Supplementary data

Finite element analysis for predicting skin pharmacokinetics of Nano transdermal drug delivery system based on the multilayer geometry model

Predicting skin pharmacokinetics of transdermal drug delivery system based on the integration of finite element analysis and two-compartment model

The model of drug transport system 

In our previous study, the drug transport system was established using the two-compartment model: the vehicle (standing the transdermal drug delivery system) and the skin (the skin as a whole). The two-compartment model is meaning the different PAE-NEs diffusion coefficient (Kp) as shown in Figure S1. 
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Figure S1. The two-compartment geometry model of the whole drug transport system.

The drug permeability profile of the drug transport system as function of time (t) and depth (x) in the vehicle, skin, and capillary via the Fick's diffusion equation are as the following equations: Eq. (S.1-S.2) 
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   Eq. (S.1)
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        Eq. (S.2)
Where, Dm and Ds mean the Kp of PAE-NEs in the vehicle and in skin, respectively; Lm and Ls represent the thickness of vehicle and skin; Cm and Cs refer to the drug concentration in the vehicle and in the skin.

There is no exchange of drug between the drug delivery system and the surrounding, and the drug transport system meets the boundary condition (Eq. S.3). Besides, Eq.s (S.4-S.5) represent the continuity of flux across the vehicle/SC. Moreover, Eq. (S.6) states the process of drug absorbed and eliminated by the capillary.
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               Eq. (S.3)
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           Eq. (S.4)
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    Eq. (S.5)
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        Eq. (S.6)

Where, Cm means the drug concentration in the vehicle; Cs means the drug concentration in the skin; Km means the isolation factor at the interface between the vehicle and skin; Kcl refers to the clearance rate of drugs by capillaries.
The Kp of PAE-NEs in vehicle and in skin

The drug Kps vary in different part of the drug transport system model, and the parameters are the key points for the numerical simulation. In the work, the Kps in different model layer were conducted by different methods, including in vitro penetration, and in vivo pharmacokinetics. And the parameters were calculated based on Fick's law as Eq. (S.7):
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   Eq. (S.7)
Where, D is the drug Kp; J is the permeation flux of the drug through the different layer; C is the initial interface drug concentration; and X is the thickness of the layer.
The Kp of PAE-NEs in the vehicle and in the skin was 7.42×10-6 cm2/h and 10.6×10-6 cm2/h, respectively. 

FEA for simulation the skin pharmacokinetics of PAE-NEs 

Numeralization of drug transport system model
Mapped mesh was used for numeralization the system with the thickness of the vehicle and skin both are 0.04 cm as shown in Figure S2. The element grid was divided and optimized using the grid division tool provided by PDEtool software in Matlab 12.0. The initial drug concentration in the simulation was 0.2 g/cm3, and that in skin was 0 g/cm3. The dimension of the spread direction is much larger than that of the depth direction in entire skin layers, so the concentration meets the boundary conditions of the numerical model. The time step and convergence criteria are set 1 and 0.0001, respectively.
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Figure S2. Finite elementary mesh in the finite element solutions of drug transport system.
The 3D dynamic processes of PAE-NEs simulated by FEA

The 3D schematic of the drug concentration of PAE-NEs over time and skin depth based on the two-compartment model simulates the entire process from drug administration to metabolism are shown in Figure S3. 
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Figure S3. The 3D Schematic of the PAE-NEs concentration-time-skin depth using FEA simulation.

Validation of FEA method used for predicting skin pharmacokinetics of TDDS
The comparison between the drug concentration-time curves at the skin depth of 0.138 cm measured by in vivo skin microdialysis probe and the numerical simulation profiles extracted from FEA simulation profile of drug concentration-time-skin depth at the same skin depth were plotted in the same coordinate system as shown in Figure S4: the green dotted line stands for the experimental results, while the blue dotted line stands for the numerical simulation results. The results appeared that there is a significant difference in the overall skin pharmacokinetics. 

The difference results between experimental and simulation might be due to the heterogeneous skin, leading to the drug permeability in the skin varies with the depth of penetration. The fate of drug exposed to skin was diffusion into SC, followed by metabolism or penetration into the viable epidermis, dermis, and absorption by the system or binding to tissues. Hence, multilayer geometry model of the whole drug transport system should be divided into TDDS and the skin structured with stratum corneum (SC), viable epidermis, and dermis.
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Figure S4. The comparison between the experimental data of skin pharmacokinetics and numerical results. The green dotted line stands for the experimental results, while the blue dotted line stands for the numerical simulation results.

Establishment of skin microdialysis probe methodology

Skin microdialysis probe was applied to investigate the pharmacokinetics (PK) and Kp of PAE-NEs in dermis. However, the drug concentration in probe dialysate was not accurately reflecting the drug concentration in the skin. So, the recovery of the probe needs further research. In the research, the in vivo recovery of skin microdialysis probe was calculated using the gain and loss method in vitro and in vivo.
LC-MS Analysis

Samples in the PK experiment were detected with LC-MS using an Agilent 6410 Triple Quad LC/MS system (Agilent, US) equipped with an XTerraR MS C18 column (2.1 mm×150 mm, 5 μm; Waters US). The mobile phase was composed with methanol: water (85:15, v/v) and the flow rate were set at 0.3 mL/min. The column temperature was set at 40 ℃ and the injection volume was 5 μL. Ion source: ESI; Nebulizer Pressure (N2): 40 psi; Capillary voltage: 4000 v; Temperature of drying gas (N2): 350 ℃; Flow rate: 8 L/min; Negative Mode detection; Scan manner: MRM; Quantitive Ion: m/z=122; Fragmentor voltage: 105 eV; Collision energy: 20.
The system of microdialysis

The microdialysis system is consisted of a microinfusion pump (Baby Bee Syringe Drive, MD1001), perfusion apparatus (Bracket for Baby Bee, MD1002), syringe (1 mL, Bee Stinger Gastight Stringer, MD1001), linear microdialysis probe (MD-2000, LM-10, BAS, America).
In vitro recovery of microdialysis probe

Gain method: The “efficient dialysis window” of skin microdialysis probe were completely immersed in the PAE solution in PBS (3 different concentrations Cin: 52.5, 210, 1050 ng/mL, respectively), and the probe was perfused with PBS solution at a flow of 5 μL/min. After an equilibration period of 1 h, the dialysis solution (100 μL) was collected continuously for 6 times. Then the PAE concentrations in dialysate (Cout) were detected using LC-MS. The in vitro recovery of Gain (RG) method was calculated with Eq. S8)

RG = Cout /Cin × 100   Eq. (S.8)
Loss method: The “efficient dialysis window” of probe were completely immersed in blank PBS solution and the probe was perfused with of PAE solution in PBS (3 different concentrations Cin: 52.5, 210, 1050 ng/mL, respectively) at a flow of 5 μL/min. After an equilibrated period of 1 h, the dialysis solution (100 μL) was collected for 6 times without interruption. Then the PAE concentrations in dialysate (Cout) were detected using LC-MS. The in vitro recovery of Loss method (RL) was calculated with Eq. (S.9)

RL = (Cin – Cout) / Cin × 100    Eq. (S.9)
The in vitro recovery detected with Gain and Loss methods is showed in Table S1. As showed in Table S1, there is no significant difference in the recovery of probe perfused with different concentrations of the drug using the Gain method or Loss method, indicating that the drug concentration could not influence the probe recovery. In addition, there is a correction coefficient of the recoveries obtained Gain and Loss method.

Table S1 Effect of PAE concentrations on the in vitro recovery the skin microdialysis probe determined by Gain and by Loss method. (mean ± SD, n=6)

	Concentration
（ng/mL）
	Recovery (%)

	
	Gain
	Loss

	52.5
	61.4 ± 2.4
	59.2 ± 3.1

	210
	61.4 ± 1.9
	63.8 ± 1.8

	1050
	62.1 ± 2.2
	64.4 ± 3.8


In vivo recovery of microdialysis probe

Abdomen hair of SD rats was depilated 24 h before the experiment. The rats were anesthetized with 25% urethane according to body weight (0.4 mL/100g, ip) and fixed upward on a thermal pad to keep its temperature at about 37.5 ℃. Then, the linear microdialysis probe was implanted in the dermis guided with an 18 G puncture needle. Subcutaneously, the guide needle was withdrawn and the linear microdialysis probe membrane remained in the subcutaneous tissue. The perfusate was PAE solution in PBS (3 different concentrations Cin: 52.5, 210, 1050 ng/mL, respectively). After balancing for 1 h at the rate of 5 μL/mL, the dialysis solution was sampled and analyzed (Cout) using LC-MS every 20 min (100 μL) for 12 h. The in vivo recovery by Gain method was calculated with Eq. (S.9). The in vivo recoveries of skin probe shown in Table S.2 indicated that the drug concentration in perfusate had no significant effect on the recovery.

Table S.2 The in vivo recovery of skin microdialysis probe determined by Loss method. (mean ± SD, n=6)
	Concentration（ng/mL）
	52.5
	210
	1050

	recovery (%)
	64.8 ± 5.5
	70.9 ± 3.5
	72.4 ± 2.2


Correction of in vivo Recovery of microdialysis probe

The in vivo probe recovery of Gain method can be calculated with the in vivo recovery of Loss method and the correction coefficient between the Gain method and Loss method as Eq. (10). According to Eq. (S.10), the RG in vivo was 68.43%. And the actual drug concentration in dialysate was calculated according to the Eq. (S.11).
(RG / RL) in vivo = (RG / RL) in vitro    Eq. S.10)
C actual=C detected/ R G in vivo           Eq. (S.11)
Where, RG and RL are the recoveries detected by the Gain and loss method. C actual stands the actual drug concentration in skin; C detected stands the drug concentration in dialysate detected by LC-MS.
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