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Abstract

Parlow, J. 2026. Diffusion of model drugs in extracellular matrix mimetic hydrogels.
Towards an in vitro model for subcutaneous injection. Digital Comprehensive Summaries of
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Subcutaneous injection is the preferred administration route for degradation-sensitive
therapeutic peptides and proteins because it is patient-friendly and can provide sufficient
bioavailability. However, both bioavailability and absorption rate vary considerably and are
difficult to predict. As yet, no existing in vitro model can reliably estimate the pharmacokinetics
of new drug compounds, highlighting the need for methods that offer mechanistic insight into
transport processes under physiologically relevant conditions.

This thesis investigates the transport properties of model drugs with varying physicochemical
properties in hydrogels that mimic the extracellular matrix of subcutaneous tissue. Partitioning
and diffusion coefficients were measured in gels and in solution using confocal laser scanning
microscopy and fluorescence recovery after photobleaching (FRAP). Experimental results
were compared with theoretical models describing obstruction and electrostatic interactions,
and the experimentally derived parameters were incorporated into a physiologically based
pharmacokinetic (PBPK) model to predict subcutaneous absorption rate and bioavailability.

The results confirm that FRAP enables reliable quantification of local diffusion coefficients
in heterogeneous gels. Combined with information on distribution within the gel and gel—
solution partitioning, the method provides insight into interactions of the compounds with the
gel matrix. Composite collagen—hyaluronic acid gels proved to be the most physiologically
relevant, offering appropriate interaction sites along with reproducibility and stability.

Diffusivities in solution depended not only on molecular weight but also on molecular shape
and oligomerization. In gels, near-neutral compounds generally showed reduced partitioning
and diffusion, whereas highly positively charged peptides and proteins were enriched in
polymer-dense regions. This enrichment substantially decreased diffusivity due to obstruction
and electrostatic binding. The electrostatic interactions were decreased in the presence of human
serum albumin for compounds containing a high-affinity albumin-binding domain, effectively
facilitating their transport. Albumin also altered the apparent hydrodynamic size of some
molecules by solubilizing oligomers or forming larger complexes.

Finally, it was demonstrated that diffusion and partitioning data from collagen—hyaluronic
acid gels correlated with in vivo absorption rates of therapeutic proteins and could be
used to improve PBPK model predictions. Overall, the presented method offers a valuable
characterization tool that can facilitate the design of new drug candidates with predictable
pharmacokinetic profiles.
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Introduction

Subcutaneous administration route

Subcutaneous (SC) injection is a common route of administration for degra-
dation-sensitive drug compounds. One such class of compounds are therapeu-
tic peptides and proteins which include e.g., monoclonal antibodies (mAbs),
insulins and protein hormones. Due to limited uptake and sensitivity to degra-
dation, they exhibit poor oral bioavailability. Proteolytic degradation, as well
as first pass metabolism are avoided when parenteral routes are used [1]. Com-
pared to the intravenous route, SC administration is often preferred by the pa-
tients, since self-administration at the patient’s home is possible. This also
reduces the cost of the therapy, as fewer appointments with trained health care
personnel are needed, which makes it ideal for long-term treatment [2].

However, bioavailability is often incomplete, being in the range of 20-
100% and can vary considerably between patients and injection sites [3].
Moreover, the rate of absorption can be highly affected by many factors such
as physiological aspects, formulation characteristics, as well as physicochem-
ical properties of the drug compound [4] (Figure 1). Despite increased efforts
in recent years to understand the factors affecting the absorption rate and bio-
availability of SC drugs, they are still poorly understood. Different animal
models are used in early drug development in order to predict the absorption
behaviour of drug candidates in humans. However, only few have reliable pre-
dictive ability, since there are considerable differences in skin physiology and
immune responses between humans and animals [2].
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Physiology

administration site, tissue composition and
thickness, temperature, interstitial
pressure, lymph flow, vasculature density,
pathological changes, degradation, binding,
immunogenicity

.
Formulation Drug
concentration, pH, ionic strength, Molecular weight, size, shape, charge,

osmolarity, viscosity, stability, excipients, charge distribution, hydrophobicity,

drug delivery systems , injection valume and solubility, oligomerization/aggregation
rate, injection device propensity, stability

Figure 1. Factors affecting the absorption rate and bioavailability of subcutaneously
administered drugs. Figure adapted from [5] and based on references [1,2,4,6].

Physiology of the subcutaneous tissue

From histological and physiological studies [7-9] as well as X-ray tomogra-
phy studies of SC injection [10], the composition and organisation of the SC
tissue as well as the effect of the injection on its integrity can be understood.
The SC adipose tissue consists of 90% adipocytes, which have a diameter of
80 um and are arranged in lobules of 1 mm (Figure 2). The lobules are sur-
rounded by a 10 um thick open foam like structure composed of collagen fi-
brils, called the interlobular septa. Within the lobules the adipocytes are en-
veloped by the 2 pm thick reinforced basement membrane composed of col-
lagen I, III, IV, V and VI. When a drug formulation is injected subcutaneously,
it spreads out in the adipose tissue forming minor cracks in the septa in be-
tween lobules forming channels of 1 mm width in a 10-15 mm wide region
around the injection site.
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Figure 2. A) Schematic illustration of the subcutaneous tissue depicting adipocytes
organized into lobules separated by interlobular septa and microcracks formed after
injection. B). Schematic illustration of the extracellular matrix components the in-
jected drug encounters.

For systemic absorption, the drug compound has to be transported from this
reservoir to blood capillaries and lymph vessels which are embedded in the
extracellular matrix (ECM) of the tissue. Since each adipocyte is served by at
least one blood capillary [11], through which small compounds (<10 nm,
<16 kDa) can be absorbed, the transport distance for these compounds is in
the size range of 10-100 um and can be overcome through passive diffusion.
Larger compounds (10-100 nm) such as mAbs are mainly absorbed through
the lymphatic network [4]. Due to their low diffusivity, their transport is in-
stead heavily affected by the interstitial flow (0.1-2 pm/s) [12].

Extracellular matrix

As any subcutaneously injected compounds are in close contact with the ECM
of the tissue, their transport is likely to be affected by interactions with its
different components (Table 1). The biopolymers present in the tissue are, in
addition to collagen, also glycosaminoglycans, such as chondroitin sulphate
and hyaluronic acid (HA), which are highly negatively charged linear poly-
saccharides that are solubilized in the interstitial fluid of the tissue [1]. Besides
size exclusion effects and obstruction due to the mesh structure of the collagen
network, also electrostatic interactions with the glycosaminoglycans, as well
as adsorption, can be expected to alter the diffusivities of injected compounds.
Furthermore, therapeutic peptides or proteins formulated in a certain buffer at
pH and ionic strength suitable for long term storage at 5 °C can oligomerize
or aggregate upon injection into physiologic environment (pH 7.4, 155 mM,
34 °C). Drug-drug as well as drug-polymer complex formation would signif-
icantly lower the diffusivities of small peptide drugs.

13



Table 1. The main extracellular matrix (ECM) components and their properties. ?

ECM Charge Role in SC tissue Concentration
component atpH 7.4 in SC tissue
Collagen Positive  Structural 9-17 mg/ml ®
Hyaluronic  Negative Structural, hydration balance, lubrica- 0.5-1.8 mg/ml °
acid tion, regulation of protein distribution,

viscosity modifier
Albumin Negative Transporter of fatty acids and proteins  4-11 mg/ml ¢
table adapted from [1]
References: "[13,14], ¢ [13-15], 4 [16]

Another important element of the ECM is human serum albumin (HSA),
which is the most abundant plasma protein and present in the SC interstitial
fluid at relatively high concentrations of 4-11 mg/ml [16]. Due to its physio-
logical role as a carrier of fatty acids and proteins, it can be important for drug
absorption after SC injection. In fact, fusion to an albumin-binding domain
(ABD) is a well-established strategy to increase the plasma half-life of small
peptide/protein drugs that otherwise would be cleared rapidly via renal filtra-
tion [17,18].

In order to understand interactions and effects possibly influencing the
transport through the tissue and thereby the absorption of subcutaneously ad-
ministered drugs, there is a need for new physiologically relevant in vitro
models. These would be valuable tools in the early drug development of new
drug candidates, potentially decreasing the amount of animal experiments and
facilitating the development of new therapeutics for currently unmet medical
needs.

In vitro models for subcutaneous administration

In recent years, in vitro models with varying degree of complexity have been
developed, aiming to predict the in vivo performance of subcutaneously in-
jected drugs. Most complex is the ex vivo system Hyposkin [19], which makes
use of human skin biopsies from abdominal surgery. Formulations can be
tested via injection into the hypodermis of the sample and the absorption is
measured continuously as the concentration increases in the acceptor compart-
ment. This method is rather complicated and costly and because several fac-
tors can contribute to the observed absorption, no detailed mechanistic insight
into the effects of individual components can be gained.

Another commercially available method is the SCISSOR system (Subcuta-
neous Injection Site Simulator), which is based on dialysis [20]. When evalu-
ating a formulation in the SCISSOR system, the formulation of interest is in-
jected into a dialysis chamber containing high molecular weight HA.
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Thereafter, the light transmittance in the cartridge as well as the concentration
profile in the surrounding sink solution are measured over time. In this way,
precipitation, dissolution and release of the drug from the formulation as well
as the transport of the drug through the HA solution can be investigated. This
system has been shown to be able to predict the bioavailability of a set of
mAbs [3] and has also been evaluated for smaller peptide drugs [21]. Limita-
tions have been the stability of the HA inside the dialysis chamber as well as
sticking of the investigated drug compounds to the tubing in the SCISSOR
system. Lately, this system has been developed further to even include colla-
gen [22].

A variety of hydrogel based systems composed of collagen and HA have
been developed [23-25] while other approaches focus on size exclusion ef-
fects of the ECM polymer network using Sephadex or agarose gels [26-28].
Some of the methods were able to capture the rank order of different commer-
cially available formulations of insulin. Other research groups have focused
on the composition of the interstitial fluid [29], and yet others aim to elucidate
the effect of the lymphatic absorption using an on-chip lymphatics model as a
tool for rank ordering SC lymphatic absorption [30]. In addition to in vitro
methods, in silico approaches have been developed to model the pharmacoki-
netics of subcutaneously injected drugs [5,31-33]. Despite these increased ef-
forts and emerging tools for investigating factors affecting drug absorption
after SC injection, no single in vitro method has been sufficient to reliably
predict the bioavailability of a wide range of drug compounds intended for SC
administration [34,35].

In parallel, in our lab, an ECM mimetic hydrogel composed of crosslinked
collagen type I (COL) and HA has been developed and characterized [36].
The composite COL-HA gels represent a physiologically relevant environ-
ment since they resemble concentrations of COL and HA as in the biological
tissue as well as mechanical properties mimicking the ECM of the tissue. In
addition to obstruction effects and electrostatic interactions with negatively
charged HA, collagen fibres serve as a site for nonspecific adsorption. Fur-
thermore, the heterogeneous nature of the gel reflects the heterogeneity of the
biological tissue [37-39], with polymer-rich regions adjacent to regions of low
polymer concentration, where the movement of larger molecules and cells is
less restricted.

Because the hydrogel is covalently crosslinked, it is mechanically stable
and can be cast into molds of any size. Its composition is controllable and
tuneable, which could be beneficial when aiming to mimic different injection
sites or pathological changes of the tissue properties. The model is relatively
simple containing only two components, which makes it possible to
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understand the contributions of the different constituents. However, complex-
ity can be increased by incorporating additional components, e.g., HSA.

Fluorescence recovery after photo-bleaching

Fluorescence recovery after photo-bleaching (FRAP) is a versatile tool for
measurement of local as well as global diffusivities in heterogeneous hydro-
gels at the micrometre scale [40]. In general, a spot within the gel is imaged
at low laser intensity in order to minimize the photobleaching during image
acquisition. At time zero, the laser intensity is increased when scanning a pre-
determined region of interest (ROI), irreversibly bleaching a fraction of the
fluorescent molecules present in the ROI at that time. The recovery of the flu-
orescence intensity within the ROI is then monitored over time, as non-
bleached molecules from the surroundings enter and bleached molecules dif-
fuse out of the spot. From the resulting recovery curve, the self-diffusion co-
efficient can be extracted using mathematical models. If all fluorescent mole-
cules are mobile, the fluorescence intensity will recover completely. Incom-
plete recovery, on the other hand, indicates the presence of an immobile frac-
tion being “trapped” or bound within the spot in the gel [41].

Since the first FRAP experiments conducted in the 1970s [42,43], this
method has been used extensively in cell biology, pharmaceutical and food
science, and has been developed considerably in order to be more suitable for
quantitative determination in various challenging conditions. Computational
FRAP methods are all based on their own specific assumptions and range from
very simple empirical methods describing the recovery with a simple expo-
nential function [44] to closed form models based on theoretical descriptions
of the full FRAP process [45].

All-pixel based models, such as the rectangle FRAP method (rFRAP) pub-
lished by Deschout e al. [46] even take into account all available spatial and
temporal information of the image stack, yielding more accurate values of the
diffusion coefficient. Since the microscope’s effective photobleaching and im-
aging resolution is included in the free fitting parameter, the bleached rectan-
gle can have any size and aspect ratio, and diffusion during bleaching can be
compensated. Therefore, the rFRAP model, as one of the most flexible and
practical methods for quantitative FRAP analysis, is well suited for determi-
nation of self-diffusion coefficients of relatively fast diffusing probes, e.g.,
proteins and peptides within heterogeneous materials such as ECM mimetic
hydrogels.
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Aims of the thesis

The objective of this thesis was to investigate physicochemical aspects of the
absorption of drug molecules, in particular therapeutic peptides and pro-
teins, after subcutaneous administration. The partition and diffusion coef-
ficients of model drugs with varying properties (size, charge, oligomerization
propensity, glycosylation degree) were determined in solution and in hydro-
gels mimicking the extracellular matrix of the tissue. The aim was to eluci-
date the contribution of obstruction effects, size-exclusion, electrostatic in-
teractions as well as drug-drug and drug-polyelectrolyte complex for-
mation to the transport properties of the tested compounds. Furthermore, the
effect of the presence of albumin was investigated with special emphasis on
Affibody molecules containing an albumin-binding domain. Ultimately, the
goal was to develop an in vitro method to improve predictions of in vivo drug
absorption kinetics after subcutaneous injection.
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Methods

Hydrogels

Three different types of gels were used to evaluate the contribution of different
interactions with the gel matrix affecting the diffusivities of the model drugs.
Agarose (1%) gel was chosen as a neutral loose gel network reflecting merely
the obstruction effects of the polymer network. HA gels (2%) are highly neg-
atively charged and were chosen to, in addition to obstruction effects, eluci-
date the contribution of electrostatic interactions to the observed diffusivities.

HA (200 kDa) was chemically modified according to the protocol pre-
sented by Shu et al. [47]., which was adapted with the aim to attach a free
thiol-group to 20-30% of the carboxylic acid moieties of the polymer (Figure
3A). The degree of modification was determined with Ellman’s test [48] and
"H NMR [47]. Rat tail collagen type I was modified according to the protocol
by Ravichandran et al. [49], aiming for methacryloyl-functionalization of ap-
proximately 70% of the free amines of lysine and arginine residues within the
protein (Figure 3B). The degree of modification was determined with a color-
imetric assay [50] and '"H NMR [49].

For the fabrication of the mixed COL-HA gels, the modified polymer-pre-
cursors were cross-linked through Thiol-Michael Addition click-reaction [51].
For that, the freeze-dried precursors were dissolved in N»-flushed water and
mixed together with the photo-initiator. The mixture was cast into molds of
4 mm or 8§ mm diameter for microscopy studies and rheology characterization,
respectively, and crosslinked under ultraviolet light.

HA gels were made from 2% solutions of the thiol-modified HA in N»-
flushed water, cast into molds as above and crosslinked through oxidation and
formation of disulphide bridges at pH 9 when exposed to air. Agarose gels
were made from 1% agarose solution in phosphate buffered saline (PBS),
which formed a gel after heating to 80 °C, casting into molds as above, and
cooling to room temperature. All gels were washed and equilibrated in PBS
before they were used either for microscopy studies or for viscoelastic char-
acterization with rheology. To confirm successful crosslinking and evaluate
the mechanical properties of the gels, the storage G’ and the loss G’” moduli
were determined at varying oscillation strain and at varying oscillation fre-
quency as reported previously [52].
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Figure 3. Synthesis of thiol-modified hyaluronic acid (HA-SH) (A) and methacryloyl-
functionalized collagen (MAC) (B).

Model drugs

Model drugs were chosen to systematically vary in their physicochemical
properties (Table 2). In project I model drugs of approximately the same size
(3-4 kDa) with rather extreme differences in net charge (+20, -20 and neutral)
were chosen in order to demonstrate the method’s capability to detect electro-
static interactions within the gels in terms of altered diffusivity. Also, the
GLP-1 analogue exenatide, a 39 amino acid therapeutic peptide (net charge
- 2) used for treatment of diabetes, was included as an example of a subcuta-
neously administered drug.

In project II, the effect of size and charge on the diffusion within the gels
was investigated, using FITC-dextrans (FD) of varying sizes (4-150 kDa) as
well as small synthetic peptides (2 kDa) composed of different ratios of gly-
cines and lysines (GK-peptides) resulting in varying number of positive
charges (+2, +3, +5, +9).

In project 111, the transport properties of a set of HER2/HER3-targeting Af-
fibody molecules were investigated. The Affibody molecules represent a class
of small protein ligands (7-19 kDa) with similar subdomain structure and tar-
get-binding affinity but varying in size, charge, and HSA-binding propensity.
In addition, HSA and the mAb trastuzumab (Herceptin) were included as ref-
erence.
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In project IV, therapeutic proteins intended for SC administration were
chosen, covering a wide range of physicochemical properties and reported in
vivo absorption rates. These included the most common classes of SC phar-
maceuticals, insulins and mAbs, as well as protein hormones somatropin and
follitropin, and the biologic fusion protein etanercept.

Protein labelling and characterization

The peptides and proteins used in projects I, III, and IV were labelled with
amine-reactive fluorescein isothiocyanate (FITC) according to the standard
protocol [53]. Since reactive primary amines are present at the N-terminus as
well as at the lysine side chains of the peptides and proteins, multiple labelling
can occur. However, the reaction can be directed primarily towards the N-
terminus by controlling pH, reaction time, and FITC:peptide/protein molar ra-
tio. Multiple labelling can, in addition to the overall size, charge, and hydro-
phobicity of the molecule, potentially alter its secondary structure and aggre-
gation propensity, and cause fluorescence quenching. Therefore, mono-la-
belled products are preferable, and the product should be characterized post-
labelling.

The labelled peptides/proteins were purified through gel filtration, and the
concentration of the product was determined from absorbance measurements
at 280 nm and 495 nm. The degree of labelling was then calculated as the ratio
of labelled and unlabelled peptide/protein concentrations (F/P ratio). For ex-
enatide, insulins, Affibody molecules, and somatropin, the purity and number
of attached dye-molecules were determined with analytical high performance
liquid chromatography and mass spectrometry (HPLC-MS).

In order to understand the effect of labelling on the apparent hydrodynamic
size of the molecules as well as their secondary structure, dynamic light scat-
tering (DLS) and circular dichroism spectroscopy (CD) were carried out for
labelled and unlabelled equivalents of some of the tested molecules (GK-pep-
tides, Affibody molecules ZZA and 3A3, HSA, Herceptin).
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Table 2. The tested model drugs and their properties.

Model drug Format Mw  Net Paper
(kDa) charge?*

PLK20 Poly(L-lysine hydrobromide) 2.2-3.0 +20 I
17-23 amino acids

PLE20 Poly(L-glutamic acid sodium salt) 2.2-3.0 -20 I
17-23 amino acids

Exenatide GLP-1 analogue, 39 amino acids 4.2 -2 I

FD4 FITC-dextran (0.007 mol FITC/glucose) 4 -0.2 I, 11

FD10 FITC-dextran (0.011 mol FITC/glucose) 10 -0.6 II

FD40 FITC-dextran (0.005 mol FITC/glucose) 37 -1.0 II

FD70 FITC-dextran (0.013 mol FITC/glucose) 66 -4.8 II

FD150 FITC-dextran (0.005 mol FITC/glucose) 149 -4.2 II

GK3 FITC-Ahx-GW[KGGGGG]3-NH2 2.0 +2 I

GK4 FITC-Ahx-KWGGG[KGGGG]3-NH2 2.1 +3 I

GKo6 FITC-Ahx-GW[KGG]s-NH2 2.2 +5 I

GK10 FITC-Ahx-KW[KGJo-NH2 25 49 11

2 HER2-targeting Affibody molecule 7.6 +1 I
target-binding domain

2A HER2-targeting Affibody molecule 125 -1 I
target-binding domain and ABD

ZZA HMGBI -targeting Affibody molecule 192 -12 I
2 target-binding domains and 1 ABD

3 HER3-targeting Affibody molecule 7.4 0 I
target-binding domain

3A HER3-targeting Affibody molecule 120 +3 I
target-binding domain and ABD

3A3 HER3-targeting Affibody molecule 190 +4 I
2 target-binding domains and 1 ABD

HSA Human serum albumin 664 -19 I

Herceptin Monoclonal antibody, HER2-targeting 1455 +5.3 I

(trastuzumab)

Insulin Rapid-acting insulin, Aspartic acid at po- 5.8 -3.8 v

aspart sition B28, increased solubility and de-
creased propensity to self-associate

Insulin Regular human insulin, present as mono- 5.8 -2.8 v

human mers, dimers and hexamers

Insulin Acylation at Lysine B29, reversible bind- 5.9 -3.8 v

detemir ing to albumin

Somatropin  Human growth hormone 22.1 -6.1 v

Follitropin Follicle stimulating hormone, glycosyla- 33.7  -1.1 v

delta tion pattern with high sialic acid content

Etanercept Dimeric fusion protein, anti-TNF, com- 150 -4.9 v
plex glycosylation profile

Adalimumab Monoclonal antibody, Anti-TNF 144 +5.3 v

Denosumab  Monoclonal antibody, RANKL inhibitor 145 +8.6 v

NISTmADb Monoclonal antibody, reference material 150 +6.9 v

for characterization methods

*Estimated theoretical net charge at pH 7.4
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Dynamic light scattering

DLS is commonly used to determine particle sizes in solutions, suspensions,
and emulsions. In DLS, the sample is illuminated with a monochromatic co-
herent light source and the scattered light is recorded at a fixed angle. As the
particles in solution move relative to each other due to Brownian motion, the
frequency of the scattered light is shifted, causing a distribution of frequency
shifts over time, which can be determined in comparison to a coherent optical
reference. The optical reference can either be provided by the scattered light
itself (homodyne detection) or by a controlled reference (heterodyne detec-
tion) [54] (Figure 4). In both methods, the distribution of frequencies is used
to extract the size of the particles. The evaluation of the signal can be done
using a time-dependent autocorrelation function or a frequency power spec-
trum (FPS). Autocorrelation determines the average intensity based mean size,
and a polydispersity index and curve fitting algorithms are required to estimate
the particle size distribution. FPS, on the other hand, provides a more direct
measure of the size distribution [55].

A) B)

lo O¢ Laser c: - Qe
°5° 0500

-

s @ .
Laser Detector T
Scattered & RS
1Ighl ical S:cattered
I, optica light
window
(S
Detector

Figure 4. Schematic illustration of homodyne (A) and heterodyne (B) systems for dy-
namic light scattering adapted from [54,55]. In heterodyne detection, in addition to
scattered light (Is) also reference light (Ir) reaches the detector.

Since heterodyne detection in combination with FPS provides a stronger sig-
nal and enables the detection of multimodal distributions, it is especially use-
ful for small and low-scattering particles such as the peptides and proteins
investigated in this work. However, all DLS methods require sufficient con-
centrations and scattering properties of the particles. Moreover, the hydrody-
namic radius (r,) obtained from DLS reflects the size of a spherical particle
with the same diffusivity as the particle in the sample. In order to get an idea
of the real dimensions of the particle, additional information about its shape is
required.
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Partitioning

The solutions of FITC-labelled peptides/proteins were diluted to give concen-
trations as low as possible to avoid aggregation/precipitation and fluorescence
quenching while ensuring sufficient fluorescence signal. The gels were placed
directly in the wells of a chambered microscope slide and equilibrated in the
peptide/protein solutions. In papers II and IV, the partition coefficients (K)
were determined as the ratio of the mean fluorescence intensity within the gel
and in the surrounding solution. The gel-solution interface was imaged
100 pm into the sample with a confocal laser scanning microscope. Mean in-
tensities of representative ROIs within the gel and the solution were defined
and analysed using Fiji image analysis software [56]. In paper III, this was
done in an automated process instead, defining the partition coefficient as the
ratio of mean intensity in high intensity regions and low intensity regions iden-
tified via automatic thresholding.

Fluorescence recovery after photobleaching

For FRAP experiments, the fluorescently labelled compounds were intro-
duced into the gels via passive diffusion in order to avoid trapping within the
voids of the polymer networks. The gels were immersed in solutions of the
labelled peptides directly in the wells of the chambered microscope slide and
equilibrated for at least 48 hours. For determination of the self-diffusion coef-
ficients in solution, 5 pl of the solution was placed on a microscope slide pre-
pared with a 120 um double adhesive spacer forming wells of 9 mm diameter
and sealed with a cover slip. In this way, self-diffusion coefficients in a 3D
extended sample could be determined while avoiding any interference of con-
vection.

The FRAP experiments were performed 50-100 pm into the gel or solution
droplet using a 10x objective lens with low numerical aperture. For imaging,
a 488 nm argon laser was used at low intensity and the gain adjusted to achieve
high signal without oversaturated pixels. A square-shaped ROI (20-100 um)
was placed in the middle-left region of a 250-500 um frame. A reference re-
gion of similar size was chosen sufficiently far from the bleached ROI not to
be affected by the diffusion front. After recording 3 pre-bleach images, the
spot was bleached at high laser intensity for repeated iterations until the mean
intensity in the bleach ROI had dropped to 70-90% of the original value.
Thereafter, the fluorescence recovery was recorded in 50-100 frames acquired
at a fast scan rate (0.06-0.3 s per frame).

For image analysis, each frame was cropped to the ROI dimensions, ex-
tended by 10 pixels on all sides. Pixel intensities were subsequently double-
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normalized: first to the pre-bleaching intensity and then to the intensity of the
reference region.

ROI Refpre (1)
ROlLyre  Ref

F(x,y,t) =

where ROI is the intensity within the bleached region at each time point and
pixel, ROI,. is the intensity in the bleached region before the bleaching event,
Ref'is the mean intensity in the reference region, and Ref,. is the mean inten-
sity in the reference region before the bleaching event.

The double normalized intensity values for each pixel at each time point,
F(x,y,t), were simultaneously fitted with a least-squares fit in Matlab accord-
ing to the following equation:

+lx x_ll
F(x, Y t) = ®mob { 4 [erf (W) —erf («/r2+:Dt>] X

2 y-2
erf| = —erf( == | + (1 = Pmop) X (1 —-Ky X Fgr) )

where @05 1s the fraction of mobile molecules, K is the degree of photo-
bleaching, /. is the length of the bleached region in the x-direction, /, is the
width of the bleached region in the y-direction, 7 is the effective resolution
parameter, and D is the diffusion coefficient. Fiz; is the fraction of bleached
and bound molecules and is defined as follows:

1 if—1L/2<x <l/2and —L,/2<y <1,/2

Fgi(x,y,t ={
506y, 0) 0 otherwise

)

The free fitting parameters in this case are D, Ky, and r,. Representative im-
ages indicating the placement of the ROI and the reference region, as well as
examples of y-plots of the intensities at a fixed x-value over time are shown
in5.

24



t=25s ’ t=230s

Figure 5. rFRAP experiment for FITC-PLK20 in COL-HA gels. (A) Representative
images (256x256 pixels) showing the bleach moment (t = 0) and the recovery at time
points 5 s, 25 s and 230 s. A region with the size of the bleached square (50x50 pum)
extended by 10 pixels is used for analysis (yellow box). The bleached region is placed
within a high-intensity domain of the inhomogeneous gel and the reference region
(yellow box) is placed in a region of similar pre-bleach intensity, which is sufficiently
far from the bleached spot. For visual representation of the quality of the fit, the nor-
malized intensity (F) in each pixel at a certain y-value in the middle of the analysis
region is depicted at the same time points in (B).

The rFRAP model was validated with a series of measurements of FD4 in
sucrose solutions of varying viscosities in order to evaluate the agreement of
the resulting values with the theoretical values calculated from the Stokes-
Einstein equation:

_ kgT
o 6mNTH (4)

where kz is Boltzmann’s constant, 7 is the absolute temperature, # is the vis-
cosity, and 7y is the hydrodynamic radius of the diffusing particle. In addition,
the sensitivity of the method when changing spot size or using different mi-
croscopes was assessed.

Theoretical models
Mesh size

Many of the models describing the hindrance of the gel network for the diffu-
sion of a solute depending on its size, build on a reliable estimate of the hy-
drogel mesh size. One way to describe mesh size, which is compatible with
several different models giving accurate predictions of diffusivities in
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hydrogels, is the correlation length, & [57]. For weakly charged polymer net-
works in the presence of salt, it is defined as:

0.76
§=R, (%) 9
where R, is the radius of gyration and c¢’/c is the ratio between the overlap
concentration and the actual polymer concentration. For the mixed COL-HA
gel eq. (5) has to be adapted to represent the mixture of polymers, resulting in
the following equation introduced in paper II [58]:

(C;IA+C(*:OL))O.76 (6)

¢ = (xHARg,HA + xcoLRg.COL) ((CHA+CCOL)

where x4 and xco;, are the mole fractions of HA and COL chains, respectively,
and ¢ 4 and ¢ co., are the concentrations of HA and COL, respectively, at the
overlap concentration for the mixture with the same molar ratio of HA and
COL as in the gel.

Partitioning

Ogston model

Regarding the gel network as an array of randomly oriented cylindrical fibres,
the partition coefficient, K, of uncharged spherical macromolecules between

a hydrogel and the surrounding solution can be described by the Ogston model
[59,60]:

K =exp [—QD (1 + :—:)2] )

where @ is the volume fraction of polymer fibres, #; is the hydrodynamic ra-
dius of the sphere, and ryis the radius of the polymer fibres.

PB model

In order to predict the partition coefficient of the highly positively charged
peptides/proteins in the oppositely charged polyelectrolyte gels, electrostatic
interactions have to be considered as well. In the electrostatic peptide/protein
binding model (PB model) presented in paper II [58], the contribution of the
electrostatic binding to the partition coefficient, Kpg, for a peptide/protein of
charge, z, is described as follows:
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2o ()

Kpp = exp (_ RT
where F is the Faraday’s constant, R is the ideal gas constant, 7 is the absolute
temperature, and Ay is the difference in mean electrostatic potential between
the polymer-rich domain and the liquid which can be calculated for a cell re-
flecting the total composition of the polyelectrolyte system using the “PB cell”
software [61].

Diffusion
Obstruction model

The obstruction model derived by Amsden [57,62] is based on the Ogston
expression for the distribution of spherical spaces between randomly oriented
linear fibres and describes the effect of increased path length for the diffusing
solute due to the presence of impenetrable obstacles. It relates the relative dif-
fusion coefficient within the gels compared to the diffusion coefficient in so-
lution, Dg.//Dsqi, to the solute size, 75, the polymer fibre radius, 74, and the hy-
drogel mesh size expressed as correlation length, & (eq. (5) or (6)), as follows:

Dget _ exp [—n (m)z] )

Dgo1 $+2Tf

The predictions of the obstruction model in combination with the correlation
length as measure of mesh size have been shown to give reliable estimates of
Dyei/Dsor for molecules over a wide range of hydrodynamic radii (0.15-2.9 nm)
and hydrogel mesh sizes (1-11 nm) [57].

Hydrodynamic model

The semiempirical hydrodynamic model derived by Cukier [63] and devel-
oped by Fujiyabu et al. [64] is a somewhat simpler expression describing the
decrease of the diffusivity in the hydrogel as a result of enhanced frictional
drag in the proximity to the polymer chains. Making use of the correlation
length as measure of mesh size, &, and the hydrodynamic diameter of the so-
lute, dj, the expression:

%: exp (—%) (10)

has been shown to provide predictions of Dge/Dso with good agreement with
experimental data, similar to the obstruction model [57].
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PB model

Both the obstruction model and the hydrodynamic model are only valid for
uncharged spherical molecules. In order to take into account also electrostatic
interactions, the PB model presented in paper II [58] can be used. It describes
the contribution of electrostatic interactions to the overall, (Dge/Dsoy)ps, de-
pending on the net charge, z, of the peptide/protein as follows:

(i), = v (1)

where 7" is a geometrical factor for the relative size of the domains surrounding
the polymer chains containing bound molecules, and # is the ratio of concen-
trations of positive charges in respectively the bound, C?., and free, C's, do-
mains, both obtained from solutions of the Poisson-Boltzmann equation in cy-
lindrical geometry by means of the software “PB cell” developed by Bengt
Jonsson, Lund University [61]. The correction factor 4 is introduced to correct
for the competitive binding of peptide/protein and sodium ions to HA and was
estimated from curve fitting of data in paper II to be 0.64 for COL-HA gels
and 0.48 for HA gels.

Physiologically-based Pharmacokinetic Modelling

In silico mechanistic mathematical models, such as physiologically-based
pharmacokinetic (PBPK) models, can be used to describe and predict SC drug
absorption. Integrating mechanistic knowledge of anatomy, physiology and
drug disposition, PBPK models predict the drug concentrations in plasma,
lymphatics and different tissues [65]. In many models describing the absorp-
tion of therapeutic peptides and proteins, administration and organ compart-
ments are divided into vascular and interstitial sub-compartments, in which
the transport is governed by both convection and diffusion [5]. Absorption is
often described using the two-pores formalism [66], in which a large number
of small pores (~9 nm) and a smaller number of large pores (~50 nm) represent
the available connection between the interstitial space and plasma.

The PBPK model used in this work is illustrated schematically in Figure 6.
It describes the injection site as the formulation depot of a certain volume sur-
rounded by interstitial tissue layers with discrete thickness. Upon injection
50% of the injected volume will disperse directly into the adjacent tissue lay-
ers, whereas the rest remains in the cylinder-shaped depot. Thereafter the drug
distributes to the different layers over time as a result of passive diffusion. In
each layer, drainage to the plasma and the lymphatics is represented. In
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addition, uptake into cells can occur, where endosomal functionalities (e.g.,
degradation, FcRn-recycling) are present. The sum of all processes results in
simulations of the total absorption profile and bioavailability. For comparison
to literature data, the maximum value at the absorption plateau was regarded
as a prediction of bioavailability, and the time to reach 90% absorption (tgoe)
was used as a measure of absorption rate to compare to the time to maximum
plasma concentration (tmax). Simulations were done either with default settings
in which the size and the diffusion coefficient of the compound were predicted
from its molecular weight, or using the size and diffusion coefficient deter-
mined experimentally.

“Dispersion”

.

Pores 9 nm

Pores 50 nm

<«

Degradation

Figure 6. Schematic illustration of the PBPK model.

29



Results and Discussion

Gel properties and stability

After casting, all gels were firm and transparent (Figure 7A), maintaining their
shape upon equilibration in PBS buffer containing 0.02% NaNj;. The mechan-
ical properties of COL-HA gels in terms of the storage modulus G’ were eval-
uated directly after fabrication and at several time points of storage, in order
to confirm successful crosslinking as well as stability of the gel. When storing
the gels in PBS buffer with 0.02% NaNj at 5 °C, the storage modulus G’ of
COL-HA gels remained unchanged over at least 8 months, indicating that the
gels are mechanically stable for that time period (Figure 7B).

A) B)

2000

500

- 0
._[ 1day 2weeks 4 weeks 4 months 8 months

Figure 7. A) COL-HA gel (4 mm diameter) after casting and equilibration in PBS. B)
Storage modulus G' of COL-HA gels (8 mm diameter) after different storage times in
PBS with 0.02% NaNj;. Shown are the average and standard deviation of 3 gels at each
time point.

The fabrication of HA gels was less robust, resulting in larger variation of G’
between batches (1822+1078 Pa), which decreased considerably after 1-2
weeks of storage (2774216 Pa). Moreover, HA gels were shrinking over time,
indicating rearrangement of the cross-links, resulting in changes in the micro-
structure of the gel network. Although studies in gels merely consisting of HA
can contribute insights about interactions with this particular component of

30



the ECM, the stability issues along with the relatively high HA concentration
(2%) and dense structure compared to biological tissue, make this gel type less
suitable as a model of the ECM. Therefore, studies were limited to COL-HA
gels and neutral Agarose gels as control in projects I and IV.

Another interesting feature of the COL-HA gels is that they exhibit a rather
heterogeneous microstructure with polymer-rich regions interspaced with pol-
ymer-lean regions, which can be seen in images of the gels in which the auto-
fluorescence of COL is recorded (Figure 8A). In microscopy images of COL-
HA gels immersed in FD500 (Figure 8B), the relatively large FD500
(rv=14 nm) is effectively excluded from the denser regions, which appear as
dark structures interrupted by channels of high intensity, where FD500 can
enter freely. From these images, the fraction of the dense polymer-rich regions
was estimated to be ~0.5. Hence, assuming for simplicity that the polymer
concentration in the polymer-lean regions is ~0, the effective concentration
within the polymer-rich regions can be estimated as double the average con-
centration. From that, an estimate of the mesh size within the polymer-rich
regions can be calculated using eq. (2).

Figure 8. Confocal microscopy images (640x640 um) of COL-HA gels at the interface
to the surrounding solution indicate the presence of polymer-rich and polymer-lean
domains. Recordings of collagen’s autofluorescence A) show polymer-rich and poly-
mer-lean regions. The bright structures in B) originate from FITC-dextran (500 kDa)
filling the voids in between the polymer-rich domains.

In Table 3, the properties of the gels in terms of G’, mesh size, polymer con-

centration, polymer fibre radius, and polymer volume fractions are summa-
rized.
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Table 3. Properties of the tested gels.

Agarose HA COL-HA

G’ (Pa) 8906920 1822+1078 1914+261
Mesh size (nm)®
Average 20¢ 4.9 8.3¢(8.6%
Polymer-rich domains 4.94(5.1°)
Polymer concentrations (%)
Average 1 2 COL: 0.8

HA: 0.16¢ (0.12¢)
Polymer-rich domains - - COL: 1.6

HA: 0.39(0.24°)
Polymer volume fraction 0.0098 0.011 0.00704 (0.0068°)
Polymer fibre radius (nm) 1.9 0.4 0.69¢ (0.70%)

2 Data are presented as average + standard deviation of measurements in 6, 39 and 9 gels of
Agarose, COL-HA and HA respectively.

b calculated using egs. (5) and (6)

¢ chosen to fit data from FD diffusion experiments

4 gels in paper L, I1, IV

¢ gels in paper 111

Effect of labelling

The effect of FITC-labelling on the properties of the peptides/proteins was
evaluated in terms of hydrodynamic radius determined with DLS and second-
ary structure determined with CD of labelled and unlabelled equivalents for
some of the model compounds. DLS measurements showed a small increase
in hydrodynamic radii for the labelled versions of HSA and GK-peptides GK3,
GK4 and GK6, whereas labelled Affibody molecule ZZA appeared smaller
than the unlabelled equivalent (Table 4). For labelled GK10, on the other
hand, larger particles were detected (222+99 nm), indicating the formation of
aggregates at the studied experimental conditions (155 mM PBS pH 7.4, conc.
10 mg/ml). However, it should be noted that for DLS measurements, relatively
high concentrations are needed (10 mg/ml). Since the concentrations in FRAP
experiments are much lower (0.04 mg/ml), the peptides can be expected to be
present in their monomer form.

Table 4. Hydrodynamic radii (r) of unlabelled and labelled peptides/proteins.

Peptide/protein rn unlabelled (nm) rn labelled (nm)
GK3 1.10 2.53
GK4 1.09 1.31
GKo6 1.11 1.44
GK10 1.12 222
77A 2.50 2.42
HSA 2.51 2.68
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At the studied conditions, CD spectra showed no difference between the la-
belled and the unlabelled equivalents of the peptides/proteins (Figure 9). The
GK peptides displayed spectra typical for random coil, whereas Affibody mol-
ecules showed typical bands for alpha helical structures, and the mAb
trastuzumab (Herceptin) showed signals corresponding to beta-sheet for-
mations.

—— Herceptin
3 ——FITC-Herceptin| |

CD (mdeg)
CD (mdeg)

-10 1 L L L 1 -2 L 1 I I 1
190 200 210 220 230 240 250 190 200 210 220 230 240 250
wavelength (nm) wavelength (nm)

Figure 9. Representative CD-spectra showing typical signals for alpha helical struc-
tures for the Affibody molecule 3A (A) and characteristic bands for beta-sheets for
Herceptin (B). No difference between FITC-labelled (red lines) and unlabelled (blue
lines) equivalents of the proteins can be seen.

To conclude, the chemical conjugation of FITC to a small peptide can have a
major impact on its overall physicochemical properties such as size, charge,
hydrophobicity, and aggregation propensity. However, for larger proteins the
labelling is likely not to affect their properties to the same extent. Neverthe-
less, the effect of labelling should be tested and discussed for each molecule
individually and clear conclusions can only be drawn when comparing similar
molecules with systematically varied properties.

Validation of the FRAP method

In order to validate the accuracy and robustness of the FRAP method, the self-
diffusion coefficients of FD4 in PBS solutions with varying viscosities were
determined and compared to values predicted from the Stokes-Einstein equa-
tion (eq. (4), Figure 10). Despite varying experimental conditions such as the
size of the bleached ROI as well as the microscope used, the obtained values
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were in agreement with the expected diffusion coefficients. However, it
should be noted that diffusion coefficients larger than 80 um?s were slightly
overestimated. Hence, the FRAP method is especially suitable for quantitative
determination of diffusivities of therapeutic proteins with 1r;>2.7 nm
(Mw>25 kDa) and even for smaller peptides/proteins in the case of hindered
diffusion within hydrogels.

Figure 10. Diffusivities (D) of 4 kDa FITC-dextran in sucrose solutions of varying
viscosities at 20 °C analysed with rFRAP using different spot sizes (20 pm, 50 pm or
100 um) and different microscopes (SIM or LSM700). The line represents theoretical
diffusion coefficients calculated with the Stokes-Einstein equation (eq. (4)).

Hydrodynamic size

The hydrodynamic size of all tested compounds was determined with FRAP
in PBS solution at the same concentrations as the subsequent experiments. For
globular proteins, it has been shown that the hydrodynamic radius (7, in nm)
of the protein generally is related to its molecular weight (Mw in kDa) accord-
ing to the following equation [67]:

1
r, = 0.912Mw3 (12)

For FITC-dextrans (FD), the equivalent relation to estimate 7y, is the following
[57]:
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1, = 0.645Mw'/? (13)

In Figure 11, predictions of the hydrodynamic radii for globular proteins (eq.
(12)) and FDs (eq. (13)) are shown, as well as the experimentally determined
hydrodynamic radii of all tested model drugs. For small peptides/proteins
(Mw<6 kDa) and for FDs, the predictions are in good agreement with experi-
mental data. FDs up to 70 kDa are in the size range relevant for therapeutic
peptides/proteins and are therefore suitable model compounds. The hydrody-
namic radius of FD150, on the other hand, is much larger than for mAbs of
equivalent molecular weight (9.6 nm for FD150 compared to 5-6 nm for
mAbs). Since the mesh size of most of the studied gels is in the range of 4-
20 nm, FD150 cannot be expected to enter the gels to a large extent and is
therefore excluded in the subsequent result sections.

10
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Figure 11. Hydrodynamic radius () of all tested compounds determined with FRAP
in PBS solution. The lines represent predictions for globular proteins (eq. (12), solid)
and FITC-dextrans (eq. (13), dashed).

For larger proteins (Mw>7kDa), the experimentally determined values deviate
from the predictions, indicating that their hydrodynamic size is affected by
other factors in addition to molecular weight, such as shape, oligomerization,
and glycosylation pattern. This was most pronounced for the Affibody mole-
cules for which the experimentally determined hydrodynamic radii deviated
considerably from the predictions. This can be partly attributed to their shape
being rather ellipsoidal, as can be visualized from AlphaFold predictions (Fig-
ure 12A).
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Figure 12. Structural visualization of Affibody molecules 3, 3A and 3A3 based on
AlphaFold-predictions (A) and hydrodynamic radii () of Affibody molecules ZZA
(B) and 3A3 (C) at different concentrations determined with FRAP in PBS solution
with and without presence of 10 mg/ml unlabelled HSA.

However, merely the ellipsoidal shape is not sufficient to explain the appar-
ently high hydrodynamic radii of the Affibody molecules. Evaluating the ap-
parent hydrodynamic radii of Affibody molecules ZZA and 3A3 with FRAP
at varying concentrations (Figure 12B, C), a clear trend of increasing size with
increasing concentration is visible, indicating that concentration dependent re-
versible oligomerization may lead to the formation of complexes of larger size
than Affibody monomers. When unlabelled HSA is present in the buffer solu-
tion, both ZZA and 3A3, which both contain a high-affinity ABD, appear
larger (r=4 nm), reflecting the size of the HSA-Affibody complex. Increasing
the concentration of ZZA does not affect its apparent hydrodynamic radius in
presence of HSA, whereas the apparent hydrodynamic radius of 3A3 increases
with increasing concentration. This can be seen as an indication of the
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formation of larger complexes composed of several HSA-Affibody entities.
However, the size and identity of these complexes cannot be determined from
diffusion measurements only.

Partitioning

The investigated model drugs were chosen to be able to enter the relatively
loose gel network of the different gels via passive diffusion. After equilibra-
tion of the gels in solutions of the fluorescently labelled compounds, most of
the gels were indistinguishable from the surrounding solution. Near neutral
compounds of small to intermediate size distributed evenly between gel and
solution, which can be seen in microscopy images of the gel-solution interface
as low contrast between the different regions (Figure 13A).

Figure 13. Confocal microscopy images (640x640 um or 1280x1280 um) of FITC-
labelled Insulin aspart (A), denosumab (B) and etanercept (C) in COL-HA gels at the
interface between gel and solution 100 um into the gel. Insulin aspart is relatively
evenly distributed within the gel, whereas denosumab is enriched in fibre-like struc-
tures and etanercept appears to be restricted from entering the polymer-rich domains.

Highly positively charged compounds were enriched in COL-HA and HA gels
due to electrostatic interactions with the oppositely charged gel network. In-
terestingly, in COL-HA gels, structures of high intensity were visible adjacent
to channels of similar intensity as the surrounding solution, indicating in-
creased distribution to the polymer-rich regions of the gel (Figure 13B). For
larger or highly negatively charged compounds, on the other hand, polymer-
rich domains appeared as darker regions of the gel surrounded by channels of
similar intensity as the surrounding solution (Figure 13C). This observation
was quantified in terms of the partition coefficient (K), which was defined as
the ratio of the mean fluorescence intensity within the gel and the mean fluo-
rescence intensity in the surrounding solution.
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Figure 14. Partition coefficients (K) determined experimentally as the ratio of the flu-
orescence intensity within the gel and the surrounding solution for model drugs with
varying hydrodynamic radius () in the different gel types A) agarose, B) hyaluronic
acid (HA) and C) mixed collagen-hyaluronic acid (COL-HA). The lines represent pre-
dictions of K as a function of 1, calculated with the Ogston model (eq. (7)). Net posi-
tively charged compounds are highlighted in red.

In Figure 14, the experimentally determined partition coefficients are depicted
in comparison to the Ogston model (eq. (7)). The data points in agarose gel
are in good agreement with the theoretical model when assuming a mesh size
of 20 nm. Considering HA and COL-HA gels, on the other hand, electrostatic
interactions of the net positively charged compounds result in enrichment in
the oppositely charged gels, which has to be described with a different theo-
retical model.
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In Figure 15, the electrostatic PB model (eq. (8)) describing the contribu-
tion of electrostatic binding to the partition coefficients is visualized in com-
parison to experimental data. In order to highlight the electrostatic effects, the
experimentally determined partition coefficients were divided by their respec-
tive obstruction factors determined with (eq. (7)), resulting in Kpg. Clearly,
the model captures the trend of increased partitioning to HA gel and COL-HA
gel depending on the net charge.
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Figure 15. The contribution of electrostatic interactions to the partition coefficient
(Kpg) in (A) hyaluronic acid gels (HA) and B) mixed collagen-hyaluronic acid gels
(COL-HA) as a function of the net charge (z) of the model drugs. The line represents
the electrostatic peptide binding model (eq. (8)). Small diamonds correspond to Af-
fibody molecules assuming +4 increased charge.

However, for the tested Affibody molecules, the calculated Kpg are slightly
higher than predicted by the PB model (Figure 15B). There are several possi-
ble explanations for this. As discussed in the section about hydrodynamic size,
there were clear signs of oligomerization of the Affibody molecules in solu-
tion. For calculation of the obstruction factor, the hydrodynamic radius deter-
mined in solution is used, which in the case of Affibody molecules reflects the
size of the monomer-oligomer mixture present in solution. A shift of the mon-
omer-oligomer equilibrium within the gel towards a larger extent of mono-
mers with smaller hydrodynamic radii would imply an overestimated obstruc-
tion factor, which, to some extent, would explain the shift of the data points
towards higher Kpg.

Additionally, oligomers present within the gel would be expected to have
an increased overall apparent net charge of the complex compared to the as-
sumed net charge of the monomer. Moreover, charge regulation in presence
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of the oppositely charged polyelectrolyte can lead to increased apparent net
surface charge of the complex macromolecules [68,69]. Assuming charge reg-
ulation to a net charge of +4 higher for all the Affibody molecules that were
enriched in the gel provides a good fit with the theoretical model (small dia-
monds in Figure 15B).

Diffusion
Agarose gel

The diffusivity of a compound within the gel network relative to its diffusivity
in solution (Dge1/Dsor) can be described by theoretical models as a function of
its hydrodynamic size. In Figure 16, the obstruction model (eq. (9)) and the
hydrodynamic model (eq. (10) are visualized in comparison to experimental
data from all projects included in this thesis. Both models are in fairly good
agreement with experimental data for FDs, small peptides, other proteins and
mAbs (Figure 16A).

The behaviour of the insulins and the Affibody molecules, on the other
hand, are not well described by either of the models (Figure 16B). Interest-
ingly, these are compounds for which the diffusion can be affected by their
oligomerization state. Disturbance of the equilibrium of monomers, dimers,
and oligomers in presence of the gel network would have a considerable im-
pact on the relative diffusivity as it is normalized with the diffusivity in solu-
tion (Dge/Dso). Whereas the gel network appears to favour the monomer ver-
sion of the Affibody molecules, leading to apparently increased Dgei/Dsor>1,
the insulins appear to be present in a higher oligomerization state when inside
the gel leading to decreased diffusivities and Dge1/Dsor lower than expected.

It can be concluded that both obstruction and hydrodynamic models work
well to describe the diffusivities of a variety of differing macromolecules in
neutral agarose gels, but the models are less suitable to predict the diffusivities
of molecules that are prone to form oligomers. Moreover, measurements of
diffusivities in hydrogels can give indications of macromolecules’ oligomeri-
zation propensity in confined spaces.
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Figure 16. Normalized diffusivities (Dget/Dsor) in Agarose gel in comparison to theo-
retical predictions calculated with the obstruction model (eq. (5)) or hydrodynamic
model (eq. (10)). Experimental data for FDs, small peptides, other proteins and mAbs
are in good agreement with the models (A), whereas data for insulins and Affibody
molecules deviate from the predictions (B).

HA-gel

Gels composed of 2% thiol-modified HA exhibit a homogeneous and rela-
tively dense gel network with a mesh size of ~4.9 nm, so that only the subset
of smaller compounds (rv<4 nm) is relevant for studies of diffusion within the
gel. In Figure 17A, experimentally determined Dgc1/Dsor for FDs and peptides
with rp<4nm are depicted as a function of their hydrodynamic radius in com-
parison to predictions of the obstruction model (eq. (9)) and the hydrodynamic
model (eq. (10)). The models are in reasonable agreement with the experi-
mental data for near-neutral compounds (net charge between -2 and +2).

The Dgei/Dsol of highly charged compounds, on the other hand, deviate con-
siderably from the predictions, since electrostatic interactions in the highly
charged HA gels play an important role for the diffusivities of charged pep-
tides. In Figure 17B, the results are expressed as (Dgel/Dsol)ps, Which is Dgei/Diol
divided by the obstruction factor according to eq. (9), in order to compensate
for obstruction effects. The PB model (eq. (11)) describing the contribution of
electrostatic interactions to the decrease in diffusivity for the positively
charged compounds as a function of their net charge, is in good agreement
with experimental data.
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Figure 17. A) Normalized diffusivities (Dgel/Dsor) of small model compounds (rn<4nm)
in HA gel as a function of their hydrodynamic radius (r). The lines represent theoret-
ical Dgei/Dsor calculated with the obstruction model (eq. (9)) or hydrodynamic model
(eq. (10)). Near-neutral compounds (net charge between -2 and +2) are highlighted in
light purple. B) The contribution of electrostatic interactions to the normalized diffu-
sivities (Dgei/Dsor)pp 0f positively charged peptides in HA gels. The line represents the
electrostatic peptide binding model (eq. (11)).

Interestingly, also negatively charged compounds appear to be affected by
electrostatic interactions with the gel network. The diffusivity of PLE20 (-20)
and exenatide (-3) appeared to be increased in HA gels. The reason for that is
not clear, but could be attributed to electrostatic repulsion of the HA chains
effectively pushing the compounds to channels of low polymer concentration.
Additional measurements of peptides with varying number of negative
charges would be needed to develop and test the predictive ability of theoret-
ical models describing the apparent increase of the diffusivities for negatively
charged compounds. However, since the partitioning of highly negatively
charged compounds to gels of the same charge is low, it is challenging to
achieve a sufficient concentration of fluorescently labelled compounds within
the gel to determine the diffusion coefficient with FRAP.

In conclusion, HA gels are suitable for investigation of electrostatic inter-
actions of small compounds (r»<4 nm). The presented PB-model, in conjunc-
tion with the obstruction model, can be used to predict the decrease in the
diffusivities for positively charged compounds in oppositely charged gels.

COL-HA gel

As can be seen in Figure 18, neither the obstruction model nor the hydrody-
namic model is sufficient to describe the change in diffusivities in COL-HA
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gels. In the complex environment that the hybrid gel network represents, other
effects such as oligomerization, adsorption, size exclusion, and electrostatic
interactions can affect the observed diffusivities. In the following, the obstruc-
tion model will be used to account for the contribution of hindered diffusion
within the gel due to size effects.
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Figure 18. Normalized diffusivities (Dge/Dsor) of all model compounds in COL-HA
gel as a function of their hydrodynamic radius (rn). The lines represent theoretical
Dgei/Dsor calculated with the obstruction model (eq. (9)) or hydrodynamic model (eq.
(10)).

From microscopy images, it is evident that positively charged compounds tend
to enrich in polymer-rich regions of the gel. Since the mesh size in these re-
gions is narrower, the observed Dgei/Dsol for compounds that are enriched in
the gel (K>1) is lower than expected from predictions with the obstruction
model based on the average mesh size of the gel. Using the mesh size of the
polymer-rich region instead provides closer agreement with experimental data
(Figure 19A). For compounds with K<0.9, on the other hand, Dg/Dsol is better
described using the average mesh size of the gel. Compounds with r,>4 nm
deviate from both curves as they appear to be distributed to the polymer-lean
regions of the gel, where the diffusion is less restricted.

Thus, the uneven distribution between polymer-rich and polymer-lean re-
gions can explain some of the observed trends. However, the large decrease
of the diffusivities with increasing number of positive charges has to be ex-
plained by additional electrostatic effects. Figure 19B shows the experimental
Dget/Dsot Values, normalized by the respective obstruction factor according to
eq. (9), to isolate the contribution of electrostatic interactions ((Dgel/Dsor)pB)
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for compounds with K>1. These data are compared with the predictions of the
PB model (eq. (11)). For compounds with r,<4nm, the mesh size of the poly-
mer-rich region was used, whereas for larger compounds the average mesh
size of the gel was used for calculation of the obstruction factor. The model is
in qualitative agreement with most of the experimental data, describing a sharp
decrease in the diffusivities for compounds with a net charge above 5. Again,
assuming the Affibody molecules to charge regulate to charges increased by
4, better agreement with the model is achieved (small diamonds in Figure
19B).
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Figure 19. A) Normalized diffusivities (Dge/Dsor) of model compounds enriched in the
gel (K>1) or depleted from the gel (K<0.9) in COL-HA gel as a function of their
hydrodynamic radius (ry). The lines represent theoretical Dgci/Dsor calculated with the
obstruction model (eq. (9)) using the average mesh size of the gel (§ = 8.3 nm) or the
mesh size in the polymer-rich regions of the gel (§ = 4.9 nm). B) The contribution of
electrostatic interactions to the normalized diffusivities (Dgei/Dsot)ps of model drugs
enriched in COL-HA gels (K>1). The line represents the electrostatic peptide binding
model (eq. (11)). Small diamonds correspond to Affibody molecules assuming +4 in-
creased charge.

To conclude, the results demonstrate that the diffusivities of most of the tested
model drugs in COL-HA gels were affected by their size and charge to an
extent that can be quantified and predicted by theoretical models. However,
for complex molecules, the apparent size and charge are not only determined
by their molecular weight and net charge, but also by oligomerization and
charge regulation processes. The presented in vitro method provides a tool to
investigate these properties of drug candidates intended for SC injection.
Moreover, the distribution of the compounds between polymer-rich and
polymer-lean domains within the gels also has an impact on the resulting
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diffusivities of the model drugs. Due to the heterogeneous nature of the bio-
logical tissue, this is relevant in the context of ECM mimetic systems. Through
qualitative analysis of microscopy images, this distribution can be assessed
and considered, providing additional insights into the transport behaviour of
different model drugs.

Effects of albumin presence
Apparent size

For Affibody molecules including a high affinity ABD, strong binding to HSA
could be confirmed in solution and was clearly evident as a decrease of the
diffusivity in presence of HSA (Figure 20). The resulting HSA-Affibody com-
plex for Affibody molecules 3A and 3A3 had the same diffusivity as the full-
size mAb Herceptin, indicating that presumably also larger complexes were
present. The size and identity of the complexes, however, were not investi-
gated in this work.

Interestingly, Affibody molecules 2 and 3, despite not containing an ABD,
were also affected by the presence of HSA, but in the opposite direction, re-
sulting in higher diffusivities in solution. This effect can be attributed to the
solubilizing property of HSA [70], shifting the monomer-oligomer equilib-
rium of the Affibody molecules towards the monomer form.
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Figure 20. Experimentally determined diffusivities (D) of HER2-binders and ZZA (A)
and HER3-binders and Herceptin (B). Statistically significant differences between
measurements in PBS solution without (light columns) and with HSA (darker col-
umns) are indicated (***, p<0.0001).

45



Distribution within the gel

As discussed in the section about partitioning, some of the Affibody molecules
(2A, 2, 3A and 3A3) were clearly enriched in COL-HA gels, showing regions
of high intensity surrounded by regions of low intensity (Figure 21, upper
row). When unlabelled HSA was present, the distribution of Affibody mole-
cules containing an ABD was much more even within the gel (Figure 21,
lower row). Binding to HSA appears to suppress the electrostatic binding of
the Affibody molecules to the gel network, relocating the HSA-Affibody com-
plex to the polymer-lean regions of the gel where the mesh size is larger.

2A 3A 3A3
N . . .
COL-HA
+HSA

Figure 21. Microscopy images (246x246 um) of FITC-labelled Affibody molecules
2A, 2, 3A and 3A3 in collagen-hyaluronic acid gels without (upper row) and with 10
mg/ml unlabelled HSA in the solution (lower row). Distinct structures of high inten-
sity can be distinguished in absence of HSA, which are not present in presence of
HSA with the exception of Affibody molecule 2 lacking ABD, for which the struc-
tures are even more pronounced in presence of HSA.

2

The shift towards polymer-lean regions of the gel results in increased Dgel/Dsor.
However, since the size of the complex increases due to binding to HSA, the
absolute diffusivity is also affected in the opposite direction. In the case of
Aftibody molecule 2A, the two opposing effects balance so that its diffusivity
remains effectively unchanged (Figure 22), although binding to HSA is clearly
evident from the changed distribution within gels. For the highly positively
charged Affibody molecules 3A and 3A3, on the other hand, the redistribution
and decreased electrostatic binding dominate. For these molecules, HSA ef-
fectively acts as a transporter, increasing the diffusivities in the gel.

For Affibody molecule 2, which does not include an ABD, the partitioning
to the polymer-rich regions increased in presence of HSA (Figure 21). The
reason for that is unclear, but it highlights the complex interplay between the
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gel network, HSA, and the Affibody molecule with varying molecular design
and physicochemical properties. The presented in vitro model can be a useful
tool for systematic evaluation of these aspects, facilitating the development of
new Affibody-based drugs with tuneable absorption properties.
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Figure 22. Experimentally determined diffusivities (D) of HER2-binders and ZZA (A)
and HER3-binders and Herceptin (B) in COL-HA gel. Statistically significant differ-
ences between measurements in PBS solution without (light columns) and with HSA
(darker columns) are indicated (*** p <0.0001; *, p <0.01; -, p <0.05).

Prediction of in vivo absorption rate

In project IV, the experimentally determined parameters (1, K, D) for eight
therapeutic proteins intended for SC administration, were used to inform a
PBPK model for the prediction of absorption rate and bioavailability after SC
administration. In Figure 23, the time to achieve 90% of the maximum fraction
absorbed as predicted from different runs of the PBPK model (tooy), is com-
pared to tmax reported in the literature. It should be noted that tmax is not only
affected by a compound’s absorption kinetics but also by the elimination pro-
cesses occurring during the absorption phase, whereas togy, reflects merely the
time to reach an arbitrarily chosen percentage of absorption. Although togy is
not directly related to tmax, both terms reflect the absorption rate and can be
used to compare the rank order of the different compounds. The proteins were
chosen to represent a wide range of absorption profiles, ranging from fast-
acting insulin aspart with tmax just below 1h, to the mAb denosumab for which
the highest plasma concentration is reached after 10 days.
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Figure 23. PBPK model predicted time to reach 90% absorption (togs) using default
settings or input from experiments COL-HA gels in comparison to tmax from in vivo
human pharmacokinetic data reported in the literature.

The PBPK model using the default settings (1, predicted from Mw and D pre-
dicted for a globular protein) captures some of the differences in the absorp-
tion profile of the proteins. However, compounds of similar size, such as dif-
ferent insulin variants or different mAbs, cannot be distinguished. Using hy-
drodynamic radii and diffusion coefficients determined experimentally in PBS
solution, improves the predictions of the model for the insulins for which oli-
gomerization status is an important attribute. However, no difference in the
model predictions for the mAbs could be observed. Adding the information of
partition and diffusion coefficients in agarose gel does not improve the model
further.

In contrast, informing the model with partition and diffusion coefficients in
COL-HA gels contributes the additional information of electrostatic interac-
tions, so that the rank order of absorption rates could be determined for all
compounds, with the exception of insulin detemir. /n vivo, the absorption rate
after SC injection of insulin detemir is much lower than for the rapid-acting
insulin analogues as a result of reversible HSA-binding leading to the for-
mation of larger complexes. In the PBPK predictions, the difference between
the insulins is much smaller, since the effect of HSA-binding was not consid-
ered in the model, and HSA was not present in the in vitro experiments. Indi-
rectly, this is another indication of the importance to include HSA in in vitro
models aiming to mimic the physiological environment.

Overall, it could be demonstrated that the experimental results determined
in the presented in vitro setup can be used to improve the predictions of the
PBPK model. Although quantitatively accurate predictions of tmax are not
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achieved at this point, the rank order of tmax of a wide range of compounds
could be predicted and differences in absorption rate of seemingly similar
compounds could be detected. Therefore, systematic evaluation of drug can-
didates with varying properties using the presented in vitro method together
with predictions of the pharmacokinetics with the PBPK model should be in-
tegral for the design and choice of drug candidates with optimized transport
properties.
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Main findings

Paper I

¢ ECM mimetic hydrogels are useful in vitro models for investigation
of factors affecting drug transport after SC administration.

e (COL-HA gels resemble a physiologically relevant environment in
terms of network mesh size and interaction sites, and display good
reproducibility and stability.

e FRAP is a reliable method for quantitative determination of local
diffusivities (D) in solution and within gels.

Paper 11

e Confocal microscopy can be used to determine partition coeffi-
cients (K) between gel and solution, and can reveal differences in
distribution within heterogeneous gels.

e K and D of near-neutral compounds are generally decreased in the
gels as a result of obstruction effects.

e Electrostatic interactions of cationic compounds in anionic gels
lead to increased K accompanied by a decrease in D.

o Theoretical models (obstruction model and PB model) describe the
effect of size and charge for a compound’s K and D in hydrogels.

Paper 111
e D of aprotein in solution depends on its molecular weight, but also
on its molecular shape and oligomerization state.
e D of cationic Affibody molecules in anionic gels decreased mostly
as a result of increased distribution to denser polymer-rich regions.
e The presence of HSA changes D of Affibody molecules in solution
and K and D in the gels, especially for molecules with an ABD.

Paper IV
e The combined information of K and D of a therapeutic protein in
COL-HA gels is correlated to its absorption rate in vivo.
e The experimental data can be used to improve PBPK model predic-
tions of the absorption rate.
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Concluding remarks and future perspectives

In recent years, there have been increased efforts to create and evaluate phys-
iologically relevant in vitro models in order to understand mechanisms affect-
ing the absorption rate and bioavailability of subcutaneously administered
drug compounds. Many of these focus on studies of mass transfer of a drug
compound from a donor compartment representing the injected depot, through
a medium serving as a mimic of the ECM of the tissue, into an acceptor com-
partment reflecting blood or lymphatic absorption.

The in vitro method presented in this thesis is based on confocal laser scan-
ning microscopy and FRAP, which enables the visualization and quantifica-
tion of interactions with the gel matrix in terms of partition and self-diffusion
coefficients at equilibrium instead. Although the necessity of fluorescent la-
belling is a considerable limitation of the method, the possibility to visualize
interactions with the heterogeneous gel matrix and the need for small amounts
of material, make this microscopy-based method a valuable tool to gain in-
sights into the mechanisms affecting drug transport through hydrogels.

The hydrogels that were found to be most suitable as a mimetic of the ECM
were COL-HA gels composed of the most abundant biopolymers in the tissue
at physiologically relevant concentrations, forming a heterogeneous network
enabling the investigation of obstruction effects, size-exclusion, and electro-
static interactions.

Another component present in the ECM that has been included in the model
in project 111, is albumin (HSA), which appears to play an intricate role in the
absorption behaviour of drug compounds. HSA offers many specific and non-
specific binding sites, and the transport of molecules can be affected by the
presence of HSA in various ways. Some of these mechanisms were studied in
this work, but more efforts are needed to evaluate the relative contributions of
the different mechanisms to the total observed absorption and biodistribution
profile of a drug with binding affinity to HSA. Understanding and finetuning
the albumin-binding properties of a compound can be important for new ex-
tended-release formulations, as many interesting drug compounds employing
this principle are emerging on the market, such as GLP-1 analogues and insu-
lin variants.
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Despite efforts to include the most relevant interaction sites, none of the
currently available SC in vitro models has been able to capture all relevant
factors affecting the absorption rate and bioavailability of a compound on its
own. Models can be improved by including additional components present in
the ECM or by changing the absolute and relative composition of the polymers
to more accurately mimic the microstructure of the tissue.

However, more complicated models do not necessarily provide more mech-
anistic insight, and therefore, simple models should be preferable to elucidate
the individual contributions of different mechanisms. Therefore, a set of com-
plementary methods answering to different aspects of the absorption process
informing in silico models integrating the combined information derived from
these parameters into physiologically relevant predictions, would be the most
preferable strategy to reach reliable predictions of absorption rate and bioa-
vailability of new drug candidates.

For that purpose, simple in vitro models characterizing the transport behav-
iour of a drug compound as an intrinsic property, with the need for only small
amounts of material, such as the described methods, should be an integrated
part of the profiling of new candidates. This would help to choose and design
drug candidates with a favourable predicted pharmacokinetic profile at an
early stage of drug development, before moving on to preclinical studies.
Well-informed choice of candidates for preclinical studies can in turn decrease
the number of animal experiments needed.

Moreover, increased understanding of mechanisms affecting the transport
of drug molecules through the ECM can also be valuable to refine strategies
to improve tumour tissue penetration or inspire new modified release formu-
lations. Ultimately, the method presented in this thesis can be useful as a char-
acterization tool for new drug candidates, leading to mechanistic insight for
improved molecular design of drug compounds with a predictable PK profile,
eventually facilitating the development of new effective drugs to diagnose,
treat, and cure diseases.
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Popularvetenskaplig sammanfattning

Biologiska ldkemedel &r en stor grupp mediciner, som inkluderar bland annat
insulin for behandling av diabetes, GLP-1-ldkemedel for viktnedgdng, hormo-
ner som anviands vid fertilitetsbehandling och vissa méalsdkande cancerlike-
medel. De kan oftast inte tas som tabletter eftersom de bryts ner i magen. Dér-
for sprutas de istdllet in subkutant, det vill siga under huden, ofta med hjilp
av enkla injektionspennor som patienter kan anvénda sjilva.

Nar ldkemedlet hamnat under huden maéste det ta sig genom vdvnaden och in
i blod- eller lymfkérlen. Hur snabbt detta gar beror pa hur likemedelsmoleky-
lerna ror sig i den sé kallade extracelluldra matrisen — ett vitskefyllt ndtverk av
bland annat kollagen, hyaluronsyra och proteiner. Smé molekyler ror sig snabbt
och tas létt upp 1 blodet, medan storre molekyler ror sig langsammare och foljer
lymfflddet i storre utstrackning. Upptaget kan ocksa paverkas om molekylerna
klumpar ihop sig eller binder till de olika bestdndsdelar i vdvnaden.

For att utveckla nya likemedel behdver man veta hur snabbt och hur
mycket som tas upp i kroppen efter en injektion. Det dr svart att forutséga detta
endast utifran fysikalkemiska egenskaper, datormodeller eller djurférsok, som
ofta inte stimmer 6verens med resultat hos méinniskor. Det saknas ocksa bra
standardiserade tester i laboratoriemiljo, sa kallade in vitro metoder.

I denna avhandling anvindes darfor sérskilda geler av kollagen och hya-
luronsyra for att efterlikna miljon under huden. Med mikroskopi och FRAP-
metodik méttes hur olika molekyler spreds och rorde sig i gelen. Studierna
visade att storlek, laddning och bindning till proteiner som albumin kraftigt
paverkar hur ldkemedel transporteras i gelen.

I ett senare steg jaimfordes resultaten fran in vitro forsoken med hur vissa
godkénda ldkemedel faktiskt tas upp hos méanniskor. Diffusions- och fordel-
ningsdata fran experimenten kunde forklara generella skillnader i absorptions-
hastighet, sirskilt nir de kombinerades med datormodeller.

Sammanfattningsvis har arbetet gett 6kad forstaelse for hur biologiska 14-
kemedel ror sig i kroppen efter en subkutan injektion. Metoden kan hjilpa till
att bedoma nya lakemedelskandidater och gora det littare att forutsédga hur de
kommer att fungera hos patienter.
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Popularwissenschaftliche Zusammenfassung

Biologische Arzneimittel umfassen eine groBle Gruppe moderner Medika-
mente. Dazu gehoren unter anderem Insulin zur Behandlung von Diabetes,
GLP-1-Wirkstoffe zur Gewichtsreduktion, Hormone fiir Fertilitdtsbehandlun-
gen sowie zielgerichtete Krebsmedikamente. Da diese Wirkstoffe im Magen
abgebaut werden, kdnnen sie nicht als Tabletten eingenommen werden. Statt-
dessen werden sie subkutan, also unter die Haut, injiziert.

Nach der Injektion miissen die Molekiile durch das Gewebe in Blut- oder
LymphgefiaBie gelangen. Dafiir bewegen sie sich durch die extrazelluldre Mat-
rix, ein fliissigkeitsgefiilltes Netzwerk aus unter anderem Kollagen, Hyalur-
onsdure und Proteinen. Kleine Molekiile diffundieren relativ schnell und ge-
langen rasch ins Blut. Groere Molekiile sind langsamer und folgen héufig
dem Lymphfluss. Der Transport kann zusétzlich beeintriachtigt werden, wenn
Molekiile zusammenlagern oder an Bestandteile des Gewebes binden.

Fiir die Entwicklung neuer subkutaner Arzneimittel ist es entscheidend, die
Aufnahmegeschwindigkeit und -menge zuverléssig vorhersagen zu kdnnen.
Physikochemische Daten, Computermodelle oder Tierversuche reichen dafiir
jedoch oft nicht aus, da die Ergebnisse hiufig nicht mit den Daten im Men-
schen iibereinstimmen. AuBlerdem gibt es bisher keine gut etablierten Labor-
tests, die den Transport durch menschliches Gewebe realistisch nachstellen
konnen.

In dieser Arbeit wurden speziell entwickelte Gele aus Kollagen und Hyal-
uronsdure eingesetzt, um die Umgebung unter der Haut zu simulieren. Mit-
hilfe von Mikroskopie und FRAP-Messungen wurde untersucht, wie sich ver-
schiedene Modellmolekiile im Gel verteilen und bewegen. Die Ergebnisse
zeigten, dass GroBe, elektrische Ladung und die Bindung an Proteine wie Al-
bumin den Transport im Gel klar beeinflussen.

Zuletzt wurden die Laborergebnisse mit bekannten Aufnahmedaten von be-
reits zugelassenen Protein-Arzneimitteln beim Menschen verglichen. Die ge-
messenen Diffusions- und Verteilungswerte konnten allgemeine Unterschiede
in der Absorptionsgeschwindigkeit erklaren, vor allem in Kombination mit
Computermodellen. Insgesamt tragt die Arbeit dazu bei, die Transportmecha-
nismen biologischer Arzneimittel nach einer subkutanen Injektion besser zu
verstehen und neue Wirkstoffe zuverlassiger zu bewerten.
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