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ABSTRACT

Media that mimic physiological fluids at the site of administration have proven to be valuable in vitro tools for predicting in vivo drug release, particularly for routes of
administration where animal studies cannot accurately predict human performance. The objective of the present study was to develop simulated interstitial fluids
(SISFs) that mimic the major components and physicochemical properties of subcutaneous interstitial fluids (ISFs) from preclinical species and humans, but that can
be easily prepared in the laboratory and used in in vitro experiments to estimate in vivo drug release and absorption of subcutaneously administered formulations.
Based on data from a previous characterization study of ISFs from different species, two media were developed: a simulated mouse-rat ISF and a simulated human-
monkey ISF. The novel SISFs were used in initial in vitro diffusion studies with a commercial injectable preparation of liraglutide. Although the in vitro model used for
this purpose still requires significant refinement, these two new media will undoubtedly contribute to a better understanding of the in vivo performance of sub-
cutaneous injectables in different species and will help to reduce the number of unnecessary in vivo experiments in preclinical species by implementation in predictive

in vitro models.

1. Introduction

Subcutaneous (SC) administration is an important secondary route of
drug delivery, accounting for 20 % of the drugs approved by the Euro-
pean Medicines Agency (Dubbelboer and Sjogren, 2022). More than
five-sixths of the drugs approved for SC administration are biologics, the
rest are small molecules (Dubbelboer and Sjogren, 2022). The SC route is
used to achieve a systemic effect after injecting the drug product into the
interstitial space of the SC tissue, also known as the hypodermis. This
tissue, composed mainly of loose connective and adipose tissue, is
perfused by an ultrafiltrate of plasma, the interstitial fluid (ISF) (Viola
et al., 2018). Since the ISF interacts with the formulation after injection,
its composition and properties are essential for understanding drug ab-
sorption after subcutaneous administration. Moreover, it would be
important to be able to reproduce this fluid when establishing in vitro
models aimed at predicting the in vivo performance of subcutaneously
administered drugs. Although in vitro tests have traditionally been used
for quality control, they are increasingly used in the early stages of
development in many areas of drug development to estimate the in vivo
performance of new drug candidates and formulations (Collins et al.,
2020; Sanchez-Felix et al., 2020). With regard to in vivo performance,

meaningful in vitro tests would be particularly important for the SC
pathway, as animal studies provide poor predictions of human in vivo
performance (Sanchez-Félix et al., 2020; Viola et al., 2018; Zheng et al.,
2012). By mimicking the composition and essential properties of ISF, a
better representation of the SC environment in in vitro assays could be
achieved, which would likely improve the predictive power of such as-
says (Torres-Teran et al., 2021). To date, however, there is still a lack of
appropriate biorelevant and/or physiologically relevant in vitro media.
Characterization of the composition and physicochemical properties of
ISF could facilitate the development of media that mimic ISF charac-
teristics relevant to SC drug release and absorption. (Collins et al., 2020;
D’Arcy et al., 2022; Sanchez-Félix et al., 2020; Torres-Teran et al.,
2021).

For a long time, there have been no real efforts to develop so-called
biorelevant in vitro models to predict the in vivo performance of subcu-
taneously administered preparations such as hormones, peptides or
small molecules. In vitro release methods described so far are either
based on the use of apparatus and media originally developed for other
dosage forms (Del Curto et al., 2003; Gao et al., 2021, 2020) or are
customized experimental setups of rather simple design, such as incu-
bator shaker-based methods (Sun et al., 2002). Typically, drug release is
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determined using the “sample and separate” method (Cai et al., 2012;
Chu et al., 2006; Negrin et al., 2004; Solano et al., 2013; Xuan et al.,
2013), but in the customized setups dialysis methods are also common
(D’Souza et al., 2014; Gao et al., 2007; Nippe et al., 2013). Typical
media used in the in vitro release experiments comprise simple buffers
such as phosphate buffer (D’Souza et al., 2014; Negrin et al., 2004;
Nippe et al.,, 2013; Sun et al., 2002; Vlugt-Wensink et al., 2007),
phosphate-buffered saline (PBS) (Cai et al., 2012; Chu et al., 2006; Doty
et al., 2017; Gao et al., 2007; Lee et al., 2020; Li et al., 2015; Solano
et al., 2013; Sun et al., 2008), and Hanks buffer (Iyer et al., 2007), i.e.,
media whose composition is not derived from ISF. Although the use of
such in vitro release methods has in some cases shown a correlation
between in vitro drug release and in vivo absorption (Gao et al., 2020,
2021), this does not necessarily imply that the respective method will be
equally predictive for other drug formulations (Torres-Teran et al.,
2021).

First attempts to develop predictive in vitro assays for SC injectables
have recently been made using small molecules (Lou and Hageman,
2023), insulins (Bock et al., 2020), and monoclonal antibodies (Kinnu-
nen et al.,, 2015) as model compounds. Kinnunen et al. described a
dialysis-based system which aimed to simulate the SC environment
using an artificial extracellular matrix embedded in a bicarbonate-based
physiological buffer also referred to as the Subcutaneous Injection Site
Simulator (SCISSOR) (Kinnunen et al., 2015). Bender et al. recently
assessed the predictivity of a versatile set of in vitro tools that intended to
mimic SC tissue properties, including apart from the SCISSOR, artificial
matrices containing components of the SC tissue (e.g. collagen and hy-
aluronic acid) and dialysis membranes as well as different dissolution
apparatuses; particularly USP apparatus 4 (Flow-Through Cell) and a
small-volume version of USP apparatus 7 (Reciprocating Holder)
(Bender et al., 2022). In vitro release of eight model compounds,
including insulins, monoclonal antibodies, a cytokine, and an antigen-
binding fragment was studied in either compendial media, e.g. PBS or
artificial buffers used for mimicking ISF, such as the bicarbonate-based
physiological buffer described by Kinnunen et al (Kinnunen et al.,
2015), and AQIX®, a non-phosphate buffer originally designed for
preservation of tissues or cells during transport (Rees, 2011a). In vitro
release data of the aforementioned compounds were compared with
published human pharmacokinetic data such as AUC, Cpax and tpax and
the Pearson correlation coefficient was employed to assess the predictive
power of the in vitro assays studied. The results of this calculation
indicated that the in vitro models used in this study have limited pre-
dictive power in terms of predicting the in vivo performance of the tested
formulations after SC administration in humans (Bender et al., 2022).

Recently, there has been an increase in activities related to the
evaluation and/or development of in vitro tools (Bock et al., 2020;
Kinnunen et al., 2015; Lou and Hageman, 2023) and media (Gao et al.,
2020; Kinnunen et al., 2015; Rees, 2011b) for SC administered formu-
lations. The media in particular have attracted increasing interest. Ef-
forts have been made to develop the first biorelevant media for in vitro
release studies of SC formulations, but it must be noted that the media
proposed so far for in vitro testing of SC formulations have been devel-
oped solely on the basis of literature data derived from experiments that
were not specifically conducted for this purpose (Torres-Teran et al.,
2021). Due in particular to the difficulty in obtaining sufficient quan-
tities of liquid for comprehensive analysis, data on the composition and
properties of ISF are only available to a limited extent and the data
sources for the media developed to date are very heterogeneous. It
should also be noted that the data used are influenced by the method
used to isolate the ISF and are therefore subject to errors, which is why
they should be used with caution (Torres-Teran et al., 2021). In contrast,
biorelevant media, especially those that have been successfully used to
estimate the in vivo release of orally administered drugs, have been
developed based on in-depth characterization studies of the relevant
physiological fluids at the site of release in the context of dedicated
experiments (Klein, 2010). Reliable in vivo data are the cornerstone for
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the development of biorelevant media. In a previous study, ISF was
isolated from SC tissues of five preclinical species, i.e. mice, rats, mini-
pigs, landrace pigs, non-human primates, and humans, and character-
ized with respect to its major components and physicochemical
properties. The data provided fundamental information for the devel-
opment of biorelevant ISF media for both preclinical species, in partic-
ular rodents (mice/rats), monkeys and humans (Torres-Teran et al.,
2023). The aim of the present work was to utilize these data to develop
biorelevant ISF media that can subsequently be incorporated into bio-
relevant in vitro models to predict the in vivo performance of subcuta-
neously administered formulations.

2. Materials

Sodium chloride, sodium phosphate (dibasic and monobasic) and
hyaluronic acid sodium salt were purchased from Fisher (Fisher Scien-
tific GmbH, Schwerte, Germany) while potassium chloride and magne-
sium chloride hexahydrate were acquired from Sigma Aldrich (Sigma
Aldrich Chemie GmbH, Steinheim, Germany). Water of HPLC grade was
produced using a MilliQ system (Merck KGaA, Darmstadt, Germany).
FibriCol®, Bromocresol Green Albumin assay kit (MAK124) and Bovine
Serum Albumin were acquired from Sigma-Aldrich (Sigma Aldrich
Chemie GmbH, Steinheim, Germany). ThinCert® Transwell plates were
purchased from Greiner Bio-One GmbH (Frickenhausen, Germany). 3
mL liraglutide (6 mg/mL) prefilled pens (Victoza®, Novo Nordisk A/S,
Bagsvaerd, Denmark, batch number: MP5A324) were obtained by pre-
scription via a local Pharmacy.

3. Methods
3.1. Simulated interstitial fluid development

The simulated ISF media (SISFs) were developed with the aim of
replicating as closely as possible the experimental data obtained for
preclinical species and humans in the previous study (Torres-Terdan
et al., 2023), but keeping the overall composition and preparation of the
media simple so that their use would be easy to implement in a bio-
pharmaceutical laboratory. The target parameters were pH, osmolality,
electrolyte, and albumin content, whereby the mean values of the cor-
responding experimental data were used in each case (Torres-Terdan
et al., 2023), while buffer capacity, colloid osmotic pressure and surface
tension were assessed after preparation and compared with the refer-
ence data available for the target species groups.

Since very similar results for pH, osmolality and electrolyte content
were obtained for the ISF of the preclinical animal species and humans,
the same target values for these parameters were selected for the ISFs to
be established. Accordingly, 138.5 mM sodium (Na™), 10.0 mM potas-
sium (K*), 1.8 mM calcium (Ca®"), 0.8 mM magnesium (Mg?"), 4.2 mM
phosphate (PO%’) (representative of the experimentally determined
phosphorus content), and 113.2 mM of chloride (Cl") were set as target
values for the electrolyte composition (Torres-Teran et al., 202.3). First, a
buffer with good buffering properties at physiological pH (pH 7.4) was
prepared from dibasic and monobasic sodium phosphate according to
the target concentrations, and then the remaining electrolytes were
added, taking care not to exceed the target osmolality (Table 1). The
resulting buffer was defined as Blank SISF.

For the albumin content, there were clear differences between some
species, especially non-human primates and the other preclinical spe-
cies, while the data from non-human primates and humans were very
similar. Since only one data set from a single animal was available for
minipigs and landrace pigs, these species were not considered in the
further course of the study. Accordingly, the data obtained from mice
and rats were used to calculate the target parameters for the albumin
content for the subgroup of preclinical species, while the corresponding
data from non-human primates were summarized with those of humans.
This resulted in two media (Fig. 1): the simulated mouse-rat ISF (SMR-



L Torres-Teran et al.

Table 1
Target (A) and reference (B) parameters for the simulated mouse-rat- (SMR) and
human-monkey (SHM) ISFs (* plasma data were set as maximum).

(A) Mouse-Rat Human-Monkey
Na® (mM) 138.5 138.5

K* (mM) 10.0 10.0

Ca*" (mM) 1.8 1.8

Mg?* (mM) 0.8 0.8

Total phosphate (mM) 4.2 4.2

Cl” (mM) 113.2 113.2

Albumin (g/L) 17.5 30.0

pH 7.4

Osmolality (mOsm/kg) 295-300

(B) Mouse-Rat Human-Monkey
Buffer Capacity (umol/(mL*ApH)) <11.9 £+ 0.5* <14.1 + 0.5*
Colloid Osmotic Pressure (mmHg) 9+0 16 + 3.7
Surface Tension (mN/m) 51.5 + 0.2 46.5 + 0.2

ISF) and the simulated human-monkey ISF (SHM-ISF). Bovine serum
albumin was chosen for the simulation of albumin due to its accessibility
and affordability, in order to keep media production as streamlined as
possible and to use the same excipients for both media. The target and
reference parameters for the simulated media to be developed can be
found in Table 1. In the event that the target parameters did not meet the
desired physicochemical properties, slight adjustments were made in the
electrolyte composition of the media. 0.05 % sodium azide was added to
the final media to prevent the growth of microorganisms.

In the particular case of buffer capacity, for which there are no valid
data in the literature and which could not be measured in the previous
characterization study, the buffer capacity of the plasma samples

Preparation of a Blank SISF based on
specified target parameters

Adjustment
if required

O

Determination of
physicochemical parameters

Blank SISF developed

$

Incorporation of corresponding
albumin contentinto the Blank SISF

O

@ l Adjustment "']‘
if required .' ‘.

Determination of
physicochemical parameters
Simulated mouse-rat
ISF developed

Determination of
physicochemical parameters

$

Simulated human-monkey
ISF developed
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examined in the previous study was taken as the upper limit for the
reference value (Torres-Teran et al., 2023). Specifically, the buffer ca-
pacity of rat plasma was chosen for the SMR-ISF design and the buffer
capacity of human plasma for the SHM-ISF design.

3.2. Preparation of the simulated interstitial fluids

The following protocol was established for the preparation of 1 L of
medium at a time:

e about 0.8 L of purified water is placed in a volumetric flask, a
magnetic stirring bar is added, and the flask is placed on a magnetic
stirring plate

e to achieve the target anion and cation concentrations listed in
Table 1, a mixture of sodium-, potassium-, magnesium- and calcium
chloride and (di) sodium (hydrogen) phosphate (the exact quantita-
tive composition of which was to be determined in the course of the
study) is added to the volumetric flask and dissolved while stirring
the required amount of albumin is weighed and added in portions
under gentle stirring (100 rpm)

once all the albumin has been added, the mixture is stirred for a

further 30-60 min at 100 rpm

after complete dissolution of the electrolytes and dispersion of al-

bumin, 0.05 % (w/v) sodium azide is added and the mixture is stirred

further until its dissolution

e the pH value of the medium is checked and adjusted to 7.4 if
necessary

o after removing the magnetic stirrer, the volume is filled up to 1.0 L
with purified water and the contents of the flask are homogenized by
gentle shaking

| pH 7.4

Electrolyte content
(Na*, K+, Ca?*, Mg?*, PO4*, CI)

l Osmolality: 295 mOsm/kg

Blank SISF

development

Albumin content
17.5 g/L for mouse and rat
30 g/L for human and monkey

SISFs

development

Fig. 1. Schematic representation of the development of Blank Simulated Interstitial Fluid (SISF) and Simulated Interstitial Fluids (SISFs) for different species.
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3.3. Physicochemical characterization of the simulated interstitial fluids

Unless otherwise stated, all physicochemical determinations were
performed in triplicate (n = 3).

3.3.1. pH

A calibrated pH-meter (WTW inoLab 7310P, Xylem Analytics Ger-
many Sales GmbH & Co. KG, Mainz, Germany) was utilized for the pH
determination of the media at 34 °C.

3.3.2. Buffer capacity

For the determination of the buffer capacity, the media were titrated
with HCI (0.1 M) at 34 °C until a pH change of one unit occurred. The
utilized quantity of the acid was measured for calculating the buffer
capacity, based on the following equation “f = AHCl/ApH”; where
AHCl is the quantity of HCl added in mols, and ApH is the pH change of
the media, induced by HCI.

3.3.3. Colloid osmotic pressure

The colloid osmotic pressure was determined with an Osmomat 050
(Gonotec GmbH, Berlin, Germany), which consists of a measuring cell
composed of two compartments separated by a semipermeable mem-
brane with 20 KDa pore size (Gonotec GmbH, Berlin, Germany). The
upper compartment was filled with 500 uL of the media, and the lower
compartment, with Ringer solution (B. Braun Melsungen AG, Melsun-
gen, Germany), as recommended by the manufacturer. The differences
in osmotic pressure generated by the two liquids lead to the permeation
of solvent from the lower to the upper compartment until equilibrium is
reached. This creates a negative pressure in the lower compartment,
which is converted into an electrical signal that is linked to the colloid
osmotic pressure of the analyzed medium.

3.3.4. Osmolality

The osmolality of the media was measured by determining the
freezing point depression with the Osmomat 010 (Gonotec GmbH,
Berlin, Germany), which was previously calibrated with a 400 mOsm/kg
standard solution.

3.3.5. Surface tension

The surface tension of the media was determined at room tempera-
ture (20.5 £+ 1.0 °C), via the pendant drop method, with an optical
tensiometer (Theta Flex, Attension, Biolin Scientific, Stockholm, Swe-
den), which had previously been calibrated with MilliQ water at room
temperature.

3.4. Stability assessment

The physical stability of the SISFs was assessed under two conditions:
testing and storage. To assess media stability under testing conditions,
buffers were placed in an incubator hood (TH 30, Edmund Biihler
GmbH, Bodelshausen, Germany) at 34 °C and shaken at a low speed (70
rpm). To test the media stability under storage conditions, buffers were
kept in a refrigerator (5 °C). In both cases, the stability study was run for
8 days and samples were taken at days 0, 1, 3 and 8. The pH, buffer
capacity, osmolality and surface tension of the samples were evaluated
in triplicates as described in Section 3.3. In addition, the media were
visually inspected to ensure that no changes had occurred during the
study period.

3.5. Invitro diffusion experiments

The first in vitro experiments performed with newly developed media
were aimed at analyzing the influence of the composition of SISFs on the
diffusion of the model drug liraglutide from the interstitial space into the
plasma. To this end, a series of in vitro diffusion experiments were per-
formed using a modified version of the artificial subcutaneous tissue
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(AST) assay (Fig. 2) described by Schoner et al. (Schoner et al., 2024).
Liraglutide was selected due to its high albumin binding (>95 %)
(Summary of Product Characteristics: Liraglutide”, 2022) in particular
to investigate the influence of the protein content of ISF of different
species on the mobility of the drug. The basic experimental setup con-
sisted of a ThinCert® Transwell plate with an insert of a polyethylene
terephthalate membrane (0.4 pm pore size and 1108 cm? pore density)
and a hydrogel matrix layer developed by Schoner et al. The latter
contained 0.1 % hyaluronic acid, 2 mg/mL collagen I, 15 pM serum
albumin and 20 mM phosphate-buffered saline (PBS). In contrast to the
matrix used in the experiments of Schoner et al, bovine serum albumin
was used in the present study instead of human serum albumin.

The simulated extracellular matrix was prepared as follows: 400 mg
of a 1 % hyaluronic acid solution in 1x PBS, 0.08 mL of a 0.1 M NaOH
solution, 0.72 mL of 5x PBS, 1 mL H50 and 1 mL of a 60 pM serum
albumin solution were added to the same vial and mixed intensively.
The resulting solution was then pipetted into a second tube containing
800 mg of a 10 mg/L FibriCol® solution and the resulting mixture was
gently shaken to produce the initially liquid hyaluronic acid-collagen
matrix. Of this, 250 pL. mL was pipetted onto the apical side of the in-
serts of each Transwell plate and incubated at 37 °C for 1 h. At the end of
this incubation period, 1.5 mL of 20 mM phosphate buffer was added to
the basolateral compartment and the Transwell plate was stored over-
night at 4 °C. As described by Schoner et al., this conditioning ensured
the desired consistency of the matrix (Schoner et al., 2024).

The next day, the buffer from the basolateral (acceptor) compart-
ment was replaced with 1.5 mL of simulated plasma (SPlasma) and the
Transwell plate was incubated at 34 °C, 300 rpm for 1 h in an Eppendorf
ThermoMixer C (Eppendorf SE, Hamburg, Germany). After incubation,
the apical (donor) compartment was first filled with 100 pL SISF, into
which 50 pL Liraglutide injection solution was then pipetted. The
Transwell plate was then shaken for 8 h at 34 °C and 300 rpm. During
this period, 50 pL samples were taken from the basolateral compartment
at predetermined time points and analyzed by HPLC. After each sample
removal, 50 pL of fresh medium were pipetted into the acceptor
compartment.

As the development of SPlasma was not the subject of this study, as a
first step, phosphate-buffered saline (PBS) was used to simulate essential
physicochemical properties of plasma. PBS, which has a similar pH and
osmolality to plasma, has already been used frequently in the past as a
plasma surrogate for dissolution studies (D’Arcy et al., 2022) either as a
simple buffer (Rawat et al., 2012) or in combination with albumin (Diaz
de Leon-Ortega et al., 2021), fetal bovine serum (Jablonka et al., 2019)
or cyclodextrins (Jablonka et al., 2019; Wallenwein et al., 2019).
However, it should be noted that only a few studies aimed to simulate
the physiological protein concentration of plasma (D’Arcy et al., 2022;
Diaz de Leon-Ortega et al., 2021). As one of the aims of the study was to
evaluate the impact of typical serum albumin concentrations on drug
diffusion and thereby to increase the biorelevance of the in vitro model
used, PBS was spiked in a second step with albumin concentrations
determined in the previous characterization study for the respective
species (25 g/L for SMR-Plasma and 60 g/L for SHM-Plasma).

In a second set of experiments, the AST assay was further modified to
better understand how much the SISF composition as such would affect
diffusion and to investigate the influence that the matrix might have on
the diffusion of liraglutide. For this purpose, the experimental procedure
was modified in such a way that the use of the extracellular matrix was
omitted, but all other experimental details remained unchanged.

3.5.1. Drug quantification

All samples were analyzed with an Agilent 1260 high-performance
liquid chromatograph (HPLC). (Agilent Technologies Deutschland
GmbH, Waldbronn, Germany). 10 pL samples were injected with a
G1329B Agilent autosampler, onto a Jupiter C18 Phenomenex column
(5 pm, 2.1 x 150 mm) (Phenomenex Ltd., Aschaffenburg, Germany)
maintained at 50 °C and analyzed with a G1321B fluorescence detector
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Addition of
50 pL Liraglutide solution

Simulated ISF
Simulated Matrix
Membrane
Simulated Plasma

yYyYyYwyy

Fig. 2. Schematic representation of the Transwell-plate setup utilized for the artificial subcutaneous assay and one of the twelve wells in which the four main
components (simulated ISF, simulated matrix, membrane, and simulated plasma) can be seen (adapted from Schoner et al., 2024).

(excitation at 285 nm and emission at 350 nm). The run time was 30 min
and a gradient method with a constant flow rate of 1.0 mL/min was
applied (Table 2). The composition of the two mobile phases was 89.75
% H0, 10 % ACN, 0.25 % TFA for the mobile phase A, and 89.75 %
ACN, 10 % H30 and 0.25 % TFA for the mobile phase B. Linearity of the
method was screened for concentration ranges of 4.6 to 150 pg/mL
before each run and in all cases the RZ was above 0.996. The determined
LOQ was 0.5075 pug/mL.

4. Results and discussion
4.1. Development of the simulated interstitial fluids

In the first step of the Blank SISF development, the ion composition
and total electrolyte concentration of the medium were adjusted to the
values listed in section 3.1, which originate from the previously pub-
lished characterization study (Torres-Teran et al., 2023). For the
resulting Blank SISF, this resulted in a buffer capacity of 4.8 pmol/
(mL*ApH), which was two to three times lower than the reference
values. However, as this parameter can have a significant impact on
drug dissolution/release, the buffer capacity of the medium to be
established should be as close as possible to the physiological reference
value, which is why a compromise was made in this case. Accordingly,
the phosphate content of the medium was increased from 4.2 to 19.8
mM to achieve a higher buffer capacity of around 10.5 pmol/(mL*ApH),
as shown in Table 3. Moreover, during the development of the medium,
it became clear that the addition of the target concentration of Ca’t (1.8
mM) to the medium resulted in precipitation of CaHPO4. Hence, Ca**
was excluded from the medium. The final compositions of SMR-ISF and
SHM-ISF were obtained by adding 17.5 g/L and 30 g/L albumin,
respectively, to Blank SISF (Table 3). This resulted in a slight increase in
buffer capacity. As mentioned above, the buffer capacity of plasma was
set as the upper limit for the simulated ISFs to ensure that, although it
could not be determined in the previous ex vivo experiments, it was not
outside the estimated physiological range. The addition of albumin also
led to the desired change in other media properties. For example, the
amount of albumin added directly influenced the osmolality, which
increased in each case and was within the physiological range with
mean values of 281 and 290 mOsm/kg for SMR-ISF and SHM-ISF
respectively (Torres-Terdn et al., 2021). Similarly, compared to blank

Table 2
HPLC gradient of eluents A and B utilized for the liraglutide analysis.
Time (min) Flow (mL/min) A (%) B (%)

0.0 1.0 95 5
0.2 1.0 95 5
2.0 1.0 74 26
9.7 1.0 64 36
14.8 1.0 5 95
15.8 1.0 5 95
15.9 1.0 95 5
30.0 1.0 95 5

Table 3
Composition (A) and physicochemical properties (B) of simulated mouse-rat ISF
(SMR-ISF) and simulated human-monkey ISF (SHM-ISF).

(A) Blank ISF SMR-ISF SHM-ISF
NacCl (mM) 101.6 101.6 101.6

KCI (mM) 10.0 10.0 10.0
MgCl, (mM) 0.9 0.9 0.9
Na,HPO4 (mM) 17.6 17.6 17.6
NaH,PO, (mM) 2.2 2.2 2.2

BSA (g/L) — 17.5 30.0

(B) Blank ISF SMR-ISF SHM-ISF
pH 74+0.1 7.4+ 0.1 7.4+ 0.1
Buffer Capacity (umol/(mL-ApH) 10.5 + 0.1 11.3 £ 0.2 13.1 £ 0.3
Osmolality (mOsm/kg) 255+ 1 281 +5 290 + 2
Colloid Osmotic Pressure (mmHg) 0 6.8 +0.1 142+ 0.1
Surface Tension (mN/m) 69.8 + 0.1 59.4 + 0.5 58.3 + 0.4

SISF, which has no colloid osmotic pressure due to the absence of large
biomolecules, the colloid osmotic pressure increased on average to 6.8
(SMR-ISF) and 14.2 (SHM-ISF) mmHg. In contrast, the surface tension
decreased, which is also consistent with the previously reported physi-
cochemical properties of albumin solutions (Thi-Yen Le et al., 2022).

4.2. Stability of the simulated interstitial fluids

The SISFs containing 0.05 % sodium azide proved to be stable in
terms of pH, buffer capacity, osmolality, and surface tension at storage
(5 °C) and testing (34 °C, 75 rpm) conditions, as can be seen from
Table 4. Moreover, visual inspection detected no signs of instability.

4.3. In vitro diffusion testing

The mean diffusion profiles obtained from the in vitro diffusion ex-
periments are presented in Fig. 3.

In both the MR- and the HM model the highest liraglutide diffusion
rates were observed when the respective SISF at the apical side was
combined with SPlasma without albumin (Blank SPlasma) at the baso-
lateral side. By contrast, the combination of SISF and SPlasma for the
same species (i.e., SMR-ISF:SMR-Plasma and SHM-ISF:SHM-Plasma)
with otherwise identical experimental design, resulted in lower diffu-
sion rates with a 1.3- and 1.7-fold lower total amount of liraglutide that
reached the basolateral side within the test duration of 8 h in the MR-
and HM model, respectively. This phenomenon can be explained by the
fact that not only liraglutide but also albumin was able to diffuse
through the hydrogel layer and the membrane in the experimental setup
used, as shown by the HPLC analysis of the samples from the basolateral
compartment. Although not originally intended to detect or quantify
albumin in the simulated plasma medium, a previously absent albumin
elution peak appeared in the Blank SPlasma chromatograms as the
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Table 4

Stability data for simulated mouse-rat ISF (SMR-ISF) and simulated human-
monkey ISF (SHM-ISF) at storage (5 °C) and testing (34 °C, 75 rpm) condi-
tions over the course of 8 days.

Sampling SMR-ISF SHM-ISF
(days) Storage Testing Storage Testing
pH 0 7.4 £ 7.4 £ 7.4 + 7.4+
0.0 0.0 0.0 0.0
1 7.4 + 7.4 + 7.4 + 7.4+
0.0 0.0 0.0 0.0
3 7.4+ 7.4+ 7.4+ 7.4+
0.0 0.0 0.0 0.0
8 7.4 + 7.4 + 7.4 + 7.4+
0.0 0.0 0.0 0.0
Buffer Capacity 0 11.0 + 11.0 + 12.6 + 12.6 +
(umol/ 0.0 0.1 0.4 0.4
(mL-ApH) 1 11.0 £ 11.0 £ 12.1 + 12.0 +
0.1 0.3 0.2 0.0
3 10.6 + 11.0 £ 12.1 + 12.0 £
0.3 0.2 0.2 0.1
8 115+ 115+ 12.5 + 13.5+
0.1 0.3 0.3 0.5
Osmolality 0 281 £5 281 £5 281 +£5 290 + 2
(mOsm/kg) 1 282+ 3 290 + 3 276 £ 2 287 £3
3 282 +1 291 + 2 280 +1 292 +1
8 284 +1 295 +1 285+ 3 296 +1
Surface 0 62.2 + 62.2 + 56.1 £ 56.1 £
Tension 0.6 0.6 0.9 0.9
(mN/m) 1 56.1 + 60.8 + 56.9 + 57.2 +
1.0 1.0 1.6 1.0
3 57.3 + 60.1 + 58.4 + 58.2 +
1.2 0.7 0.7 0.7
8 57.4 + 57.2+ 57.7 + 58.3 +
0.5 0.7 0.9 1.0

diffusion experiment progressed. This peak increased steadily with time,
indicating that the albumin concentration in the basolateral compart-
ment was increasing. As the purpose of the HPLC analysis was to
determine the concentration of liraglutide, no calibration curve was
included for the quantification of albumin, so the albumin content in
each sample could not be measured quantitatively. However, when
samples from both the basolateral (Blank SPlasma) and apical (SMR-ISF
or SHM-ISF) compartments, were analyzed at the last sampling time (8

40
@ SMR-ISF : SMR-Plasma
30 OSMR-ISF : Blank SPlasma
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h), a similarly large signal was detected in both chromatograms, indi-
cating that albumin equilibrium had been achieved between the two
compartments.

The fact that albumin can cross the diffusion barrier in the in vitro
model used provides an explanation for the increased diffusion rate of
liraglutide in experiments using Blank SPlasma in the basolateral
compartment. As liraglutide binds to albumin, not only unbound drug
but also drug bound to albumin can pass the diffusion barrier, so that
higher diffusion rates and greater amounts of liraglutide were observed
in the basolateral compartment during the period studied when it did
not contain albumin at the start of the test.

In order to better understand the effect of albumin on the diffusion of
liraglutide, the molar concentrations of albumin and liraglutide in the
different compartments (apical compartment, matrix and basolateral
compartment) were calculated for each of the experiments performed
(Table 5). For this purpose, first, the molar concentration of albumin was
calculated in the following volumes: 100 uL SISF (17.5 g/L and 30 g/L
albumin for the SMR- and SHM-ISF, respectively), 1.5 mL SPlasma (25
g/L and 60 g/L for the SMR- and SHM-plasma, respectively) and 1 mL of
a 60 uM albumin solution used for the preparation of the matrix. Then,
the molar ratio between albumin and liraglutide in the different com-
partments was calculated considering the test volume of 50 pL of a 6 mg/
mL liraglutide formulation (i.e. 7.99-1 02 umol) and assuming that the
liraglutide dose would exclusively be present in the compartment of
interest at that moment.

As shown in Table 5, the molar concentration of liraglutide in the
apical compartment was 3.03- and 1.76 times higher than that of al-
bumin for the SMR- and SHM-ISF, respectively. Therefore, even if lir-
aglutide binds 95 % to albumin, an excess of free liraglutide will be
present in both SISFs. At this point, it is important to note that previous
studies have indicated that liraglutide tends to form heptamers in

Table 5

Albumin content in the different compartments of the in vitro model and molar
ratio between albumin and liraglutide, assuming that the complete liraglutide
dose would be present in the respective compartment.

SMR-ISF SHM-ISF SMR- SHM- Matrix
Plasma Plasma
Albumin (umol) 2.6310°2 452102 0.56 1.35 6.00-1072
Molar ratio 1:3.03 1:1.76 1:0.14 1:0.06 1:1.33
Albumin:
Liraglutide’

! For the molar ratio, a dose of 7.99-10~2 umol of liraglutide was considered.

0
5 A
a
4 5 6 7 8
Time (h)

Fig. 3. In vitro liraglutide diffusion profiles obtained when mimicking ISF composition of different species (mouse-rat in blue and human-monkey in orange) in the
modified artificial subcutaneous tissue assay (mean of n = 5 + SD.) The lighter colors for both models indicate the experiments where no albumin was added to the
simulated plasma (Blank SPlasma). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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solution (Frederiksen et al., 2015). In vivo, this might have a significant
impact on the diffusion rate. This phenomenon might also affect the
diffusion rate observed in the present set of in vitro experiments. How-
ever, since with a molecular weight of 7 times ~ 3,8 kDa (Frederiksen
et al., 2015), these heptamers are still significantly smaller than an al-
bumin molecule (~66.5 kDa) and in the present experimental setup
albumin can diffuse through the membrane and the matrix separating
the apical and basolateral compartments, it is unlikely that heptamer
formation precludes diffusion into the basolateral compartment. It
would certainly be interesting to know, whether the diffusion rate of
individual liraglutide molecules differs from that of heptamers. The
primary aim of this first study, however, was a very first evaluation of
the influence of the basic composition of SISFs on the diffusion of a fixed
dose of liraglutide from the simulated interstitial space into simulated
plasma.

The in vitro diffusion model used in the present study is based on a
subcutaneous permeation model recently developed by Schoner et al
which focuses on the simulation of the extracellular matrix but not on
the simulation of the ISF. Accordingly, in Schoner’s experiments, which
aimed to investigate the permeation of insulins from the SC tissue into
the bloodstream under biorelevant conditions, no SISF was used on the
apical side (Schoner et al., 2024). In the current model, the recently
developed biomatrix consisting of physiologically relevant mass ratios
of collagen and hyaluronic acid (Aukland and Reed, 1993; Wiig and
Swartz, 2012) was maintained and overlaid with 100 pL of a SISF into
which 50 uL of the liraglutide solution under investigation was “injec-
ted”, so that the influence of physiologically relevant albumin concen-
trations on the diffusion of liraglutide from the interstitial space into the
plasma could be studied. After interaction with the SISF, the albumin-
bound and unbound liraglutide must diffuse through the uniformly
polymerized matrix of 2 mg/ml collagen and 0.1 % hyaluronic acid. In
addition to collagen and hyaluronic acid, albumin is part of the matrix
composition. The latter was added to prevent the drugs tested from
adhering to the plastic material of the Transwell plate and to enable the
analysis of albumin-binding drugs in the future. In these first experi-
ments with liraglutide, the composition of the matrix was not changed. It
should be noted, however, that the albumin concentration does not
correspond to that of the SISFs used and is higher than that of either
SISF, so diffusion is most likely not only controlled by the composition of
the SISF, but also by the composition and structure of the matrix. As the
latter was the same in all experiments, it seemed possible to make an
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initial cautious distinction regarding the SISF composition based on the
results obtained. Nevertheless, to get a better idea of how much the SISF
compositions as such would affect diffusion, a second set of diffusion
experiments was performed with identical test conditions but omitting
the use of the matrix in the Transwell setup. The results obtained are
shown in Fig. 4.

As expected, diffusion was much faster in the absence of the matrix
and equilibrium was reached in all experiments within 8 h. Overall, the
diffusion experiments without the matrix confirm the trend observed in
the results with matrix, i.e. in experiments where blank SPlasma was
used on the basolateral side, higher diffusion rates were observed and in
the SHM-SIF:SHM plasma model the lowest liraglutide concentration
was measured on the basolateral side throughout the experiment. In
both test series, i.e., with and without matrix, it was possible to clearly
differentiate between the MR and the HM model in the experiments with
SISF on the apical and SPlasma on the basolateral side.

When discussing the permeability of the matrix used and the mem-
brane underneath, it should be mentioned that both allow bidirectional
diffusion of liraglutide, albumin and albumin-bound liraglutide, a phe-
nomenon that by no means corresponds to in vivo conditions and can
lead to an equilibrium over the duration of the experiment. This will
need to be better adapted to the real physiological conditions in future
work. In addition, consideration should be given to how the physio-
logical conditions can be scaled down in a meaningful way in relation to
the volumes and matrix dimensions used. In the present series of ex-
periments, SPlasma and Blank SPlasma were used on the basolateral
side. The lower diffusion rates observed in the experiments with
SPlasma and the overall smaller amount of liraglutide in the basolateral
compartment at the end of these experiment is certainly a result of the
fact that the albumin concentration in SPlasma is significantly higher
than in SISF, regardless of the species simulated, which leads to
increased diffusion of albumin from the basolateral compartment into
the apical compartment due to the permeability of both membrane and
matrix. From the moment liraglutide diffuses into SPlasma, it can be
bound to albumin and thus possibly transported back again. It would be
too speculative to discuss further which of the complex bidirectional
diffusion processes dominates here, but the results obtained clearly
indicate the existence of competing processes. In vivo, the higher plasma
albumin concentration compared to ISF does not lead to albumin
diffusion into tissues, so an optimal in vitro model should not allow this
diffusion pathway. Furthermore, once liraglutide appears in plasma, it is

H@H
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O SMR-ISF : Blank SPlasma
SHM-ISF : SHM-Plasma

SHM-ISF : Blank SPlasma
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Fig. 4. In vitro liraglutide diffusion profiles obtained when mimicking ISF composition of different species (mouse-rat in blue and human-monkey in orange) in the
modified artificial subcutaneous tissue assay (mean of n = 3 + SD) without the simulated extracellular matrix. The lighter color for both models indicate the ex-
periments where no albumin was added to the simulated plasma (Blank SPlasma). (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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immediately distributed throughout the plasma volume, regardless of
whether it is bound to plasma albumin, free or forming heptamers.
Accordingly, sink conditions must also be considered when designing an
in vitro model. Currently, the in vitro model is not considered to represent
adequate sink conditions. Due to the expected unidirectional drug
transport, at least in the early phases of the experiment, such conditions
are more likely to exist, if any, in the in vitro model using Blank SPlasma
in the basolateral compartment. Overall, however, it must be concluded
that the in vitro diffusion model is still far from being sufficiently
differentiated to be able to estimate the influences of the composition of
SISFs of different species on the bioavailability of SC-administered
drugs. Future activities will therefore have to focus on the further
development of this model, but also on the establishment of simpler
models that can be used to obtain a better mechanistic understanding of
the individual influencing factors in the very complex processes of SC
drug absorption, to which, in addition to the diffusion processes dis-
cussed, the possibility of lymphatic absorption of albumin-bound active
substances, a phenomenon known as albumin hitchhiking (Abdallah
et al., 2020), can contribute.

Given that several alternative in vitro models have been developed in
the recent past, such as the SCISSOR (Kinnunen et al., 2015), it may be
questioned whether it is appropriate to continue with the test concept
used. However, it should be noted that the establishment of the matrix,
which mimics the main components of the extracellular matrix and
whose albumin content can be easily adapted to the species to be
simulated in future experiments (Schoner et al., 2024), and the SISFs
established in the present study for the preclinical species mice and rats,
as well as for humans and monkeys, are two major steps towards a
biorelevant in vitro model, which now need to be specifically combined
and further developed. Compared to other test methods described in the
literature, the Transwell-based in vitro model, which is tubeless and does
not require a pump, carries a lower overall risk of adsorption effects and
mechanical stress on the tested formulations, especially in the case of
testing biologicals. If the shortcomings discussed above are adequately
addressed, it will provide an interesting biorelevant screening tool that
allows for high throughput, provides results that are not subject to the
high variability of in vivo studies, and can be used in both formulation
development and quality control.

5. Conclusion

Based on data from a previous characterization study of subcutane-
ous ISFs, the present study developed SISFs for the preclinical species
mice and rats, as well as for humans and monkeys. The focus was on the
albumin content and the physicochemical properties pH, buffer capac-
ity, osmolality, colloid osmotic pressure, and surface tension. It was
observed that the different albumin concentrations in the species-
specific media influenced the physicochemical properties of the media
and that the higher albumin content in SHM-ISF was reflected in a
higher buffer capacity and a lower surface tension, correlating with the
biological ISF reference samples. In initial stability studies, the physical
stability of the developed SISFs was shown to be suitable for storage at
refrigerator temperature and for conducting in vitro release studies at
34 °C for 8 days each. The newly developed media were used in initial in
vitro diffusion studies with a commercial injectable preparation of lir-
aglutide, a drug that binds to > 95 % of albumin. Although the in vitro
model used for this purpose still needs to be significantly modified, these
two new media will undoubtedly help to gain a better understanding of
the in vivo performance of subcutaneously injected formulations and will
make an important contribution to better understanding how results
obtained in preclinical species can be extrapolated to humans and, more
importantly, to avoiding unnecessary animal testing.
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