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Ultraviolet (UV) light is never used for gene transfer because it damages DNA and harms cellular and 
plasmid DNA. A light source selectively radiating Far UV-C (F-UV) light causes less DNA damage. We 
investigated potential introduction of plasmids into cells by irradiating them with F-UV light. COS-
7 and CHO-K1 cells were irradiated with 222 nm F-UV light. Then, DNA solution containing green 
fluorescent protein (EGFP) plasmid was added to the culture and incubated (37 °C, 5% CO2, 24 h) for 
fluorescence microscopy. Cytotoxicity of cells irradiated with the same energy as for gene transfer 
was evaluated. Characteristics of EGFP-positive cells were compared with non-transfected cells by 
propidium iodide (PI) and Hoechst staining. Cells with distinct green fluorescence were observed 
after F-UV light irradiation and addition of 200 ng of EGFP plasmid. COS-7 cells showed the highest 
number of EGFP-positive cells at 0.5 mJ/cm2 irradiation, whereas that for CHO-K1 cells was at 1 mJ/
cm2 irradiation. Cytotoxicity was low in COS-7 at ≤ 1 mJ/cm2 irradiation and CHO-K1 at ≤ 0.5 mJ/cm2. 
Transfected cells did not incorporate PI, and their nuclei did not differ from those of non-transfected 
cells. We successfully transfected two cell lines with EGFP plasmids by F-UV irradiation.
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The functional analysis of targeted genes by introducing plasmids into cells is one of the fundamental techniques 
used in molecular biology. Chemical, biological, and physical methods of gene transfer have been developed, 
and improvements and developments of new methods have been reported1,2.

Gene transfer by light is a physical method that uses various wavelengths of light, including visible or infrared 
light3–5. Deep-ultraviolet (D-UV) light is well absorbed by nuclear DNA because the absorption maximums of 
the bases (A, G, T, and C) that form DNA are all in the approximate vicinity of 260 nm6,7. Ultraviolet (UV) light 
has never been used for gene transfer because it causes DNA damage and is harmful to cellular and plasmid 
DNA.

Recently, a light source was developed that can selectively radiate Far UV-C (F-UV) light, which has an even 
shorter wavelength than the D-UV light that causes DNA damage. This device uses excimer lamps as the light 
source and selectively radiates 222 nm F-UV light by using a filter to cut off wavelengths of UV light of 230 nm 
or longer that cause DNA damage8. Thus, F-UV light of 222 nm is less readily absorbed by DNA than D-UV 
light of around 260 nm and is less likely to cause DNA damage. As we found F-UV light penetrate cell membrane 
without DNA damage in a colon cancer cell line9, we speculated that F-UV can be used for gene transfection.

We investigated the possibility of introducing plasmids into cells by irradiating them with F-UV light, which 
causes less DNA damage.

Results
Cell transfection
Fluorescence images of COS-7 cells 24 h after irradiation with F-UV light and the addition of 200 ng of enhanced 
green fluorescent protein (EGFP) plasmid showed cells with a distinct green fluorescence. Phase-contrast 
microscopy showed that cells were almost confluent (Fig. 1A, B).

Plasmid transfection was attempted by varying the irradiation dose from 0.01 to 5 mJ/cm2. Figure 2 shows 
the results of the number of EGFP-positive cells per value of F-UV irradiation energy. COS-7 cells showed 
the highest number of EGFP-positive cells at 0.5 mJ/cm2 irradiation, and the efficiency was 0.234%. CHO-K1 
cells showed the highest number of EGFP-positive cells at 1 mJ/cm2 irradiation, and the efficiency was 0.200%. 
In cells with no F-UV irradiation and only the addition of plasmid solution, only 1 or 2 cells showed green 
fluorescence (Figs. 2 and 3A).
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The cytotoxicity of F-UV irradiation is shown in Fig. 3B. Irradiation at 5 mJ/cm2 induced cytotoxicity in both 
COS-7 and CHO-K1 cells, but cytotoxicity was low in COS-7 (at 1 mJ/cm2 or less) and CHO-K1 (at 0.5 mJ/cm2 
or less).

Evaluation of transfected cells
The COS7 cells after plasmid transfection were continuously observed under a fluorescence microscope. The 
number of EGFP-positive cells increased up to 48 h after transfection, and then fluorescence was maintained for 
up to 144 h (Fig. 4A).

PI staining after transfection showed that among the COS-7 and CHO-K1 cells, PI was not incorporated 
into the transfected green fluorescence cells, but PI was incorporated into a few dead cells in culture (Fig. 4B). 
Morphological evaluation of nuclei by Hoechst staining showed no significant differences in nuclear morphology. 
The area and fluorescence intensity between transfected and non-transfected cells did not differ in the COS-7 
and CHO-K1 cells (Fig. 5).

Discussion
UV light has not been used for gene transfer because it damages the DNA of cells and plasmids, but we believe 
that we were the first in the world to introduce plasmid DNA into cells without causing cell damage, using a light 
source that selectively emits F-UV. UV radiation can dimerize two adjacent pyrimidines in DNA to covalently 
bond together, forming dimers. The most common dimer is the cyclobutane pyrimidine dimer (CPD), which 
forms when two adjacent thymines bond together. This pyrimidine dimer interferes with DNA replication and 
transcription, leading to cell death, mutation, and chromosome instability10. Thus, UV light, which can damage 
the DNA of cells and plasmids, was not used for gene transfection.

F-UV light has a shorter wavelength than D-UV and a different absorption spectrum for DNA and proteins. 
F-UV radiation is less likely to cause DNA damage due to its lower absorption by DNA11. Naito et al., examined 
UV damage of plasmid DNA at 222 nm F-UV and 254 nm D-UV, which were transformed into E. coli HB101 
competent cells after UV irradiation. They reported that the transformation efficiency is not reduced at 222 nm 
compared to 254 nm. This means that F-UV is harmless to plasmid DNA12. With F-UV irradiation, the amount of 
pyrimidine dimers in bacteria and cells appears to be lower. We have also reported that irradiation of monolayer-

Fig. 2.  Fluorescence microscopy images of cells after F-UV transfection at various irradiation energies.

 

Fig. 1.  Images of COS-7 cells after F-UV transfection using EGFP plasmid. (A) Fluorescent microscopic 
image. (B) Phase-contrast microscopic image. Original magnification is x 40.
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cultured colon cancer cell lines with 30 mJ/cm2 of F-UV induced cell death, but the amount of CPD in that case 
was extremely small9. We considered that F-UV radiation did not damage DNA based on these results. To detect 
minor DNA damage, it will be a future challenge to detect pyrimidine dimers such as CPD and 6-4PP and to 
perform modified comet assays13,14.

Fig. 4.  Post-F-UV transfection images and propidium iodide (PI) and Hoechst staining of COS-7 cells. (A) 
Fluorescent images of COS-7 cells at 24, 48, 72, and  144h after F-UV transfection. (B) Propidium iodide and 
Hoechst staining after F-UV transfection.

 

Fig. 3.  Cell numbers and viability after F-UV irradiation. (A) EGFP-positive cell numbers after F-UV 
transfection and (B) cell viability after F-UV irradiation.
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F-UV light is absorbed by proteins at about 20 times higher absorbance than is D-UV light15. It has been 
reported that when enzymes are irradiated with F-UV light in vitro, the enzyme activity is reduced12. In addition, 
F-UV irradiation significantly reduced the infectivity of adenovirus and coronavirus even though the amount of 
viral DNA quantified by PCR remained unchanged. F-UV irradiation may affect viral capsids more than nucleic 
acids16,17. When we irradiated a colon cancer cell line with 30 mJ/cm2 of F-UV, the cells swelled markedly, and 
the DNA-binding dye PI, which is taken up by cells and bacteria damaged plasma membranes18, was significantly 
incorporated, suggesting that the target is most likely the proteins of the plasma membrane9. We used F-UV 
light of extremely low energy and there was no PI uptake, suggesting that the genes were transfected without 
irreversible plasma membrane damage.

In this study, we could successfully transfect two cell lines with EGFP plasmids and clearly observed the 
transient expression EGFP. Although various methods of gene transfer have been developed, the problem with 
all of them is that they cause some degree of cytotoxicity. The advantage of our method is that it causes almost 
no cell damage during gene transfer. The efficiency of transfection was low, and it may be necessary to optimize 
the transfection based on the cell or plasmid used. Elucidation of the mechanism of transfer will be a future 
challenge.

Methods
Cells and cell culture
COS-7 cells (JCRB9127) is an African green monkey kidney fibroblast-like cell line. The cells (JCRB9127) were 
cultured in Dulbecco’s Modified Eagle Medium supplemented with 10% fetal bovine serum (FBS) at 37 °C in a 
5% CO₂ atmosphere. CHO-K1 cells (JCRB9018) was derived from the ovary of an adult Chinese hamster. They 
were cultured in Ham’s F12 medium supplemented with 10% FBS at 37 °C in a 5% CO₂ atmosphere. COS-7 cells 
and CHO-K1 cells were purchased from JCRB Cell Bank (Japanese Collection of Research Bioresources Cell 
Bank).

F-UV irradiation equipment
The device that radiates F-UV light with a peak wavelength of 222 nm is the Care222, produced by USHIO INC 
(Tokyo, Japan). The 222 nm KrCl excimer lamp had a proprietary filter to remove longer and more penetrative 
wavelength. The irradiance of Care222 is 1 mW/cm2 at a distance of 10 cm from the object. The irradiation 
dose was adjusted to the values of 0.01, 0.05, 0.1, 0.5 ,1, and 5 mJ/cm² using a polytetrafluoroethylene film, a 
predetermined irradiation distance, and a fixed irradiation time.

Fig. 5.  Evaluation of the nuclei by Hoechst staining. (A) Nuclear area and (B) fluorescence intensity are shown 
for transfected and non-transfected cells.
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F-UV irradiation
The cells were seeded at a density of 1.0 × 104 cells per well, with a total medium volume of 100 µL, in 96-well 
plates and incubated at 37 °C with 5% CO₂ for 24 h. Following the removal of the culture medium, the cells 
were washed twice with PBS and were irradiated with 222 nm light at the following doses: 5, 1, 0.5, 0.1, 0.05, 
and 0.01 mJ/cm². Exposure time was set between 3 and 6 s. Immediately after F-UV irradiation, 10 µL of DNA 
solution containing enhanced green fluorescent protein (EGFP) plasmid adjusted to 20 ng/µL with Opti-MEM 
(GIBCO) was added to the culture. Following 1 h of incubation, 90 µL of culture medium was added, and cells 
were incubated for 24 h at 37 °C in a 5% CO₂ atmosphere for fluorescence microscopy. Fluorescence images 
and 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2  H-tetrazolium (MTS) 
assay were evaluated 24 h after irradiation with F-UV light. The plasmid used in this study contains the EGFP 
gene downstream of the cytomegalovirus promoter and is 4733 bp in size. To investigate the efficiency of the 
transfection, the MTS values were measured for each cell number and a calibration curve was constructed so 
that the cell number could be determined from the MTS values. The transfection efficiency was calculated by 
dividing the number of EGFP-positive cells counted under a fluorescence microscope by the total number of 
cells, which was determined from the MTS value. The cytotoxicity of cells irradiated with the same energy as for 
gene transfer was evaluated by MTS assay. The viability rate was calculated as the percentage of the MTS value 
of cells after F-UV irradiation compared to the MTS value of non-irradiated cells.

PI (Propidium Iodide) and Hoechst stain
After 24 h of plasmid transfection by F-UV light, the medium was removed and washed twice with PBS. Then, 
100 µL of a mixture of 3 µg/mL Hoechst and 2 µg/mL propidium iodide (PI) was added to each well and allowed 
to react for 15 min at 37 °C. The PI was incorporated into the nuclei of dead cells whose cell membranes had been 
damaged. Hoechst binds to the adenine-thymidine-rich portion of DNA and stains the nuclei. From Hoechst 
staining images, the nuclear area and nuclear fluorescence intensity of the EGFP-positive cells were compared 
with those of the non-transfected cells (10 cells each) using ImageJ software. The nuclear area was determined 
by tracing it in ImageJ software, which facilitates the measurement of the average fluorescence intensity of each 
pixel within a defined area.

Statistical analysis
All data are presented as means ± SE. Data were compared with Student’s t tests, since the variance was shown to 
be equal with F test between the groups which were to be compared in this study. Differences were considered 
to be statistically significant at p < 0.05.

Data availability
Data availability from the corresponding author upon request.
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