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Abstract

Introduction Subcutaneous (SC) injectables have become more acceptable and feasible for administration of biologics and
small molecules. However, efficient development of these products is limited to costly and time-consuming techniques,
partially because absorption mechanisms and kinetics at the local site of injection remain poorly understood.

Objective To bridge formulation critical quality attributes (CQA) of injectables with local physiological conditions to predict
systemic exposure of these products.

Methodology We have previously developed a multiscale, multiphysics computational model to simulate lymphatic absorp-
tion and whole-body pharmacokinetics of monoclonal antibodies. The same simulation framework was applied in this study
to compute the capillary absorption of solubilized small molecule drugs that are injected subcutaneously. Sensitivity analyses
were conducted to probe the impact by key simulation parameters on the local and systemic exposures.

Results This framework was capable of determining which parameters had the biggest impact on small molecule absorption
in the SC. Particularly, membrane permeability of a drug was found to have the biggest impact on drug absorption kinetics,
followed by capillary density and drug diffusivity.

Conclusion Our modelling framework proved feasible in predicting local transport and systemic absorption from the injection
site of small molecules. Understanding the effect of these properties and how to model them may help to greatly expedite

the development process.

Keywords capillary absorption - CQA - FEM/CFD - injectable - subcutaneous

Introduction

The recent development of subcutaneous (SC), or fatty tis-
sue, injectables has enabled administration of biologic drugs
(e.g., insulin, monoclonal antibodies) and small molecule
formulations. For the latter, long-acting injectables (LAI) are
being actively pursued to treat chronic diseases because of
the avoidance of first-pass metabolism and improved patient
compliance. Design of SC injectable products can be opti-
mized to control local release and absorption rate kinetics
by understanding critical quality attributes (CQAs) for drug
formulations as well as the complex physiological space.
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The SC is mainly comprised of extracellular matrix (ECM),
adipose tissue, and an active immune cell environment.
This physiology provides structural integrity and hydration
to the skin, energy metabolism and temperature regulation,
and defense against foreign particles or organisms [1, 2].
Because of the porous structure, the ECM also permits diffu-
sive control of administered drug molecules or drug delivery
vehicles [2]. The presence of lymphatic vessels, in addition
to capillary, facilitates immune trafficking of drug delivery
vehicles to lymph nodes or into the mononuclear phagocytic
system organs (MPS), such as the liver [3].

Despite the interest and benefit that SC injectables
have for patients, translation of formulation designs into
the clinic is slowed by a lack of understanding regarding
unique absorption mechanisms from the SC injection site
into the systemic circulation. The same physiological com-
plexity that offers many advantages to drug delivery cannot
be fully comprehended during preclinical testing, making
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the extrapolation of systemic exposure in humans from pre-
clinical drug release kinetics nearly impossible to do. This
limits development of novel SC injectables to costly and
time-consuming trial-and-error techniques, and development
of generics to inefficient explorations designed for oral drugs
(including in vitro — in vivo correlations, or IVIVC). For
drugs with complex formulations (e.g., drug delivery vehi-
cles, pro-drugs, etc.) that can impact SC absorption rates,
using IVIVC data as a substitute for clinical trials is not
feasible because of potential interplays between CQAs and
local physiological conditions. For drugs that are physiol-
ogy (e.g., permeability) rate limited, IVIVC are difficult
to develop because of the complications in predicting the
physiological effect on absorption rates. Implementation of
computational methods can therefore be useful in overcom-
ing these limitations in preclinical testing by describing the
relationships between the SC space and injected formula-
tions on absorption mechanisms in a way that is both dis-
criminating and mechanistic.

The increase in and growing accessibility of computa-
tional software has allowed for application of modeling
and simulation to revolutionize all stages of pharmaceutical
development, ranging from using Quantitative Structure-
Property or -Activity Relationships (QSPR/QSAR) to screen
for drug-like molecules, utilizing molecular dynamics (MD)
simulations to probe protein stability, and to integrating the
discrete element method (DEM) with computational fluid
dynamics (CFD) to understand powder flow during manu-
facturing [4]. Physiologically based pharmacokinetic (PBPK)
models have also gained considerable traction for a variety
of applications, such as to inform design of in vitro release
experiments [5, 6], predict dose requirements [4], and sub-
stitute for bioequivalence studies [7, 8]. Nevertheless, there
remains a critical need to integrate simulations for subcu-
taneous (SC) specific absorption rate mechanisms and sys-
temic pharmacokinetics. It is especially necessary to correlate
changes in formulation to changes in PK profiles, which can-
not be reliably predicted by in vitro testing of the product. By
understanding SC absorption mechanisms to bridge formula-
tion CQAs and directly test their effects on pharmacokinetics,
computational methods can be used to guide and support
preclinical testing. It has been a main research goal of ours
to integrate CFD-based simulations of the SC space with
whole-body PK modeling to guide the development of SC
formulation design. This integration allows for concurrent
testing of parameters and complex relationships between both
the subcutaneous physiological environment and the injected
drug physicochemical and formulation properties. Ultimately,
this methodology is expected to bridge the gap between pre-
clinical and clinical data to help predict in vivo injectable
performance from in vitro data.

We have previously developed a CFD/FEM absorp-
tion model framework for monoclonal antibody (mAb)
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absorption into the lymphatics [9-11]. When integrated with
a minimal-PBPK (mPBPK) model for lymphatic absorption
and disposition, simulated pharmacokinetic profiles of dif-
ferent mAb drugs were validated against experimental phar-
macokinetics. Herein, application of the model framework
has been expanded to include blood capillary absorption of
a small molecule solution formulation (methotrexate, MTX).
Sensitivity analyses of physiological and drug parameters
were conducted via simulation to understand the effect
and relevance of these parameters on drug exposure using
compartmental pharmacokinetic modeling. Overall, blood
absorption of small molecule drugs administered in the sub-
cutaneous was successfully implemented, allowing for an
understanding of significant absorption rate parameters and
their effect on drug plasma concentrations in humans.

Experimental Procedures

Our simulation and modeling framework integrates the finite
element method (FEM) to solve a CFD model of local trans-
port and absorption of an SC administered formulation with
compartmental-based PK modeling of systemic exposure.
This framework was derived from our earlier studies of
simulating locally administered mAbs using COMSOL Mul-
tiphysics ver. 5.3 (COMSOL Inc., MA, USA)) [9-11]. The
local model treats the SC space as a homogenous, poroelas-
tic media, where tissue is considered compressible, and the
interstitial fluid is taken as non-compressible and isothermal.
Fluid flow is modeled using Darcy’s Law [9]. Mass trans-
port of drug is subject to both advection (due to injection)
and diffusion in the porous media and across vessel mem-
branes. Changes in tissue deformation, fluid velocity, and
mass transport were coupled with changes in porosity and
permeability of the tissue as drug is injected into the tissue
space and subsequently absorbed. Upon tissue recovery from
injection-induced deformation, drug absorption is primarily
determined by membrane permeability as well as diffusion
gradients in the SC.

Local Simulation - Mass Transport of Drug Molecules

The interplay between the SC space and lymphatic and cap-
illary vessels impacts fluid flow and mass transport of drug
[12]. As blood is pumped through blood vessels, convective
forces push excess interstitial fluid — and any foreign parti-
cles, debris, or pathogens in the blood — into the lymphatics.
Cleaned interstitial fluid is then returned to blood vessels of
low flow rate (e.g., veins). Capillaries are primarily respon-
sible for the transport of small drug molecules from tissues
into the blood [13]. The movement of fluid is maintained by
a balance of four pressures — tissue and vessel (hydrostatic),
and interstitial and vessel osmotic pressures (oncotic) — and
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is often modeled by the Starling equation described below
[12]. Differing from our previous studies of mAbs where
only lymphatic absorption was considered, small molecule
drug absorption occurs into the capillaries. Therefore,
lymphatic parameters were replaced to describe capillary
properties. Mass transport of drug in the interstitial space
is calculated using the diffusion-advection equation below:

o(@c)
ot

+ (DyyVe) + V- (cC) -0, = —Pac% )
where the terms on the left side describe drug concentration
(c) with respect to tissue porosity (&) as a function of time,
and under the influence of diffusive (D,) and advective (v)
forces. The term on the right side (Q,,) describes the sink
condition, or absorption into blood, which is determined by
apparent permeability (P,), drug concentration (c), and the
surface area of vessels per volume of tissue (‘—S/). P, char-
acterizes the contributions of membrane permeability and
fluid flux to drug permeability into a blood vessel, and is
described by the Starling equation below:

P, = Pd<e,§e_l > + {Lp(l -N((p—pw) +r(z—my))}
@
where P, is the membrane diffusive permeability; P, is the
Peclet number, which represents the ratio of advection vs.
diffusion; L, is the hydraulic conductivity, which measures
how fast water passes across the membrane; y is the drug
reflection coefficient, which approximates the percent-
age of drug reflected back from a membrane pore; p is the
interstitial fluid pressure; p,, is the vessel pressure; x is the
interstitial osmotic pressure; and 7, is the capillary osmotic
pressure. The Peclet number can be calculated below:

P L1 =y)((p = pw) + 7 (7 —7y))

e P, 3

where the term y(z — 7,,;) represents fluid flux based on dif-
ferences in fluid and colloid oncotic pressures due to protein
concentrations in the SC and vessels. Table I shows the cap-
illary vessel physiological conditions.

Table | Physiological Parameters of Capillary Vessels in the Subcu-
taneous Tissue

Parameter Value Measurement Condition Ref.

S/V (1/cm) 0.3 Estimated based on the number of [14]
blood vessels in human SC tissue and
assuming cylindrical vessels

L, (cm/Pa*s) 4x10™° Measured with HUVEC monolayers [15]

in vitro
Py, (Pa) 1133 Measured in vivo in human SC (trunk) [16]
7 (Pa) 2026 Measured in vivo in human SC (trunk) [16]
my, (Pa) 3840 Measured in vivo in human SC (trunk) [16]
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Fig. 1 Model space overview. Visual description of modeling space.
Injection occurs at needle tip (center of model). Graphics of changes
in model space utilizes different quadrants for better visualization.
(Adopted from [9]).

Figure 1 illustrates the configuration of the local simula-
tion model. For this study, a “1/4” model was 5 x 5 x 12
mm?>, and a “1/8” model was 5 x 5 x 6 mm°. The injection
process was firstly simulated, long enough for the total drug
dose to be deposited into the modelling space. The absorp-
tion process was then computed using the physiological con-
ditions and drug concentrations obtained at the end of the
injection process. Finally, the rate of drug absorption was
inputted into compartmental pharmacokinetics in order to
simulate plasma concentration profiles. In this study, solubi-
lized methotrexate (MTX) was chosen as the model delivery
system. Its physicochemical properties, specifically mem-
brane permeability and tissue diffusion, were available in
literature. Moreover, both intravenous (IV) and subcutane-
ous (SC) pharmacokinetic studies were available to validate
the model.

Pertinent physicochemical properties of MTX are listed
in Table II. Estimations for reflection coefficient were calcu-
lated using molecular volume and the drug’s octanol-water
partition coefficient [17]. Sensitivity analyses of both drug
physicochemical and SC physiological properties were
conducted using the simulation model. The effect of vessel
physiology and tissue diffusion rates were measured when
membrane permeability was both low (6 X 1078 cm/s) and
high (3.5x 107> cm/s). Additionally, blood pressure and
hydraulic conductivity have been linked in vitro, where an
increase in transmural vessel pressure decreased hydraulic
conductivity, and an increase in shear stress increased it [18,
19]. Therefore, the combined effects of changing both these
parameters were also determined.

PK Modeling of Systemic Exposure

Compartmental modeling was used to calculate the whole-
body pharmacokinetic profile of SC injected methotrexate
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Table ". Physicochemical Parameter Value Measurement Condition Ref.
Properties of Methotrexate
P, (cm/s) 6x10°8 Measured by in vitro PAMPA model [20]
Dy (cm?/s) 2.47%107° Measured with ex vivo mouse epidermis [21,22]
¥ 7x107* Est. [17]
Dose/Volume 7.5 mg/0.15 mL Human SC autoinjector [23]
15 mg/0.30 mL
22.5 mg/0.45 mL
30 mg/0.60 mL
Inj. Rate 0.08 mL/s Est. [9]
Inj. Time 26s Est. -
Lx W (cm) 10x10 Est. -

that was computed by the FEM model. The simulated local
drug concentration profiles were fitted to first-order kinetics
to determine the absorption rate (k,):

M, = Dose % e™! 4)

where M, is the mass of drug, dose is the administered
initial mass of drug, k, is the absorption rate, and t is time.
Model fitting was done using OriginPro 2022 (OriginLab,
MA, USA). Intravenous (IV) data [14, 24] was used to derive
PK parameters of the compartmental model in SimBiology
(MATLAB R2020a, MathWorks Inc., MA, USA) for metho-
trexate, including clearance and volume of distribution. A
1-compartment model was developed for methotrexate. Fig-
ure 2 shows a description of the compartmental model used.
Table III shows the pharmacokinetic parameters.

Central
Subcutaneous K‘ [Subcutaneous]
Administration
k,
Intravenous Z\‘ [Plasmal]
Administration
cl

Fig.2 Pharmacokinetic model overview. Visual description of com-
partmental model used for methotrexate.
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Concentration kinetics in each sub-compartment (subcuta-
neous or plasma) was calculated with the following ordinary
differential equations (ODEs):

d(csc) 1

e =7dx(_y(ka*csc)xvdy) ©)

CZ(CPZZ%H) _ Vid y (|(ka % Csc) X Vd' - ’(ke X Cplasma) X VGEQ

Where ¢, is the concentration of drug in the subcutaneous
compartment, Vs the volume of distribution, k, is the absorp-
tion rate, ¢/, 18 the concentration of drug in the plasma
compartment, and k, is the elimination rate from the body.

To compare the goodness of fit between experimental and
simulated pharmacokinetic profiles, the normalized root mean
square error (NRMSE) was used:

2
XL (Xoba.i_Xm()del.i)

" @)

NRMSE =

where x,,, ; and x,,,,,,, ; are the experimentally observed and

model values at time =i, n is the number of samples, and X is

Table lll Pharmacokinetic Parameters for IV and SC Methotrexate

Parameter Value Ref.
CL (L/h) 10 Fitted from [24] using
V, (L) - central 38 an average weight of
71 kg
IV Dose (mg) 10 [24]
SC Dose (mg) 7.5 [25]
15
22.5
30
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the observation mean value. Lower NRMSE values indicate
better fitting between the observed and model data; higher val-
ues indicate worse fitting between the data sets.

Results

Absorption simulations for SC administration of metho-
trexate (MTX) were conducted to understand the impact of
local physiological and drug physicochemical properties on
subsequent pharmacokinetic profiles. Sensitivity analyses
for these properties were used to understand the model’s
response to these parameters, and which had the biggest
impact on the systemic exposure of SC-injected MTX.
Absorption rates (k,) obtained by the local CFD simula-
tion were then integrated into compartmental pharmacoki-
netic models. Simulated plasma concentration profiles using
results obtained from the sensitivity analyses showed the
effect each parameter ultimately had on pharmacokinetics.
This study supports the ability of our modeling framework
to describe SC blood absorption of small molecule liquid
formulations, and sheds light into how this framework can
be used to bridge in vitro measured properties to in vivo
performance of SC delivery systems.

Local Simulation of Physiological Changes
in Response to SC Injection

Two consecutive studies were run to simulate the injection
and absorption process of drug administered into the SC
space. Figures 3 and 4 show changes in different SC tissue

Fig.3 Volume charts for
physiological changes in SC
tissue during injection. Spatial
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parameters during the drug injection (t;,; =2.6 s) and absorp-
tion (t,, =16 h) phases, respectively. These parameters
include tissue displacement, interstitial fluid pressure, and
interstitial fluid velocity. As drug was injected, an increase in
these tissue parameters was observed up to 50% of the injec-
tion time. Very little change is seen from 50% to 100% of the
injection time. Tissue properties re-equilibrated very quickly
after the injection was completed, effectively returning to
normal in less than a second. No significant changes were
observed in these variables during the sensitivity analyses
conducted and described below (results not shown). It was
concluded that changes in drug and blood vessel physiologi-
cal properties did not impact the changes of the SC tissue
before and after injection. Additionally, the effect of advec-
tion on small molecule drug absorption was also determined
to be negligible. Such conclusions are reached based on the
model assumption of poroelasticity of the SC tissue.

Local Simulation of MTX Drug Absorption

Figure 5 shows volume charts which represent the drug con-
centration evolution in the SC space during drug injection
(Fig. 5A) and absorption (Fig. 5B). Absorption was simu-
lated for 16 hours per pharmacokinetic studies conducted in
literature [23]. Concentration increased during the injection
process, and as absorption was initiated, also appeared to
decrease over time at the injection site. However, rather than
be absorbed, drug instead diffused out into the modelling
space. Figure 6 supports this observation with graphs show-
ing the integrated mass of drug (Fig. 6A) as well as radial
diffusion, or cutline graphs, of drug concentration around
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Fig.4 Volume charts for physi-
ological changes in SC tissue
during absorption. Spatial evo- s
lution of three different physi-
ological parameters (displace-
ment, interstitial fluid pressure, 1
and fluid velocity) in the SC
space throughout the absorp-
tion process. Displacement

is depicted with a ¥4 model;
fluid pressure and velocity are
depicted with a 1/8 model.

%107 em

t=0s

5 x107 cm

t=0.02 s

x107" cm

t=0.2s

2
Yalix

the injection site (Fig. 6B). Negligible absorption (<1%)
was observed (Fig. 6A), where at 16 hours, drug concen-
tration has decreased at the injection site but diffused out
radially into the rest of the model (Fig. 6B). Therefore, the
absorption rate was very low. Because of this, sensitivity
analyses of low, medium, and high parameter values were
conducted for drug (e.g., membrane permeability, diffusion
rates, and reflection coefficient) and blood vessel physiol-
ogy (e.g., capillary surface area, hydraulic conductivity, and
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vessel pressure) properties to ascertain which the model was
most sensitive to, and subsequently which was most likely
to impact the absorption kinetics.

Sensitivity Analysis of Local Simulation Parameters
A sensitivity analysis of drug properties showed that changes

in membrane permeability had the greatest effect on absorp-
tion rate. Low to high values for sensitivity parameters were
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Fig.5 Volume charts showing evolution of concentration of 7.5 mg SC dose for (A) injection process and (B) absorption process at MTX at a

membrane permeability of 6x 1078 cm/s.
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chosen in some cases from experimental ranges, and in oth-
ers as ways to explore the extent to which a general increase
or decrease of a parameter would have on absorption rates.
For membrane permeability, the selected values ranged from
PAMPA measured permeability to a value slightly higher
than what was computationally fit in a semi-mechanistic
physiologically based pharmacokinetic study [20, 24]. For
diffusion rate, a range similar to membrane permeability was
chosen so that magnitude and therefore effect of both drug-
related properties could be more easily compared. Sensitiv-
ity analyses for vessel pressure and hydraulic conductivity
compared capillary parameters to lymphatic parameters in
our previous study (Ply -0 Pa, Lp - %1078 cm/(Pa*s)) [9],

Radial Distance

with an additional lower or higher value to identify a trend.
Finally, capillary surface area values were chosen to find the
operational range in the absence of other experimental data.
The lymphatic value used in our previous study of 2 cm™"
was deemed too high for these purposes. At low, medium,
and high permeability rates (6x 108 cm/s, 6 x 1076 cm/s,
and 6x 10™* cm/s, respectively), k, was calculated to be 0,
0.052, and 5.62 1/h. Changes in diffusion rate (measured at
3% 1078 cm%s, 3x 107 cm?/s, and 3% 10~ cm2/s) had neg-
ligible effect on absorption rate at low permeability, except
when diffusion was high (3 x 10~* cm?/s), which increased
k, from 0 to 0.113 1/h. However, fitting this condition to
first-order kinetics was sub-optimal. The effect of reflection
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Table IV Effect of Membrane Permeability and Diffusivity on Drug
Absorption Rate

P, (cm/s)
6x10~% 6x107° 6x10~*
D, (cm?/s) 3x1078 0 0.0371 5.62
3x10°¢ 0% 0.0371 5.62
3x1074 0.113" 0.155% 5.62

Bold text represent the sensitivity analysis values used for both Pd
and Deff

* Baseline parameter values from literature

* Poor fitting to first-order kinetics

coefficient (y in Eq. 2) was also studied at values of 0.0005,
0.05, and 0.1. This property represents the percent chance
of a particle reflecting off the vessel membrane rather than
permeating across. It is often measured for protein thera-
peutics or biologics; however, for small molecules, it is
not readily available in literature. Estimations of reflection
coefficient, dependent on molecular volume and vessel pore
size, generally yield very small values [17, 26]. Nonetheless,
sensitivity analyses of the reflection coefficient from 0.0005
(estimation) to literature values obtained for sugar (< 0.1)
[26], showed no effect on absorption rates at low membrane
permeability rates.

The relationship between membrane permeability and dif-
fusion rates were also conducted (Table V). The condition
marked with * (P,=6x107° cm/s, D, ;=3 x107° cm?/s) rep-
resents the baseline parameter values obtained from litera-
ture. Starred values (*) represent those that exhibited poor
fitting to first-order kinetics. Membrane permeability was,
once again, found to have the biggest impact on SC absorp-
tion rates, where diffusion rate had an almost negligible
effect except when diffusion rate and permeability were both
high. This relationship between membrane permeability and
diffusion rate could be explained by concentration gradi-
ents. At low permeability (subsequently low sink condition),
absorption rates increase when the diffusion rate allows for
drug to move past local saturation. At high permeability,
drug is being absorbed so quickly that changes in diffusion
rate have no effect.

Changes in capillary vessel physiological parameters
were also found to have a negligible effect on absorption
rates when membrane permeability was low. The only con-
dition where a non-zero k, was calculated (0.113 1/h) was
at low capillary blood pressure (0 Pa), which is comparable
to lymphatic vessel pressure. Sensitivity analysis to probe
the relationship between hydraulic conductivity and blood
pressure showed that the only conditions where k, was meas-
ured to be non-zero was at low pressure (0 Pa) and moder-
ate — high hydraulic conductivity (1x 107 and 1x 108 cm/
(Pa*s), respectively). The k, values were 0.0041 and 0.038
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Fig.7 Effect of Membrane Permeability on MTX absorption rate
(k,). Membrane permeability shown here was tested from 6 X 1078 to
8x 107 cm/s.

1/h, respectively, with both conditions exhibiting poor fitting
to first-order kinetics. Therefore, at such a low membrane
permeability value only lymphatic vessel conditions resulted
in measurable absorption rates. Membrane permeability was
thereby concluded to have the biggest impact on solubilized
drug absorption in the SC. A sensitivity analysis was then
performed to determine the relationship between membrane
permeability and absorption rate (Fig. 7). The connection
can be understood when looking at Egs. 1, 2, and 4, where
the sink condition (Q,,) is the time derivative of the absorbed
drug mass. For a small value of k,, the derivative of Eq. 4 is
roughly linear to k,.

Values of k, for respective permeability values were then
inputted into a 1-compartmental pharmacokinetic model,
and simulated plasma drug concentration profiles were
compared to experimental drug concentrations in humans
(Fig. 8A). K, values associated with low permeability rate
as defined by the Biopharmaceutical Classification system
(BCS) — that is, a rate less than 6 x 107 cm/s [27] — showed
negligible to nearly negligible drug plasma concentrations.
At permeability rate =1 x 107> cm/s, plasma concentrations
increased dramatically, with a rate of 3.5 X 1073 cm/s (brown
line) best representing experimental data (black circles).
Using this value to simulate plasma concentration profiles
for different dose studies of 7.5, 15, 22.5, and 30 mg of
MTX gave profiles that were comparable to these experi-
mentally determined profiles (Fig. 8B). Error analysis of
model fitting to the experimental data was conducted using
NRMSE, which calculated the errors for these doses to
be 0.066, 0.158, 0.185, and 0.310, respectively. Since the
value of these errors are below 1, they suggest that the cur-
rent models for SC absorption and pharmacokinetics are
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Fig.8 — Pharmacokinetic (A)
analysis for MTX simulations. 500 Membrane Permeability
(A) Effect of membrane perme- [\ ® Exp-7.5mg
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appropriate to describe plasma concentration profiles for
SC administered MTX.

Figure 9 shows volume charts of MTX during the injec-
tion and absorption processes at permeability =3.5x 107
cm/s. Unlike in Fig. 5B, where drug can be seen to diffuse
out into the space, Fig. 9B shows drug being eliminated
from the model space. Fig. 10 further supports this by show-
ing how the integrated mass of drug significantly decreases
in comparison to what is seen in Fig. 6A. Radial diffusion
graphs (Fig. 6B) also show how drug concentration is com-
pletely absorbed across the modelling space by 16 hours.
Ultimately, these results show that a membrane permeability
of 3.5x 1075 cm/s describes SC absorption and plasma con-
centrations better than the experimentally determined value
of 6x 107 cm/s. Further support for the appropriateness
of such a high fitted permeability rate, compared to experi-
mentally determined PAMPA values, may be seen in other
computational models. A recently reported physiologically

2 4 6 8 10 12 14 16

based pharmacokinetic (PBPK) model to describe MTX
disposition in joints after oral administration fitted an oral
apparent permeability (P,) value to 6.5 X 107° cm/s [24].
Since MTX is a folate receptor ligand, the comparable fit-
ted permeability values between the reported PBPK and our
modelling framework may be attributed to receptor-mediated
transport, rather than the passive permeability mechanism
that was measured using in vitro PAMPA models. This also
suggests the presence of folate receptors in SC capillaries,
since capillary vessels are responsible for the absorption of
nutrients from the skin [13, 28]. Thus, the current model
fitted membrane permeability is an adequate representa-
tion of in vivo permeability of MTX. Because membrane
permeability was determined to have the biggest effect on
absorption rates, the values of the blood vessel physiological
parameters were deemed appropriate to describe the average
SC space. However, further sensitivity analyses were per-
formed to determine whether changes in vessel physiology
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Fig.9 Volume charts showing evolution of concentration of 7.5 mg SC dose for (A) injection process and (B) absorption process at MTX at a

membrane permeability of 3.5 1075 cm/s.

would have a greater impact on drug absorption rates when
membrane permeability was high.

Sensitivity Analysis of Capillary Parameters
and Diffusion Rates at High Permeability

When developing in vitro and in vivo correlations (IVIVC)
for new drug formulations, it is often assumed that drug
and formulation properties have the predominant effect on
plasma concentration profiles over local physiology. Our
current results show that at low injection volumes, transient
perturbations in the SC — such as tissue deformation and
fluid flow — have a negligible effect on absorption rates of
solubilized drug. However, changes in capillary properties
or ECM integrity (such as local scarring, inflammation, or
age-related degradation) [29, 30] due to inter- or intrapatient
variability, disease state, or special populations may serve to
complicate IVIVC development. Therefore, it is important
to understand the relationship between solubilized drug and
SC physiological properties, and how they ultimately affect
systemic plasma concentration profiles. As such, a sensitiv-
ity analysis probing the impact of surface area, pressure, and
hydraulic conductivity on k, at high membrane permeability
(3.5x 107 cm/s) showed that the former had the biggest
impact, followed by hydraulic conductivity and pressure. A
linear relationship was once again observed between changes
in these parameters and ka values (results not shown). This
indicates that with a few experimental values, trends could
be developed using absorption rate simulations to predict the
effect of untested parameters on drug absorption.

@ Springer

Figure 11 shows the effect of these parameters on sim-
ulated plasma concentration profiles, which had a more
marked effect than the same changes in these parameters
at low membrane permeability. Figure 11BC show that
increases in hydraulic conductivity and pressure resulted in
a decrease in absorption rate due to pressure differentials
between the interstitial space and vessels (Eq. 2). This gradi-
ent means that at a high capillary vessel pressure (1133 Pa)
and a low interstitial tissue pressure (~106 Pa), the pres-
sure gradient favors fluid out of capillary vessels. In fact,
at steady state conditions, fluid resorption does not happen
across capillary membranes but elsewhere in the vessel hier-
archy [13, 28]. However, the effect of these changes had a
minimal impact on plasma concentration profiles (Fig. 12B
and C), with a high hydraulic conductivity (1 x 1078 cm/
(Pa*s)) having a more significant effect than any other
condition.

Studies have also shown that changes in hydraulic con-
ductivity and vessel pressure may be related in vitro. One
study showed that the vessel’s response to an increase in the
transmural pressure gradient (across the vessel membrane)
was a 3x decrease in hydraulic conductivity [18]. Another
study showed that shear stress (parallel to the vessel mem-
brane) increased hydraulic conductivity [19]. Therefore,
the relationship between these two variables and their effect
on absorption rates was probed (Table V). At low pressure
(0 Pa), the trend for hydraulic conductivity changed, that is,
as hydraulic conductivity increased the absorption rate also
increased. At high pressure (2000 Pa) the absorption rate
decreased dramatically as hydraulic conductivity increased.
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Fig. 10 Volume charts showing
evolution of concentration of
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Figure 12D shows the effect on the plasma concentration
profiles of MTX.

While changes in k, were noted at all these condi-
tions, only two conditions (pressure/hydraulic conductiv-
ity =0 Pa/1 x 10% cm/(Pa*s) and 2000 Pa/1 x 1078 cm/
(Pa*s)) produced significant changes on the plasma con-
centration profiles. Both a pressure/hydraulic conductiv-
ity of 0 Pa/1x 107'% cm/(Pa*s) and 2000 Pa/1 x 107'° cm/
(Pa*s) were indistinguishable from each other, whereas
1133 Pa/l x 10° cm/(Pa*s) had a slight decrease in the
C..ax- These results suggest that hydraulic conductivity has
a greater effect on absorption rates than pressure, however,

Radial Distance (cm)

there does appear to be a relationship between these two
parameters. At high hydraulic conductivity, the effect on
drug absorption and plasma concentration is very appar-
ent, while moderate changes in both pressure and hydraulic
conductivity appear to have a minimal effect. Since higher
shear stress (related to higher fluid flow) can cause increased
hydraulic conductivity in vitro, understanding this relation-
ship in humans may be important to predict plasma drug
concentration profiles for patients with high blood pressure.

The effect of diffusion rate from 6x 107 to 6 x 10~* cm?/s
on absorption rates was also tested at the higher membrane
permeability rate and found to have a significant impact on
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Fig. 11 Pharmacokinetic profiles of MTX with changes in capillary vessel physiology at high membrane permeability (3.5x 107> cm/s): (A)
surface area/tissue volume (S/V); (B) capillary vessel pressure (py;); (C) hydraulic conductivity (Lp); and (D) relationship between p,; and Lp.

drug absorption and plasma concentration profiles (Fig. 12).
Understanding the relationship between permeability and
tissue diffusion may help in determining what kinds of in
vitro tests should be implemented to develop better IVIVC.
Table IV shows that as membrane permeability increases,
the effect that diffusion rate has on absorption changes. It
appears that for solubilized drugs injected SC, the diffu-
sion rate will have the greatest effect on absorption rates

Diffusion Coefficient
® Exp-7.5mg
— 3e-8 cm2/s
—— 3e-6 cm2/s
—— 3e-4 cm2/s

Concentration (ng/mL)

for moderately permeable drugs (more permeable than
BCS Class IIT or IV drugs, and less permeable than 1x 10~
cm/s). In this case, measuring the in vivo drug diffusion rate
may help to improve in vivo plasma concentration predic-
tions or correlations to humans. While some in vitro and ex
vivo models exist for measuring drug diffusion rates in the
skin [2, 31]. it is apparent that further implementation for
measuring diffusion in the SC is important in correlating
preclinical to clinical performance for solution injectables.
For drugs with low membrane permeability, the sink con-
dition is not fast enough for diffusion to have a significant
impact.

Our results have also shown capillary blood vessel physi-
ology can have a moderate effect on SC drug absorption.

Table V Effect of Pressure and Hydraulic Conductivity on Drug
Absorption Rate

Py, (Pa)
0 1133 2000
L, (cm/(Pa*s)) 1x1071 0.315 - 0.311
Time () 1x107° - 0.295 -
Fig. 12 Pharmacokinetic analysis of diffusion rate (Deﬁ) on MTX 1x10-8 0.334 _ 0.0885

plasma concentrations.
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More so is the relationship between hydraulic conductiv-
ity and pressure, which have a slight synergistic effect on
drug absorption rates. Therefore, incorporating local, SC
capillary physiology into in vitro testing may help to greatly
improve our understanding of SC administered drug phar-
macokinetics. For example, the recently developed SCIS-
SOR method has been validated for SC absorption of large
molecules by simulating hydrodynamic pressure differences
across an artificial membrane, without needing to model the
complex physiological matrix [32]. For poorly permeable
drugs (Class III or IV), these in vitro systems may be enough
to adequately predict small molecule release and absorption
given appropriate permeability models.

Our previous SC model showed that absorption of biolog-
ics — specifically, monoclonal antibodies (mAbs) — was highly
dependent on diffusion rates [9]. Our current results show that
for small molecules, membrane permeability is the rate deter-
mining factor. Reliable in vitro testing and/or estimations for this
property is imperative to understanding not only the mechanism
of drug absorption (e.g., passive vs. receptor-mediated transport)
but also the potential impact that other factors, such as physi-
ological variations, may have. In this study, literature values of
MTX P4 from PAMPA models were insufficient to describe
absorption rates, possibly due to receptor-mediated transport
mechanisms of MTX absorption. In the absence of experimental
data, some QSPR models [33] or estimations [17] have been
used to predict membrane permeability. However, more accurate
and accessible in vitro and in silico models, particularly those
that can account for receptor-mediated transport, are needed.

Conclusion

In this study, a local SC absorption simulation model based
on fluid physics was developed for small molecule capillary
absorption. Vessel parameters, such as vessel pressure and
hydraulic conductivity, were sourced from literature. Local
absorption studies using methotrexate were further extended
to predict SC pharmacokinetic profiles. Changes in injection
site physiology had little impact on advective contribution
to absorption; however, larger injection volumes may have
greater effects. Membrane permeability was found to have the
chief impact on solubilized small molecule absorption rates,
in comparison to our previous study of mAb absorption rates
where drug diffusion was the most important factor [9]. At
higher membrane permeability, physiological parameters and
diffusion had greater effects on drug absorption. The current
results make it clear that appropriate permeability and diffu-
sion models must be used for effective IVIVC and predict-
ability of SC drug performance in humans. Our studies by
sensitivity analyses offer additional understandings of how
properties of, and interactions between, injected drug and
the SC space can both contribute to systemic plasma con-
centrations of a solution formulated injectable. This model

will be further expanded to include dissolution mechanisms
of injected crystalline drug into the SC and better predict and
formulate SC nanocrystalline long-acting injectables (LAI).
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