
MOLECULAR MEDICINE REPORTS  6:  1293-1300,  2012

Abstract. Simple and efficient gene transfer into the nucleus 
would facilitate non-viral gene delivery. One promising method 
of non-viral gene delivery is to apply penetration enhancers. 
Chemicals, such as dimethyl sulfoxide (DMSO) and menthol, 
may have promise as non-toxic vehicles in improving gene 
transfer efficiency. In this study, the cytotoxic effects of DMSO 
and menthol were evaluated using MTT assays. Gene delivery 
efficiency in a human breast cancer cell line (Bcap-37) was 
investigated by quantitative PCR, fluorescence microscopy 
and flow cytometry. Non-toxic concentrations of DMSO (2%) 
and menthol (12.5 µM) enhanced the efficiency of liposome-
mediated gene delivery in Bcap-37 cells. Quantitative PCR 
results showed that growth hormone (GH) mRNA expres-
sion in the post-menthol and pre-DMSO treatment groups 
was 10-fold higher compared to that in the liposome group, 
while in the pre-menthol and post-DMSO treatment groups, a 
30-fold increase in GH mRNA expression was observed. Both 
DMSO and menthol treatments increased green fluorescent 
protein (GFP) expression efficiency as shown by fluorescence 
microscopy experiments. Compared to the liposome group, 
the number of positive cells in the pre-menthol and post-
DMSO treatment groups was significantly increased by 15%. 
Furthermore, cell cycle analysis demonstrated that there were 
significant differences among the DMSO-treated group, the 
menthol-treated group and the normal group, which implied 
different effects of DMSO and menthol treatments. In conclu-
sion, both non-toxic and harmless DMSO (2%) and menthol 
(12.5 µM) treatments improve gene transfer efficiency, while 
post-DMSO treatment may be the most effective protocol in 
increasing transgene expression efficiency.

Introduction

One of the most important steps that limits transfection effi-
ciency in non-viral gene delivery is the entry of nucleic acids 
across various membrane barriers and eventually into the 
nucleus where transcription occurs (1,2). Therefore, studies 
have focused on increasing transfection efficiencies by 
passing through the nuclear pore (3). Yet, despite significant 
diversification of gene delivery strategies, efforts to expand the 
chemicals amenable to DNA-mediated gene transfer continue 
to stumble over a recurrent obstacle, the nuclear pore. Different 
methods have been used to deliver plasmid DNA across nuclear 
membranes.

An alternative approach to improve transfection efficiency 
is to incorporate penetration enhancers in formulations (4). 
New and effective transfection enhancers (non-ionic surfac-
tants, bile salts and menthol) have been used to increase 
gene transfer efficiency (5). Another encouraging method to 
increase transfection efficiency is to disturb the cell cycle which 
significantly affects transfection efficiency. Cells treated with 
dimethyl sulfoxide (DMSO) disturb the hydrophobic function 
of the nuclear pore (6,7). Brunner et al demonstrated that the 
addition of DMSO affects the transfer of plasmid DNA by 
influencing the expression of genes related to the cell cycle 
and cell hydrophobic properties (8).

DMSO has been commonly used for a number of years, 
not only for laboratory, but also for clinical purposes. In recent 
studies, DMSO was used as an efficient penetration enhancer 
for gene transfer expression (9-11). Li et al (12) revealed that 
the transfection of exogenous DNA incubated with DMSO was 
more efficient than without any treatment.

It has been found that menthol acts as a penetration 
enhancer by passing through the membrane (13,14). Menthol 
has been extensively used in many aspects of pharmaceutical 
preparation. However, to the best of our knowledge, no report 
has described menthol as a penetration enhancer for the gene 
delivery system (4).

The exact conditions of how the chemicals, DMSO and 
menthol, successfully enhance gene transfer efficiency remain 
unclear. Unless plasmids enter the nucleus, they cannot be 
transcribed (15). Our study presents a novel approach that 
allows the expression of plasmid DNA in the Bcap-37 human 
breast cancer cell line after treatment with DMSO and menthol 
for the purposes of transgene expression. We aimed to explore 
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the ability of DMSO to deliver genes into the nucleus. We also 
examined the ability of menthol to enhance the permeation of 
plasmid DNA. The aim of our study was to evaluate the safety 
and efficacy of using DMSO and menthol as permeability 
enhancers in gene delivery systems.

Materials and methods

Plasmid DNA and cell line. Plasmid DNA pAC-GFP-N1 
was kindly provided by the College of Life Sciences at the 
Nanjing Agricultural University (Nanjing, China). Plasmid 
DNA pGN was kept in our laboratory. Information regarding 
the vector map and basic description is shown in Fig.  1. 
Plasmid DNA was amplified using Escherichia coli DH5a 
and purified using the E.Z.N.A.Â® Endo-Free Plasmid Mini 
kit I (Omega, Norcross, GA, USA).

The Bcap-37 human breast cancer cell line (ER-, p53 
mutated) was purchased from the Shanghai Cell Collection, 
CAS (Shanghai, China). Bcap-37 cells were cultured in DMEM 
(Gibco) medium, supplemented with 10% fetal bovine serum 
(Gibco) at 37˚C in a humidified atmosphere of 5% CO2.

Succinimidyl-[4-(psoralen-8-yloxy)]-butyrate (SPB) was 
purchased from Pierce. Peptide derivative SPB-NLS was 
synthesized by Sangon Biotech (Shanghai, China) with the 
following sequences: SPB-PKKKRKV.

In vitro cytotoxicity assays (MTT assays). The cytotoxic 
effects of DMSO (J&K) and menthol (J&K) on the Bcap-37 
cell line were evaluated by MTT assays. Approximately 5,000 
Bcap-37 cells per population were plated in a flat-bottomed 
96-well plate and incubated at 37˚C for 24 h before the assays. 
Preliminary studies were performed to define the optimal 
concentration of DMSO and menthol which was suitable for 
testing. DMSO, ranging from 0.5 to 10% (v/v), was added into 
the Bcap-37 cells to evaluate the toxicity. After incubation 
with DMSO for 48 h at 37˚C in complete medium, the medium 
was removed and the cells were rinsed with PBS 3 times, then 
75 µl complete medium and 25 µl MTT (2 mg/ml in PBS) were 
added for another 4 h. After 4 h, the medium was aspirated 
and replaced with 100 µl DMSO to dissolve formazan crystals. 
Absorbance was measured at 540 nm, with untreated cells 
serving as the control. The same experiments were carried 
out to define the safe working concentration of menthol. The 
concentration of menthol that was added into the cells to 
evaluate the toxicity ranged from 12.5 to 400 µM.

Quantitative RT-PCR studies of transfection efficiency. 
Bcap-37 cells were incubated at 37˚C for 48 h before trans-
fection. Transfection was performed with the pGN plasmid 
(Lipofectamine® 2000 Reagent; Invitrogen™) following 
the instructions of the manufacturer. The primers used for 
detecting growth hormone (GH) mRNA expression are listed 
in Table I. The cells were divided into 12 groups (Tables II 
and III). Two groups were separately treated with 12.5 µM 
menthol and 2% DMSO 48 h before transfection. SPB-NLS/
DNA complexes were prepared 30 min before transfection. 
Another 2 groups were separately treated with 2% DMSO 
and 12.5 µM menthol 2 h after transfection. DMEM medium 
was replaced with complete medium 6 h after transfection. 
GH mRNA expression was analyzed by quantitative RT-PCR 

Figure 1. Vector map and basic description of vectors. (A) The pGN plasmid 
was constructed by our laboratory for the specific expression of growth hor-
mone in the mammary gland to increase milk production. The pGN plasmid 
was constructed under the bone plasmid, pBC1, which was a 21.6-kb vector 
designed to facilitate the expression of recombinant proteins in the milk of 
transgenic animals. Successful expression of recombinant protein in trans-
genic mice has generally been indicative of successful expression in larger 
animals, such as goats or cows. The pGN plasmid was a 23.8-kb vector which 
was difficult to be transfected in producing transgenic animals. We searched 
for a transfection enhancing agent and the pGN plasmid was used to evaluate 
the transfection efficiency. (B) pAcGFP1-N1 encodes green fluorescent 
protein (GFP) from Aequorea coerulescens (excitation maximum, 475 nm; 
emission maximum, 505 nm). The coding sequence of the AcGFP1 gene 
contains silent base changes, which correspond to human codon-usage prefer-
ences. The MCS in pAcGFP1-N1 is between the immediate early promoter of 
CMV (PCMV IE) and the AcGFP1 coding sequences. Genes cloned into the 
multiple cloning site (MCS) will be expressed as fusions to the N-terminus 
of AcGFP1 if they are in the same reading frame as AcGFP1, and there 
are no intervening stop codons. SV40 polyadenylation signals downstream 
of the AcGFP1 gene direct proper processing of the 3' end of the AcGFP1 
mRNA. The vector backbone also contains an SV40 origin for replication 
in mammalian cells expressing the SV40 T antigen. A neomycin-resistance 
cassette (Neo'), consisting of the SV40 early promoter, the neomycin/kana-
mycin resistance gene of Tn5 and polyadenylation signals from the herpes 
simplex virus thymidine kinase (HSV TK) gene, allows stably transfected 
eukaryotic cells to be selected using G418. A bacterial promoter upstream 
of the gene expresses kanamycin resistance in Escherichia coli (E. coli). 
The pAcGFP1‑N1 backbone also provides a pUC origin of replication for 
propagation in E. coli and an f1 origin for single-stranded DNA production.
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48 h after transfection. All transfection experiments were 
performed in triplicate.

Fluorescence microscopy studies of transfection efficiency. 
After detecting the mRNA expression levels, we evaluated 
protein expression efficiency in the DMSO- and menthol-
treated groups. The pAC-GFP-N1 plasmid was used to evaluate 
the transgene expression efficiency. Bcap-37 cells were seeded 
at 10,000/well in a flat-bottomed 12-well plate 24 h prior to the 
experiments. Transfection was performed as mentioned above. 
After transfection, the cells were incubated for 48 h at 37˚C for 
green fluorescent protein (GFP) expression. After incubation, 
the cells were washed twice with phosphate-buffered saline 
(PBS). Images were obtained by standard fluorescence micros-
copy (Olympus).

Flow cytometry analysis of transfection efficiency. As the 
results of fluorescence microscopy showed improved GFP 
expression efficiency in the DMSO- and menthol-treated 
groups, we aimed to calculate the increased percentage of 
transfected cells in the different groups. The capacity of flow 
cytometry for the rapid, individual analysis of a large number 
of cells make it ideally adapted for the study of transfection 
efficiency. Transfection was performed as mentioned above 
with the pAC-GFP-N1 plasmid. Cells were harvested and 
washed 3 times by PBS 48 h after transfection. Finally, the 
harvested cells were suspended in 500 µl cold PBS and exam-
ined by a FACSCalibur flow cytometer, which was equipped 
with an argon laser (488 nm).

Flow cytometry analysis of cell cycle. Previous studies have 
suggested that DMSO and menthol treatments significantly 

increase gene delivery efficiency (14,16). In this study, in order 
to determine the mechanism by which the chemicals, DMSO 
and menthol, improve gene transfer efficiency, we examined 
the cell cycle changes in the different groups by flow cytom-
etry. Bcap-37 cells were treated with DMSO and menthol 48 h 
before the assays. The cells were harvested and washed 3 times 
with PBS. The cells were then treated with RNase A (5 µg/ml)  
for 10 min at room temperature, followed by staining with 
propidium iodide (PI; 5 µg/ml), a DNA-binding dye for 2 h at 
room temperature. Subsequently, the cells were subjected to 
flow cytometry to analyze the cell cycle changes.

Statistical analysis. Statistical analyses of transfection effi-
ciency and cell cycle changes were carried out using one-way 
analysis of variance (ANOVA). A P-value <0.05 denoted 
statistically significant differences. All data are expressed as 
the means ± standard error of the mean.

Results

In  vitro cell viability. One of the major requirements for 
gene delivery is low cytotoxicity. In order to define the safe 
working concentration of DMSO and menthol for the Bcap-37 
cells, we performed MTT assays. The viability of Bcap-37 
cells in the absence or presence of various concentrations 
of DMSO is shown in Fig. 2A. The results showed that cell 
viability was surpassed by >90% when the concentration of 
DMSO was <1% (v/v). However, cell viability only exceeded 
80% when the concentration of DMSO was <2% (v/v), and 
significantly decreased at higher concentrations of DMSO [2.5 
and 5% (v/v)]. The minimum cell viability of Bcap-37 cells 
was 17.2 in 10% DMSO. As shown in Fig. 2A, among 8 tested 

Table I. Quantitative RT-PCR primers used in detecting the pGN plasmid.

Gene	 Sense primer 	 Anti-sense primer	 Product length (bp)

GH	 gagaagctgaaggacctgga	 tacgtctccgtcttgtgcag	 194
Bcap-37 β-actin 	 gatcattgctcctcctgagc	 tgtggacttgggagaggact	 385

Table II. Relative GH mRNA expression in the DMSO-treated groups.

Treatment	 Blank	 Control (liposome)	 Liposome/pGN	 Liposome/SPB-NLS/pGN

Untreated	 1.039±0.349	 2.182±0.329	 11.006±1.909 	 47.648±4.620
Pre-DMSO treatment	  	  	   97.087±11.091	 100.521±10.032
Post-DMSO treatment	  	  	 344.605±50.708 	 155.090±12.675

Table III. Relative GH mRNA expression in the menthol-treated groups.

Treatment	 Blank	 Control (liposome)	 Liposome/pGN	 Liposome/SPB-NLS/pGN

Untreated	 1.031±0.31	 3.132±1.676	   9.749±1.608	    70.677±18.145
Pre-menthol treatment			   277.110±23.371	 2,256.667±178.046
Post-menthol treatment			     98.183±10.666	  30.560±3.057
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concentrations of DMSO, 2% (v/v) DMSO was the optimum 
working concentration.

We also detected the working concentration of menthol. 
The viabilities in the absence or presence of various concentra-
tions of menthol are shown in Fig. 2B. We observed a strange 
phenomenon: cell viability was surpassed by >80% when the 
concentration of menthol was <50 µM. Once the concentration 
of menthol was up to 100 µM, cell viability sharply decreased 
to <10% (Fig. 2B). According to the literature, cell prolif-
eration speed significantly decreases when cells are treated 
with high concentrations of menthol (17). According to the 
afore-mentioned results, we selected 2% DMSO and 12.5 µM 
menthol for our experiments.

Transfection efficiency experiments
DMSO and menthol enhance GH mRNA expression in 
SPB-NLS-meditated transfection. We hypothesized that a 
correlation existed between the ability of penetration enhancers 
to wreck membranes under natural conditions and penetrating 
efficiency. To analyze the transfection efficiency of DMSO and 
menthol treatments, we carried out transient transfection with 
the pGN plasmid in the Bcap-37 cell line.

The results showed that the expression of GH mRNA in 
the pre-DMSO treatment group was 10-fold higher than that 
in the liposome/pGN group. Compared to the liposome/pGN 
group, the post-DMSO treatment group showed a significantly 
enhanced expression of GH mRNA (up to 30-fold). However, 
the pre-DMSO/SPB-NLS co-treatment group showed no 
difference in GH mRNA expression levels compared to the 
pre-DMSO treatment group (both groups showed a 10-fold 

increase compared to the liposome/pGN group), while the 
post-DMSO/SPB-NLS co-treatment group showed even lower 
levels in GH mRNA expression compared to the post-DMSO 
treatment group (Table II).

Similar results were also observed in the menthol-treated 
groups. Compared to the liposome/pGN group, the expres-
sion of GH mRNA was greatly increased in the post-menthol 
treatment group (10-fold), and significantly enhanced in the 
pre-menthol treatment group (30-fold). However, there were 
2 differences compared to the DMSO-treated groups. One 
was that the pre-menthol/SPB-NLS co-treatment group had 
significantly increased GH mRNA expression levels (up to 
200-fold compared to the liposome/pGN group). The other 
was that menthol treatment only showed high transcriptional 
activities in the pre-menthol treatment group and the pre-
menthol/SPB-NLS co-treatment group (Table III).

Fluorescence microscopy of transfection efficiency. After 
detecting GH mRNA expression, we aimed to evaluate 
the function of DMSO and menthol in improving protein 
expression efficiency by fluorescence microscopy. Protein 
expression efficiency was evaluated using the pAC-GFP-N1 
plasmid, which expressed GFP as a reporter protein. Normal 
cells were used as the blank group. Cells transfected with the 
pGN plasmid were used as the negative control group. The 
results showed that there was no GFP expression in the blank 
and negative groups, while only small areas of fluorescence 
were observed in the liposome/pAC-GFP-N1 group (Fig. 3A). 
Compared to the liposome/pAC-GFP-N1 group, the expres-
sion of GFP in the DMSO- and menthol-treated groups was 
much more efficient (Fig. 3B).

Figure 2. Cell viability of DMSO and menthol treatments. (A) MTT results 
of cell viability treated by DMSO. (B) MTT results of cell viability treated 
by menthol.

Figure 3. Fluorescence microscopy results of transfection efficiency. 
(A) Fluorescence microscopy results of blank, control and liposome groups. 
(B) Fluorescence microscopy results of the DMSO- and menthol-treated 
groups.
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Flow cytometry analysis of transfection efficiency. Our main 
goal was to develop a convenient and efficient delivery system 
for functional gene transfer. As the fluorescence microscopy 
results demonstrated a high GFP expression efficiency in the 
DMSO- and menthol-treated groups, we aimed to calculate the 
increased percentage of transfected cells in the different groups 
by flow cytometry. The flow cytometry results showed that 
the positive percentages of the blank, control (liposome) and 
negative groups (liposome/pGN) were 0.91, 1.32 and 0.87%, 
respectively. Compared to the 8.55% positive percentage in the 
liposome/pAC-GFP-N1 group, the positive percentage in the 
pre-DMSO treatment group (9.58%) and the post-DMSO treat-
ment group (10.91%) was significantly increased. However, the 
positive percentages in the pre-menthol treatment group (7.9%) 
and the post-menthol treatment group (7.44%) were slightly 
lower compared to the liposome/pAC-GFP-N1 group (8.55%). 
These results were consistent with those obtained by fluores-
cence microscopy. Data analysis also implied that the highest 
transfection efficiency was observed in the SPB-NLS/post-
DMSO co-treatment group (15.81%), which was significantly 
higher than that in the SPB-NLS/pre-menthol co treatment 
group (12.97%) (Fig. 4).

Cell cycle analysis. Although high efficiency was demon-
strated in gene transfer, the mechanism by which DMSO 
and menthol improve gene delivery remained unclear. Cell 
cycle synchronization was confirmed to have a crucial role in 
gene delivery. The flow cytometry results showed that there 
were significant differences in the cell cycle between the 
blank group (G1 phase, 61.41%; G2 phase, 7.01%; S phase, 
31.58%) and the liposome group (G1 phase, 56.79%; G2 phase, 
4.29%; S phase, 38.93%). All 3 phases of the cell cycle were 
affected by liposome treatment (Table  IV). Data analysis 
showed that the cell cycle phases were G1 57.48%, G2 8.21% 
and S 34.31% in the menthol-treated group, and G1 71.41%, 
G2 9.14% and S 19.45% in the DMSO-treated group, which 
were significantly different from the blank group. DMSO and 
menthol exposure resulted in an alteration in the percentage of 
nuclei, mainly in the S and G1 phases. A significant increase 
in the percentage of nuclei in the S phase and a significant 
decrease in the percentage of nuclei in the G1 phase occurred 
following DMSO treatment. Menthol treatment only led to a 
significant increase in the percentage of nuclei in the G1 phase 
and a significant decrease in the percentage of nuclei in the 
S phase. It should also be noted that the significant changes in 
the percentage of nuclei in the G1 and S phases was observed 
at the working concentration of menthol and DMSO, without 
altering the G2 phase. Previous studies using synchronized 
cells showed that cells expressed between 50- and 3,000-fold 

more gene product when transfected in the G2 or G2-M phase 
as compared to those transfected in the G1 phase (8,18).

Discussion

Previously, methods of in vitro transfection of different cells 
were limited to electric transfection (19), liposome-medi-
ated(4) or retroviral infection (20). In this study, our main goal 
was to develop a convenient and efficient delivery system for 
functional gene delivery. Our results prove that the addition 
of DMSO and menthol enhances liposome-mediated transfec-
tion efficiency in Bcap-37 cells. Furthermore, we found that 
transfection efficiency in the post-DMSO treatment group (21) 
had improved compared to that in the pre-DMSO treatment 
group, while the efficiency of gene transfer in the pre-menthol 
treatment group was extremely higher compared to that in the 
post-menthol treatment group. In addition, we confirmed that 
gene delivery efficiency in the DMSO/SPB-NLS and menthol/
SPB-NLS groups had greatly improved compared to that in the 
DMSO- or menthol-treated groups. Although peptide deriva-
tive SPB-NLS has been shown to be an effective transfection 
reagent in vitro (data not shown), it has never been used in 
conjunction with DMSO or menthol. DMSO and menthol have 
been shown to improve the transfection efficiency of plasmid 
DNA by increasing the permeability of cell membranes (22), 
the integrity of the nucleus (23) or by affecting cell cycle 
synchronization (24,25).

Quantitative evaluation of gene transfer. Quantitative 
RT-PCR was conducted to evaluate the transfection efficiency 
of the different treatments (DMSO and menthol). The results 
revealed that the expression of GH mRNA in the DMSO- and 
menthol-treated groups was significantly higher than that in 
the liposome-mediated group. This result was consistent with 
the study by Jain and Gewirtz (16). Our results clearly demon-
strated that the post-DMSO treatment group expressed much 
more GH mRNA than the pre-DMSO treatment group, which 
suggests, as also shown by a previous study, that DMSO affects 
the nuclear pore in gene transfer (23). Taken together, our results 
show that post-DMSO treatment is most effective in enhancing 
gene delivery. Of note, the DMSO/SPB-NLS co-treatment 
was less efficient in enhancing gene transfer compared to the 
post-DMSO treatment group. Although the exact mechanism 
of the DMSO-mediated gene delivery remains unknown, our 
results clearly demonstrate that the addition of DMSO influ-
ences the transfection efficiency. We speculated, as also shown 
in a previous study, that pre-DMSO treatment may increase 
transfection efficiency by regulating the gene controlled cell 
cycle and cell hydrophobic properties (26), while post-DMSO 

Table IV. Cell cycle analysis of the different treatments.

Treatment	 G1 phase (%)	 S phase (%)	 G2 phase (%)	 Apoptosis

Blank	 61.41±0.42	 31.58±0.89	 7.01±0.47	 1.11±0.29
Liposome/pGN	 56.79±0.87	 38.93±2.30	 4.29±1.43	 2.21±0.59
DMSO 	 71.41±1.33	 19.45±1.14	 9.14±0.24	 1.40±0.10
Menthol 	 57.48±0.79	 34.31±1.45	 8.21±0.76	 0.22±0.05
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treatment may improve transfection efficiency by influencing 
the formation of the nuclear pore.

Similar results were also found in the menthol-treated groups. 
What was different from the DMSO-treated groups was that 
pre-menthol treatment had more significant results compared 
to post-menthol treatment concerning GH mRNA expression. 
Another difference was that the menthol/SPB-NLS co-treatment 
group achieved supreme transfer efficiency. As for the reason 
why menthol/SPB-NLS co-treatment had such an impact on 
transfection efficiency, it remains to be further investigated.

Quantitative estimation of gene expression. After we investi-
gated the function of DMSO and menthol in improving GH 
mRNA expression, we evaluated protein (GFP) expression 
efficiency in the DMSO- and menthol-treated groups by 
fluorescence microscopy and flow cytometry. Flow cytometry 
measurements made every accurate determination of fluores-
cence intensities feasible. The results from both analyses showed 
that DMSO and menthol treatments increased GFP expres-
sion efficiency. DMSO and menthol treatments only slightly 
improved the expression of GFP. These results are completely 

Figure 4. Flow cytometry results of transfection efficiency. (A) Blank group; (B) liposome group (control group); (C) liposome/pGN group (negative group); 
(D) liposome/pAC-GFP-N1 group (positive group); (E) post-menthol treatment group; (F) post-menthol/SPB-NLS co-treatment group; (G) pre-menthol treat-
ment group; (H) pre-menthol/SPB-NLS co-treatment group; (I) post-DMSO treatment group; (J) post-DMSO/SPB-NLS co-treatment group; (K) pre-DMSO 
treatment group; (L) pre-DMSO/SPB-NLS co-treatment group.
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different from those obtained by qRT-PCR. The reason behind 
this phenomenon may be the following: the slight improvement 
in GFP expression in the DMSO- and menthol-treated groups 
implied that DMSO and menthol treatments may affect cell 
viability, which in turn limits gene expression.

We also found that the post-DMSO/SPB-NLS co-treatment 
group achieved the highest GFP expression efficiency (increased 
by 90%; flow cytometry). Similarly, the pre-menthol/SPB-NLS 
co-treatment group also obtained a high efficiency in GFP 
expression (increased by 52%; flow cytometry). Notably, high-
level transcription efficiency (DMSO- and menthol-treated 
group) did not always mean high-level expression efficiency. 
Among all treatments, the post-DMSO/SPB-NLS and the pre-
menthol/SPB-NLS co-treatment groups not only showed high 
transcription levels (GH mRNA expression levels), but also 
displayed high translation levels (GFP expression levels).

Methods involved in improving gene transfer efficiency. Apart 
from some isolated reports (27,28), the majority of studies 
have aimed at increasing DNA nuclear import by adding 
NLS-containing proteins or using novel polymers. There has 
been relatively little success transforming information gath-
ered into more effective methods for DNA delivery in vitro. 
We aimed to search for versatile solutions to improve transfec-
tion efficiency. DMSO and menthol seemed to be a suitable 
way to solve this problem. Previous studies using DMSO have 
shown that this amphiphilic molecule affects transfection by 
influencing the formation of the nuclear pore (6). DMSO also 
alters the cell cycle to accomodate gene transfer. Cell cycle 
synchronization has been confirmed to be a crucial part in 
gene delivery (29,30). Previous studies using synchronized 
cells have shown that cells express more gene product when 
transfected in the G2 or G2-M phase (8,18). DNA microin-
jected into the nucleus produces robust gene expression, while 
cytoplasm injection results in low expression levels. Thus, if 
plasmids were presented in the cytoplasm, they could enter 
into the nucleus when the envelope was disrupted (30). It was 
well known that non-dividing or growth-arrested cells cannot 
be easily transfected. By contrast, cells undergoing mitosis 
are much more receptive to transfection (31). The results 
from the present study demonstrate that DMSO stops the cell 
cycle during mitosis, which explains the high gene delivery 
efficiency in the DMSO-treated groups.

Menthol is a naturally-occurring cyclic terpene alcohol of 
plant origin, which has been frequently used since antiquity 
for medicinal purposes. However, as a penetration enhancer, 
the ability of menthol in improving gene delivery efficiency 
has not been reported. Menthol may be used to increase the 
permeability of cell membranes or to affect the integrity of the 
nucleus (23). As detected in previous experiments, the mecha-
nism by which menthol enhances transmembrane permeation 
may include the possible reversible disruption of the intercel-
lular lipid domain (20,21).

Although high transfection efficiency has been demon-
strated, issues related to the effects of DMSO or menthol on 
transfection efficiency and the mechanisms have not been 
fully addressed. The present investigation aimed to generate 
versatile solutions to further improve transfection efficiency. 
It would be hopeful to provide impetus for searching for more 
versatile solutions in transferring plasmid DNA.

In conclusion, DMSO can increase the transfection efficiency 
by influencing the pore integrity of the nucleus or regulating 
the gene controlled cell cycle and cell hydrophobic properties. 
Additionally, it is likely that menthol facilitates the gene transfer 
efficiency by increasing the permeability of cell membranes. 
Our results clearly demonstrate that pre-menthol and post-
DMSO treatments both improve gene delivery efficiency.

The pre-menthol and post-DMSO treatments are developing 
techniques. We stronlgy believe that only versatile transfection 
techniques would aid in the development of a controlled release 
gene transfer method, unlike many of the conventional nucleic 
acid carriers that are purely liposome-based. Hopefully, our 
research will lead to a safer alternative to viral systems for gene 
delivery. 
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