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A B S T R A C T   

Subcutaneously injected formulations have been developed for many biological products including monoclonal 
antibodies (mAbs). A knowledge gap nonetheless remains regarding the absorption and catabolism mechanisms 
and kinetics of a large molecule at the administration site. A multiscale pharmacokinetic (PK) model was thus 
developed by coupling multiphysics simulations of subcutaneous (SC) absorption kinetics with whole-body 
pharmacokinetic (PK) modeling, bridged by consideration of the presystemic clearance by the initial lymph. 
Our local absorption simulation of SC-injected albumin enabled the estimation of its presystemic clearance and 
led to the whole-body PK modeling of systemic exposure. The local absorption rate of albumin was found to be 
influential on the PK profile. Additionally, nineteen mAbs were explored via this multiscale simulation and 
modeling framework. The computational results suggest that stability propensities of the mAbs are correlated 
with the presystemic clearance, and electrostatic charges in the complementarity-determining region influence 
the local absorption rate. Still, this study underscores a critical need to experimentally determine various bio-
physical characteristics of a large molecule and the biomechanical properties of human skin tissues.   

1. Introduction 

The advent of recombinant DNA and hybridoma technologies has 
spurred the development of biotherapeutic products that demonstrate 
remarkable targeting specificity and treatment potency [1,2]. There are 
more than 200 protein products on the market and at least half are 
monoclonal antibodies (mAbs) [3]. In addition to intravenous (IV) in-
jection, subcutaneous (SC) delivery has become a favorable route for 
administrating macromolecules. One third of the approved mAbs in the 
last decade are given via SC injection, mostly driven by the need for self- 
administration to improve patient compliance and reduce treatment 
burden [4,5]. Moreover, because of the extended absorption kinetics, a 
locally injected drug enables added benefits of sustainable release and 
prolonged systemic exposure, desired for treating chronic diseases [6]. 
Notwithstanding these advantages, there is a substantial knowledge gap 
in the mechanistic understanding of SC transport and absorption ki-
netics of a protein product, limiting the translation into clinic [7]. 

Upon injection, biotherapeutic molecules diffuse into the interstitial 
space of the subcutis and traverse through dense extracellular matrix 

(ECM) before permeating into the circulating vascular and or lymphatic 
vessels [8]. Diffusion of large molecules may be promoted by convective 
flow of interstitial fluid flow between blood vessels and lymphatic 
capillaries [9,10]. Most therapeutic macromolecules are heavier than 
16 kDa and are expected to primarily enter lymphatic capillaries, which, 
compared with blood vasculatures, are more permeable due to the lack 
of steady basement membrane and tight junctions [11,12]. Still, 
vascular uptake of erythropoietin and leptin was observed to some 
extent in cannulated sheep models [13,14]; recent rat studies of cetux-
imab and trastuzumab also suggest such possibilities [15,16]. In addi-
tion to molecular size that limits the local absorption rate of a 
biomolecule, charge, molecular shape, and other biophysical properties 
are also regarded as influential [17–19], but mechanistic understanding 
of the in vivo fate remains limited [20,21]. 

Many injectable biopharmaceutics are of high concentration, likely 
susceptible to aggregation in the interstitium [22]. In addition, a protein 
molecule may further undergo intracellular proteolysis in lysosomes – a 
process called “first-pass catabolism” – after it is subjected to pinocytosis 
by endothelial cells through systemic circulation [23]. For a mAb, 
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recycling by the neonatal Fc receptor (FcRn) is known to mitigate the 
lysosomal degradation and thus affect its circulating half-life [24]. 
Proteolytic enzymes and migrating dendritic cells in tissues and lymph 
can also break down a biopharmaceutical molecule [25]. Studies in 
sheep with lymphatic cannulation suggest that protein degradation 
mainly occurs during passage through the lymphatics, prior to entering 
systemic circulation via the thoracic duct [26,27]. As such, the 
bioavailability of an injected biotherapeutic drug can range from 20% to 
100% in humans [18,26]. Due to the intertwined influence by local and 
systemic disposition and clearance kinetics, it has been futile to directly 
scale the PK and bioavailability of locally injected biomolecules from 
animal models to humans [28]. In the absence of a mechanistic under-
standing and in silico models that capture the local absorption and 
presystemic catabolism, prediction of the systemic exposure of inject-
able biopharmaceuticals remains to be an unmet challenge for drug 
development [29,30]. 

Herein, we report a multiscale modeling approach to predict the 
systemic exposure of proteins and mAbs that are injected subcutane-
ously. The modeling framework integrates a multiphysics simulation of 
drug transport and absorption at the injection site with whole-body PK 
modeling of systemic biodistribution. The local simulation was devel-
oped by treating the subcutis as a homogenous, poroelastic media, and 
computing the mass transport of an injected drug under the influence of 
interstitial hydrodynamics, tissue deformation, and lymphatic absorp-
tion [31,32]. As first principles are utilized in the local simulation, drug 
transport and absorption in the SC tissue are governed by the physical 
properties of the drug, as well as by the physiological and anatomic 
attributes of SC tissue. A PBPK (physiologically-based pharmacokinetic) 
model – minimal PBPK (mPBPK) – was adopted to evaluate the systemic 
disposition and clearance of the absorbed drug from SC tissue. As it is 
true for most PK and PBPK modeling, kinetic parameters of a drug have 
to be data-fitted against pre- and clinical PK profiles. In our mPBPK, the 
parameters of a protein were obtained by fitting the plasma concen-
tration data of IV injection available in the literature. Importantly, the 

presystemic clearance by initial lymphatics was further modeled in 
order to bridge the local simulation and systemic PK modeling. 

In this report, we will firstly explain the overall simulation and 
modeling approach and then discuss computed results of albumin and 
the other nineteen mAbs. For the SC injected albumin, we were able to 
estimate its presystemic clearance in the initial lymphatics and systemic 
exposure from high-fidelity simulation of local absorption. For other 
mAbs, because of the lack of reliable physical properties to predict their 
local absorption kinetics and clearance parameters to compute the 
presystemic clearance, we conducted simulation experiments with the 
multiscale framework using assumptions of these properties to explore 
potential molecular factors that may impact the bioavailability of mAbs. 
The results support the feasibility of integrating multiphysics simulation 
of local absorption with whole-body PK modeling of systemic exposure. 

2. Methodology 

2.1. Simulation of local absorption from injection site 

A multiphysics, spatiotemporal simulation model of drug transport 
and absorption of SC injection was previously developed by our group 
[31,32]. In this model, SC tissue is treated as a homogenous, poroelastic 
media (Fig. 1), in which hydrodynamics of the interstitial fluid is eval-
uated according to the poroelasticity [33] and Darcy's law [34]. Mass 
transport of drug molecules is described by the general convection- 
diffusion equation as follows: 

∂(ϕcsc)

∂t
+∇⋅

(
− Deff∇csc

)
+∇( v→⋅csc) = − Pacsc

Sly

V
(1) 

The terms on the left side of Eq. 1 represent mass accumulation, and 
diffusive and convective transport, respectively. ϕ is tissue porosity; csc 
is the drug concentration in the SC tissue; Deff is the effective diffusion 
coefficient of the drug in tissue; v→ is the interstitial flow velocity. The 
right side of Eq. 1 represents the drug uptake rate by lymphatic vessels 

Fig. 1. Schematic of integrated SC injection site model with minimal PBPK model.  
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[35]. Pa is the apparent permeability of the drug across the lymphatic 
membrane. Sly

V is the surface area of lymphatic vasculatures per unit 
tissue volume. Vasculature absorption of large biomolecules is generally 
considered trivial from the injection site and thus ignored in this study; it 
can be, however, included with a similar term in Eq. 1 to that of 
lymphatic uptake (given that the respective parameters are available for 
the molecule of interest). In addition, transport of the interstitial fluid 
and deformation of the SC tissue are described by the respective equa-
tions. By numerically solving these equations with inputs of physical 
properties of drug and tissue attributes, the spatiotemporal distribution 
of the drug concentration, along with other physical quantities, can be 
calculated. 

The overall absorption rate of a drug from the lymphatic capillaries 
at the SC injection site can then be obtained by integrating over the 
entire model domain of the porous medium: 

mabs = −

∫∫∫

D

ϕcscdV (2)  

kabs =
dmabs

dt
(3)  

where mabs is the absorbed drug amount and kabs is the local absorption 
rate. V and t stand for the tissue volume and time correspondingly. The 
absorption rate is further fitted by an exponential function of time (mmAb 
= Dose ⋅ ea⋅t) to be integrated into the mPBPK model. 

2.2. Integration with mPBPK model 

Disposition of the absorbed drug from the injection site to the sys-
temic circulation is modeled with an mPBPK approach [25,36], sche-
matically illustrated in Fig. 1. The amount of absorbed drug molecules 
that return to the injection site is assumed marginal and thus ignored in 
the model. This allows one-way coupling from the local simulation to the 
systemic PK model. The lymphatic system in humans from the 
perspective of local drug delivery is treated as an integration of two 
distinct (local and systemic) compartments [15]. Anatomically, initial 
lymph is collected by cannulation from the injection site, entering the 
systemic circulation of blood and lymph. The local lymph compartment 
thus bridges the local absorption simulation with the mPBPK model 
(Fig. 1); it considers the drug transport from the injection site through 
lymphatic trunks, lymph nodes, and the thoracic lymph duct before 
reaching the systematic circulation [26]. Presystemic degradation is 
assumed to mainly occur during the initial lymphatic flow, as suggested 
by studies with lymph-cannulated sheep models [26,37–41]. Protein 
catabolism at the injection site could be possible [40,41], but due to 
limited experimental data, it is omitted in our first-principle simulation 
model of local transport and absorption [31,32]. 

In mPBPK, tissues are classified into two collective compartments – 
tight and leaky tissues – in light of permeabilities through the capillary 
endothelium in tissues by macromolecules. The two compartments are 
looped with plasma and lymph flow, mimicking the anatomical orga-
nization. Brain, skin, adipose, and muscle tissues are lumped into tight 
tissue, whereas the rest is summed into leaky tissue, differentiated by the 
respective vascular reflection coefficients (σtight and σleaky) [42]. 
Reflection coefficient defines the percent of drug molecules at any given 
moment that fail to permeate through the capillary membrane of blood 
or lymphatic vessels. It represents flow resistance across a membrane 
and is thought to be, at least partially, determined by the relative size of 
drug molecules versus membrane pores [43]. The difference in extra-
vascular distribution is commensurate with the understanding of 
disposition of macromolecules that are driven by interstitial fluid flow 
and lymphatic drainage [36]. At the systemic level, the transport ki-
netics based on mass balance of an administered drug is described by the 
following equations: 

dclo

dt
=

1
Vlo

(kabs − cloLlth − cloCLlo) (4)  

dcp

dt
=

1
Vp

[
cloLlth + clyLly − cpLtight

(
1 − σtight

)
− cpLleaky

(
1 − σleaky

)
− cpCLp

]

(5)  

dcly

dt
=

1
Vly

[
ctightLtight

(
1 − σly

)
+ cleakyLleaky

(
1 − σly

)
− clyLly − clyCLly

]
(6)  

dctight

dt
=

1
Vtight

[
cpLtight

(
1 − σtight

)
− ctightLtight

(
1 − σly

) ]
(7)  

dcleaky

dt
=

1
Vleaky

[
cpLleaky

(
1 − σleaky

)
− cleakyLleaky

(
1 − σly

) ]
(8)  

where, correspondingly, clo, cp, cly, ctight, and cleaky are drug concentra-
tions in the initial lymph, plasma, systemic lymph, interstitial spaces in 
the tight tissues and leaky tissues; Vlo, Vp and Vly are volumes of initial 
lymph, plasma, systemic lymph; Vtight and Vleaky are the accessible spaces 
for drug to be distributed in the interstitial space of tight tissue and leaky 
tissues (Vtight = 0.67VISF ∙ Kp; Vleaky = 0.33VISF ∙ Kp; where Kp is volume 
fraction of drug distribution in the interstitium) [36,44]. Llth, Lly, Ltight, 
and Lleaky are respective lymphatic flow rates pertinent to the thoracic 
duct, systemic lymph, tight tissue, and leaky tissue. CLlo, CLly, and CLp 
represent drug clearances in the initial lymph, systemic lymph, and 
plasma; σly, σtight and σleaky are reflection coefficients of drug molecule in 
the systemic lymph, and vascular capillary in tight and leaky tissues, 
respectively. 

2.3. Simulation approaches and input parameters 

Human serum albumin was chosen as a model drug in this study, 
given that its properties relevant to both local absorption and systemic 
circulation are available in the literature. Additionally, nineteen IgG- 
type mAb drugs either in late phase development or stages of approval 
were selected, largely due to availability of their IV and SC PK data in 
healthy volunteers or equivalent patient populations in the literature. In 
curating the PK data, injection doses considered for modeling were 
known to not induce target-mediated drug disposition (TMDD); those 
coadminsitered with hyaluronidase were excluded. 

The physiologically-relevant PK parameters, including tissue volume 
and flow rate, were obtained from the literature and listed in Table 1 
[25,44–48]. The lymph volume of the initial or presystemic flow sum-
marized over the volumes of lymphatic capillaries, lymphatic trunk, 
node, and thoracic duct [25]. The systemic lymphatic reflection coeffi-
cient, σly, was assigned as 0.2, according to the preceding papers of mAb 
PBPK models [36,49,50]. A small value represents little resistance of 
drug molecules to pass through lymphatic membrane; the literature 
adoption of 0.2 seems to be empirically assumed and warrants future 
experimental scrutiny. The plasma concentrations of IV and SC 

Table 1 
Physiological parameters used in the mPBPK model (70-kg adult).  

Parameter Value Reference 

Volume of distribution (L)  [25] 
[25,45] 
[45] 

Initial lymphatics Vlo 0.0224 
Systemic lymphatics Vly 6.9576 
Interstitial fluid VISF 8.8200 

Flow rate (L/h)  [46,47] 
[48] 
[44] 
[44] 

Thoracic duct Llth 0.060 
Systemic lymphatics Lly 0.121 
Tight tissue Ltight 0.040 
Leaky tissue Lleaky 0.081 

Reflection coefficient  [42] 
Systemic lymphatics σly 0.2  
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administration of albumin and therapeutic mAbs were extracted from 
the literature using Origin 8 (OriginLab Corporation, MA). Their 
respective bioavailability values were estimated using trapezoidal nu-
merical integration in Matlab (R2018a, MathWorks Inc., MA). Drug 
specific parameters, including dose and formulation concentration, are 
listed in Table 2. Vp of each drug was calculated from the initial plasma 
concentration and dose; Kp was measured by using radiolabeled IgG 
isotypes and albumin to quantify the drug accessible distribution frac-
tion in the interstitial fluid space [51–53]. Due to the sparse data 
available for mAbs, each mAb was assigned with a respectively 
measured Kp value according to the isotype of IgG (i.e., IgG1: 0.695, 
IgG2:0.436, IgG4: 0.420) [51,52]; albumin was assigned with 0.665 
[53]. 

The drug-specific mPBPK parameters, namely σtight, σleaky, CLly, and 
CLp, were estimated by fitting the model against the IV data of plasma 
concentration-time profile of respective drugs using a nonlinear least- 
squares approach in Simbiology (Matlab R2018a). Fitting with single 
systemic clearance (CLly) was found to be capable of capturing the PK 
data of the twenty macromolecules investigated in this study. CLp was 
thus set as zero. These PBPK parameters were employed in modeling the 
systemic exposure of SC administration of the corresponding drugs. 

As aforementioned, the initial lymph compartment bridges the local 
simulation of drug transport and absorption at the injection site with the 
mPBPK model (Fig. 1). While the systemic PK parameters of a drug may 
be readily derived from clinical data of its IV administration, the drug- 
specific parameter of the initial lymph compartment, CLlo, is not avail-
able when the drug is SC injected. It was thus a focus of this study to 
estimate this parameter by considering the simulated absorption rate 
from the injection site and the clinical data of an SC injected drug. This 
was completed for albumin, but for other mAbs, this could not be 
possible without making approximations. 

Due to the limited availability of the physicochemical properties of 
the mAbs, drug absorption kinetics in the SC tissue could not be simu-
lated. Still, two extreme scenarios were simulated to explore the possible 

kinetics of local absorption and CLlo for each mAb. In the first case, the 
local absorption rate of each mAb was assumed to be the same as that of 
IgG, which was successfully simulated [31,32]. CLlo of each mAb could 
then be derived. In the second case, the presystemic clearance of a mAb 
was assumed to be equivalent to its systemic clearance. The local ab-
sorption kinetics of each mAb could be approximated by fitting the 
simulated plasma concentration profile against the observed SC PK data. 
The estimated local absorption kinetics and CLlo among nineteen mAbs 
were compared at a 50-mg dose. For the mAbs without clinically 
measured SC PK data at this dose, experimental data using the closest 
dose was extrapolated linearly to estimate the 50-mg PK profile. 

To evaluate the goodness of fit between the simulated and observed 
PK data, the normalized mean squared error (NMSE) was calculated for 
each simulation as below: 

NMSE =

∑n

i=1

(

Ĉp i − Cpi

)2

∑n

i=1

(
Cpi − Cp

)2 (9)  

where the subscript i refers to the respective plasma concentration at the 
ith out of n time points. NMSE of zero indicates the perfect fit and a 
larger value is associated with a poorer fit between the simulated and 
observed data. 

2.4. Analysis of model parameters with drug properties 

It was the intention of this study to explore possible correlations 
between the estimated CLlo and local absorption rate coefficient of 
therapeutic mAbs with formulation-relevant properties and certain 
molecular attributes of the corresponding drugs. The Pearson's correla-
tion coefficient (r) between the CLlo or absorption rate constant with 
these properties was assessed accordingly. 

The formulation-relevant properties included drug concentration in 
the SC formulation and formulation pH, which were obtained from the 
package insert or product patents. Amino acid sequences of mAbs were 
obtained from the Therapeutic Antibody Database [77]. The sequences 
were used to calculate the charge-related parameters, aggregation ten-
dency and complementarity-determining region (CDR) properties of the 
mAbs. Specifically, the isoelectronic point (pI) was estimated based on 
the average output of ExPASy-ProParam [78] and Protein Calculator 
v3.4 [79]. The absolute difference between pI and physiological pH 7.4 
was thereby calculated. Protein Calculator was also used to compute the 
molecular charge at pH 7.4 and at the formulation pH. The scaled sol-
ubilities were estimated using Protein-Sol [80]. The total hot-spot area 
of aggregation was evaluated by Aggrescan [81]. The aggregation pro-
pensity of beta-sheets in heavy chains and light chains was computed 
using the Tango algorithm [82]. Metrics of CDR, including the surface 
hydrophobicity, positive charge, negative charge in the CDRs, and 
charge symmetry in the variable region, were obtained from SAbPred- 
TAP [83]. Additional biophysical properties of these mAbs measured 
by constructing isotype-matched IgG1 antibodies were collected from 
the literature (excluding Emicizumab, Erenumab, and Risankizumab) 
[84]. 

3. Results and discussion 

3.1. Systemic PK modeling 

The mPBPK model (Fig. 1) was employed to compute IV plasma 
profiles of albumin and nineteen mAbs which were fitted against 
respective clinical data. Drug-dependent parameters, including σtight, 
σleaky, and CLly, were derived from the data fitting. The previously 
developed mPBPK model assumed Vp as being drug-independent [36], 
making it difficult in capturing the initial phase of the PK profile. Vp was 
allowed in this study as an adjustable parameter for albumin and 

Table 2 
Input parameters and characteristics of albumin and mAb used in simulation. Vp 
is plasma volume.  

Drug Isotype IV dose 
(mg) 

Vp (L) SC 
concentration 
(mg/ml) 

References 

Albumin  1 3.1053 10 [54] 
Adalimumab IgG1 89.69 2.8067 50 [55] 
Anifrolumab IgG1 300 3.7063 150 [56] 
Belimumab IgG1 240 2.9657 200 [57] 
Brodalumab IgG2 210 3.3759 140 [58] 
Canakinumab IgG1 600 3.1997 150 [59] 
Daclizumab IgG1 200, 400 4.5892 150 [60] 
Denosumab IgG2 70 2.8971 70 [61] 
Dupilumab IgG4 79.5, 

238.5, 
636 

2.5848 50 [62] 

Emicizumab IgG4 14.68 2.9041 150 [63] 
Erenumab IgG2 140 3.2270 70 [64] 
Golimumab IgG1 100 3.4850 100 [65] 
Guselkumab IgG1 2.04, 

8.69, 
21.27, 
82.1, 
240, 807 

3.5358 100 [66] 

Mepolizumab IgG1 250 2.3732 104 [67–69] 
Risankizumab IgG1 200, 600 3.0498 90 [70] 
Romosozumab IgG2 70, 350 2.7869 90 [71] 
Sirukumab IgG1 23.61, 

75.10, 
207.90 

3.6472 50 [72,73] 

Tildrakizumab IgG1 33.78, 
208.59 

2.7111 100 [74] 

Tocilizumab IgG1 81, 162 3.6206 180 [75] 
Tralokinumab IgG4 150 2.7891 150 [76]  
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nineteen mAbs. The average value is 3.17 with the standard deviation of 
0.50 L. This agrees with the human plasma volume and the reported 
volume of the central compartment in the two-compartment PK model 
commonly used for mAbs [45,85]. Table 3 lists the estimated parameters 
derived with the mPBPK model for IV administration of the proteins. The 
average estimated values (± standard deviation) of σtight and σleaky for 
nineteen mAbs are 0.87 ± 0.20 and 0.57 ± 0.17, respectively, which are 
within the ranges reported in the literature [36,49]. However, in order 
to obtain tighter fitting with IV data, σtight is actually smaller, compared 
with σleaky, of three mAbs (Erenumab, Golimumab, and Tralokinumab). 
A similar “anomaly” is also seen in the literature when mPBPK was used 
to model the mAbs [49]. Mathematically derived from two reflection 
coefficients, the concentration ratios of the mAbs in the interstitial fluid 
vs. plasma are 16% and 54% in tight and leaky tissues, respectively. 
Other than the three mAbs, the values suggest that tight tissue is almost 
inaccessible, and albumin is two-fold more permeable to the vasculature 
in leaky tissue than larger mAbs. These calculated reflection coefficients 
are in line with the reported size-dependent tissue permeabilities of 
macromolecules [86].Nonetheless, as further discussed below, mecha-
nistical interpretation of these PK parameters should be taken with 
caution. 

The systemic lymph clearance was found to be more decisive in 
better fitting the plasma PK profiles of the studied biologics than only 
with the clearance term by the plasma compartment. The mean (±
standard deviation) of the calculated CLly is 0.062 ± 0.050 L/h for the 
mAbs, and 0.064 L/h for albumin. CLly values are larger than the re-
ported plasma clearance (CLp; 0.018 ± 0.015 L/h) in an mPBPK model 
with just the CLp [49]. Given CLp being assigned zero in this study, the 
values of lymph and plasma clearance may be only mathematically 
meaningful. The deficiency likely stems from the overly simplified 
framework by mPBPK in treating human physiology regarding the 
transport, disposition, and catabolism of biomolecular drugs. No sig-
nificant differences in σtight, σleaky and CLly were observed among 
different IgG isotypes (IgG1, IgG2, or IgG4), light chain types (κ or λ), or 
sources (human or humanized). Overall, the mPBPK model with drug- 
specific reflection coefficients and clearance could mathematically 
reproduce the clinical PK profiles of albumin and therapeutic mAbs 
following IV administration with reasonable precision (NMSE ranges 
from 0.09% to 10%; Table 3). 

3.2. Initial lymphatic clearance of albumin 

With the drug-specific parameters derived from the clinical data of 
IV administration in humans and the local absorption kinetics following 
the SC injection that was simulated by our multiphysics method [31,32], 
it is possible to derive the clearance for albumin by the initial lymph 
compartment (CLlo). Once again, our overall PK modeling framework for 
SC injections of biologics has three essential components (Fig. 1): ab-
sorption at the injection site, transit through the initial lymph, and 
systemic circulation. While the local absorption kinetics and systemic PK 
parameters can be obtained by the multiphysics simulation and data- 
fitting of IV clinical data, respectively, CLlo of macromolecules is not 
readily available in the literature. For albumin, the local clearance could 
be obtained by fitting the overall simulation and modeling framework 
against the plasma profile of SC injection, which is available in the 
literature. 

In our multiphysics model of SC absorption, the interplay of tissue 
mechanics, interstitial fluid flow, and drug mass transport in the SC 
tissue was computed [31,32]. The absorption kinetics of 1 mg albumin 
injected into the SC tissue was simulated with inputs of physical attri-
butes of albumin and tissue properties of the human subcutis. Albumin 
was predicted to be retained at the injection site for two weeks (Fig. 2). 
The time profile of albumin amount remaining in the SC tissue was then 
fitted with an exponential function (malbumin = 1.012 e− 0.375 t), used as 
the input kinetics of SC absorption in the mPBPK model (Eq. 4), with the 
data-fitted reflection coefficients and systemic clearance from its IV data 
(Table 3). The simulated local kinetics closely resembles the measured 
data of the drug concentration in skin (Fig. 2). CLlo of albumin was 
approximated to be 0.014 L/h, which gives rise to a good match between 
the observed and the computed SC PK profile (NMSE = 6%), shown in 
Fig. 2. SC bioavailability of albumin based on the calculated AUC∞ was 
estimated to be 82% (while that based on AUCt was 60%). Note again 
that both experimental IV and SC plasma profiles of albumin were 
needed to derive the CLlo. In the reported clinical trial, radio-iodinated 
albumin was injected intravenously and subcutaneously in the healthy 
volunteers (N = 5), respectively [54]. The radioactivity of albumin 
remaining at the injection site and its appearance in the plasma after 
administration were measured simultaneously using a gamma- 
spectrometer. Using the radiolabeled protein thus excluded endoge-
nous proteins in the body. 

With the computed PBPK parameters using IV and SC PK data, 
sensitivity analysis was conducted to explore the influence by local ab-
sorption kinetics on the systemic distribution of albumin. Based on our 
early study of the SC multiphysics model, the intrinsic tissue porosity 

Table 3 
Estimated pharmacokinetic parameters for albumin and therapeutic mAbs 
following IV administration under the assumption that the systemic clearance 
stems from the systemic lymph compartment. Estimated values are represented 
as mean ± standard error. σtight and σleaky are reflection coefficient in tight tissue 
and leaky tissue; CLly is systemic lymphatic clearance; NMSE is normalized mean 
squared error.  

Drug σtight σleaky CLly (L/h) NMSE 

Albumin 1.000 ± 0.028 0.150 ± 0.028 0.064 ± 0.003 0.025 
Adalimumab 1.000 ± 0.022 0.479 ± 0.038 0.047 ± 0.006 0.008 
Anifrolumab 0.858 ± 0.311 0.727 ± 0.198 0.103 ± 0.031 0.011 
Belimumab 1.000 ± 0.086 0.498 ± 0.059 0.037 ± 0.005 0.006 
Brodalumab 1.000 ± 0.151 0.314 ± 0.183 0.090 ± 0.018 0.005 
Canakinumab 0.948 ± 0.053 0.591 ± 0.038 0.030 ± 0.001 0.001 
Daclizumab 0.983 ± 0.194 0.572 ± 0.133 0.055 ± 0.008 0.011 
Denosumab 1.000 ± 0.016 0.667 ± 0.021 0.020 ± 0.002 0.008 
Dupilumab 1.000 ± 0.001 0.541 ± 0.039 0.042 ± 0.006 0.011 
Emicizumab 0.897 ± 0.417 0.527 ± 0.294 0.032 ± 0.008 0.017 
Erenumab 0.396 ± 0.664 0.828 ± 0.483 0.039 ± 0.018 0.007 
Golimumab 0.394 ± 0.162 0.751 ± 0.097 0.127 ± 0.013 0.001 
Guselkumab 0.954 ± 0.440 0.284 ± 0.269 0.053 ± 0.013 0.098 
Mepolizumab 1.000 ± 0.013 0.674 ± 0.016 0.043 ± 0.004 0.005 
Risankizumab 0.685 ± 0.242 0.674 ± 0.155 0.029 ± 0.006 0.017 
Romosozumab 1.000 ± 0.048 0.504 ± 0.039 0.066 ± 0.007 0.004 
Sirukumab 0.796 ± 0.214 0.495 ± 0.131 0.070 ± 0.008 0.007 
Tildrakizumab 1.000 ± 0.013 0.507 ± 0.049 0.023 ± 0.005 0.014 
Tocilizumab 1.000 ± 0.009 0.254 ± 0.036 0.235 ± 0.055 0.009 
Tralokinumab 0.616 ± 0.116 0.876 ± 0.077 0.048 ± 0.005 0.002  

Fig. 2. Simulated and observed PK profiles of IV and SC administration for 
albumin. Simulated local absorption profile of albumin was generated by 
multiphysics simulation. 
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(ϕ0), lymphatic vessel surface area density (Sly/V), drug partition coef-
ficient (Kp) and lymphatic hydraulic conductivity (Lp, ly) were identified 
as critical determinants for the absorption rate of albumin in the subcutis 
[31,32]. Fig. 3 depicts how these tissue properties or drug attributes 
impact the local absorption kinetics and systemic exposure following SC 
administration. A smaller ϕ0, or a larger Sly/V, Kp, or Lp, ly can dramat-
ically accelerate the absorption from the injection site, leading to a 
higher Cmax and a smaller Tmax, while the bioavailability remains to be 
relatively similar. Additionally, modeling of the physiological parame-
ters of initial lymphatics shows that the volume of initial lymphatics 
(Vlo), reported to vary among different injection sites (arm, thigh and 
abdomen) [25], has minimal impact on the SC PK. Conversely, a higher 
clearance (CLlo) or a lower flow rate (Llth) of the initial lymphatic 
compartment reduces the Cmax and bioavailability but with no effect on 
Tmax. Increasing CLlo from 0.5- to 1.5-fold of the derive value (0.014 L/h) 

reduces Cmax or bioavailability from 110% to 91%; decreasing Llth from 
1.7- to 0.7-fold of the literature value (0.060 L/h) reduces Cmax or 
bioavailability from 108% to 91%. 

3.3. Initial lymphatic clearance and local absorption of mAbs 

Unfortunately, for the therapeutic mAbs whose systemic disposition 
parameters could be estimated from their respective IV profiles 
(Table 3), there is no experimental data reported in the literature of local 
drug concentrations at the injection site in humans. Nor is there reliable 
data of their respective physicochemical properties such as diffusivity 
and membrane permeability to conduct reliable simulation of local ab-
sorption kinetics. Given these challenges, we conducted two sets of 
simulation experiments under two assumptions to explore the possible 
extents of the pre-systemic clearance and local absorption kinetics of 

Fig. 3. The time profiles of drug remaining at the injection site and plasma concentration-time profile of 1 mg albumin following SC administration, given the 
respective values of intrinsic tissue porosity (ϕ0), lymphatic vessel surface area density (Sly/V; unit: cm− 1), drug partition coefficient (Kp) and lymphatic hydraulic 
conductivity (Lp, ly; unit: cm/(Pa∙s)), initial lymphatic clearance (CLlo; unit: L/h), and flow rate of thoracic duct (Llth; unit: L/h). 
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these mAbs. 
First, we assumed that the mAbs share the same local absorption 

kinetics as IgG. This is unlikely, but it allows us to evaluate the clearance 
in the initial lymphatic compartment. In our earlier study, the local 
simulation of subcutaneously injected IgG was conducted with its 
physicochemical properties obtained from the literature [31,32]. The 
local kinetics seemed to follow the experimental observation in which 
radio-labelled polyclonal IgG was subcutaneously injected to humans 
and measured, although measurements within the first six hours were 
reported [87]. The simulated time-course of IgG amount remaining in 
the subcutis after injection of 50 mg was then fitted by an exponential 
equation (mIgG = 50.400 e− 0.211 t) and used in integrating with the 
mPBPK model. Table 4 lists the CLlo values of mAbs that were derived by 
using the local absorption kinetics of IgG and systemic PK parameters in 
generating plasma profiles and comparing against respectively observed 
SC PK data. The CLlo values of mAbs are averaged as 0.046 ± 0.037 L/h, 
ranging from 0.003 (Anifrolumab) to 0.134 L/h (Tocilizumab). The 
average is close to the systemic clearance (CLly) of mAbs with the 
average of 0.062 ± 0.050 L/h (P = 0.09) and ranging from 0.020 
(Denosumab) to 0.235 L/h (Tocilizumab). Individual comparisons be-
tween CLlo and CLly of mAbs is shown in Tables 3 and 4, indicating a 
positive correlation (Pearson coefficient, r = 0.59). CLlo is also highly 
correlated with the SC bioavailability reported in literature (Table 4; r =
− 0.88). CLlo represents the presystemic catabolism of biologics in the 
draining lymph from the injection site prior to entering the systemic 
circulation, which has been reported to be negatively related with the 
bioavailability of biologics [21,88]. This is also consistent with earlier 
findings of a negative relationship between the SC bioavailability and IV 
clearance of mAb products in humans [89] and minipigs [90]. This 
correlation implies similar catabolic mechanisms and kinetic processes 
between the systemic and presystemic clearance. Interestingly, CLlo 
shows a negative correlation with the inaccessible capillary membrane 
fraction in leaky tissue (σleaky, Table 3; r = − 0.58). This suggests that 
leaky tissue (liver, kidney, and heart) with less restriction to drug 
transport contributes more to protein degradation, which may occur 
mostly in the interstitial fluid or draining lymph. This is supported by a 
reported study in which antibodies with more extensive tissue disposi-
tion is associated with higher systemic clearance [91]. 

Attempts to correlate CLlo with formulation-relevant or physico-
chemical properties of mAbs were made, with the Pearson coefficients 
(r) listed in Table 5. CLpl was found to have a relatively meaningful 
correlation with the predicted aggregation tendency of the beta-sheet in 

heavy chain of mAbs (r = − 0.53). Among the measured biophysical 
properties, the melting temperature (Tm) of the antigen-binding frag-
ment (Fab) of sixteen mAbs seems to bear a connection with CLlo (r =
0.63). A recent study reports that higher Tm is associated with larger 
degree of degradation mAbs [92]. This might suggest that the pre-
systemic clearance – as well as the systemic clearance – of a mAb is 
associated with the structural stability of antibodies. 

Second, by assuming that the local clearance is the same as the 
respective systemic clearance of each mAb, we could derive the local 
absorption kinetics and compare with that of IgG. More specifically, the 
coefficient a in the exponential function of respective absorption ki-
netics was calculated and listed in Table 6. The calculated coefficient has 
an average value of − 0.296 ± 0.084 d− 1, ranging from − 0.482 d− 1 

(Tocilizumab) to − 0.166 d− 1 (Emicizumab). A less negative a value (a 
larger a) indicates a slower drug disappearance rate from the SC injec-
tion site. The average estimated a of nineteen mAbs is significantly 
different from that of IgG (− 0.211 d− 1), which was derived from the 
multiphysics simulation. Fig. 4 illustrates the derived profiles of local 
absorption kinetics of the mAbs, showing possible variations in 

Table 4 
Estimated initial lymphatic clearance (CLlo) of 50 mg mAbs. Bioavailability was 
obtained from analyzing the PK data from references listed in Table 2. Estimated 
values are represented as mean ± standard error. NMSE is normalized mean 
squared error.  

Drug CLlo (L/h) NMSE Bioavailability 

Adalimumab 0.071 ± 0.010 0.138 0.52 
Anifrolumab 0.003 ± 0.003 0.046 0.90 
Belimumab 0.008 ± 0.002 0.034 0.81 
Brodalumab 0.122 ± 0.016 0.189 0.24 
Canakinumab 0.017 ± 0.002 0.035 0.77 
Daclizumab 0.038 ± 0.005 0.070 0.85 
Denosumab 0.034 ± 0.001 0.015 0.59 
Dupilumab 0.067 ± 0.016 0.282 0.52 
Emicizumab 0.022 ± 0.022 0.048 0.80 
Erenumab 0.047 ± 0.005 0.069 0.51 
Golimumab 0.046 ± 0.003 0.037 0.55 
Guselkumab 0.075 ± 0.028 0.015 0.48 
Mepolizumab 0.031 ± 0.002 0.031 0.71 
Risankizumab 0.039 ± 0.002 0.007 0.70 
Romosozumab 0.070 ± 0.010 0.207 0.59 
Sirukumab 0.008 ± 0.003 0.068 0.75 
Tildrakizumab 0.005 ± 0.003 0.080 0.74 
Tocilizumab 0.134 ± 0.035 0.636 0.40 
Tralokinumab 0.030 ± 0.003 0.032 0.62  

Table 5 
Pearson correlation coefficients of CLlo and a against various formulation and 
biophysical properties. CLlo is initial lymphatic clearance; a is absorption rate 
coefficient.  

Properties CLlo a 

Molecular weight 0.175 − 0.234 
Formulation pH − 0.215 0.110 
Isoelectric point (pI) 0.144 0.060 
Difference between pI and pH 7.4 0.373 0.123 
Charge at pH 7.4 0.240 − 0.005 
Charge at formulation pH 0.333 − 0.072 
Scaled solubility 0.253 0.224 
Aggregation tendency of beta-sheet in heavy chain − 0.534 0.226 
Aggregation tendency of beta-sheet in light chain − 0.264 0.252 
Patches of surface hydrophobicity metric in CDR − 0.103 0.220 
Patches of positive charge metric in CDR − 0.079 0.562 
Patches of negative charge metric in CDR − 0.008 − 0.266 
Expression titer in HEK cells 0.314 − 0.243 
Melting temperature of the Fab (Tm) 0.633 − 0.643 
Salt-gradient affinity-capture self-interaction nanoparticle 

spectroscopy (SGAC-SINS AS100) assay 
0.322 − 0.136 

Retention time in hydrophobic interaction chromatography 
(HIC) 

− 0.262 0.236 

Delta response of clone self-interaction by biolayer 
interferometry (CSI-BLI) 

− 0.151 0.410 

Baculovirus particle (BVP) ELISA assay − 0.090 0.265  

Table 6 
Estimated exponential coefficient a in local absorption kinetics of 50-mg mAbs 
in SC tissue. Estimated values are represented as mean ± standard error. a is 
absorption rate coefficient; NMSE is normalized mean squared error.  

Drug a (d− 1) NMSE 

Adalimumab − 0.352 ± 0.564 0.056 
Anifrolumab − 0.294 ± 0.024 0.019 
Belimumab − 0.274 ± 0.016 0.013 
Brodalumab − 0.387 ± 0.058 0.056 
Canakinumab − 0.272 ± 0.016 0.012 
Daclizumab − 0.306 ± 0.045 0.045 
Denosumab − 0.195 ± 0.008 0.013 
Dupilumab − 0.355 ± 0.121 0.177 
Emicizumab − 0.166 ± 0.015 0.031 
Erenumab − 0.208 ± 0.029 0.069 
Golimumab − 0.290 ± 0.020 0.014 
Guselkumab − 0.218 ± 0.015 0.015 
Mepolizumab − 0.261 ± 0.015 0.018 
Risankizumab − 0.213 ± 0.013 0.007 
Romosozumab − 0.454 ± 0.048 0.033 
Sirukumab − 0.319 ± 0.036 0.033 
Tildrakizumab − 0.325 ± 0.026 0.024 
Tocilizumab − 0.482 ± 0.190 0.336 
Tralokinumab − 0.256 ± 0.022 0.022  
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absorption rate among the mAbs with no apparent distinction among 
different isotypes. Based on our previous report [31,32], the absorption 
rate at the injection site is mostly sensitive to the partition coefficient of 
a protein across the lymphatic membrane (Fig. 3C), which likely varies 
among the mAb products. 

The computed absorption coefficient a shows a relatively strong 
correlation with the derived systemic clearance values (CLly, Table 3; r 
= − 0.63). The trend suggests that faster local absorption (a smaller a) is 
associated with quicker systemic clearance. This interesting implication 
is corroborated by a reported finding of a positive relationship between 
the local absorption rate of SC delivery and IV clearance in a two- 
compartment PK model [89]. Additionally, to some degrees, the rate 
coefficient seems to be associated with the bioavailability (r = 0.39) and 
tissue reflection coefficients (σleaky, r = 0.51; σtight, r = 0.37). These 
possible connections imply that restricted tissue distribution and 
reduced local absorption rates may share similar structural causes. 

Among the physiochemical properties of the nineteen mAbs inves-
tigated, the positive charge value in the CDRs is positively associated 
with the coefficient a (r = 0.56). This is consistent with the reported 
finding that higher positive charge in the solvent-accessible area of a 
mAb can significantly deter the SC absorption, likely due to stronger 
electrostatic interactions with the negatively charged interstitial con-
stituents and longer retention in subcutis [91]. Moreover, Tm seems to 
be negatively correlated with the absorption coefficient among sixteen 
mAbs (r = − 0.64), underlying some connection between the local ab-
sorption kinetics and structural stability of mAbs. 

Obviously, for an mAb that is subcutaneously injected, its initial 
lymphatic clearance may not be the same as the systemic value and its 
absorption kinetics at the injection site should be distinct from that of 
IgG. While the two assumptions used in the computational exercises may 
represent two simplified extremes between which the actual kinetics 
resides, the correlation results discussed above can still shed some light 
on the presystemic catabolism and local absorption kinetics. The pre-
systemic clearance may be related with the aggregation propensity of 
mAbs, while the local absorption rate seems to be linked with the 

positive charge exposed in the antigen-binding domain. 
While coupling the physics-based simulation of injection-site ab-

sorption with the whole-body PK modeling (mPBPK) demonstrates the 
feasibility to predict the in vivo exposure of locally administered protein 
solutions, it is worthy to note that our multiscale framework reveals 
several general knowledge gaps impeding its applications. In addition to 
the initial lymphatic clearance remaining unknown in our PK model a 
priori, limited experimental evidence is available in the literature 
regarding possible catabolism and/or self-aggregation kinetics of pro-
tein molecules in subcutis, forcing the omission of such events in our 
local simulation method [31,32]. Possibilities of the local absorption by 
blood vessels cannot be ruled out, especially for smaller proteins. 
Moreover, it is speculated that injection of a high-concentration protein 
solution may induce structure misfolding and self-association, which is 
explored by our previous simulation of syringe injection [93]. Lastly, the 
mPBPK model used in this study overly simplifies the treatment of 
human physiology regarding the transportation, disposition, and 
catabolism of injected biomolecules, making any comparison between 
the plasma and lymph clearance perhaps only mathematically mean-
ingful. Lack of understanding in these areas needs broader and in-depth 
investigations with animal models, clinical studies, and molecular 
characterization and modeling. 

4. Summary 

In this study, a multiscale simulation and modeling framework was 
developed to compute the systemic exposure and bioavailability of 
subcutaneously administrated biotherapeutics. The method integrates 
the multiphysics simulation of drug absorption kinetics at the injection 
site with the whole-body PK modeling of systemic disposition. In addi-
tion, the presystemic clearance by initial lymph flow is modeled to 
bridge the local absorption and systemic circulation. While the simula-
tion of local transport and absorption of a protein is conducted via first 
principles, the PK modeling requires empirical parameters obtained by 
fitting against clinical data. With a lack of knowledge regarding the 

Fig. 4. Overlay of derived local absorption profiles of mAbs at 50 mg dose. IgG1-, IgG2- and IgG4-isotype mAbs are shown as solid, dashed, and dotted lines, 
respectively. 
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initial clearance of biopharmaceuticals, this study demonstrated the 
application of the multiscale PK framework for assessing the presystemic 
PK and bioavailability of selected biomolecules. Correlation of the local 
and presystemic kinetics with formulation and molecular properties was 
attempted, shedding light on tissue transport mechanisms of large 
molecules. 

This study also highlighted the need to experimentally determine 
and understand how a protein molecule undergoes various steps 
traversing from the injection site to systemic circulation. The need to 
evaluate the structural change, both physical and chemical, in the sub-
cutis and lymph cannot be overstressed. The knowledge gained from 
such studies will further improve the multiscale simulation and 
modeling framework to eventually predict the bioavailability of a given 
protein or antibody product locally administered, leading to in silico 
evaluation of the impact by critical quality attributes of the formulation 
and/or change of the administration route (e.g., using microneedle) on 
the systemic exposure. 
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: Ouvrage Terminé Par Un Appendice Relatif Aux Fournitures D'eau De Plusieurs Villes, 
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