study is considered
to be at a temperature suitable for irradiation of living tissue.
Plasma is known to generate reactive oxygen and nitrogen species
(ROS/RNS), which may cause damage to surrounding tissues. In
the analytical configuration using the plasma injection probe
developed in this study, however, the probe is inserted directly
into the biological tissue, which is expected to minimize the
generation of ROS/RNS originating from ambient air. In addition,
since helium and hydrogen are used as the plasma generation
gases, the formation of oxygen- and nitrogen-derived reactive
species from the plasma gas itself is expected to be limited.
Nevertheless, ROS/RNS could potentially be generated through
interactions with surrounding biological substances, such as
blood. Therefore, further investigation of these effects will be
necessary in future studies.

3.3 Analysis of drugs inside a biological tissue-mimicking
sample using the plasma injection probe

The plasma injection probe was fabricated using the developed
ultra-small plasma source. Fig. 12 shows the results of drug
analysis inside a biological tissue-mimicking sample while
varying the plasma-generating gas flow rate from 50 to 200
mL min . The error bars represent the standard deviation.
This study demonstrates, for the first time, that the injection-
type mechanism enables the analysis of drugs within biolog-
ical tissue-mimicking samples using atmospheric-pressure low-
temperature plasma. This finding highlights the potential
application of this approach for drug analysis in biological
tissues and represents a significant advancement. Moreover,
unlike conventional tissue biopsy, this method does not require
sample extraction, suggesting the feasibility of analysing larger
tissue regions. Furthermore, unlike microdialysis, this tech-
nology is expected to enable analysis of hard tissues because the
probe is rigid. However, to minimize invasiveness, further
miniaturization is required.

This journal is © The Royal Society of Chemistry 2026
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When the flow rate was between 50 and 100 mL min ™', the
signal intensity increased with increasing flow rate. In contrast,
further increases in flow rate from 100 to 200 mL min ™ resulted
in a decrease in signal intensity. Consequently, the maximum
signal intensity was obtained at a flow rate of 100 mL min~".
The enhancement in signal intensity at lower flow rates is
attributed to an increase in the density of helium atoms, which
in turn increases the number of active species in the plasma and
promotes the desorption and ionization of drug molecules from
the biological tissue-mimicking sample. The decrease in signal
intensity at higher flow rates is likely due to an increase in gas
velocity, which shortens the residence time in the plasma-
generation region and limits the energy imparted to the gas,
thereby reducing the number of active species produced. In
addition, the limit of detection (LOD), estimated using a signal-
to-noise ratio of 3 based on the noise level around m/z 237-238,
was approximately 10 ppm at a flow rate of 100 mL min "

Fig. 13 shows the depth-resolved measurements obtained by
varying the insertion depth of the plasma injection probe into
the biological tissue-mimicking sample. The error bars repre-
sent the standard deviation. No signal was observed at an
insertion depth of 0 mm, whereas a detectable signal first
appeared at 0.2 mm. A signal intensity proportional to the drug
concentration was obtained at 0.4 mm. These results indicate
that the plasma injection probe provides a depth resolution of
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Fig. 13 Signal intensity at each depth.
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approximately 0.4 mm. This resolution is considered adequate
for assessing the localized distribution of drugs in soft tissues,
such as subcutaneous tissue and tumors, as well as in paren-
chymal organs including the liver and kidneys. Notably, drug
concentrations in biological tissues are known to exhibit
heterogeneous distributions on the scale of several hundred
micrometers.**> The resolution of the present probe is there-
fore suitable for localized evaluation of concentration gradients
and drug penetration depths within such micro-regions.
Nevertheless, analyzing concentration distributions in tissues
exhibiting even finer-scale heterogeneity, such as the brain,* or
in structures with extremely thin layers, such as blood vessel
walls, remains challenging.

4 Conclusions

In this study, we developed a plasma injection probe for on-site
analysis of drug concentrations in deep tissues. First, an ultra-
small plasma source with an outer diameter of approximately
700 pm was fabricated so that it could be integrated into a 16 G
injection needle. Plasma generation conditions were then
optimized for high-sensitivity drug analysis, and helium con-
taining 2% hydrogen produced the highest signal intensity. The
plasma temperature was approximately 22-23 °C, indicating
that the plasma can be safely applied to biological tissues.

Furthermore, we examined how variations in the gas flow
rate of the plasma injection probe affected analytical perfor-
mance within a biological tissue-mimicking sample.

This study demonstrated that the plasma injection probe
enables high-sensitivity, on-site mapping analysis over
a defined area by adjusting the plasma irradiation position,
thereby indicating its potential applicability to the analysis of
specific tissues within the human body. However, in this study,
an agar-based tissue-mimicking sample was used as the
analytical target. Therefore, components present in real bio-
logical tissues, such as proteins and lipids, were not included in
the sample. These components may affect analytical perfor-
mance through interactions with drug molecules and matrix
effects during the ionization process, potentially leading to
reduced analytical sensitivity. However, these effects may be
partially mitigated by optimizing measurement parameters
such as the gas flow rate and suction conditions. In future work,
evaluations using real biological tissues will be conducted to
further verify the applicability of the proposed method to bio-
logical samples.

In the present work, a biological tissue-mimicking sample
placed 10 mm from the mass spectrometer ion inlet was ana-
lysed. For practical applications, however, analysis at greater
distances will be required. To address this need, we are
currently developing a method for transporting drug molecules
desorbed by the plasma injection probe to the mass spectrom-
eter over longer distances.

The plasma injection probe developed in this study is
intended for the analysis of molecular-targeted drugs, such as
anticancer agents, at diseased sites within biological tissues.
However, in the present work, only 4-isopropylantipyrine was
analysed as a model compound. Therefore, it will be necessary
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to evaluate analytical characteristics, including the limit of
detection and signal stability, for clinically used anticancer
drugs with different molecular weights and structures, such as
imatinib and 5-fluorouracil.

While this study focused on bioanalytical applications, the
plasma injection probe may also be applicable to depth-
resolved concentration analysis, such as investigating pollut-
ants penetrating geological formations or the distribution of
additives within food products during molecular analysis.
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