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Abstract: Borneol and menthol were two terpenes wildly used as penetrate enhancer in 14 
transdermal drug delivery. To explore their penetration enhancement effect towards hydrophilic 15 
drug, 5-FU was selected as model drug. A method combined vitro permeation studies and coarse 16 
grain molecular dynamics was used to investigate their penetration enhancement effect towards 17 
5-FU. As a result, although both borneol and menthol showed a penetration enhancement effect 18 
towards 5-FU, they differed a lot in the penetration enhancement mechanism, which was also 19 
thought to account for their different penetration enhancement effect. As for menthol, SC bilayer 20 
disrupting effect seemed to be its main mechanism. While for borneol, its mechanism seemed to be 21 
more complicated. Except for disrupting the SC bilayer, it could also increase the permeation of 22 
5-FU by enhancing the diffusion rate of 5-FU or inducing the formation of transient pore. All of this   23 
enable us a molecular understanding of borneol and menthol’s penetration enhancement effect 24 
towards hydrophilic drug, which might provide some guidance in the latter research and 25 
application. 26 

Keywords: penetration enhancement effect; molecular mechanism; coarse grain molecular 27 
dynamics; menthol; borneol; 5-FU 28 

 29 

1. Introduction 30 

 Transdermal drug delivery system (TDDs) has attracted considerable attention nowadays, as 31 
regards of its many potential advantages, including avoiding the first pass effect and improving the 32 
patient compliance [1]. All of this made TDDs a proper method for the administration of 5-FU, 33 
which was commonly used in the treatment of the treatment of colorectal cancer [2, 3]. However, 34 
because of the hydrophilic properties of 5-FU, it was very difficult for 5-FU to permeate through SC 35 
barrier. Varieties of ways have been tried to enhance the permeation of 5-FU, among this, the 36 
co-administration with penetration enhancer (PE) is the most widely accepted way. Especially the 37 
co-administration with natural products, such as terpenes [4, 5]. 38 

Terpene was a series of naturally occurring volatile oils that are composed of hydrocarbons and 39 
their oxygenated derivatives. It was appeared to be the clinically acceptable penetrate enhancers as 40 
indicated by its safety and high penetration enhancing effect [6, 7]. According to the former research 41 
done by Barry [8, 9], terpene was found to be able to enhance the penetration of 5-FU. Two important 42 
mechanisms were proposed in Barry’s work, including complex formation and a form of facilitate 43 
transport. However, because of the limitation of detecting methods, a molecular explanation on the 44 
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partitioning of 5-FU from the aqueous region into the hydrocarbon interior of stratum corneum 45 
lipids was still lacked.  46 

Molecular dynamics (MD) provide a convenient way to understand permeation processes and 47 
can yield important physical insights at molecular levels that could not be obtained from 48 
experiments because of associated time and length scale [10]. Further-more, a larger temporal and 49 
spatial scales could be explored during a simulation by altering molecular resolution, using an 50 
approach generally known as coarse-grained (CG) [11, 12]. Martini force field was the one of 51 
common CG force field developed by Marrink and his coworkers in 2007 [13], and it has been 52 
confirmed to be a powerful method in the research of bilayer system [14]. All of these make Martini 53 
CG MD a suitable method for us to get a molecular explanation on the penetration enhancement 54 
effect of terpene towards 5-FU.  55 

Borneol and menthol were two terpenes wildly used as penetrate enhancers, and their 56 
penetration enhancement effect have already been confirmed in the former research [15-18]. In this 57 
study, their penetration enhancement effect towards 5-FU were first investigated and compared, 58 
using a method combined vitro permeation studies and martini CG MD. As a result, a molecular 59 
explanation on the partitioning of 5-FU from the aqueous region into the hydrocarbon interior of 60 
stratum corneum lipids was hoped to gain through this study. What’s more, a deeper 61 
understanding about the difference between borneol and menthol was also gotten. All of these will 62 
provide some guidance for the latter research and application of borneol and menthol.  63 

2. Results and Discussion  64 

2.1.  Vitro permeation studies on borneol and menthol’s penetration enhancement effect towards 5-FU.  65 

 A Franz diffusion experiment was implored to directly study the penetration enhancement 66 
effect of borneol and menthol towards 5-FU, and the penetration enhancing effect was assessed by 67 
comparison with the control group. What’s more, in order to study the influence of PE concentration 68 
to the penetration enhancing effect, a series of concentrations of PE was investigated, including 0.1%, 69 
0.2%, 0.3%, 0.4%, 0.5%, 1%, 2% and 3%. As a result, the transdermal drug permeation parameters 70 
were given in Table 1. Comparing with the control group, both borneol and menthol showed a 71 
penetration enhancing effect towards 5-FU at all the PE concentrations studied, and the penetration 72 
enhancement effect became stronger with the increasing of PE concentration. However, when the 73 
concentration of PE was larger than 0.5%, the influence of PE concentration on the penetration 74 
enhancement effect became small, and the penetration enhancement effect became stable. Such kind 75 
of phenomenon have been found in other research [19].  76 

When it came to the differences between borneol and menthol, it was obviously that borneol 77 
gave a much stronger penetration enhancement effect towards 5-FU compared with that of menthol. 78 
According to the former QSPR research of terpene, hydrophobicity has a negative effect on the 79 
enhancement activity of terpenes towards 5-FU [20]. Since borneol(logP=2.71) gave a smaller than 80 
that of menthol(logP=3.2), so the results got in this study fit in well with the results got in QSPR 81 
research [21]. But when we put the logP value of borneol and menthol into the linear equation got in 82 
QSPR research, we found that the equation could not explain the huge difference between borneol 83 
and menthol. Therefore, in this study, instead of focusing on the logP value and other 84 
physiochemical properties of borneol and menthol, we tried to attribute their differences to their 85 
different penetration enhancement mechanism. According to the LPP theory [22, 23], two 86 
mechanisms were mainly discussed in this study to investigate borneol and menthol different 87 
penetration enhancement effect: 1. their different interaction with SC lipids; 2. their different 88 
influence on the partition and diffusion of 5-FU. 89 

 90 
 91 
 92 
 93 
 94 
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Table 1. Transdermal drug permeation parameters of borneol and menthol at different 95 
concentrations. 96 

Concentration of PE 
Borneol Menthol 

J(µg/cm3·h) Q24(µg/cm3) ER J(µg/cm3·h) Q24(µg/cm3) ER
0.00% 0.82 20.45 1.00 - - - 
0.10% 5.48 134.07 6.69 1.41 31.45 1.72
0.20% 6.40 160.36 7.80 2.13 46.95 2.60
0.30% 7.23 182.76 8.82 3.87 90.25 4.72
0.50% 12.51 299.43 15.26 3.85 96.94 4.70
1.00% 13.58 325.50 16.57 4.51 107.91 5.50
2.00% 14.19 342.11 17.31 4.05 96.71 4.94
3.00% 14.89 363.18 18.16 3.72 90.70 4.53

 97 
2.2.  An investigation on borneol and menthol’s influence on SC morphology using TEM experiment.  98 

A TEM experiment was carried out to investigate the influence of borneol and menthol on the 99 
SC morphology, see Figure 1. Compared with the control group, the tightly packed lamellar 100 
structure was disrupted with the participating of borneol and menthol, and the disturbance became 101 
stronger with the increasing of PE concentration. Judged by the changes on the SC morphology, the 102 
differences between borneol and menthol was no distinct at a PE concentration below 2%. But when 103 
the PE concentration arrived at 3%, the difference between borneol and menthol on the SC 104 
morphology suddenly became distinct. As for the SC handle by 3% borneol, its morphology became 105 
vague, as if it has been solved. While for menthol, the SC structure stayed integral, although the 106 
disrupting effect became stronger compared with that at 2% PE concentration. Therefore, according 107 
to the results of TEM experiment, both borneol and menthol showed a disrupting effect on the SC 108 
morphology. And the differences between their disrupting effect was not distinct until the PE 109 
concentration was at 3%, at which borneol showed a disrupting effect much stronger than that of 110 
menthol.  111 

 112 
Figure 1. Transmission electron micrographs of 24h drug treated epidermis. The direct 113 
magnification of all graphs is 20000 at 80kV. 114 
 115 
2.3. An investigation on borneol and menthol’s influence to SC morphology using CG MD. 116 

In this study, borneol and menthol’s influence on the SC morphology were also investigated 117 
using a method of CG MD. For the better representation of SC bilayer, a mixed ceramide lipid model 118 
is used in this assay, which is composed of heterogeneous mixture of ceramides (CER), cholesterol 119 
(CHOL) and free fatty acid (FFA) in a ratio of 2: 2: 1. Besides, a series concentration of borneol and 120 
menthol were also studied to investigate the influence of PE concentration to the penetration 121 
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enhancing effect. It’s worth to be noted that because of different study scale between vitro 122 
permeation study and CG MD, the concentration of PE might differ from each other in number.  123 

The final bilayer morphology handled by borneol and menthol was compared at first to get a 124 
general understanding of their influence on SC bilayer, see Figure 2. Although, compared with the 125 
initial SC bilayer in Figure 7b, both borneol and menthol could induce a slight curvature on SC 126 
bilayer at PE concentration below 7%, their differences was not distinct. However, when the PE 127 
concentration arrived 10%, the bilayer handled by borneol became chaos and the bilayer structure 128 
was almost destroyed; while for menthol, although the curvature became stronger, its bilayer 129 
structure stayed integral. Thus, borneol showed a stronger influence on the SC bilayer morphology 130 
at PE concentration beyond 10%.   131 

 132 
Figure 2. The final bilayer morphology handled by borneol (top) and menthol (blow) at different PE 133 
concentrations.   134 
 135 

Further study had been carried out on the distribution of borneol and menthol along the z axis 136 
to investigate their influence on the SC morphology. Taking the results of 7% PE concentration as an 137 
example, see Figure 3. Except the density distribution of borneol and menthol (plotted by solid line), 138 
4 other components were also plotted by dotted line, including hydrophilic, hydrophobic groups of 139 
CER, solvent and 5-FU. They were used to better clarify the relative location of borneol and menthol 140 
in the bilayer, and their density was indicated using the first axis at the left side of the density 141 
distribution curve. Because of the low-density distribution of borneol and menthol in the bilayer, 142 
their density was indicated using the second axis at the right side of the density distribution curve.  143 

There were three peaks in the density distribution curve for both borneol (yellow) and menthol 144 
(purple). The highest one located at the same position with the hydrophobic group of CER, the other 145 
two peaks located just under the hydrophilic group of CER. Another thing could be observed in the 146 
density distribution curve was that, borneol gave a lower-density distribution in the bilayer center 147 
and a higher-density distribution under the hydrophilic group of CER. Since borneol and menthol 148 
both contained a hydroxyl group, they were supposed to interact with hydrophilic group of CER 149 
through H-bond, and such kind of interaction was thought to show an impacted on the SC bilayer 150 
morphology [15, 24]. Therefore, the higher distribution of borneol under the hydrophilic group of 151 
CER lipids might have indicated its stronger interaction with the hydrophilic group of CER, which 152 
was also thought to be related with borneol’s stronger influence on the SC bilayer morphology at a 153 
PE concentration larger than 10% [25].   154 
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 155 
Figure 3. Density distribution of borneol (a) and menthol (b) along the z axis at 7% PE concentration. The other 156 
four components including hydrophilic group of CER(hydrophilic), hydrophobic group of CER(hydrophobic), 157 
solvent and 5-FU, were displayed in dotted line to better clarify the relative location of borneol and menthol, 158 
and their density were indicated using the first axis at the left side. Since borneol and menthol showed a 159 
low-density distribution in the bilayer, their density were indicated using the second axis at the right side.  160 

 161 
Combine the results of this part and the TEM experiment, conclusions could be made that: both 162 

borneol and menthol showed a strong interaction with the hydrophilic group of CER, and this was 163 
thought to show an influence on the bilayer structure. As indicated by the higher-density 164 
distribution of borneol under the hydrophilic group of CER, the interaction between borneol and the 165 
head group of SC lipids was thought to be stronger than that of menthol, which means borneol 166 
might own a stronger influence on the SC bilayer structure. Besides, the influence of borneol and 167 
menthol on the SC bilayer structure was also affected by the PE concentration, so the differences 168 
between borneol and menthol in inducing the changes on SC morphology were not distinct at a 169 
relative low PE concentration.  170 

 171 
2.4. An investigation on borneol and menthol’s influence on the diffusion of 5-FU using CG MD.  172 

To explore the influence of borneol and menthol on the diffusion of 5-FU, the diffusion constant 173 
of 5-FU along the axis of z (perpendicular to the bilayer surface) was calculated using the method 174 
described in the 3.1.3. See Figure 4. As for menthol, no distinct changes in diffusion constant could 175 
be observed with the increasing of PE concentration, thus menthol showed little influence on the 176 
diffusion of 5-FU. While for borneol, the diffusion constant of 5-FU went up quickly with the 177 
participating of borneol, which means 5-FU would get more probability to permeate into the bilayer 178 
under the help of borneol, and it was thought to be account for borneol’s stronger penetration 179 
enhancement effect from some extent. Besides, it was worth to note that, although the diffusion 180 
constant kept going up with the increasing of PE concentration, the rate of increasing was very 181 
small, which might indicate that there was some other mechanism that should be account for 182 
borneol’s stronger penetration enhancement effect at a PE concentration higher than 10%.  183 

 184 
 185 
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 186 
Figure 4. Diffusion constant of 5-FU along the z axis at different PE concentration. As for borneol, because of 187 
the destroy of membrane structure, the diffusion constant of 5-F has lost its original mining in evaluating the 188 
penetration enhancement effect, so it was vacancy at a borneol concentration larger than 10%. 189 
     190 
2. 5. A molecular explaination on the partitioning of 5-FU from the aqueous region into the hydrocarbon 191 
interior of stratum corneum lipids 192 

Based on the discussion before, a deeper understanding was got on borneol and menthol’s 193 
penetration enhancement effect towards 5-FU. But from some extent, our CG MD study was always 194 
limited by the PE concentration, that was because we were not familiar with their penetration 195 
enhancement mechanism at a PE concentration higher than 10%. So, at this part, efforts were made 196 
to investigate the underlying reason of borneol’s stronger penetration enhancement effect at a PE 197 
concentration higher than 10%. As a result, a phenomenon was thought to largely affect the 198 
permeation of 5-FU. Taking the phenomenon observed at a 15% borneol concentration as an 199 
example, see Figure 5a. From left to right, more and more CER headgroups were observed in the 200 
bilayer center. A path consisted of CER headgroups was formed, and this path pointed directly into 201 
the bilayer center. Because of the hydrophilic property of CER headgroups, the path was thought to 202 
largely facilitate the permeation of 5-FU. Such kind of path have also been found in former research, 203 
and it was called transient pore [26].   204 

Fortunately, the permeation of one 5-FU molecular into the bilayer center was also observed in 205 
the molecular trajectory of 15% borneol concentration. As can be seen from Figure 5b, the 5-FU 206 
molecular penetrated from a position (z=5.70nm) outside the bilayer into a position (z=3.96nm) near 207 
the bilayer center under the help of transient pore.   208 

 209 
Figure 5. The formation of transient pore and diffusion of 5-FU from the aqueous region into the 210 
hydrocarbon interior of stratum corneum lipids. a). The aggregating of CER headgroups in the 211 
bilayer center and the formation of transient pore. For the better representation transient pore, the 212 
other components were set implicit, except CER (pink for headgroups and light green for tail 213 
groups). b). The diffusion of 5-FU from the aqueous region into the hydrocarbon interior of stratum 214 
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corneum lipids the aggregating of CER molecular in bilayer center, and their z axis coordinate was 215 
given blow. For the better clarification, only headgroups of CER (blue) and 5-FU (red) were 216 
displayed in the picture.  217 
 218 

Although the formation of transient pore had also been observed in other groups, they differ a 219 
lot from each other, especially in the time that transient pore lasted. Considering the importance of 220 
transient pore for the permeation of 5-FU, the time that transient pore lasted was used to evaluate 221 
the penetration enhancement effect of borneol and menthol, see Figure 6. Both PE type and PE 222 
concentration showed a great influence on the time that transient pore lasted. The transient pore was 223 
not observed until a PE concentration was beyond 3%. Then with the increasing of PE concentration, 224 
transient pore came into being and the time that transient pore lasted was also prolonged. What’s 225 
more, the CER aggregates induced by borneol tended to last much longer than that of menthol, 226 
especially at a PE concentration larger than 10%. There was no doubt that the long opening time of 227 
transient pore would largely facilitate the permeation of 5-FU. Knowing this, it will not be hard to 228 
understand borneol’s stronger penetration enhancement effect towards 5-FU at a PE concentration 229 
beyond 10%.  230 

 231 
Figure 6. Molecular trajectory of borneol (a) and menthol (b) at different PE concentration during the 232 
whole 300 ns. The observation of the transient pore formation was painted in purple and yellow, 233 
form the time transient pore was observed and the time transient pore disappeared.  234 

3. Materials and Methods  235 

3.1. CG-MD simulation  236 

3.1.1. CG molecular models and initial structures  237 

This assay mainly involves eight molecules, 5-FU, borneol, menthol, CER, CHOL, FFA, PG and 238 
water. The parameter files of the CG models of CER, CHOL, FFA, PG and water are available in the 239 
Martini website, and the CG model of 5-FU, borneol, and menthol were developed according to the 240 
CG recipe published in the Martini website. CG model of borneol and menthol have already been 241 
validated in the former research of our group [14, 27]. As for the CG model of 5-FU, the whole 242 
parameters and verification progress were shown in the Supplementary Materials. 243 

The bilayer model of SC in this study is composed of CER, CHOL and FFA in a 2:2:1 molar ratio, 244 
whose properties have been validated by Das and his coworkers in 2009 [28]. The bilayer systems 245 
with different menthol concentrations in water are built using the Packmol package [29] and figures 246 
depicting lipid molecules are generated with Visual Molecular Dynamics (VMD) [30]. The coarse 247 
grain model of main molecular and the morphology of blank bilayer are shown in Figure 7. 248 
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 249 
Figure 7. CG mapping for 6 main compounds used in this study and the initial bilayer morphology. 250 
a). CG mapping for the main bilayer components, including ceramides(CER), cholesterol(CHOL), 251 
and free fatty acid(FFA), they were download from Martini website. b). CG mapping for 252 
borneol(BO), menthol(MEN) and fluorouracil(FLU), they were build and optimized by our group. 253 
c). The morphology of blank membrane composed of heterogeneous mixture of long chain 254 
ceramides (CER), cholesterol (CHOL) and free fatty acid (FFA) in a ratio of 2: 2: 1, together with its 255 
distribution of four components along the z axis. 256 
 257 
3.1.2. Simulation Details 258 

The simulation was conducted with the GROningen MAchine for Chemical Simulation 259 
(GROMACS, Ver 4.6.3). Prior to simulation, the system was relaxed through energy minimization 260 
(EM) using the steepest descent algorithm through which the potential energy was descended to be 261 
negative on the order of 105-106 and the maximum force was adjusted to less than 80 kJmol-1. 262 
Standard simulation parameters associated with the MARTINI force field were used. The 263 
temperature was regularized constantly by using Berendsen Temperature coupling with a time 264 
constant of 1.0 ps, and the pressure was controlled by Berendsen Barostat and semi-isotropic 265 
pressure coupling with a constant of 3.0 ps and compressibility of 4.5×10-4/bar. The neighbor 266 
searching algorithm was implemented and the cut-off distance was set as 1.4 nm. The method was 267 
shifted and the cut-off length was picked at 1.2 nm for both the Van der Waals and electrostatic 268 
potentials. A time step was preset as 20 fs, and finally, trajectory data with 300 ns in total was gained. 269 

 270 
3.1.3. Important parameters 271 

The main important parameters used in coarse grain molecular dynamics were diffusion 272 
constant D (nm2/ps).  273 

we quantified the phospholipid dynamics by computing the 5-FU molecule diffusion 274 
coefficient along the axis of z, D5-FU, which was extracted from the Einstein relation: 275 

                        (2) 276 
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                             (3) 277 

where  is the average mean square displacement of 5-FU molecular along the axis of Z at 278 
time t. In this work, we employed 3000 configurations across 300 ns simulation time to perform 279 
the calculation over all 5-FU molecular. 280 

3.2. In vitro Permeation Studies  281 

3.2.1. Materials and Reagents 282 

Borneol, menthol and 5-FU(purity>98%) were purchased from the National Institutes for Food 283 
and Drug Control (Beijing, China). Phosphate buffer saline (PBS, pH 7.2-7.4, 0.01M) was purchased 284 
from Beijing Solarbio Science and Technology Co., Ltd. Glutaraldehyde (2.5%) was obtained from 285 
Biotopped Life Sciences. Methanol of HPLC grade were supplied by Thermo Fisher Scientific 286 
(China). 1,2-propanediol (PG), ether and sodium chloride were purchased from Beijing Chemical 287 
Works.  288 

3.2.2. Preparation of samples 289 

Terpene in co-solvent systems: 20/80 (v/v) water/propanediol, were used for the delivery of 290 
5-FU [31]. 5-FU was first dissolved in the co-solvent system. Then the 5-FU solution was used as 291 
solvent to prepare different concentration of borneol and menthol. The concentrations of borneol 292 
and menthol were 0.1%, 0.2%,0.3%, 0.4%, 0.5%, 1.0%, 2.0% and 3.0%. 293 

3.2.3. Preparation of skin 294 

The skin was excised from male Sprague-Dawley rats (five weeks of age, (200±10g), supplied by 295 
Sibeifu Laboratory Animal Technology Co., Ltd). The rats were anesthetized with excess ether 296 
inhalation, and the abdominal skin was excised after removing hair with an animal hair clipper. 297 
After removing the fat and subcutaneous tissue, the skin was cleaned with ultrapure water and 0.9% 298 
sodium chloride. All animal experimental procedures were conducted in conformity with 299 
institutional guidelines for the care and use of laboratory animals. 300 

3.2.4. Skin Permeation 301 

Freshly excised rats’ corneas were immediately mounted over the modified Franz-type vertical 302 
diffusion chambers. Blank 80% propanediol (15ml) was added to the endothelial side and 303 
maintained at 32°C under mixed conditions with a 2-ml donor solution with a constant magnetic 304 
stirring rotating at the speed of 350 rpm. The available corneal area for diffusion was 1.23 cm2. 305 
Samples of 1.5 ml were taken from the endothelial side and replaced with an equal volume of blank 306 
80% propanediol at the time points: 2, 4, 6, 8, 10, 12, and 24 hours. All of the solution samples were 307 
filtered through a 0.45-μm Millipore filter (Jin Teng) and stored at 4°C. 308 

3.2.5. Instrumentation and Chromatographic Conditions 309 

The quantitative determination of 5-FU was performed with an HPLC system (Agilent 1100, 310 
Agilent, USA.) using methanol-water (5:95 v/v) in the mobile phase at a flow rate of 1.0 ml/min. The 311 
injection volume was 10 μl. A Waters Xbridge C18 column (250×4.6 mm, 5 μm, Waters, USA.) was 312 
used. The UV detector wavelength was set at 266 nm and the column temperature was maintained at 313 
35 °C.  314 

3.2.6. Transmission Electron Microscope (TEM) Studies 315 

The skin samples were fixed instantaneously with 2.5% glutaraldehyde after permeation. 316 
Samples were then post-fixed in 1% OsO4 and dehydrated in a graded series of acetone. The samples 317 
were subsequently embedded in a low-viscosity epon-epoxy mixture and sectioned. Thin sections 318 
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were double stained with uranyl acetate and lead citrate and then examined on a transmission 319 
electron microscope (JEOL JEM-1230, Japan) operated at 80 kV. 320 

3.2.7. Important parameters 321 

The main parameters used in this paper to assess the permeation enhancing effect were: the 322 
cumulative amount Qn (μg/cm2), the permeability constant J (μg/cm2·h) and the enhancement ratio 323 
ER. 324 

The quantity of drugs that permeated through SC is presented as cumulative amount Qn 325 
(μg/cm2) and is calculated using the following formula: 326 

                                   (4) 327 

where Cn is the drug concentration of the receptor medium at each sampling time, Ci is the drug 328 
concentration at ith sampling point, Vr and Vi were the volumes of receptor solutions and samplings, 329 
respectively, and A was the effective diffusion area of skin.  330 

The zero-order permeating kinetics equation (Q-t) is obtained by regressing the cumulative 331 
amount on time: 332 Q = Jt + BQ = Jt + B                                        (5) 333 

where the slope J (μg/cm2·h) is the permeability constant. 334 
The permeability coefficient of drugs is related to permeability coefficient Kp (cm/h) using the 335 

following formula: 336 

                                           (6) 337 

where C0 (μg/mL) is the initial concentration of drug.  338 
The overall potency of PE is expressed as enhancement ratio (ER), a ratio of the Kp value before 339 

and after enhancer treatment: 340 

                                         (7) 341 

where Kpe is the Kp value after treatment. 342 

4. Conclusions 343 

In this study, the results from vitro permeation study and CG MD got along well with each 344 
other, both confirmed borneol and menthol’s penetration enhancement effect towards 5-FU. What’s 345 
more important was that the results in CG MD gave a molecular understanding of borneol and 346 
menthol’s different penetration enhancement effect towards 5-FU. As for menthol, SC bilayer 347 
disrupting effect seemed to be the single mechanism of its penetration enhancement effect. While for 348 
borneol, its mechanism tended to be more complicated, except for the SC bilayer disrupting effect, it 349 
could also enhance the permeation of 5-FU by increasing its diffusion constant or the forming of 350 
transient pore. It was the multiple penetration enhancement mechanism that lead to borneol’s 351 
stronger penetration enhancement effect. Based on the results of this study, a deeper understanding 352 
of borneol and menthol’s penetration enhancement effect towards hydrophilic drugs was gotten, 353 
which might provide some guidance for the future research and application.  354 

 355 
Supplementary Materials: The following are available online at www.mdpi.com/link 356 
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