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Abstract

A reliable in vitro system can support and guide the development of subcutaneous (SC) drug 

products. Although several in vitro systems have been developed, they have some limitations, 

which may hinder them from getting more engaged in SC drug product development. This 

study sought to develop a novel in vitro system, namely, Emulator of SubCutaneous Absorption 

and Release (ESCAR), to better emulate the in vivo SC environment and predict the fate of 

drugs in SC delivery. ESCAR was designed using computer-aided design (CAD) software and 

fabricated using the three-dimensional (3D) printing technique. ESCAR has a design of two 

acceptor chambers representing the blood uptake pathway and the lymphatic uptake pathway, 

respectively, although only the blood uptake pathway was investigated for small molecules in this 

study. Via conducting a DoE factor screening study using acetaminophen solution, the relationship 

of the output (drug release from the “SC” chamber to the “blood circulation” chamber) and the 

input parameters could be modeled using a variety of methods, including polynomial equations, 

machine learning methods, and Monte Carlo simulation-based methods. The results suggested 

that the hyaluronic acid (HA) concentration was a critical parameter, whereas the influence of 

the injection volume and injection position was not substantial. An in vitro–in vivo correlation 

(IVIVC) study was developed using griseofulvin suspension to explore the feasibility of applying 

ESCAR in formulation development and bioequivalence studies. The developed LEVEL A IVIVC 

model demonstrated that the in vivo PK profile could be correlated with the in vitro release profile. 

Therefore, using this model, for new formulations, only in vitro studies need to be conducted in 

ESCAR, and in vivo studies might be waived. In conclusion, ESCAR had important implications 

for research and development and quality control of SC drug products. Future work would be 
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focused on further optimizing ESCAR and expanding its applications via assessing more types of 

molecules and formulations.

Graphical Abstract

Keywords

subcutaneous route of administration; in vitro system; 3D printing; in vitro–in vivo correlation 
(IVIVC); machine learning; Monte Carlo simulation; Design of Experiment (DoE)

1. INTRODUCTION

The subcutaneous (SC) route of administration has demonstrated many advantages in 

delivering a wide variety of therapeutics, for example, small molecules,1,2 peptides3–5 

proteins,6–9 and oligonucleotides.10,11 Also, to enable SC administration and target different 

sites of action, multiple formulations/drug delivery systems are developed, including 

highly concentrated solutions, semi-aqueous solutions, non-freeze-dried solid formulations, 

complexes/clusters, coformulations, suspensions, liposomes, nanoparticles, microparticles, 

hydrogels, and so forth.8,9,12–14 Despite many accomplishments, to date, there remain 

several knowledge gaps regarding drug absorption from the SC injection site, which hamper 

the accurate prediction of SC bioavailability and other pharmacokinetic (PK) properties 

such as Cmax and Tmax.15,16 Unfortunately, animal studies may fail to guide human studies 

because of the lack of translatability for SC delivery between humans and those commonly-
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used preclinical species.17 Compared to in vivo models, in vitro/in silico models generally 

involve less cost, experimental time, ethical issues, and avoid subject-to-subject variability. 

Furthermore, in vitro/in silico models would become more attractive if they can predict drug 

performance in vivo and even present some levels of in vitro–in vivo correlation (IVIVC).

A reliable and robust in vitro system for SC administration would be similar to dissolution 

apparatus for oral administration. For oral products, USP apparatus 1 (basket) and 2 (paddle) 

are typically used as a routine method in quality control and as a powerful tool for molecule/

formulation development in research and development. In addition, researchers can choose 

more physiologically relevant systems such as USP apparatus 3 (reciprocating cylinder) and 

gastro-intestinal simulator (GIS).18–20 On the contrary, for SC products, currently, there is 

no standard in vitro system/method/simulated SC medium.21 Some pioneering research has 

been conducted to develop new instruments/systems and apply them in SC drug formulation 

dissolution/release tests. These systems include dispersion releaser (DR), SC injection site 

simulator (SCISSOR), shake-flask setup, flow-through cell, hydrogel assay in an IVIS 

system, UV imaging system, and so forth.21 It is noted that the dispersion releaser (DR), 

a modification of a USP apparatus 1 via replacing the basket with a vessel, has presented 

some capabilities in predicting the in vivo performance of SC formulations.22–24 SCISSOR 

is the first commercialized instrument that aims to model the SC environment and simulate 

drug migration from the injection site to the absorption site. Our previous work developed 

a Monte Carlo method to simulate particle movement inside SCISSOR and identified a list 

of potential critical parameters.25 SCISSOR has been successfully applied in some research 

activities associated with molecule screening, formulation development, and bioavailability 

prediction.26–29

Despite the strengths of DR and SCISSOR, they have some limitations. First, both of them 

use one donor chamber to represent the SC site and one acceptor chamber to represent the 

drug uptake. However, for SC administration, there exist two drug uptake pathways: (a) the 

blood pathway and (b) the lymphatic pathway.30 Hence, the one-acceptor-chamber design 

cannot investigate two pathways simultaneously. Second, the geometries of these systems 

may limit their capability of emulating some biomechanical properties, for example, SC 

interstitial pressure/convection, transcapillary flux, and so forth.

In this study, a novel in vitro system named Emulator of SubCutaneous Absorption 

and Release (ESCAR) is developed to assess the SC administration of small molecules 

(presented in this study) and large molecules (aimed to be presented in our subsequent 

study). ESCAR has two acceptor chambers, representing the blood pathway and the 

lymphatic pathway, respectively. However, because the blood pathway is the predominant 

pathway for small molecule absorption,7,31 we only focused on drug release to the “blood 

circulation” chamber in this study. Hyaluronic acid (HA) solution was used to simulate 

the SC extracellular matrix (ECM). Furthermore, if drug hydrophobicity and adipose 

tissue/skin lipid were taken into consideration, an O/W emulsion containing lecithin (oil 

phase) and HA/PBS (aqueous phase) was used as the simulated SC medium. A series of 

process parameters including HA concentration, injection volume, and injection position 

(needle tip position) were systemically investigated by a Design-of-Experiment (DoE) study. 

Furthermore, an IVIVC model was developed based on ESCAR.
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2. MATERIALS AND METHODS

2.1. Materials.

ABSplus white and SR-30 were purchased from Stratasys (Edina, MN, USA). 

Acetaminophen (≥ 99.0%), griseofulvin (97.0–102.0%), and Tween 80 were purchased from 

Sigma-Aldrich (St.Louis, MO, USA). Lecithin (90%, soybean) and SpectraPor dialysis 

membranes (50 kDa MWCO regenerated cellulose membranes and 300-kDa MWCO 

cellulose ester membranes) were purchased from Fisher Scientific (Ward Hill, MA, USA). 

Hyaluronic acid (average molecular weight: 1.64 M Da) was purchased from Lifecore 

Biomedical, Inc. (Chaska, MN, USA). All solvents used in this study were HPLC analytical 

grade.

2.2. ESCAR Design To Emulate the In Vivo SC Environment.

ESCAR aims to have a reasonable emulation of the in vivo SC environment. Inside the 

human SC site, there is an extensive distribution of blood microcirculation that is mainly 

organized and controlled by horizontal plexuses at the dermal-SC junctions, as well as 

many capillaries extending into deep adipose tissue.32,33 On the contrary, there is less 

distribution of lymphatic vessels, which are mainly large lymphatic vessels but are seldom 

microcirculatory lymphatic vessels.34,35

Lymphatic capillaries are more “open” compared to blood capillaries. The outer walls of 

the lymphatic capillaries are composed of a single layer of loosely adherent and overlapped 

endothelial cells. The “cleft-like” intercellular junctions (junction size: in the range of 15 

and 100 nm to even several microns) allow fluid as well as macromolecules/colloids in 

the fluid to freely enter the lymphatics.15,31,36,37 Unlike lymphatic capillary walls, tight 

inter-endothelial junctions (e.g., adherens junctions and tight junctions) are present on blood 

capillary walls, which restrict the paracellular transport of molecules with a size larger than 

3 nm, although some macromolecules such as albumin, hormones, insulin, and so forth 

can still cross endothelial cells via transcellular or transcytotic pathways.15,31,36–38 Previous 

studies reported that a series of proteins followed a trend that the extent of lymphatic uptake 

increased with molecular weight, for example, insulin (MW: 5.8 kDa),39 cytochrome c 

(MW: 12.3 kDa),40 human growth hormone (MW: 22 kDa),41 rHuEPO (MW: 30.4 kDa),42 

and darbepoetin alfa (MW: 37.0 kDa).43,44 In a nutshell, blood uptake is the primary 

pathway for small molecules, and lymphatic uptake plays an important role in absorbing 

large molecules. There also exists convection inside the SC space, which, according to the 

Starling theory, is driven by the capillary hydrostatic pressure between the arteriole and 

interstitium, as well as the interstitial colloid osmotic pressure.45,46 The flow rate from the 

interstitium into the lymphatic system typically ranges from 0.2 to 1 μm/s.47 The migration 

of large molecules inside the SC ECM is significantly impacted by convection, while the 

migration of small molecules is mainly controlled by diffusion.7

As shown in Figure 1, ESCAR consists of three compartments: the “SC” chamber, the 

“blood circulation” chamber, and the “lymphatic circulation” chamber. The three chambers 

can be tightened by adjusting knobs or clamps. The “SC” chamber, representing the SC site, 

is a rectangular cuboid with two open surfaces at the front and back sides. The top side 
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of the “SC” chamber has either a ceiling that is integrated into the whole chamber or an 

open-framed window that can be sealed by a membrane (e.g., Parafilm M membrane). Also, 

there are two versions of the “SC” chamber, as shown in Figure 1.

For the “SC” chamber (Version 1), the open surfaces at the front and back sides represent 

two drug uptake pathways: (a) the blood pathway and (b) the lymphatic pathway. The “SC” 

chamber (Version 1) has a total volume of around 2.8 mL and is designed to reflect the 

unequal distribution of blood/lymphatic capillaries: (a) the SC/blood circulation interface 

(the front side) has an open surface of 3 cm2 surface area (3 cm in length × 1 cm in height), 

and (b) the SC/lymphatic circulation interface (the back side) has a 2 mm thickness slab 

covering the central area, and two open slits with 0.1 cm2 surface area (0.1 cm in length 

× 1 cm in height) at the left and right ends. Therefore, “blood” uptake has a larger surface 

area and a shorter distance from the injection site compared to “lymphatic” uptake. Notably, 

the ratio of these surface areas may need further adjustment, guided by physiological data. 

The “SC” chamber (Version 1) is designed primarily to test small molecules with a focus on 

blood absorption. However, to evaluate large molecules, a larger surface area at the back side 

may be needed to obtain faster drug release and shorter experimental time.

The “SC”/“lymphatic circulation” interface is covered by a membrane with large pores 

representing the open intercellular gaps of lymphatic capillaries. For instance, a SpectraPor 

dialysis membrane with 300 kDa MWCO was used in this study, but larger pores may be 

used for future studies. On the other hand, blood capillaries have tight inter-endothelial 

junctions. Therefore, at the “SC”/“blood circulation” interface, a SpectraPor dialysis 

membrane with 50 kDa MWCO is installed to represent “blood” uptake. To emulate the 

infinite sink condition after drug uptake, both the “blood circulation” and the “lymphatic 

circulation” chambers are larger than 75 mL, at least 20 orders of magnitude to the volume 

of the “SC” chamber. In addition, we aim to emulate the unidirectional fluid flow through 

SC interstitium to lymphatic capillaries in vivo. In ESCAR, convection can be generated by 

feeding a liquid flow into the “SC” chamber using a syringe pump. The impact of convection 

would be presented in our subsequent paper.

The “SC” chamber (Version 2) is designed to represent the SC sites of rats. It was reported 

that for rats, the extent of lymphatic uptake was low for small molecules, and even for 

some large molecules;48 therefore, both sides of the “SC” chamber represent “blood” 

uptake. Compared to Version 1, Version 2 has a larger chamber volume (~7.5 mL) and 

larger interfacial surfaces (7.5 cm2 × 2) because rats have more loose SC connective tissue 

compared to humans, and injected formulation would spread more widely and rapidly in 

rats’ SC site.17 Some pictures of the ESCAR setup are presented in Figure S4 in the 

Supporting Information.

2.3. ESCAR Fabrication.

The ESCAR layout was drawn using AutoCAD (Autodesk Inc., San Rafael, CA, USA). 

Each component was printed using a Mojo 3D printer (Stratasys, Inc., Edina, MN, USA) 

via the fused deposition modeling technology. ABSplus white (an acrylonitrile butadiene 

styrene-based thermoplastic material) and SR-30 were utilized as the printing material and 

the support material, respectively. After printing, the support material was removed by the 
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Ecoworks-based solution with the aid of a WaveWash 55 Clean system (Stratasys, Inc., 

Edina, MN, USA). Acetone was sprayed onto the outer and inner surfaces to make the 

components watertight. Sequentially, the acetone-treated components were placed under (i) 

ambient temperature overnight and then (ii) at 50 °C in a convection oven for at least 72 h 

to remove the acetone residues. Furthermore, all the contact surfaces were smoothened by a 

series of sandpapers with medium grits and superfine grits.

2.4. Drug Quantification Using HPLC.

A Shimadzu HPLC system (Shimadzu Corporation, Kyoto, Japan) equipped with an 

XBridge C18 column (3.5 μM, 4.6 × 150 mm) was used to quantify the acetaminophen 

and griseofulvin samples.

For acetaminophen samples, 20 μL was injected and detected at 275 nm. The mobile phase 

containing 69% of water, 3% of acetic acid, and 28% of methanol (v/v) was kept at a 

constant flow rate of 0.8 mL/min. The column chamber temperature was set at 27 °C and 

the detector chamber temperature was maintained at 40 °C. For griseofulvin samples, 20 μL 

was injected and detected at 291 nm. The mobile phase containing 35% of water with 0.1% 

of trifluoroacetic acid and 65% of acetonitrile (v/v) was kept at a constant flow rate of 1 

mL/min. The temperature of both the column chamber and the detector chamber was kept at 

40 °C.

2.5. ESCAR Drug Binding/Adsorption Study.

ESCAR drug binding/adsorption study was carried out using a procedure as follows: 75 

mL of acetaminophen or griseofulvin solution with a known concentration was placed in 

an ESCAR’s acceptor chamber, and the chamber was stored at ambient temperature for 

24 h before the sample collection. The measurements were carried out in triplicate. The 

percentage of drug recovery was calculated using eq 1.

Recovery(%) = Concentration (after 24 h in chamber)
Concentration (initial) × 100% (1)

2.6. DoE Factor Screening Study Using Acetaminophen Solution.

2.6.1. Drug Release Tests for Acetaminophen.—Acetaminophen solution (10 

mg/mL) and the “SC” chamber (version 1) were used across different runs. Both the 

“lymphatic circulation” and “blood circulation” chambers were filled with 75 mL of PBS 

(pH 7.4), and the “SC” chamber was filled with 2.8 mL of HA/PBS solution. At the 

surrounding areas of the interfaces, a layer of mounting tape was assembled to prevent 

liquid leakage. Sequentially, the “SC”/“blood circulation” interface was assembled with a 

SpectraPor dialysis membrane (MWCO: 50 kDa), and the “SC”/“lymphatic circulation” 

interface was assembled with a SpectraPor dialysis membrane (MWCO: 300 kDa). All 

membranes were presoaked in DI water for at least 1 h before use. The drug release tests 

were conducted at 34 °C in a convective oven, with mild magnetic stirring in the “blood 

circulation” and “lymphatic circulation” chambers. Notably, no stirring was applied in the 

“SC” chamber. The preset volume of the drug solution was manually injected into the “SC” 

chamber from the injection port(s) using a 3 mL syringe connected with a 23G × 3/4 needle 
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(BD, Franklin Lakes, NJ, USA). An 18 run full factorial experimental design was employed 

to evaluate three factors, HA concentration (three levels: 2.5, 5, and 10 mg/mL because this 

concentration range was commonly used in previous studies26–29,49,50), injection volume 

(three levels: 0.25, 0.5, and 1 mL), and injection position/needle tip position to the 

membrane at the “SC”/“blood circulation” interface (two levels: 0.2, 0.5 cm). At the preset 

time points, 1.5 mL of aliquots were withdrawn from the “blood circulation” chamber with 

the replacement of the same volume of PBS. Each run was conducted in triplicate. Our 

preliminary study found that drug concentration in the “lymphatic circulation” chamber was 

around 40–50 times less than that in the “blood circulation” chamber. Therefore, in the 

present study, drug release to the “lymphatic circulation” chamber was not analyzed.

2.6.2. Release Profile Modeling Using Statistical and Machine Learning 
Methods.—A series of statistical and machine learning methods were adopted to model 

the relationship between the input factors and the output response(s) based on the data 

generated from the 18-run DoE study. The HA concentration X1 , injection volume X2 , and 

injection position to the membrane X3  were three input factors. Release percentages Y  at 

2, 4, 6, and 8 h were selected as the output response(s).

For statistical methods, the data were fit by polynomial equations with the aid of JMP (SAS 

Institute, Cary, NC, USA). After removing some statistically insignificant second-order and 

interaction terms, the final format of the polynomial equations was expressed as eq 2.

Y = intercept + aX1
2 + bX1 + cX2 + dX3 (2)

A total of four machine learning methods, including support vector machine (SVM), random 

forest (RF), gradient boosting, and multilayer perceptron (MLP), were also used to develop 

regression models. The codes were programmed based on the Scikit-Learn module under the 

Python environment, and hyperparameters were tuned using the cross-validated grid search 

method.51

The release data could also be simulated by the Monte Carlo simulation-based methods. The 

relevant procedure is provided in the Supporting Information.

2.7. IVIVC Development for Griseofulvin Suspensions.

2.7.1. In Vivo Data Collection.—Chiang et al. developed a series of un-milled and 

milled suspensions for SC administration and conducted rat PK studies.52 The data of the 

average plasma concentration of griseofulvin from 0 to 24 h were extracted from Figure 6 in 

their study using Origin 2018 (OriginLab Corporation, Northampton, MA, USA).52

2.7.2. Griseofulvin Suspension Preparation.—Referring to Chiang et al., the same 

vendor of the bulk griseofulvin powder and similar preparation methods were used in the 

present study.52 Briefly, to prepare the un-milled suspension, the predetermined amount 

of bulk powder was dispensed in 0.5% Tween 80 (w/w) PBS solution, followed by a 

5 min sonication. The un-milled suspension was characterized using a Mastersizer 3000 

particle size analyzer (Malvern Panalytical, Westborough, MA, USA). To prepare the 
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milled suspension, bulk griseofulvin powder and 0.5 mm zirconium beads were added to 

a scintillation vial, followed by the addition of 0.5% Tween 80 (w/w) PBS solution to obtain 

a final concentration of 50 mg/mL. The suspension was wet-milled under magnetic stirring 

at 1200 rpm with occasional shaking for 24 h. The particle size of the milled suspension was 

characterized using a Zetasizer (Malvern Panalytical, Westborough, MA, USA) instrument.

2.7.3. In Vitro ESCAR Drug Release Tests for Griseofulvin.—The “SC” chamber 

(version 2) was used for the in vitro release tests of griseofulvin un-milled and milled 

suspensions. For this chamber design, both the front and back interfaces were in contact with 

the “blood circulation” chambers filled with 75 mL of PBS (pH 7.4), and each interface 

was assembled with a SpectraPor dialysis membrane (MWCO: 50 kDa). Furthermore, in 

the surrounding areas of the interfaces, a layer of mounting tape was assembled to prevent 

liquid leakage. The “SC” chamber was filled with 7.5 mL of the O/W emulsion composed of 

1.64% (w/v) lecithin and 1 mg/mL HA in PBS solution. The formulation, dose, and injection 

volume of our in vitro studies were equivalent to those used in the in vivo studies.52 In the 

in vivo study, the rat body weight ranged from 300 to 350 g. To maintain the consistency 

of the dose for our in vitro study, 300 g was selected for in vitro–in vivo conversion. 

For example, if the in vivo dose was 30 mg/kg, the dose of the in vitro release tests was 

9 mg. The suspension was injected from the injection port at the center using a 3 mL 

syringe connected with a 23G × 3/4 needle (BD, Franklin Lakes, NJ, USA), and the release 

test was undertaken at 34 °C with mild magnetic stirring inside the “blood circulation” 

chambers. Notably, no stirring was applied in the “SC” chamber. For the sampling points 

before 8 h, 1.5 mL of aliquots (0.75 mL from each “blood circulation” chamber) were 

withdrawn with the replacement of PBS; and for the sampling points at 8 h and beyond, to 

maintain the concentration gradient between the “SC” chamber and the “blood circulation” 

chambers and prevent the solution in the “blood circulation” chamber from saturation, 100 

mL of aliquots (50 mL from each “blood circulation” chamber) were withdrawn with the 

replacement of PBS. Each trial was undertaken in triplicate. The release profiles were fit 

using a three-parameter Weibull equation, expressed as eq 3.

Y = a × 1 − exp − tb

c (3)

where Y  is release fraction (%), t is time, and a, b, and c are three constants that could be 

obtained by curve fitting.

2.7.4. One-Step LEVEL A IVIVC Model.—Griseofulvin’s rat PK profiles could be fit 

using a two-compartment model.52 The mathematical equations corresponding to the change 

of drug amounts in the central and peripheral compartments (shown in Figure 3b) were 

described by eqs 4–6.

dAmt1
dt = Abs . Rate − k10Amt1 − k12Amt1 + k21Amt2 (4)
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dAmt2
dt = k12Amt1 − k21Amt2 (5)

Conc1 = Amt1
V c

(6)

where Amt1 and Amt2 are the drug amounts in the central and peripheral compartments at 

time t, Conc1  is the plasma concentration at time t, V c is the volume of distribution in the 

central compartment, k10, k12, and k21 are the rate constants for elimination, transfer from 

the central to the peripheral, and transfer from the peripheral to the central, respectively. 

The values of V c, k10, k12, and k21 were calculated and reported by Chiang et al.52 Abs. Rate, 

the in vivo absorption rate from the SC site at time t, was defined and hypothesized to be 

correlated to the in vitro release rate using a quadratic equation, as expressed by eq 7.

Abs . Rate = Dose × F t + Δt in vivo − Dose × F t in vivo

/ Δt in vivo = Dose × F b0 + b1 × t + Δt
+b2 × (t + Δt)2

in vitro) − Dose × F b0 + b1 × t
+b2 × t2

in vitro
/ b0 + b1 × t + Δt

+b2 × (t + Δt 2|in vitro − b0 + b1 × t + b2 × t2
in vitro

]}

(7)

where F  is the percentage of the drug absorbed (in vivo) or the percentage of drug released 

(in vitro) at time t, and b0, b1, and b2 are time-scaling factors for IVIVC. By tuning b0, b1, 

and b2, the model that had the best fit of the plasma concentration could be obtained 

by numerically solving eqs 4–6, using the custom codes programmed in Matlab R2018a 

(MathWorks, Natick, MA, USA).

3. RESULTS AND DISCUSSION

3.1. Drug Binding/Adsorption to ESCAR.

Drug binding/adsorption to the device (e.g., ESCAR) would interfere drug content in 

the medium. ESCAR was assessed using two small molecule drugs: acetaminophen and 

griseofulvin. After 24 h, the recovery (%) of (i) acetaminophen was 99.6 ± 0.2%, and that 

of (ii) griseofulvin was 95.5 ± 1.7%. Hence, both drugs had limited drug binding/adsorption 

to ESCAR. Furthermore, acetaminophen had a slightly higher recovery (%), which might be 

because acetaminophen was more hydrophilic compared to griseofulvin.

3.2. ESCAR Factor Screening Study Using Acetaminophen Solution.

Acetaminophen solution was used to evaluate ESCAR and identify critical parameters for 

drug release. HA-containing buffered solutions were widely used as simulated SC media for 

in vitro release tests of hydrophilic molecules.26–29,49,50 The impact of three factors (HA 

concentration, injection volume, and injection position to the membrane at the “SC”/“blood 

circulation” interface) on drug release was studied via an 18-run full factorial study. As 

shown in Figure 2a, the increase in the HA concentration slowed the drug release, for 
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example, for the center position injection, the release fraction (%) values were (i) ~30% at 2 

h and ~60% at 8 h in 2.5 mg/mL HA solution; (ii) ~10% at 2 h and ~30% at 8 h in 5 mg/mL 

HA solution; (iii) ~5% at 2 h and ~15% at 8 h in 10 mg/mL HA solution. The complete 

results of the release profiles are presented in Figure S1 in the Supporting Information. 

From the molecular-level perspective, drug release from the “SC” chamber consisted of two 

steps: (i) drug molecules migrated from the position after the injection to the absorption 

site (membrane) and then (ii) molecules penetrated through the membrane to the acceptor 

chamber. The release data indicated that using high HA solutions (e.g., 5 and 10 mg/mL), 

drug release was predominantly controlled by drug migration from the injection site to the 

absorption site, whereas using PBS or low HA solutions (e.g., 2.5 mg/mL), drug molecules 

diffused faster in the medium, and drug penetration through the membrane should have more 

impact on drug release.

A series of statistical and machine learning methods were developed to model the 

relationship between the input factors and the output response (drug release). The DoE 

study data were used for model training and validation. As seen in Figure 2b, the release 

fraction (%) at different time points (e.g., 2 h) versus three input factors could be fit using 

polynomial equations (in the format of eq 2) with acceptable fitness. The prediction profiler 

plots in Figure 2b suggested that the release fraction underwent a rapid decline as the 

HA concentration increased from 2.5 to 6 mg/mL, and then gradually leveled out while 

the HA concentration increased above 6 mg/mL. Conversely, the release fraction was not 

substantially changed by the injection volume and injection position to the membrane. The 

prediction profiler plots of more timepoints (e.g., 4, 6, and 8 h) are presented in Figure S2 in 

the Supporting Information.

Unlike the statistical models that require manually set rules and instructions, for example, 

assigning a second-order polynomial to depict the curvature of the response surface, 

machine learning methods could learn the data on their own and develop a model(s) 

with better predictability, although simultaneously, the model interpretability might be 

compromised. As seen in Table S1 in the Supporting Information, all machine learning 

models (SVM, RF, gradient boosting, and MLP) presented slightly higher R2-score values 

than polynomial equations, suggesting that the training data could be fit better by the 

machine learning models. To avoid the potential overfitting issue, a 4-fold cross-validation 

method was developed, where 75% of the data in the whole dataset were used for model 

training, and the remaining 25% was used for model validation. For this small and simple 

dataset, all developed statistical and machine learning methods provided good predictions. 

However, machine learning models should be more capable of handling large datasets with 

convoluted data patterns and making accurate predictions.

Drug release profiles could also be simulated using the Monte Carlo-based methods. The 

results are presented in the Supporting Information.

3.3. IVIVC for Griseofulvin Suspensions.

It is of value to explore ESCAR’s capability in predicting in vivo PK properties and 

developing IVIVC models. Our in-house-made un-milled and milled suspensions had 

similar particle sizes as the suspensions manufactured by Chiang et al., for example, D50 of 
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the un-milled suspension: 26.2 ± 2.06 μm vs 21.9 μm;52 D50 of the milled suspension: 1.5 ± 

0.2 μm vs 1.7 μm.52 To date, a wide variety of simulated SC media have been developed.21 

As pointed out by Li et al., a more physiologically relevant medium may not fit the purposes 

(e.g., IVIVC, QC release, formulation/compound screening, etc.) better; instead, a fit-for-

purpose medium must have a good balance of sensitivity, selectivity, and biorelevance.21 

Griseofulvin (clogP: 2.2) is lipophilic and has a higher partition into the oil phase compared 

to the aqueous phase. To consider the effect of molecule lipophilicity, lecithin was added 

in the simulated SC medium to represent the potential drug depots such as adipose tissue 

and skin lipid. Lipophilic drugs (e.g., griseofulvin) can distribute to both the oil phase 

(dispersed) and the aqueous phase (continuous) and have a distribution volume larger than 

the apparent volume of the “SC” chamber. On the contrary, lecithin should have minor 

impact on hydrophilic drugs (e.g., acetaminophen) because hydrophilic molecules preferably 

distribute in the aqueous phase. Furthermore, because rats’ SC space is less dense and less 

viscous compared to humans’ SC space, the low HA level (1 mg/mL) was added in the 

medium. To attain a release profile for a suspension in ESCAR, drug molecules needed to 

first dissolve and then the molecules migrated to the membrane, followed by the penetration 

through the membrane to the acceptor chamber. We speculated that, using this medium, the 

rate-limiting step of drug release should be the step of particle dissolution rather than the 

step of molecule diffusion in the medium. The in vitro drug release amount (mg) versus 

time is presented in Figure 3a. As seen, the milled suspension released faster than the 

un-milled suspension, for example, given a 9 mg dose, at 102 h, 1.34 mg (amount released 

of the milled suspension) was 50% higher than 0.89 mg (amount released of the un-milled 

suspension), indicating the advantage of the micronization on dissolution rate enhancement. 

Furthermore, the 1.5 mg dose of the milled suspension provided a slightly faster release 

than the 9-mg dose of the un-milled suspension. While the dose of the milled suspension 

increased from 9 to 18 mg, the drug release amount enhanced marginally. Another finding 

was that the in vitro release in ESCAR was slower than the in vivo dissolution/absorption. 

For instance, according to the data presented in Chiang et al.’s study (Figure 5), for the 9 mg 

dose of the un-milled suspension, the in vivo drug absorption amount at 24 h was similar to 

the in vitro drug release amount at 54 h.

To build the IVIVC model, three dose/formulation combinations (9 mg/un-milled, 9 mg/

milled, and 18 mg/milled) were used as the internal-validation data, and the in vitro release 

profiles (%) are plotted in Figure 3c. The high R2-score values, listed in Table S2 in the 

Supporting Information, suggested that the release profile (%) could be fit by the Weibull 

function (eq 3). As presented in Figure 3d, a LEVEL A IVIVC model was developed. Table 

1 listed the values of Cmax, AUC0–24h, and the prediction error (%PE). As a result, the 

model passed the internal validation, and the average absolute internal %PE for Cmax was 

3.6% and that for AUC0–24h was 2.9%. In addition, to make the model more conclusive, 

the 1.5 mg dose of the milled suspension was evaluated as the external validation. The 

%PE values for Cmax and AUC0–24h were 14.9 and −11.5%, respectively. Using this IVIVC 

model, for a new griseofulvin suspension formulation, only in vitro release tests would need 

to be conducted in ESCAR, and costly and time-consuming in vivo studies might be waived. 

Therefore, with this strategy, the 3R (reduce/refine/replace) principle for preclinical species 

was implemented. Promisingly, using the same methodology, it was also possible to develop 
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an IVIVC model based on human PK data and apply it to various studies such as new 

formulation development and bioequivalence studies.

4. CONCLUSIONS

In this study, a prototype of an in vitro system ESCAR was developed to emulate the in 

vivo SC environment. ESCAR showed its potential uses in the assessment of different SC 

formulations (e.g., solution and suspension) and small molecule drugs (e.g., hydrophilic 

molecule: acetaminophen; hydrophobic molecule: griseofulvin). From a factor screening 

study, it was found that drug release from the “SC” chamber was significantly affected by 

the HA concentration rather than the injection volume and the injection position. Last but 

not least, an IVIVC model was successfully developed for griseofulvin suspensions. This 

established IVIVC model demonstrated that ESCAR had important implications in SC drug 

product development and bioequivalence studies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. ESCAR design to emulate the in vivo SC environment.
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Figure 2. (a) In vitro release profile of acetaminophen; (b) prediction profiler plot of release 
friction (%) at 2 h.
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Figure 3. 
IVIVC model development for griseofulvin suspensions: (a) in vitro release profile (mg); (b) 

PK model for the SC administration of griseofulvin; (c) in vitro release profile (%); and (d) 

predicted and experimental griseofulvin plasma concentration profiles.
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