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transdermal delivery of nobiletin 
using ionic liquids
tadashi Hattori1, Hiroki tagawa1, Makoto inai2, toshiyuki Kan2, Shin-ichiro Kimura1, 
Shigeru itai1, Samir Mitragotri3 & Yasunori iwao1*

Nobiletin (NOB), a flavonoid, has extremely low water solubility and low oral bioavailability; however, 
despite these problems, various physiological effects have been investigated in vitro. in the present 
study, we investigated the transdermal delivery of noB using choline and geranic acid (cAGe), which 
is a biocompatible material that has been reported to be a promising transdermal delivery approach. 
the feasibility was evaluated by a set of in vitro and in vivo tests. A solubility evaluation demonstrated 
that CAGE induced excellent solubility of NOB induced by multipoint hydrogen bonding between NOB 
and cAGe. In vitro transdermal tests using a Franz diffusion cell showed that CAGE was effective in 
enhancing transdermal absorption of noB, compared to other penetration enhancers. Subsequent in 
vivo tests demonstrated that CAGE significantly improved area under the concentration-time curve of 
noB in vivo and NOB/CAGE sample showed 20-times higher bioavailability than oral administration 
of NOB crystal. Furthermore, NOB/CAGE sample also showed significant drops of the blood glucose 
level in rats derived from hypoglycemic activity of noB. thus, transdermal administration of noB 
using cAGe was shown to be feasible, which indicates that the use of cAGe may be adapted for other 
flavonoids that also show both low water solubility and low permeability.

Over the last few decades, the development of combinatorial chemistry and high throughput screening has ena-
bled a large numbers of drug candidates. However, these candidates tend to have large molecular weights and 
high LogP values, which indicates that these compounds are likely to be poorly water-soluble1. Greater molec-
ular weight also leads to lower permeability through biological barriers2. According to the Biopharmaceutics 
Classification System (BCS), drugs are classified into four groups: high solubility–high permeability (class I); 
low solubility–high permeability (class II); high solubility–low permeability (class III); and low solubility–low 
permeability (class IV)3. In particular, to improve the bioavailability (BA) of class IV drugs, the best solution is to 
go back to the lead optimization phase of drug discovery and modify the structure to obtain the desired physico-
chemical properties. However, this solution is challenging, time-consuming and costly process. As a result, very 
few of the millions of compounds tested reach the market. Hence, an alternative option to going back to the lead 
optimization phase is desirable. Proper formulation is critical to establish successful products for the administra-
tion of BCS class IV drugs4.

Flavonoids are a group of phytochemicals that have shown numerous health benefits and have therefore 
been studied extensively5. However, the low BA of flavonoids, because of phase 2 metabolism6 and intestinal 
first-pass metabolism7, is of concern for drug development5. In addition, flavonoids tend to have high lipophilic-
ity8 derived from the flavone skeletal structure, which leads poor water solubility. Because of these characteris-
tics, flavonoids are categorized as BCS class IV drugs. Nobiletin (NOB) is a flavonoid isolated from the peel of 
citrus fruits (Fig. 1), which has various reported physiological effects, including anti-Alzheimer’s disease (AD)9,10, 
anti-inflammatory11, anti-cancer12, and anti-diabetic13 effects. However, the solubility of NOB is extremely poor 
at 16.2 μg/mL14 and the BA is also extremely low, 0.85%14 for the oral administration of NOB crystals to rats; 
hence, NOB is classified as a BCS class IV compound. Although many techniques such as solid dispersion14,15, 
self-emulsifying emulsion16, nanoparticles17, and self-assembled proliposomes18 have been used with NOB in 
attempts to improve the oral absorption, a definitive improvement has not been achieved yet. Thus, a brand- new 
approach is needed.

In this study, we focused on the transdermal administration of NOB considering the following two points. 
The first is that the physicochemical properties of NOB are more applicable to transdermal absorption compared 
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with oral absorption. A potential substance will be highly applicable for transdermal absorption according to the 
following three rules: a molecular weight <500 Da; a melting point <200 °C; and a logPow value from –1 to 419,20. 
NOB has ideal properties for transdermal absorption with molecular weight, 402.40 Da; melting point, 138 °C21; 
and logPow, 2.42 (Fig. 1). The second point considers the possible therapeutic use of NOB. According to a previous 
study, NOB prevented the hepatic lipid load and consequently limited lipid availability for hepatic storage and 
lipoprotein secretion and deposition in peripheral tissues, which suggests that NOB has the potential to treat 
diabetes22,23. In the treatment of diabetes, medications are available only through oral or intraperitoneal injection 
routes. Transdermal administration would provide a valuable option for treatment with easy administration with-
out pain, and consistent drug concentrations in the blood over long periods. There is a need for improved drug 
delivery system for antidiabetic agents24.

In transdermal administration, the impermeability of the outer layer of skin, the stratum corneum (SC), which 
protects the human body from external pathogens and the evaporation of moisture, creates a formidable barrier 
to the permeation of large drugs25–27. To overcome this barrier, it is important to choose optimal penetration 
enhancers (PEs) that promote effective absorption and have low skin irritancy. To date, a large number of PEs, 
including surfactants, fatty acids, terpenes, and other solvents have been reported28. Ionic liquids and deep eutec-
tic solvents [hereafter, collectively referred to as ionic liquids (ILs) focusing on their properties as described in the 
previous report29] have gained recent attention as novel enhancers30. Generally, ILs are molten salts composed of 
cations and anions31 and the use of many ILs as PEs has been reported32–34. Choline and geranic acid (CAGE) is 
one of ILs35. CAGE has been reported to be an excellent PE for various drugs with small35 to large36,37 molecular 
weights, which does not cause large irritation to the skin35. However, it remains unclear whether the use of CAGE 
is also applicable to flavonoids.

Herein, we demonstrate the use of CAGE for the transdermal administration of NOB. The poor water sol-
ubility of NOB was improved by CAGE, because of the multipoint interactions between NOB and CAGE as 
determined by NMR analysis. In addition, the absorption of NOB into the skin was significantly improved 
non-invasively using CAGE. Moreover, the administration of NOB with CAGE significantly increased the area 
under the concentration-time curve (AUC0-1440min) of NOB in vivo, and showed a positive effect on blood glucose 
levels, in rats. This knowledge will provide a new option when considering the formulation of flavonoids.

Results
evaluation of noB solubility in cAGe and the interaction between noB and cAGe. Previous 
reports have demonstrated that ILs and DESs have the ability to improve the solubility of poorly water-soluble 
drugs38,39. Therefore, the solubility of NOB in CAGE or water was evaluated to investigate whether CAGE also 
improved the solubility of NOB. The solubility of NOB in CAGE was 7.2 mg/mL, whereas that of NOB in water is 
reported to be 0.016 mg/mL (Table 1), indicating that the solubility of NOB was remarkably increased in CAGE 
by approximately 450 times compared with water. To elucidate the reason why the solubility was enhanced in 
NOB/CAGE, the mixtures which had been prepared at different molar ratios [CAGE: NOB = 1:0 (NOB 0), 2:1 
(NOB 0.5), 1:1 (NOB 1), 1:1.5 (NOB 1.5), and 1:2 (NOB 2)] were each analyzed by 1H NMR. Almost all the NMR 
spectra for each of the samples were well overlapped; however, differences were observed in the spectra from 
6.1–6.5 ppm when the molar ratio of the mixture was changed (Fig. 2). This result indicated that NOB interacted 
with CAGE by hydrogen bondings40,41; that is, the H atom of the hydroxyl group in CAGE (6.1–6.5 ppm in NMR 
spectra) acts as a hydrogen bonding donor, and the O atoms of the carbonyl and methoxy groups in NOB might 
act as multipoint hydrogen bonding acceptors. These results appear to be in good agreement with the NOB crys-
tal structure42. Therefore, it is possible that the hydrogen bondings between NOB and CAGE contributed to the 
improvement in the solubility of NOB.

evaluation of the transdermal noB absorption from noB/cAGe in vitro. To evaluate the trans-
dermal absorption of NOB/CAGE in vitro, transdermal tests were performed after 24 h incubation using a FDC 
combined with Yucatan micropig skin (Fig. 3). NOB/PBS (1 mg/mL) in which NOB was suspended in PBS, or 
NOB/CAGE (1 mg/mL) in which NOB was dissolved in CAGE, were applied to the porcine skin. For NOB/PBS, 
the amount of NOB detected in SC-1, the fraction of skin surface, was significantly greater than that of NOB/

Figure 1. Chemical structure and physicochemical properties of NOB. *Chen et al.18, **Onoue et al.11.

Sample Solubility (mg/mL)

NOB/water 0.016*

NOB/CAGE 7.200 ± 0.174

Table 1. Solubility of NOB in water and in CAGE. *Onoue et al.11.
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CAGE (P < 0.01). In contrast, as for NOB/CAGE, the amount of NOB detected in epidermis and acceptor, deep 
fractions of the skin, was significantly greater than that of NOB/PBS (P < 0.05 or P < 0.01). These results indi-
cated that the NOB from NOB/CAGE samples can cross the SC layer without stagnation, and pass through to the 
deep sites in the skin; while PBS cannot deliver NOB across the SC and the NOB remained at the skin surface. 
Therefore, NOB absorption and permeation were found to be improved using CAGE.

Figure 2. Overlapped 1H NMR spectra of NOB-CAGE complexes at each molar ratio (a) and a schematic 
diagram of the interactions between NOB and CAGE (b). NOB was mixed with CAGE at different molar ratios 
[CAGE: NOB = 1:0 (NOB 0), 2:1 (NOB 0.5), 1:1 (NOB 1), 1:1.5 (NOB 1.5), and 1: 2 (NOB 2) mol/mol]. The 
mixtures were dissolved with chloroform-d and then analyzed by 1H NMR. The closed triangles show the O 
atoms in NOB that might interact with CAGE as hydrogen bonding acceptors. The white triangle shows the H 
atom in CAGE that might interact with NOB as a hydrogen bonding donor.

Figure 3. Evaluation of the transdermal absorption of NOB/PBS and NOB/CAGE. Thawed porcine skin 
without any adipose tissue was fixed with a FDC and 300 μL of 2 mg/mL NOB/PBS or NOB/CAGE were 
added to the donor of the FDC and incubated for 24 h at 37 °C. After incubation, tape stripping was performed 
using ten tapes to get parts of the SC (SC1, SC 2–5, and SC 6–10). The remaining epidermis was scraped with 
a razor and separated from the dermis. The amount of NOB in the SC, epidermis, dermis, and acceptor was 
quantitatively determined by HPLC as described in Section 2.1.2. Each column represents the mean ± S.D. 
(n = 3). For each fraction, NOB/PBS and NOB/CAGE were compared using the unpaired t test. *And 
**indicate significant differences (*P < 0.05, **P < 0.01).
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Effect of the NOB concentration in PBS or CAGE on the transdermal absorption. Subsequently, 
to evaluate in more detail the permeation mechanism of NOB in PBS or CAGE, further transdermal tests were 
conducted using varied concentrations of NOB in the samples (Fig. 4). For NOB/PBS, there were no signif-
icant differences in the amount of NOB detected in the acceptor even if the concentrations were increased. 
However, for NOB/CAGE, as the NOB concentration increased from 1 to 5 mg/mL, the delivered amount of 
NOB tended to increase; while interestingly from 5 to 10 mg/mL, the delivered amount of NOB significantly 
decreased (*P < 0.05 or **P < 0.01) (Fig. 4a). In addition, the amount of NOB detected in SC-1 was increased 
in a concentration-dependent manner in NOB/CAGE (Fig. 4b). One explanation for this phenomenon is that 
when there is a high concentration of NOB in CAGE, the NOB may crystalize on the skin surface because water 
that comes out from the skin interrupts the interaction between NOB and CAGE. Therefore, to investigate this 
concern, the NOB/CAGE samples (7 mg/mL) before and after incubation were collected and observed using 
microscopy with a polarization lens. White light emitted from NOB crystals was observed in the sample after 
incubation, whereas none was observed in the sample before incubation (Fig. 4c). As mentioned above, the solu-
bility of NOB in CAGE was 7.2 mg/mL (Table 1), and at or over this concentration, dissociation of the hydrogen 
bonds between NOB and CAGE could easily occur. In addition, because of the moisture that came out from the 
skin, the nucleation and crystal growth of NOB could also occur during incubation, and consequently a decrease 
in the amount of NOB might be observed. A concentration of <5 mg/mL of NOB in NOB/CAGE was considered 
to be suitable for further studies.

Figure 4. Effect of the NOB concentration in CAGE on the NOB permeation from the skin. (a) The amount of 
NOB detected in the acceptor for each concentration of NOB/PBS and NOB/CAGE. (b) The amount of NOB 
detected in the SC-1 fraction for each concentration of NOB/CAGE. c) The images of a donor sample of 7 mg/mL  
NOB/CAGE in FDC after 24 h incubation taken by a camera (left) and by a polarization microscope (right). 
For both a) and b), each column represents the mean ± S.D. (n = 3). The inter-group comparison was carried 
out using the non-repeated measures ANOVA followed by the Bonferroni test. *and **Indicate a significant 
difference (*P < 0.05, **P < 0.01) compared with (a) 5 mg/mL NOB/CAGE or (b) 5 mg/mL NOB/CAGE.
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NOB permeation with different solvents. To compare the delivery ability of CAGE, additional NOB 
permeation studies were performed using the widely used chemical penetration enhancers, EtOH and DGME 
[1 mg/mL NOB in 50:50 (v:v) DGME: PBS and 50:50 (v:v) EtOH: PBS]. The amount of NOB detected in the 
acceptor was in the order CAGE > EtOH: PBS > PBS > DGME and there were significant differences between 
CAGE and PBS (P < 0.05), and PBS and EtOH: PBS (P < 0.05) (Fig. 5a). The ratios of NOB detected in the 
deeper fractions (epidermis + dermis + acceptor) to the total amount of NOB transferred to the skin were CAGE 
(77%) > EtOH: PBS (54%) > DGME: PBS (41%) > PBS (28%) (Fig. 5b). Considering that the amount of NOB 
detected in the SC fractions was higher with the EtOH: PBS solvent than that with CAGE (Fig. 5a), these results 
suggested that CAGE has a good ability to deliver NOB across the SC efficiently and specifically.

NOB transdermal absorption was visually assessed using fluorescent-labeled NOB (TG-NOB). The samples 
(1 mg/mL TG-NOB in PBS, 50:50 (v:v) DGME: PBS, 50:50 (v:v) EtOH: PBS, and CAGE) were applied to the skin 
for 24 h, and the skin was then observed using a fluorescence microscope. As shown in Fig. 6, only weak fluo-
rescence was observed in the skin treated with TG-NOB/PBS and TG-NOB/DGME: PBS (Fig. 6a,b); whereas, 
strong fluorescence was observed in the skin treated with TG-NOB/EtOH: PBS, and TG-NOB/CAGE (Fig. 6c,d). 
However, the surface of the SC treated with EtOH: PBS was clearly collapsed (Fig. 6c), indicating that EtOH frac-
tured the SC structure as has been previously reported43 and this destruction is likely to be involved in the high per-
meation of NOB into the deep sites of the skin. In contrast, no destruction of the SC was observed with TG-NOB/
CAGE (Fig. 6d). Taken together, these results indicate that CAGE can enhance the noninvasive absorption of NOB.

evaluation of the noB transdermal absorption in vivo. Transdermal evaluation of NOB absorption 
in vivo was conducted using SD rats (Fig. 7). PBS, 50:50 (v:v) EtOH: PBS, and CAGE were selected as test solu-
tions, as DGME: PBS did not enhance NOB absorption in vitro (Figs. 5 and 6). As for NOB/PBS, the NOB con-
centration peaked at 60 min after transdermal administration, followed by a slightly decrease and then a stable 
concentration until 1440 min. For NOB/EtOH: PBS, the NOB concentration increased up to 60 min and then was 
constant. In contrast, for NOB/CAGE, the concentration increased up to 720 min, followed by a slow decrease 
to the end point of the study. The values of the pharmacokinetic parameters: maximal concentration (Cmax); 

Figure 5. Evaluation of the transdermal absorption of NOB using chemical penetration enhancers. (a) Various 
solutions, 300 μL of 1 mg/mL NOB in PBS, 50:50 (v:v) DGME: PBS, 50:50 (v:v) EtOH: PBS, and CAGE were 
added to the donor of a FDC and incubated for 24 h at 37 °C. After incubation, a tape stripping method was 
performed using ten tapes to get layers of the SC and the remaining epidermis, dermis, and acceptor were 
collected to determine the NOB concentration in each fraction. Each column represents the mean ± S.D. 
(n = 3). The inter-group comparison was carried out using the non-repeated measures ANOVA followed by the 
Bonferroni test. * indicates a significant difference (*P < 0.05) compared with NOB/PBS. (b) The ratio of the 
amount of NOB in each fraction to the total amount. Each column represents the mean (n = 3).
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time for maximal concentration (Tmax); and AUC0-1440min; absolute BA are shown in Table 2. In particular, the 
values for the AUC0-1440min of NOB/PBS, NOB/EtOH: PBS, and NOB/CAGE calculated by the linear trapezoidal 
method were 2.89 ± 0.91, 5.35 ± 1.43, and 10.57 ± 2.50 μg/mL•min, respectively, and the value for NOB/CAGE 
was approximately 1.9-fold and 3.7-fold higher compared with the others. Moreover, absolute BAs of NOB/PBS, 
NOB/EtOH:PBS, and NOB/CAGE were calculated to be 2.47%, 4.58%, and 9.04% respectively. These results 
suggested that the absorption of NOB was improved using CAGE compared with the other enhancers in vivo.

Hypoglycemic activity of the noB/cAGe sample transdermally administrated to SD rats.  
Finally, the transdermal hypoglycemic activity of different samples of NOB was tested using SD rats. The sam-
ples were PBS, NOB/PBS, and NOB/CAGE (Fig. 8). A 22% drop in the blood glucose level (BGL) was observed 
at 120 min after PBS administration. After that, the level remained constant until 1440 min. Approximate 
drops of 10–20% in the BGL were observed until 720 min after NOB/PBS administration, then a 27% decrease 
was observed over 720–1440 min. Using NOB/CAGE, a significant 34% drop in the BGL was observed from 

Figure 6. Representative confocal images of skin treated with TG-NOB in (a) PBS, (b) PBS: DGME, (c) PBS: 
EtOH, and (d) CAGE. Each sample was added to the donor of a FDC and incubated for 24 h at 37 °C. After 
incubation, the skin was soaked in OTC compound in Tissue-Tek® Cryomold® and frozen at −70 °C. The 
frozen skin samples were sliced to a thickness of 20 μm and then imaged on a fluorescence microscope.

Figure 7. NOB concentration in the plasma after NOB/PBS, NOB/EtOH:PBS, and NOB/CAGE were 
transdermally administered. Using an electric shaver, the back hair of male SD rats was clipped in a circular shape 
and a FDC donor was fixed there using instant glue. A 2 mg/mL concentration of NOB/PBS, NOB/EtOH: PBS, 
or NOB/CAGE was percutaneously administered to the donor area of the rats (5 mg/kg). Each point represents 
the mean ± S.D. (n = 5). The inter-group comparison was carried out using the non-repeated measures ANOVA 
followed by the Bonferroni test. **Indicates a significant difference (**P < 0.01) compared with NOB/PBS.
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0–240 min (P < 0.05). Then, the BGL increased slightly followed by a marked 38% decrease from 720–1440 min. 
These data demonstrated that after NOB/CAGE was administrated, NOB was transdermally absorbed and can 
elicit pharmacological effects, such as hypoglycemic activity, in vivo.

Discussion
In this study, we investigated the feasibility of the transdermal absorption of the polymethoxy flavonoid, NOB, 
which has extremely poor water solubility and poor absorption, using the enhancer CAGE. CAGE demonstrated an 
ability to transdermally transport NOB to the deeper sites of the skin and enhanced the permeation of NOB in vivo.

When NOB was mixed with CAGE, the solubility of NOB was improved by approximately 500 times. NMR 
analysis indicated that the H atom of the hydroxyl group in CAGE was a hydrogen bonding donor and the two 
O atoms in the skeleton of the flavonoid, or all seven methoxy groups in NOB, appeared to be hydrogen bonding 
acceptors. This result was supported by the results of X ray crystal structural analysis42. Generally, the skeletal 
structures of flavonoids hinder their dissolution in water through strong π-π interactions. It has been reported 
that an OH or OCH3 substituent on ring B of a flavonoid, the ring B connection position, the bond order between 
C2 and C3 (single or double), and the presence of an OH substituent at the 3-position can influence the solubility 
of flavonoids44. However, all flavonoids have at least one O atom in the skeletal structure, indicating that CAGE 
could improve the solubility of flavonoids other than NOB. In particular, improvements in compounds that are 
poorly water-soluble and have poor oral BA, such as quercetin45,46 (solubility in water: 0.0014 mg/mL, BA in men: 
1%) and kaempferol8 (solubility in water: 0.18 mg/mL, BA 2%) could be expected.

In the transdermal absorption studies in vitro, CAGE enabled NOB to permeate into deep site of the skin 
without stagnation in SC fractions. Similar phenomenon was observed in a previous report by Banerjee et al.37, in 
which CAGE enhanced the transdermal absorption of other compounds with a large molecular weight, including 
fluorescein isothiocyanate labelled insulin and fluorescein isothiocyanate labelled bovine serum albumin. The 
use of CAGE improved the noninvasive absorption of NOB in comparison with other PEs. The present study also 
confirmed that EtOH can cause skin irritation. Irritation caused by EtOH has been previously reported. Farkas 
et al. have reported that EtOH induced proliferation of HaCaT cells, which could induce psoriasis43. Goates et al. 
have reported that EtOH extracted, not only SC lipids, but also SC proteins, by changing their conformation47. 
On the other hand, it has been reported that CAGE extracted only lipids35. These differences in the effects on the 
SC led to differences in the permeability between CAGE and EtOH. The mechanism of EtOH permeation, which 
causes conformational alterations in the SC proteins, was suggested that EtOH delivered NOB to a wide area of 

NOB/PBS
NOB/
EtOH:PBS NOB/CAGE

NOB solution 
(i.v.)

Cmax (ng/mL) 4.85 ± 2.24 7.52 ± 1.96 14.5 ± 4.81 —

Tmax (min) 864 ± 247 889 ± 338 768 ± 192 —

AUC0-1440min (μg/mL•min) 2.89 ± 0.91 5.35 ± 1.43 10.57 ± 2.50** 23.37 ± 6.77

Absolute BA (%) 2.47 4.58 9.04 —

Table 2. Pharmacokinetic parameters of NOB. Mean ± S.E. (n = 5). The inter-group comparison was carried 
out using the non-repeated measures ANOVA followed by the Bonferroni test. **Indicates a significant 
difference (**P < 0.01) compared with NOB/PBS.

Figure 8. Changes in the blood glucose levels after NOB/PBS, NOB/EtOH: PBS, and NOB/CAGE were 
transdermally administered. A 5 mg/mL concentration of PBS, NOB/PBS, or NOB/CAGE was transdermally 
administered (10 mg/kg) to rats and blood was collected from the tail vein up to 24 h. Blood glucose was 
measured using a commercial glucose meter. Each point represents the mean ± S.D. (n = 5). Inter-group 
comparison was carried out by the non-repeated measures ANOVA followed by the SNK test. * and ** 
represent a significant difference (*P < 0.05, **P < 0.01) compared to NOB/PBS.
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the SC, which meant that NOB tended to remain in the SC fractions. Therefore, this mechanism of EtOH perme-
ation led to unselective delivery, as shown in in Fig. 5b, as well as causing irritation. In contrast, CAGE only had 
an effect on lipids, which meant that CAGE had less of an effect on the SC, compared with EtOH. Because CAGE 
causes only small changes in the SC structure, CAGE may be useful for noninvasive and selective deep-skin deliv-
ery. However, further studies regarding the mechanism of how CAGE has a permeation enhancing effect without 
causing irritation to the skin are needed.

In vivo, CAGE improved transdermal NOB absorption and had a plasma concentration profile that was 
different compared with the other enhancers tested. A large increase in the plasma concentration of NOB was 
observed at 720 min. This increase may be caused by the way NOB penetrated into the deep skin along with 
CAGE. Banerjee et al. have reported that delivered fraction of 3H BSA in the skin greatly changed from the SC 
to the epidermis, dermis, and acceptor between 12 and 24 h37. In the present study, the NOB concentration was 
increased at 12 h and the rate of NOB penetration appeared to be fast. These different results might be explained 
by differences in the skin structure of rat and pigs; rat skin is thinner compared with the pig skin used in pre-
vious work48. NOB penetrated into skin layers deeper than the SC after approximately 12 h, which led to the 
observed increase in the NOB concentration at that time. Also, a decrease in the plasma concentration of NOB 
was observed at 1440 min. This decrease might be because NOB was removed from the blood through metabo-
lism and excretion, and because the amount of NOB transferred into the blood decreased because the skin was 
filled with CAGE and NOB. Moreover, absolute BAs were calculated. Onoue et al. reported that the oral BA of 
crystalline NOB (2 mg/kg) was 0.46%15. In this study, the BA of NOB/CAGE (9.04%) was approximately 20-times 
higher than oral administration of NOB crystalline and even NOB/PBS marked more than five times BA than 
that of crystalline NOB. This is because avoiding first pass metabolism of NOB by means of transdermal admin-
istration. In this test, 2 mg/mL sample was used and the duration of the test was 24 h. Figure 4(a) demonstrated 
NOB amount of that permeated through skin increased concentration-dependent manner up to 5 mg/mL. Thus, 
optimization of concentration of the sample could give even greater bioavailability.

Furthermore, transdermal hypoglycemic activity was evaluated with nondiabetic rats. Interestingly, transder-
mal administration of NOB using CAGE decreased the BGL, whereas there was no significant difference between 
PBS and NOB/PBS. These results suggested that CAGE transported a sufficient amount of NOB into the blood to 
decrease the BGL, whereas PBS did not. Although the PBS sample showed a larger decrease in BGL than NOB/
PBS, this might be because of prolonged fasting49. It has been reported that oral administration of 200 mg/kg 
NOB significantly suppressed weight gain and caused a drop in the BGL accompanied with insulin injection49. In 
the present study, transdermal administration of only 10 mg/kg NOB alone caused a significant decrease in the 
BGL (P < 0.05 or 0.01). This result might be because the transdermal administration prevented NOB from being 
metabolized by the first pass effect, which made the expression of the hypoglycemic action of NOB more efficient. 
Transdermal insulin delivery using CAGE has been shown to induce almost a 40% drop in the BGL over 12 h37. In 
contrast, although NOB induced a relatively small decrease in the BGL (at most 34%) over 12 h in the present study, 
this indicated that transdermal administration of NOB may avoid excessive hypoglycemia. Thus, NOB is a poten-
tial new therapeutic, or preventive ingredient, for diabetes that has less risk of side effects, such as hypoglycemia.

conclusion
NOB has extremely low water solubility and low oral bioavailability, and a brand-new approach to solve these 
concerns is needed to show various physiological effects of NOB in vivo. In this study, we investigated the feasi-
bility of the transdermal absorption of NOB, using an ionic liquid, CAGE. CAGE induced excellent solubility of 
NOB induced by multipoint hydrogen bonding between NOB and CAGE. In addition, CAGE was found to be 
effective in enhancing transdermal absorption of NOB without invasiveness by comparing to other penetration 
enhancers. Furthermore, after NOB/CAGE was transdermally administrated, NOB bioavailability was 20-times 
higher than oral administration of NOB crystal and NOB/CAGE significantly reduced the blood glucose level in 
rats derived from hypoglycemic activity of NOB. Therefore, feasibility of transdermal absorption of NOB with 
CAGE was confirmed, indicating that wider use of this transdermal absorption system using CAGE against other 
flavonoids as well as BCS class IV drugs would be expected.

Materials and Methods
Materials and animals. NOB was synthesized by an established method50 and provided by the Ushio 
Chemix Corp. (Shizuoka, Japan). Geranic acid (85%), choline bicarbonate (~80% in water), dimethyl sulfox-
ide-d6 (99.5 atom %D), chloroform-d (99.8 atom % D), and phosphate buffered saline tablets were purchased 
from Merck KGaA (Darmstadt, Germany). Acetone, 4% paraformaldehyde phosphate buffer solution, formic 
acid, and ethanol were purchased from Wako Pure Chemical Industries (Osaka, Japan). Diethylene glycol ethyl 
methyl ether was purchased from Tokyo Chemical Industries (Tokyo, Japan). Porcine skin (Yucatan Micropig) 
was purchased from Charles River Laboratories International (Yokohama, Japan). All other chemicals were of the 
highest grade commercially available, and all solutions were prepared in deionized and distilled water.

Methods. Preparation of CAGE. CAGE was prepared according to an established method35. Two equiva-
lents of technical grade 85% geranic acid (5.07 g, 0.0301 mol) was recrystallized at −70 °C from 70 wt% geranic 
acid/30 wt% acetone. To this geranic acid in a 100 mL eggplant flask was added one equivalent of choline bicar-
bonate (80 wt% solution, 3.109 g, 0.0151 mol). The mixture was stirred at room temperature until no more CO2 
evolved. The solvent was removed by rotary evaporation at 60 °C for 20 min, and the product was dried in a vacuum 
oven for 48 h at 60 °C to give CAGE (6.583 g, 0.0150 mol). The NMR assignments (using a JEOL ECX500) were in 
good agreement with a previous study35: 1H NMR (dimethyl sulfoxide-d6), δ5.58 (s, 2H), 5.06 (t, J = 6.9, 2H), 3.85 
(m, J, 2H), 3.43 (m, 2H), 3.12 (s, 9H), 2.54 (m, 4H), 2.06 (m, 4H), 1.99 (m, 6H), 1.73 (s, 2H), 1.64 (s, 6H), and 1.56 
(s, 6H); 13C NMR (DMSO- d6), δ 170.0, 149.7, 131.1, 123.7, 121.5, 67.2, 55.1, 53.1, 53.1, 32.4, 25.8, and 17.7.
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Measurement of NOB solubility in CAGE. An excess amount of NOB was added to CAGE in test tubes and 
the tubes were shaken at 37 °C for 48 h. The supernatants were then collected and filtered through a filter with 
a pore size of 0.20 µm (Toyo Roshi Co. Ltd., Tokyo, Japan), and the concentration of NOB was determined by 
high-pressure liquid chromatography (HPLC) (Shimadzu LC-2010C, Kyoto, Japan) with the following con-
ditions: mobile phase 0.1% formic acid in water (solvent A) and acetonitrile (solvent B) (0–20 min, 52.5–75% 
solvent A); flow rate 1 mL/min; injection volume 5 µL; column Develosil ODS-HG-5, 4.6 mm × 150 mm, 5 µm 
particle size; column temperature 40 °C; UV detector wavelength 285 nm.

Analysis of NOB–CAGE interaction using 1H NMR. NOB and CAGE were mixed at molar ratios of 1:0 
(0.05:0 mol), 2:1 (0.05:0.025 mol), 1:1 (0.05:0.05 mol), 1:1.5 (0.05:0.075 mol), and 1:2 (0.05:0.01 mol). Each mix-
ture was dissolved in chloroform-d and then analyzed by 1H NMR.

In vitro skin penetration test using Franz diffusion cell. Porcine skin stored at −70 °C was thawed 
at 37 °C for 30 min, and then cut into a circle 3.5 cm in diameter. The adipose tissue of this skin was scraped off 
with a razor. The skin was sandwiched between the acceptor side of a Franz diffusion cell (FDC) (PermeGear, 
Hellertown, PA, USA) filled with phosphate buffered saline (PBS) solution, and the donor of the FDC, and both 
sides of the FDC were fixed with a clip. The skin was stretched without wrinkles and the acceptor was degassed. 
Then, 300 μL of 1, 2, 5, 7, and 10 mg/mL NOB/PBS or NOB/CAGE were added to the donor and incubated for 
24 h at 37 °C. After incubation, samples in the donor were removed and the skin was washed up to 5 times with 
PBS solution. The skin was removed from the FDC and punched out according to the administration area. A tape 
stripping method was used with ten tapes to obtain parts of the stratum corneum (SC). The remaining epider-
mis was scraped with a razor and separated from the dermis. NOB was eluted from these tissue samples using 
methanol: PBS = 1:1 for 24 h. The solutions were centrifuged at 3,000 rpm at 25 °C for 3 min and the supernatant 
was passed through a membrane filter (pore size: 0.20 µm, Toyo Roshi Co. Ltd.). The amount of NOB in the SC, 
epidermis, dermis, and acceptor was quantitatively determined by HPLC as described in Section 2.1.2.

In addition, when the transdermal tests using 10 mg/mL NOB/CAGE incubated for 24 h were completed, 
the NOB/CAGE sample in the donor of the FDC was collected and observed using a polarizing microscope 
(OLYMPUS SZ 61, Olympus Corporation, Tokyo, Japan) to check the sample condition.

To compare the permeation ability of CAGE with other skin permeation reagents, additional 24-h transder-
mal tests were performed using 1 mg/mL NOB/diethylene glycol monoethyl ether (DGME): PBS = 1:1 (v:v) and 
NOB/ethanol (EtOH): PBS = 1:1 (v:v), in addition to NOB/PBS and NOB/CAGE.

observation of the transdermal absorption of noB using tokyo Green labeled-noB (tG-noB).  
To visually observe the transdermal absorption of NOB, NOB labeled with a green fluorescent dye, Tokyo Green51 
was used. A transdermal penetration study was performed using 1 mg/mL TG-NOB in PBS, 50:50 (v/v) DGME: 
PBS, 50:50 (v/v) EtOH: PBS, or CAGE incubated for 24 h following the same protocol as in Section 2.2. After 
incubation, the skin was washed 5 times with PBS and cut by a medical scalpel to a thickness of 3 mm. The skin 
was soaked in optimal cutting temperature (OTC) compound (Sakura Finetek Japan Co., Ltd. Tokyo, Japan) in 
Tissue-Tek® Cryomold® (Sakura Finetek Japan Co., Ltd. Tokyo, Japan) and frozen at −70 °C. The frozen skin sam-
ple was sliced to a thickness of 20 μm using Cryostat (LEICA CM 3050 S, Leica Biosystems, Nussloch, Germany) 
and fixed to a glass slide. This glass slide was immersed in a 4% paraformaldehyde PBS solution for 15 min and 
washed with PBS, then imaged on a fluorescence microscope (OLYMPUS IX 71, Olympus Corporation, Tokyo, 
Japan).

In vivo transdermal evaluation using SD rats. Male Sprague-Dawley (SD) rats (weight: 280–300 g, 
age: 8–9 weeks; Japan SLC, Shizuoka, Japan) were fasted overnight for 8 h prior to the experiment and given 
access to water ad libitum. All of the procedures used in this study were performed in accordance with the guide-
lines approved by the Institutional Animal Care and Ethical Committee of the University of Shizuoka, Japan, as 
described previously52,53. Using an electric shaver (5030 s, The Procter & Gamble Company of Japan Limited, 
Hyogo, Japan), the back hair was removed in a circular shape (3 cm in diameter) and a Franz cell donor was fixed 
there using instant glue. In order to track plasma concentration of NOB administrated transdermally, a 2 mg/mL 
concentration of NOB/PBS, NOB/EtOH: PBS = 1:1 (v:v), or NOB/CAGE was percutaneously administered to 
the donor area of the rats (5 mg/kg) and blood was collected from the tail vein at 30, 60, 120, 240, 480, 720, and 
1440 min. (n = 5) Moreover, 1 mg/mL NOB solution was intravenously injected (i.v.) for calculating absolute BA. 
The solution was prepared by mixing 2% Tween 80 aqueous solution, NOB and dimethyl sulfoxide. The blood 
was collected from the tail vein at 1, 3, 5, 8, 10, 30, 45, 60, 90, 120, 240, 360, 480, 720, 1440 min. (n = 3) The blood 
samples were centrifuged at 10,000 rpm, 4 °C, for 10 min, and 100 μL of the obtained supernatant was added to 
a mixture of 50 μL of 0.5 mM formic acid aqueous solution and 850 μL of methanol, followed by vortexing for 
10 min and sonication and centrifugation at 10,000 rpm, 4 °C, for 10 min. The obtained supernatant was filtered 
through a 0.2 μm filter to obtain a measurement sample. The concentrations of NOB in the rat plasma were deter-
mined using an ACQUITY UPLC™ system (Waters, Manchester, UK), equipped with an electrospray ionization 
(ESI) interface, as described previously52. Separation was carried out using a Cadenza CD-C18 column, 3 μm, 
4.6 mm × 150 mm (Imtakt). The column was kept at 40 °C. The mobile phases consisted of solvent A: solvent 
B = 82:18 (v:v); solvent A (acetonitrile), and solvent B (water, 0.1% formic acid). The injection volume was 5 μL 
and the effluent from the column was directly introduced into the ion source of the mass spectrometer without 
splitting. MS/MS detection was performed using an ACQUITY TQD tandem quadrupole mass spectrometer 
(Waters Co., Milford, MA, USA). The ESI interface was used in positive ESI (m/z: 403.4 → m/z: 373.4). Data 
acquisition was performed in multiple reaction monitoring (MRM) mode.
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Confirmation of hypoglycemic activity from NOB/CAGE sample transdermally administrated 
to SD rats. The hypoglycemic activity of the NOB/CAGE sample was evaluated following the same protocol 
used for the transdermal tests in vivo using SD rats as described in Section 2.4. A 5 mg/mL solution of PBS, NOB/
PBS, or NOB/CAGE was transdermally administered to the donor area of the rats (10 mg/kg) and blood was 
collected from the tail vein after 1, 2, 4, 8, 12, and 24 h. Blood glucose was measured using a commercial glucose 
meter (ACCU-CHEK® ST Meter, ACCU-CHEK® ST Strip, Roche Diagnostics K.K., Tokyo, Japan) (n = 5).

Statistics. Statistical analyses were performed by using the Student’s t-test. Statistical analyses for 
multiple comparisons were determined by the analysis of variance (two-way ANOVA) followed by the 
Student-Newman-Keuls (SNK) test or Bonferroni analysis, as described previously54. Results with P < 0.01 or 
P < 0.05 were considered to be statistically significant.

Received: 4 October 2019; Accepted: 2 December 2019;
Published: xx xx xxxx

References
 1. Lipinski, C. A., Lombardo, F., Dominy, B. W. & Feeney, P. J. Experimental and computational approaches to estimate solubility and 

permeability in drug discovery and development settings. Adv. Drug. Delivery Rev. https://doi.org/10.1016/j.addr.2012.09.019 
(2012).

 2. Júlio, A., Costa Lima, S. A., Reis, S., Santos de Almeida, T. & Fonte, P. Development of ionic liquid-polymer nanoparticle hybrid 
systems for delivery of poorly soluble drugs. J. Drug Deliv. Sci. Technol, https://doi.org/10.1016/j.jddst.2019.01.030 (2019).

 3. Amidon, G. L., Lennernäs, H., Shah, V. P. & Crison, J. R. A Theoretical Basis for a Biopharmaceutic Drug Classification: The 
Correlation of in Vitro Drug Product Dissolution and in Vivo Bioavailability. Pharm. Res. An Off. J. Am. Assoc. Pharm. Sci, https://
doi.org/10.1023/A:1016212804288 (1995).

 4. Ghadi, R. & Dand, N. BCS class IV drugs: Highly notorious candidates for formulation development. Journal of Controlled Release, 
https://doi.org/10.1016/j.jconrel.2017.01.014 (2017).

 5. Thilakarathna, S. H. & Vasantha Rupasinghe, H. P. Flavonoid bioavailability and attempts for bioavailability enhancement. Nutrients, 
https://doi.org/10.3390/nu5093367 (2013).

 6. Manach, C., Williamson, G., Morand, C., Scalbert, A. & Rémésy, C. Bioavailability and bioefficacy of polyphenols in humans. I. 
Review of 97 bioavailability studies. The American journal of clinical nutrition, https://doi.org/10.1093/ajcn/81.1.230S (2005).

 7. Li, J., Yang, Y., Ning, E., Peng, Y. & Zhang, J. Mechanisms of poor oral bioavailability of flavonoid Morin in rats: From 
physicochemical to biopharmaceutical evaluations. Eur. J. Pharm. Sci., https://doi.org/10.1016/j.ejps.2018.12.011 (2019).

 8. Nagula, R. L. & Wairkar, S. Recent advances in topical delivery of flavonoids: A review. Journal of Controlled Release, https://doi.
org/10.1016/j.jconrel.2019.01.029 (2019).

 9. Matsuzaki, K. et al. Nobiletin restoring β-amyloid-impaired CREB phosphorylation rescues memory deterioration in Alzheimer’s 
disease model rats. Neurosci. Lett. 400, 230–234 (2006).

 10. Seki, T. et al. Nobiletin-rich Citrus reticulata peels, a kampo medicine for Alzheimer’s disease: A case series. Geriatrics Gerontology 
Int. 13, 236–238 (2013).

 11. Lin, N. et al. Novel anti-inflammatory actions of nobiletin, a citrus polymethoxy flavonoid, on human synovial fibroblasts and 
mouse macrophages. Biochem. Pharmacol. 65, 2065–2071 (2003).

 12. Kunimasa, K. et al. Nobiletin, a citrus polymethoxyflavonoid, suppresses multiple angiogenesis-related endothelial cell functions 
and angiogenesis in vivo. Cancer Sci. 101, 2462–2469 (2010).

 13. Nagase, H. et al. Nobiletin and its related flavonoids with CRE-dependent transcription-stimulating and neuritegenic activities. 
Biochem. Biophys. Res. Commun. 337, 1330–1336 (2005).

 14. Onoue, S. et al. Development of high-energy amorphous solid dispersion of nanosized nobiletin, a citrus polymethoxylated flavone, 
with improved oral bioavailability. J. Pharm. Sci. 100, 3793–3801 (2011).

 15. Onoue, S. et al. Physicochemical and biopharmaceutical characterization of amorphous solid dispersion of nobiletin, a citrus 
polymethoxylated flavone, with improved hepatoprotective effects. Eur. J. Pharm. Sci. 49, 453–460 (2013).

 16. Yao, J., Lu, Y. & Zhou, J. P. Preparation of nobiletin in self-microemulsifying systems and its intestinal permeability in rats. J. Pharm. 
Pharm. Sci. 11, 22–29 (2008).

 17. Luque-Alcaraz, A. G. et al. Characterization and antiproliferative activity of nobiletin-loaded chitosan nanoparticles. J. Nanomater. 
2012, (2012).

 18. Wei, L. I. N., Jing, Y. A. O. & Jian-ping, Z. Preparation of self-assemble nobiletin proliposomes and its pharmacokinetics in rats. 
Yaoxue Xuebao 44, 192–196 (2009).

 19. Chandrashekar, N. & Shobha Rani, R. Physicochemical and pharmacokinetic parameters in drug selection and loading for 
transdermal drug delivery. Indian. J. Pharm. Sci. 70, 94 (2008).

 20. Brown, M. B., Martin, G. P., Jones, S. A. & Akomeah, F. K. Dermal and Transdermal Drug Delivery Systems: Current and Future 
Prospects. Drug. Deliv. 13, 175–187 (2006).

 21. Chen, J., Montanari, A. M. & Widmer, W. W. Two New Polymethoxylated Flavones, a Class of Compounds with Potential Anticancer 
Activity, Isolated from Cold Pressed Dancy Tangerine Peel Oil Solids. J. Agric. Food Chem. 45, 364–368 (1997).

 22. Li, S., Wang, H., Guo, L., Zhao, H. & Ho, C. T. Chemistry and bioactivity of nobiletin and its metabolites. J. Funct. Foods 6, 2–10 
(2014).

 23. Mulvihill, E. E. et al. Nobiletin attenuates VLDL overproduction, dyslipidemia, and atherosclerosis in mice with diet-induced insulin 
resistance. Diabetes 60, 1446–1457 (2011).

 24. Ahad, A., Al-Saleh, A. A., Akhtar, N., Al-Mohizea, A. M. & Al-Jenoobi, F. I. Transdermal delivery of antidiabetic drugs: formulation 
and delivery strategies. Drug. Discovery Today 20, 1217–1227 (2015).

 25. Elias, P. M. Stratum corneum defensive functions: An integrated view. Journal of Investigative Dermatology, https://doi.org/10.1111/
j.0022-202X.2005.23668.x (2005).

 26. Menon, G. K., Cleary, G. W. & Lane, M. E. The structure and function of the stratum corneum. International Journal of 
Pharmaceutics, https://doi.org/10.1016/j.ijpharm.2012.06.005 (2012).

 27. Madison, K. C. Barrier function of the skin: ‘La Raison d’Être’ of the epidermis. Journal of Investigative Dermatology, https://doi.
org/10.1046/j.1523-1747.2003.12359.x (2003).

 28. Prausnitz, M. R., Mitragotri, S. & Langer, R. Current status and future potential of transdermal drug delivery. Nat. Rev. Drug. Discov. 
3, 115–124 (2004).

 29. Tanner, E. E. L. et al. Design Principles of Ionic Liquids for Transdermal Drug Delivery. Adv. Mater, https://doi.org/10.1002/
adma.201901103 (2019).

 30. Agatemor, C., Ibsen, K. N., Tanner, E. E. L. & Mitragotri, S. Ionic liquids for addressing unmet needs in healthcare. Bioeng. Transl. 
Med., https://doi.org/10.1002/btm2.10083 (2018).

https://doi.org/10.1038/s41598-019-56731-1
https://doi.org/10.1016/j.addr.2012.09.019
https://doi.org/10.1016/j.jddst.2019.01.030
https://doi.org/10.1023/A:1016212804288
https://doi.org/10.1023/A:1016212804288
https://doi.org/10.1016/j.jconrel.2017.01.014
https://doi.org/10.3390/nu5093367
https://doi.org/10.1093/ajcn/81.1.230S
https://doi.org/10.1016/j.ejps.2018.12.011
https://doi.org/10.1016/j.jconrel.2019.01.029
https://doi.org/10.1016/j.jconrel.2019.01.029
https://doi.org/10.1111/j.0022-202X.2005.23668.x
https://doi.org/10.1111/j.0022-202X.2005.23668.x
https://doi.org/10.1016/j.ijpharm.2012.06.005
https://doi.org/10.1046/j.1523-1747.2003.12359.x
https://doi.org/10.1046/j.1523-1747.2003.12359.x
https://doi.org/10.1002/adma.201901103
https://doi.org/10.1002/adma.201901103
https://doi.org/10.1002/btm2.10083


1 1Scientific RepoRtS |         (2019) 9:20191  | https://doi.org/10.1038/s41598-019-56731-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

 31. Armand, M., Endres, F., MacFarlane, D. R., Ohno, H. & Scrosati, B. Ionic-liquid materials for the electrochemical challenges of the 
future. Nat. Mater. 8, 621–629 (2009).

 32. Monti, D. et al. Ionic liquids as potential enhancers for transdermal drug delivery. Int. J. Pharm. 516, 45–51 (2017).
 33. Moniruzzaman, M., Tahara, Y., Tamura, M., Kamiya, N. & Goto, M. Ionic liquid-assisted transdermal delivery of sparingly soluble 

drugs. Chem. Commun. 46, 1452 (2010).
 34. Kubota, K., Shibata, A. & Yamaguchi, T. The molecular assembly of the ionic liquid/aliphatic carboxylic acid/aliphatic amine as 

effective and safety transdermal permeation enhancers. Eur. J. Pharm. Sci. 86, 75–83 (2016).
 35. Zakrewsky, M. et al. Ionic liquids as a class of materials for transdermal delivery and pathogen neutralization. Proc. Natl. Acad. Sci. 

111, 13313–13318 (2014).
 36. Tanner, E. E. L., Ibsen, K. N. & Mitragotri, S. Transdermal insulin delivery using choline-based ionic liquids (CAGE). J. Control. 

Release, https://doi.org/10.1016/j.jconrel.2018.07.029 (2018).
 37. Banerjee, A., Ibsen, K., Iwao, Y., Zakrewsky, M. & Mitragotri, S. Transdermal Protein Delivery Using Choline and Geranate (CAGE) 

Deep Eutectic Solvent. Adv. Healthc. Mater. 6 (2017).
 38. Williams, H. D. et al. Ionic liquids provide unique opportunities for oral drug delivery: Structure optimization and in vivo evidence 

of utility. Chem. Commun., https://doi.org/10.1039/c3cc48650h (2014).
 39. Dobler, D., Schmidts, T., Klingenhöfer, I. & Runkel, F. Ionic liquids as ingredients in topical drug delivery systems. Int. J. Pharm., 

https://doi.org/10.1016/j.ijpharm.2012.10.035 (2013).
 40. Jora, M. Z., Cardoso, M. V. C. & Sabadini, E. Correlation between viscosity, diffusion coefficient and spin-spin relaxation rate in1H 

NMR of water-alcohols solutions. J. Mol. Liq. 238, 341–346 (2017).
 41. Mizuno, K., Miyashita, Y., Shindo, Y. & Ogawa, H. NMR and FT-IR studies of hydrogen bonds in ethanol-water mixtures. J. Phys. 

Chem. 99, 3225–3228 (1995).
 42. Noguchi, S., Atsumi, H., Iwao, Y., Kan, T. & Itai, S. Nobiletin: A citrus flavonoid displaying potent physiological activity. Acta 

Crystallogr. Sect. C. Struct. Chem. 72, 124–127 (2016).
 43. Farkas, Á., Kemény, L., Széll, M., Dobozy, A. & Bata-Csörgo, Z. Ethanol and acetone stimulate the proliferation of HaCaT 

keratinocytes: The possible role of alcohol in exacerbating psoriasis. Arch. Dermatol. Res., https://doi.org/10.1007/s00403-003-0399-2  
(2003).

 44. Zhang, H. et al. Structure-solubility relationships and thermodynamic aspects of solubility of some flavonoids in the solvents 
modeling biological media. J. Mol. Liq., https://doi.org/10.1016/j.molliq.2016.11.036 (2017).

 45. Uchiyama, H., Wada, Y., Takamatsu, M., Kadota, K. & Tozuka, Y. Improved Solubility of Quercetin by Preparing Amorphous Solid 
with Transglycosylated Rutin and Isoquercitrin. Environ. Control Biol., https://doi.org/10.2525/ecb.56.161 (2018).

 46. Li, H. L. et al. Enhancement of gastrointestinal absorption of quercetin by solid lipid nanoparticles. J. Control. Release., https://doi.
org/10.1016/j.jconrel.2008.10.002 (2009).

 47. Goates, C. Y. & Knutson, K. Enhanced permeation of polar compounds through human epidermis. I. Permeability and membrane 
structural changes in the presence of short chain alcohols. BBA – Biomembr., https://doi.org/10.1016/0005-2736(94)90024-8 (1994).

 48. Wester, R. C. & Maibach, H. I. Animal models for percutaneous absorption. In Health Risk Assessment Dermal and Inhalation 
Exposure and Absorption of Toxicants, https://doi.org/10.1201/9780203711989 (2017).

 49. He, B. et al. The Small Molecule Nobiletin Targets the Molecular Oscillator to Enhance Circadian Rhythms and Protect against 
Metabolic Syndrome. Cell Metab, https://doi.org/10.1016/j.cmet.2016.03.007 (2016).

 50. Asakawa, T. et al. PET imaging of nobiletin based on a practical total synthesis. Chem. Commun. 47, 2868 (2011).
 51. Hiza, A. et al. Synthetic studies of fisetin, myricetin and nobiletin analogs and related probe molecules. Heterocycles, https://doi.

org/10.3987/COM-13-S(S)107 (2014).
 52. Asada, T. et al. Formulation of a poorly water-soluble drug in sustained-release hollow granules with a high viscosity water-soluble 

polymer using a fluidized bed rotor granulator. Int. J. Pharm, https://doi.org/10.1016/j.ijpharm.2018.02.043 (2018).
 53. Matsumoto, K. et al. In vivo temperature-sensitive drug release system trigged by cooling using low-melting-point microcrystalline 

wax. J. Control. Release, https://doi.org/10.1016/j.jconrel.2019.04.029 (2019).
 54. Iwao, Y. et al. Inflamed site-specific drug delivery system based on the interaction of human serum albumin nanoparticles with 

myeloperoxidase in a murine model of experimental colitis. Eur. J. Pharm. Biopharm, https://doi.org/10.1016/j.ejpb.2018.01.016 
(2018).

Author contributions
Conceptualization, T.H. and Y.I.; Investigation, T.H., H.T., S.K. and Y.I.; Methodology, M.I. and T.K.; Project 
Administration, Y.I.; Validation, S.I., S.M. and Y.I.; Supervision, S.I., S.M. and Y.I.; Writing-Original Draft 
Preparation, T.H. and Y.I.; Writing-Review & Editing, S.M. and Y.I.

competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to Y.I.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-56731-1
https://doi.org/10.1016/j.jconrel.2018.07.029
https://doi.org/10.1039/c3cc48650h
https://doi.org/10.1016/j.ijpharm.2012.10.035
https://doi.org/10.1007/s00403-003-0399-2
https://doi.org/10.1016/j.molliq.2016.11.036
https://doi.org/10.2525/ecb.56.161
https://doi.org/10.1016/j.jconrel.2008.10.002
https://doi.org/10.1016/j.jconrel.2008.10.002
https://doi.org/10.1016/0005-2736(94)90024-8
https://doi.org/10.1201/9780203711989
https://doi.org/10.1016/j.cmet.2016.03.007
https://doi.org/10.3987/COM-13-S(S)107
https://doi.org/10.3987/COM-13-S(S)107
https://doi.org/10.1016/j.ijpharm.2018.02.043
https://doi.org/10.1016/j.jconrel.2019.04.029
https://doi.org/10.1016/j.ejpb.2018.01.016
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Transdermal delivery of nobiletin using ionic liquids
	Results
	Evaluation of NOB solubility in CAGE and the interaction between NOB and CAGE. 
	Evaluation of the transdermal NOB absorption from NOB/CAGE in vitro. 
	Effect of the NOB concentration in PBS or CAGE on the transdermal absorption. 
	NOB permeation with different solvents. 
	Evaluation of the NOB transdermal absorption in vivo. 
	Hypoglycemic activity of the NOB/CAGE sample transdermally administrated to SD rats. 

	Discussion
	Conclusion
	Materials and Methods
	Materials and animals. 
	Methods. 
	Preparation of CAGE. 
	Measurement of NOB solubility in CAGE. 
	Analysis of NOB–CAGE interaction using 1H NMR. 

	In vitro skin penetration test using Franz diffusion cell. 
	Observation of the transdermal absorption of NOB using Tokyo Green labeled-NOB (TG-NOB). 
	In vivo transdermal evaluation using SD rats. 
	Confirmation of hypoglycemic activity from NOB/CAGE sample transdermally administrated to SD rats. 
	Statistics. 

	Figure 1 Chemical structure and physicochemical properties of NOB.
	Figure 2 Overlapped 1H NMR spectra of NOB-CAGE complexes at each molar ratio (a) and a schematic diagram of the interactions between NOB and CAGE (b).
	Figure 3 Evaluation of the transdermal absorption of NOB/PBS and NOB/CAGE.
	Figure 4 Effect of the NOB concentration in CAGE on the NOB permeation from the skin.
	Figure 5 Evaluation of the transdermal absorption of NOB using chemical penetration enhancers.
	Figure 6 Representative confocal images of skin treated with TG-NOB in (a) PBS, (b) PBS: DGME, (c) PBS: EtOH, and (d) CAGE.
	Figure 7 NOB concentration in the plasma after NOB/PBS, NOB/EtOH:PBS, and NOB/CAGE were transdermally administered.
	Figure 8 Changes in the blood glucose levels after NOB/PBS, NOB/EtOH: PBS, and NOB/CAGE were transdermally administered.
	Table 1 Solubility of NOB in water and in CAGE.
	Table 2 Pharmacokinetic parameters of NOB.




