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ABSTRACT
Intracellular delivery of macromolecules into microalgae has been constrained by rigid cell walls. This study presents a high‐ 
efficiency, high‐viability method for delivering macromolecules into Chlamydomonas reinhardtii using surface discharge 
plasma. At a nominal voltage of 25 kV, which produced a favorable balance between delivery efficiency and cell viability, the 
method achieved > 40% efficiency for 250 kDa FITC‐dextran while maintaining > 80% viability. Under the same conditions, 
2 MDa FITC‐dextran was also delivered. Orthogonal cross‐sectional analysis confirmed intracellular cargo localization. Delivery 
results from cellular responses to plasma‐induced complex stimuli; the ~60% reduction highlights endocytosis as a major 
pathway, whereas the remaining fraction may involve multifaceted processes such as transient membrane permeabilization. 
This integrated approach enables minimally invasive macromolecule entry into microalgae.

1 | Introduction 

Microalgae are promising biological resources because of their 
rapid growth and high photosynthetic efficiency. They accu
mulate diverse nutraceuticals, pharmaceuticals, and lipids that 
serve as feedstocks for biofuels, making them attractive for use 
across industries such as food, medicine, and energy [1–4]. 
However, to realize these applications commercially, it is es
sential to improve intrinsic biological characteristics, or “traits,” 
of the algae themselves, such as enhancing lipid productivity for 
biodiesel and ensuring stable production of valuable com
pounds for food and pharmaceutical use. Accordingly, devel
oping efficient intracellular delivery systems for functional 
molecules is a prerequisite essential to realize these bio
technological advancements [5, 6]. In this study, we used the 
unicellular green alga Chlamydomonas reinhardtii as a model 

organism. Chlamydomonas is a key model system across diverse 
biological fields, including photosynthesis, ciliary dynamics, 
and cell cycle regulation. It offers major advantages through 
its well‐annotated genome and suitability for genetic manipu
lation [7].

Despite this, technologies for intracellular delivery of foreign 
molecules, fundamental to trait enhancement, remain under
developed [8]. The main obstacle is the presence of a rigid, 
distinctive cell wall composed of a complex lattice of 
hydroxyproline‐rich glycoproteins (HRGPs) [9]. Conventional 
physical and biological methods each present serious draw
backs, as summarized in Table 1. Moreover, most previous 
studies have assessed delivery efficiency based on the number of 
stable transformants obtained after DNA introduction. Reports 
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directly evaluating the initial physical delivery rate across the 
total cell population are rare, likely because this rate is ex
tremely low with existing approaches and has thus been con
sidered impractical for comparison. Based on limited 
comparable data, electroporation clearly shows severe limita
tions for macromolecule delivery. When macromolecules such 
as BSA ( ~ 67 kDa) are introduced, delivery efficiency reaches an 
upper limit of only about 2%, and severe cytotoxicity accom
panies these conditions, reducing cell viability to approximately 
50% [11]. Even recently developed advanced techniques con
tinue to face similar challenges, particularly in balancing effi
ciency with viability. For example, the cell‐penetrating peptide 
method faces a similar cytotoxicity issue: increasing delivery 
efficiency from 25% to over 80% sharply decreases viability, as 
measured by colony‐forming ability, from 45% to 7% [14]. 
Likewise, while electromechanical poration, which combines 
electrical stimuli with mechanical stress to enhance perme
ability, achieves excellent local performance using a single mi
croinjector, it cannot be scaled efficiently for large populations 
of cells [15]. Thus, existing methods face an inherent trade‐off 
between efficiency and viability, and no scalable, minimally 
invasive macromolecule delivery technique has yet been 
established.

To address these challenges, we focused on atmospheric‐ 
pressure plasma technology. This approach has been investi
gated in numerous life‐science applications, including wound 
healing, cancer therapy, and stimulation of seed germination 
and yield improvement [16–20]. Specifically, recent studies in 
plasma medicine have shown that the integrated effects of 
electric fields and chemical factors, including reactive oxygen 
and nitrogen species (RONS), 　enhance cell membrane per
meability across diverse systems. These advances span appli
cations ranging from antibacterial treatments using air plasma 
devices [21, 22] to integrated approaches, such as combining 
plasma‐treated solutions with electroporation [23] and devel
oping plasma aerosol protocols for large‐surface delivery [24]. 
In this context, direct plasma exposure has also been applied to 
the delivery of functional molecules, including genes and drugs. 
Examples include the introduction of Cas9 ribonucleoprotein 
(RNP) complexes [25], delivery mediated by intracellular Ca2+ 

signaling [26], and DNA delivery via plasma‐activated air [27].

We have previously shown that combined electrical and chemi
cal stimuli generated from microplasma induce endocytosis—an 
intrinsic cellular uptake process—enabling minimally invasive 
gene delivery [28–35]. This finding established a new mecha
nistic framework for plasma‐induced molecular internalization. 
The interdependent roles of RONS and electric fields, including 
the relative contributions of endocytic pathways, have also been 
extensively evaluated in other contexts, such as cancer cell 
treatment [36, 37]. Moreover, electrical equivalent circuit 
modeling has revealed that current flow through the cell mem
brane is a key factor influencing delivery efficiency [29]. Never
theless, the microplasma technique we developed has a major 
limitation: it requires cells to adhere to the bottom of a well 
during treatment, making it unsuitable for large‐scale processing 
of continuously suspended cells such as Chlamydomonas.

To overcome this technical constraint, we employed a “surface 
discharge method,” which is better suited for large‐scale 

processing of suspended cells. Like the microplasma approach, 
it applies electrochemical stimuli to cell suspensions and 
operates on the same basic principles while being scalable to 
large populations.

Our previous work demonstrated that, in animal cells, 
approximately 80% of the surface discharge‐mediated delivery 
proceeds via endocytosis [30]. However, it has remained en
tirely unclear how these relative contributions change in mi
croalgae with rigid cell walls, or how the wall itself affects the 
delivery process. Therefore, the present study first evaluates 
whether the surface discharge method enables efficient mac
romolecule delivery into Chlamydomonas by (1) quantifying 
delivery efficiency and cell viability for model macromolecules 
of different molecular weights (250 kDa and 2 MDa), and (2) 
investigating the delivery mechanism by examining the multi
faceted contributions of endocytosis and other potential uptake 
processes in the presence of a robust microalgal cell wall.

2 | Experimental Section 

2.1 | Algal Culture and Sample Preparation 

The wild‐type strain of Chlamydomonas reinhardtii (CC‐124, 
NIES‐2238) was provided by the National Institute for En
vironmental Studies (NIES) through the National BioResource 
Project (NBRP) of the Ministry of Education, Culture, Sports, 
Science and Technology (MEXT), Japan. The cell was cultured 
in 100 mL of Tris‐Acetate‐Phosphate (TAP) medium at 25°C 
under continuous illumination (82 µmol photons m⁻² s⁻¹) with 
shaking at 100 rpm. During the exponential growth phase, cells 
(1×10⁶ to 6×10⁶ cells mL⁻¹) were counted using a hemocy
tometer and centrifuged at 600× g for 5 min. The resulting pellet 
was resuspended in 10% TAP medium to a final concentration 
of 1×10⁸ cells mL⁻¹. For molecular uptake experiments, two 
sizes of FITC‐dextran (Sigma; 250 kDa and 2 MDa) were used at 
final concentrations of 100 µM and 10 µM, respectively. Since 
these molecules emit green fluorescence, their uptake could be 
observed and quantified using a fluorescence microscope.

2.2 | Surface Discharge Method 

Figure 1 shows the schematic diagram and electrode configu
ration of the surface discharge apparatus used for molecular 
delivery. Four stainless steel needle electrodes (diameter: 
0.7 mm) were employed: two connected to the power source 
and two to ground. A 3.5 cm dish was first filled with 1 mL of 
1% albumin solution, which was aspirated and removed, fol
lowed by 1 mL of sterile water that was also aspirated. Albumin 
pretreatment improved dish wettability, allowing the cell sus
pension to spread evenly. Subsequently, 100 µL of the cell sus
pension was added, and a 20 kHz sine wave was applied to the 
electrodes. Discharge was performed at preset voltages of 20, 25, 
and 30 kV to evaluate voltage dependence, while the discharge 
duration was fixed at 20 ms. The relationship between these 
nominal settings and the corresponding measured peak‐to‐peak 
voltages (Vp–p) is described in Section 3.1. This duration was 
selected as the standard condition based on preliminary trials in 
which it provided a balanced compromise between inducing 
molecular uptake and maintaining cell viability. The gap 
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between the electrode tip and the suspension surface was 
maintained at 1 mm. To characterize the discharge, waveforms 
were monitored using a digital oscilloscope (4 Series MSO, 
Tektronix). Signals were recorded in normal acquisition mode 
with a sampling interval of 0.8 ns (1.25 GS/s) to enable high‐ 
resolution detection of transient events. After treatment, 3 mL 
of TAP medium was added, and cells were collected into a 5 mL 
tube. Following one wash, 2 mL of TAP medium and 2 mL of 
0.2% trypan blue were added, and the mixture was incubated at 
25°C for 10 min. The cells were then washed again and finally 
resuspended in TAP medium.

2.3 | Analysis of Viable Cells and Fluorescence 

Samples were examined using a fluorescence microscope (BZ‐ 
X810), and the number of cells exhibiting FITC‐dextran uptake 
was determined. The condition without surface discharge 
served as the control. A cell was classified as “fluorescent” 
when its fluorescence intensity exceeded the background level 
observed in 99% of untreated control cells. Delivery efficiency 
was calculated as the ratio of fluorescent cells to total cells. For 
orthogonal cross‐sectional analysis, Z‐stack images were 
acquired using an LSM7DUO confocal laser scanning micro
scope (Carl Zeiss) equipped with an EC Plan‐Neofluar 40×/1.30 
Oil DIC M27 objective lens. Excitation was performed at 489 nm 
for FITC and chlorophyll autofluorescence. Emission signals 
were collected within wavelength ranges of 500–550 nm for 
FITC and 650–710 nm for chlorophyll. Z‐stack images were 
captured with a step size of 0.44 μm. Orthogonal cross‐sectional 
views (XZ and YZ planes) were reconstructed using ImageJ to 
assess the intracellular localization of the delivered macro
molecules. Cell viability was assessed using trypan blue stain
ing, and the percentage of Chlamydomonas cells excluding 
trypan blue was recorded as the viable fraction.

2.4 | Investigation of Cellular Uptake Mechanism 
Using Inhibitors 

To elucidate the uptake mechanism, prior to adding FITC‐ 
dextran, the TAP medium was replaced with medium con
taining the endocytosis inhibitor methyl‐β‐cyclodextrin 
(MβCD), and cells were incubated for 1 h at 25°C. The final 
MβCD concentration was 30 mM. After incubation, the inhibi
tor was removed by centrifugation, and the cells were washed 
twice with 10% TAP medium. The treated cells were then 
subjected to the surface discharge procedure described above. 
FITC‐dextran‐positive and viable cells were subsequently 
counted to determine delivery efficiency and viability.

3 | Results 

3.1 | Electrical and Visual Characteristics of 
Surface Discharge and Its Effect on Delivery 
Performance 

To characterize the physical stimuli applied to cells, the elec
trical properties of the four‐pin electrode system were analyzed. 
As expected, both peak discharge current and total energy de
livered increased with applied voltage (Figure 2). The actual 
measured peak‐to‐peak voltages (Vp–p) during discharge were 
12.0, 15.1, and 17.7 kV, corresponding to nominal settings of 20, 
25, and 30 kV, respectively. At the nominal 20, 25, and 30 kV 
conditions (Vp–p = 12.0, 15.1, and 17.7 kV), the peak discharge 
current reached 28.7, 42.6, and 66.0 mA, respectively. Power 
dissipation across the 10 kΩ series resistors was estimated to be 
5–8% of the total peak power over the measured voltage range. 
Since this ohmic loss was less than 10%, it was considered 
negligible, and the calculated energy density (19.5 J/mL at 
25 kV) was used for subsequent evaluations. Similarly, energy 
densities at 20 and 30 kV were determined to be 10.2 and 36.1 J/ 
mL, respectively.

Detailed waveform analysis revealed distinct asymmetry in 
ignition patterns between the positive and negative voltage 
phases (Figure 2, inset). During the positive half‐cycle, dis
charge ignition typically appears as a steep, step‐like current 
rise that stabilizes at a higher level. In contrast, the negative 
half‐cycle is characterized by clusters (bursts) of multiple 
impulsive spikes. In both phases, each individual event exhibits 
a rapid leading edge with a rise time of less than 50 ns. These 
rapid transient events, featuring high dI/dt, together with the 
sustained current magnitude, provide the primary physical 
stimuli likely affecting multiple cellular uptake pathways, as 
discussed in Section 4.

Visual observation confirmed the operational mode and stabil
ity of the discharge. Figure 3a shows the electrode setup under 
ambient light, whereas Figure 3b illustrates plasma emission in 
the dark. The plasma ignited independently at each of the four 
electrode tips and made direct contact with the liquid surface 
rather than bridging the electrodes through the gas phase, 
characterizing the system as a plasma‐assisted electrochemical 
process. As the nominal applied voltage increased from 20 to 
30 kV, the discharge area visibly expanded and luminosity 
intensified, while stable, localized footprints on the liquid sur
face were maintained. Electrically, increasing voltage resulted 

FIGURE 1 | Schematic of the configuration used for molecular 
delivery by the surface discharge method. V and A indicate the mea
surement points for actual applied voltage and discharge current, 
respectively. 
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in a higher baseline current amplitude; however, the charac
teristic filamentary peaks remained consistent across all con
ditions, indicating that the fundamental discharge regime was 
maintained throughout the tested voltage range.

The biological effects of the applied stimuli were evaluated by 
measuring the delivery efficiency of 250 kDa FITC‐dextran and 
cell viability across different voltages (Figure 4). Fluorescence 
microscopy confirmed successful delivery into Chlamydomonas 
reinhardtii under all conditions (Figure 4a). Delivery effi
ciencies were 17.5%, 41.3%, and 36.9% at 20, 25, and 30 kV, 
respectively (Figure 4c), while the corresponding cell viabilities 
were 87.1%, 82.6%, and 73.6%, indicating a decline with 
increasing energy input (Figure 4b). These findings indicate 
that the nominal voltage of 25 kV provides a favorable balance 
between delivery efficiency and cell survival in this experi
mental system.

To confirm that the macromolecules were internalized rather 
than merely adsorbed onto the cell surface, orthogonal cross‐ 
sectional analysis was performed using confocal microscopy. As 
shown in Figure 4d, three‐dimensional localization of the green 
fluorescence confirmed that 250 kDa FITC‐dextran was clearly 
situated within the cell interior, specifically enclosed by the red‐ 
fluorescing chloroplast.

3.2 | Delivery of Large Molecules (2 MDa) 

Since delivery mechanisms may vary depending on molecular 
size, we next attempted to deliver a larger molecule. FITC‐ 
dextran of 2 MDa (2000 kDa) was introduced at an applied 
voltage of 25 kV. Fluorescence microscopy verified that 2 MDa 
FITC‐dextran was successfully taken up by Chlamydomonas 
cells (Figure 5a). Increasing molecular size from 250 kDa to 
2 MDa did not noticeably affect cell viability (Figure 5b). 
However, the delivery efficiency markedly decreased from 
41.3% to 5.8%. However, delivery efficiency decreased sharply 
from 41.3% to 5.8% (Figure 5c). Furthermore, to assess the de
gree of intracellular accumulation, the mean fluorescence 
intensity (MFI) was quantified on 10 randomly selected 
fluorescence‐positive cells from each group. The results showed 
that MFI per cell declined significantly from 10.9 ± 2.3 a.u. for 
the 250 kDa condition to 8.4 ± 0.8 a.u. for the 2 MDa condition 
(Student's t‐test, p < 0.01). These findings indicate that a larger 
molecular size markedly reduces both the probability of cellular 
uptake and the degree of intracellular accumulation.

3.3 | Investigation of Delivery Mechanism Using 
an Endocytosis Inhibitor 

To assess the role of endocytosis in molecular delivery by sur
face discharge, we performed experiments using the inhibitor 
methyl‐β‐cyclodextrin (MβCD). Preliminary tests confirmed 
that Chlamydomonas cells showed no cytotoxicity at 30 mM 
MβCD (Figure 6a). This concentration is higher than the 10 mM 
level known to cause toxicity in human dermal fibroblasts, as 
previously reported [30]. Consequently, subsequent inhibitor 

FIGURE 2 | Comparative analysis of discharge waveforms at 
applied voltages of 20, 25, and 30 kV. (a) 20 kV, (b) 25 kV (optimized 
condition), and (c) 30 kV. Each panel shows the overall voltage (black) 
and current (red) waveforms. The four insets provide a hierarchical and 
symmetrical view of the discharge characteristics: (i, iii) the discharge 
activity during the positive and negative phases, respectively, shown on 
an identical microsecond scale to contrast the discrete discharge events 
in the positive phase with the intermittent pulse trains in the negative 
phase; (ii, iv) nanosecond‐scale profiles of representative single pulses 
from each phase, highlighting the steep rising edges used for evaluation 
of dI/dt. All corresponding plots across (a–c) are kept at identical scales 
to facilitate direct comparison of discharge intensities and temporal 
behaviors. 
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treatments were carried out at this 30 mM [30]. Cells pretreated 
with MβCD were then subjected to delivery of 250 kDa FITC‐ 
dextran under standard conditions (25 kV, 20 ms). MβCD 
treatment reduced delivery efficiency by approximately 60% 
(relative efficiency: 0.4), though a significant 40% portion of the 
delivery was retained (Figure 6b).

4 | Discussion 

In this study, we demonstrated that the surface discharge 
method effectively delivers macromolecules into the microalga 
Chlamydomonas, despite its rigid cell wall. The observed 
increase in delivery efficiency as the applied voltage was raised 
from 20 kV to 25 kV likely reflects both the greater current 
passing through the cells and the enhanced generation of 
RONS, consistent with the measured rise in total input energy 
density. Although precise quantification of RONS during the 
brief 20 ms discharge is challenging due to rapid reaction 
kinetics, their production is generally proportional to the total 
energy input. However, at 30 kV, excessive current and RONS 
appear to cause lethal cellular damage, thereby reducing 
delivery efficiency. These findings indicate that precise control 
of stimulus intensity enables this method to achieve both high 
delivery efficiency and high viability.

To evaluate the invasiveness of this approach, it is instructive to 
compare these results with conventional electroporation (EP) 
protocols. According to Azencott et al. [11], EP wild‐type 
Chlamydomonas exhibits a severe trade‐off between delivery 
efficiency and cell viability. In their study, as energy levels 
increased, macromolecule delivery efficiency remained 
approximately 2%, while the cell mortality rate rose steadily. At 
a membrane potential of 1.2 V (corresponding to a calculated 
energy of 26.1 J/mL), the survival rate dropped to approximately 
1%, with no improvement in delivery efficiency. In contrast, the 
surface discharge method achieved a delivery efficiency of 
approximately 40% with 82.6% viability at 25 kV (19.5 J/mL). 
Even at the highest energy level of 36.1 J/mL (30 kV), cell via
bility remained above 70%.

The simultaneous achievement of high viability and high 
delivery efficiency suggests that the input energy is not ex
pended solely as a uniform, lethal electric‐field stress. Instead, 
the energy appears to be effectively partitioned into multiple 
stimuli, including biochemical signals (RONS) and localized 

nanosecond‐scale physical triggers. Specifically, electrical 
stimulation—comprising a continuous current component and 
high dI/dt transient events—acts as a part of the complex 
stimuli alongside RONS‐induced chemical stress to activate 
multiple delivery pathways. Our previous study on animal cells 
showed that intracellular currents, coupled with RONS, serve as 
a direct driving force for endocytosis [31]. Our results suggest 
that these plasma‐induced complex stimuli induce active en
docytosis in microalgae, while the combination of high dI/dt 
transient events and continuous current may also cause tran
sient changes in membrane permeability. By distributing total 
energy across multiple moderate stimulation modes, the system 
prevents any single stress factor from exceeding the lethal 
threshold and is thought to effectively function as a “switch” 
that reconfigures membrane permeability while maintaining 
structural integrity.

The successful delivery of a 250 kDa molecule with over 40% 
efficiency is particularly significant. This result suggests the 
potential to deliver cargoes comparable in size to the Cas9 RNP 
complexes (approximately 250 kDa) used in CRISPR/Cas9 
genome editing. The orthogonal views (Figure 4d) provide clear 
visual confirmation of successful intracellular delivery, reinforc
ing the reliability of the surface discharge method for introducing 
large, functional cargo into walled microalgal cells. We also 
achieved the delivery of a 2 MDa macromolecule comparable in 
size to a typical plasmid vector (approximately 2−3 MDa). The 
cell wall of C. reinhardtii represents a primary physical barrier to 
macromolecule entry. Plasma treatment is thought to modulate 
wall structure to facilitate delivery. For instance, Ikeda et al. [38] 
reported that plasma treatment induces morphological changes 
in land plant cells through localized decomposition of structural 
components, including the cuticular and pectin layers. These 
changes are attributed to the integrated action of chemically 
active species—particularly ∙OH radicals, which cleave poly
saccharide chains—alongside Joule heating generated by the 
discharge current. We propose that similar biochemical and 
thermal reconfiguration of the microalgal cell wall enhances the 
accessibility of large cargo to the plasma membrane. However, 
increasing the molecular size from 250 kDa to 2 MDa markedly 
reduced delivery efficiency, likely due to the greater physical 
resistance encountered when traversing both the cell wall and 
plasma membrane, even with plasma‐induced wall modifica
tions. Nevertheless, the ability to deliver plasmid‐sized molecules 
while maintaining high viability demonstrates the method's 
potential for introducing gene expression cassettes.

FIGURE 3 | Visual observation of the surface discharge setup and operation. (a) Electrode configuration above the cell suspension under 
ambient light. (b) Plasma emission captured in the dark at an applied voltage of 25 kV (Vp p). The plasma ignites independently at the tips of the four 
needle electrodes and directly contacts the liquid surface. Secondary light points observed near the rear electrodes represent optical reflections from 
the liquid–dish interface, not additional discharge sites. 
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Regarding the delivery mechanism, the 60% reduction in effi
ciency following MβCD treatment indicates that endocytosis is 
a major delivery pathway in microalgae, consistent with our 
previous findings in animal and plant cells [31, 38, 39]. MβCD is 
known to disrupt lipid rafts by depleting cholesterol from the 
plasma membrane, thereby inhibiting clathrin‐mediated 

endocytosis [40]. Our results confirm that this MβCD‐sensitive 
route represents a principal delivery mechanism in Chlamy
domonas. Recent evidence shows that the Arp2/3 complex is 
essential for endocytosis in Chlamydomonas, with endocytic 
activity and associated actin structures increasing markedly 
upon cellular stimulation [41]. Furthermore, exposure to cold 

FIGURE 4 | (a) Fluorescence microscopy images showing the delivery of 250 kDa FITC–dextran into wild‐type Chlamydomonas reinhardtii using 
the surface discharge method at different applied voltages. The discharge duration was 20 ms, and the final FITC‐dextran concentration was 100 µM. 
Following treatment, cells were washed, stained with trypan blue, and imaged. The negative control group was exposed to FITC–dextran without 
surface discharge treatment. (b) Cell viability at each applied voltage. (c) Delivery efficiency of FITC–dextran at different applied voltages. (d) 
Orthogonal views (XY, XZ, and YZ planes) of a Chlamydomonas cell after surface discharge at 25 kV, confirming intracellular localization of 250 kDa 
FITC–dextran. The green fluorescence signal is fully confined within the cup‐shaped chloroplast (red autofluorescence). White markers at the image 
borders indicate the slice positions for the corresponding cross‐sections. Scale bar: 5 μm. 

7 of 10 Plasma Processes and Polymers, 2026



atmospheric plasma has been shown to induce Arp2/3‐ 
dependent structural changes and sustained cellular responses 
[42]. Given that the Arp2/3 complex orchestrates cellular 
responses to environmental forces, it is plausible that the 
physical and chemical stressors generated during surface dis
charge activate this intrinsic mechanosensitive machinery, 
thereby contributing to the observed macromolecule uptake 
[43]. The involvement of reactive species as chemical stimuli in 
this process aligns with findings in other plasma systems 
[28, 44]. Although these studies employed different plasma 
sources and biological targets, RONS consistently emerge as 
critical triggers for macromolecule delivery. For example, the 
ROS scavenger NAC markedly inhibits delivery [28], and up
take efficiency depends on gas‐derived species, such as hydroxyl 
( ∙ OH) radicals [44]. In our system, RONS are considered es
sential stimuli for activating the signaling networks that medi
ate endocytosis.

Conversely, the ~40% delivery efficiency retained after MβCD 
treatment suggests that the delivery mechanism does not rely 
on a single pathway. This residual efficiency may reflect 
incomplete inhibition of endocytosis by the inhibitor or the 
presence of endocytic pathways insensitive to MβCD. Further
more, electrical stimulation—comprising high dI/dt transient 
events and continuous current—could potentially contribute to 
transient changes in membrane permeability, such as localized 
physical pore formation. Molecular dynamics simulations of 
electroporation provide a theoretical basis for such transient 
pore formation under sustained electrical stress [45]. This 
supports our interpretation that the integrated action of these 
electrical components provides the necessary physical impulse 
and sustained force for membrane permeabilization. Therefore, 
the mechanism of this method is proposed as an integrated 
combination of multiple physical and biological processes 
driven by plasma‐derived complex stimuli, likely providing a 
basis for the delivery efficiency observed even in microalgae 
with robust cell walls.

Regarding the practical application of this method, it is 
important to recognize that different microalgal species may 
respond variably to plasma treatment. Variations in cell wall 

FIGURE 5 | (a) Fluorescence microscopy images showing the 
delivery of 2 MDa FITC–dextran into Chlamydomonas reinhardtii using 
the surface discharge method. (b) Cell viability corresponding to dif
ferent FITC–dextran molecular sizes. (c) Delivery efficiency of FITC– 
dextran molecules of various sizes into cells. 

FIGURE 6 | (a) Cell viability of Chlamydomonas reinhardtii treated 
with different concentrations of methyl‐β‐cyclodextrin (MβCD). (b) 
Normalized delivery efficiency of 250 kDa FITC–dextran in Chlamydo
monas cells pretreated with MβCD. The final inhibitor concentration 
was 30 mM. After 1 h of incubation, MβCD was removed by centrifu
gation, and cells were subsequently exposed to surface discharge at an 
applied voltage of 25 kV. 
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robustness and physiological sensitivity mean that the optimal 
plasma “dose”—defined as the combination of treatment 
duration and applied voltage—must be adjusted for each target 
strain. Careful adjustment of these parameters to accommodate 
specific physiological characteristics is essential to achieve 
comparable delivery efficiency while maintaining high viability. 
Future studies should focus on identifying the underlying sig
naling networks and determining the optimal plasma dose for 
each microalgal species.

5 | Conclusion 

In this study, we demonstrated the delivery of high‐molecular‐ 
weight markers (250 kDa and 2 MDa FITC‐dextran) into the 
model microalga Chlamydomonas reinhardtii using the surface 
discharge method. At a nominal applied voltage of 25 kV, a 
delivery efficiency of 41.3% was achieved while maintaining a 
high cell viability of 82.6%.

The favorable performance of this method is attributed to the 
integrated action of complex electrical and chemical stimuli 
associated with surface discharge. Several factors likely con
tribute in an integrated manner: (1) transient structural mod
ulation of the cell wall induced by discharge stress, (2) 
activation of cellular uptake processes through the combined 
stimuli of discharge current and RONS, and (3) transient 
membrane permeability changes involving high dI/dt transients 
and steady current.

Mechanistic analysis using the inhibitor MβCD suggested that 
approximately 60% of the delivery is mediated by endocytosis, 
with the remaining delivery potentially involving multifaceted 
processes, including endocytic pathways insensitive to the 
inhibitor or transient physical membrane permeabilization. 
This integrated model aligns with recent biological insights into 
endocytosis and simulation results on physical membrane 
permeabilization.

Overall, these results demonstrate that the surface discharge 
method provides a minimally invasive and highly efficient 
approach for the delivery of macromolecules into microalgae 
with rigid cell walls. Its simplicity and high efficiency highlight 
its potential as a fundamental platform for delivering functional 
molecules (such as RNPs and plasmids) in future genetic en
gineering applications. Verifying the biological functional ex
pression of molecules introduced using this approach is a key 
future objective.
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