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We have previously developed an in vitro instrument, termed subcutaneous injection site simulator (SCISSOR),
that can be used to monitor release properties of an active pharmaceutical ingredient (API) and formulation
components of a medicine designed for SC injection. Initial studies to validate the SCISSOR instrument appli-
cations used a simple hyaluronic acid (HA) hydrogel to monitor early release events. We now report a type of
cross-linked HA that can, when combined with HA, provide a hydrogel (HA-XR) with optical clarity and rheo-
logical properties that remain stable for at least 6 days. Incorporation of 0.05-0.1 mg/mL of collagens isolated
from human fibroblasts (Col F), bovine type I collagen (Col I), chicken collagen type II (Col II), or chondroitin
sulphate (CS) produced HA or HA-XR hydrogel formats with optical clarity and rheological properties compa-
rable to HA or HA-XR alone. HA + Col F hydrogel had a much greater effect on release rates of 70 kDa compared
to 4 kDa dextran, while Col F incorporated into the HA-XR hydrogel accentuated differences in release rates of
prandial and basal forms of insulin as well as decreased the release rate of denosumab. A hydrogel format of HA
+ Col I was used to examine the complex events for bevacizumab release under conditions where a target ligand
(vascular endothelial growth factor) can interact with extracellular matrix (ECM). Together, these data have
demonstrated the feasibility of using a cross-linked HA format to examine API release over multiple days and
incorporation of specific ECM elements to prepare more biomimetic hydrogels that allow for tractable exami-
nation of their potential impact of API release.

1. Introduction

Subcutaneous (SC) injection is commonly used to deliver drugs that
are inadequately or inconsistently absorbed following oral administra-
tion, most notable among these are protein and peptide therapeutics as
well as nucleic acid-based materials. Despite the common use of SC in-
jections, such administrations rarely reach 100 % bioavailability for an
active pharmaceutical ingredient (API). While a number of factors could
be at play, specific events that could affect API release from a SC in-
jection site are still poorly understood [1]. Some SC injection site events
that could reduce the extent of biologically active API reaching the
systemic circulation include API degradation as well as interaction(s)
between the API and extracellular matrix (ECM) elements, potentially
leading to extensive binding and/or precipitation.

Pharmaceutical companies use thousands of animals every year to

test candidate formulations intended for SC injection. The value of such
studies, however, must be questioned as no pre-clinical animal model
has yet been identified to predict the performance of these SC formu-
lations in humans. These discrepancies may reflect differences between
the organization and composition of human hypodermis and the various
eutherian species used as preclinical models for assessing formulations
intended for SC injection [2]. While such animal studies are needed to
assess safety prior to clinical testing, lack of a predictable clinical results
limit the identification of a formulation with the desired behavior for a
safe and efficacious outcome. Initial testing of a drug formulation in
humans based upon data obtained from a non-predictive animal model
could be misleading. In the case where a formulation results in an un-
expected lack of exposure, a promising drug might be shelved as there is
no model to understand why that formulation failed and how to select
one that might succeed. Worse yet, a formulation with an inaccurately
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predicted marginal uptake following SC injection could lead to
dangerous overexposure outcomes when tested in humans.

In the case of biopharmaceuticals, such as protein and peptide
therapeutics, these drugs are often formulated at a non-physiologic pH
and commonly with a variety of stabilizing agents that include combi-
nations of sugars, salts, and surfactants. Following SC injection, these
low molecular weight formulation components may leave the injection
site more rapidly than a high molecular weight biopharmaceutical as the
hypodermis reestablishes its homeostatic conditions. During this tran-
sition, biopharmaceuticals may transition thought their isoelectric point
of lowest solubility, putting them at risk of precipitation. The ECM is
composed of a variety of proteins such as collagen and elastin, as well as
glycosaminoglycans such as hyaluronic acid (HA) and chondroitin sul-
fate (CS) [3]. Some APIs may bind tightly with ECM elements, for
example some growth factors can bind to collagen [4] and some proteins
can have specific interactions with various proteoglycans [5]. It is
possible that such events could affect API release from the SC injection
site, supporting the premise that an in vitro tool which included some of
these elements could be used to examine potential precipitation and
binding events between a formulation and ECM components. Such a tool
could provide a tractable method to guide pharmaceutical scientists
during formulation screening. To this end, an analytical instrument,
termed SCISSOR (subcutaneous injection site simulator) was developed
and is currently marketed by Pion, Inc.

The SCISSOR instrument uses a ‘cartridge’ composed of a cuvette
enclosed on two sides with dialysis membrane and containing an opti-
cally clear artificial extracellular matrix (aECM) used to model the in-
jection site. The cartridge is positioned in a chamber containing
physiologically relevant buffer meant to mimic interstitial fluid (ISF) of
the hypodermis and provides a means to emulate the infinite sink of the
body. This artificial ISF is a complex bicarbonate buffer-based mixture
designed to replicate physiological aspects comparable to human blood,
maintained at a pH of ~ 7.4, within a narrow osmotic range and at a
temperature of ~ 34 °C [6]. By simultaneously monitoring the solubility
of a formulation injected into an aECM and correlating this outcome
with measurement of an API within the simulated ISF over time, a
pharmaceutical scientist can examine parameters of formulation per-
formance without the use of animals. While such SCISSOR studies are
not intended to completely recreate the three-dimensional network
present in the human hypodermis, introduction of specific ECM ele-
ments within the cartridge can be used to model the impact of specific
hypodermis elements in a tractable manner and address hypothesis-
driven questions concerning formulation development.

We initially set up the SCISSOR instrument with injection site car-
tridges containing HA and examined its performance by comparing
outcomes with clinical, not preclinical, formulation performance using
human pharmacokinetic and bioavailability information for eight
monoclonal antibodies (mAbs) [7]. Compared with data obtained from
preclinical monkey and mini pig studies, the SCISSOR provided more
accurate prediction for clinical outcomes for all eight mAbs. Having
validated the clinical value of the SCISSOR with an injection cartridge
format containing HA for formulations intended to have the API leave
the SC injection site within hours, we now examine the feasibility of
hydrogels for extended-release formulations and the impact of specific
ECM elements. Herein, we describe a novel crosslinked format of HA
(HA-XR) that is more amenable than the previous HA-containing model
for monitoring drug release over extended periods of time, as well as
hydrogels where a complex of collagens from human fibroblasts (Col F),
bovine type 1 collagen (Col I), chicken type 2 collagen (Col II), or
chondroitin sulphate (CS) have been introduced. Our data identify pa-
rameters where ECM components could be integrated into HA or HA-XR
formats in a way that has minimal impact on the optical clarity and
rheological properties of these hydrogels. By having these similar
properties, assessment of API solubility and drug release profile differ-
ences can be made to directly reflect the impact of an ECM element on
API stability and release that is not merely due to changes in optical and
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viscoelastic characteristics. This expanded repertoire of hydrogel
matrices should provide additional tools to model potential interactions
that could occur at the SC injection site, informing drug candidate se-
lection and/or SC injection formulation design.

2. Materials and methods

2.1. Preparation of hydrogels for early- (HA) and extended-release (HA-
XR) formats

Pion Inc. has developed methodologies to produce aECMs for use
within the SCISSOR platform. Briefly, hydrogels were prepared by
adding hyaluronic acid from Streptococcus equi (Sigma, 53747) to a
beaker of phosphate buffer solution and stirred overnight to achieve a
concentration of 6.25 mg/mL. Col F (Sigma, C2249), Col I (Sigma,
C2124), Col II (Sigma, C9301), or CS (Sigma, C6737) was added to HA
solutions in the last 2 min of stirring to achieve a desired final concen-
tration. Hydrogels were then placed in a VacMaster VP215 vacuum
chamber for 2 x 1 min cycles. After degassing the solution, it was aspi-
rated into 5 mL syringes and stored at 10 °C until use. For each iteration
of component concentration, the optical clarity was assessed by visual
inspection in 1 cm path-length PMMA semi-micro spectrophotometry
cuvettes (VWR) and absorbance was measured at 600 nm using a
NanoDrop 2000 (Thermo Scientific). Samples were initially stored at
4 °C for 24 h and subsequently incubated at 34 °C for 24 h. HA-XR gels
were supplied by Pion Inc., USA as part of the ECM-XR cartridge packs
purchased. The HA-XR (also known as ECM-XR) comprises a stabilized
crosslinked HA-based hydrogel, which was designed to exhibit a slower
material release from the SCISSOR cartridge compared to HA. Other
matrices mentioned in this paper (Col F, Col I, Col II, and CS) were added
to these HA and HA-XR formats to provide systemics with additional
elements in the hypodermis that could affect the performance of an
injected formulation. These were prepared by inclusion of Col F, Col I,
Col I, or CS and, in the case of HA-XR, were followed by degassing for
1-2 min prior to cross-linking of the HA.

2.2. Rheological analysis

Samples were analyzed using an Anton Paar MCR102e rheometer
with a 50 mm sandblasted plate-plate geometry. Hydrogel platforms are
typically analyzed using an oscillating frequency and low strain values
shown to limit the potential for sample destruction for similar hydrogel
matrices of this type [8]. For unadulterated samples, a 2.5 mL solution
was loaded onto the stage by expressing the material from a 5 mL syringe
at 2.5 cm/min. 7.0 mL of deionized water was pipetted around the stage
to maintain a hydrated environment. The sample was analyzed at an
oscillating frequency from 0.1-100 rad/s @ 1 % strain and 28 °C. This
temperature was selected to inhibit evaporation as much as possible
while eliminating the effects of ambient temperature during analysis.
For samples analyzed after a SCISSOR assay, with the entirety of car-
tridge contents being poured from the cuvette onto the rheometer stage.
The entire 5 mL of sample of each hydrogel to be tested was poured form
the cuvette onto a 25 mm plate-plate geometry stage, with contents
being kept hydrated by surrounding the stage with 3-4 mL of deionized
water. Samples were then analyzed at an oscillating frequency from 0.1-
100 rad/s @ 1 % strain and 28 °C.

2.3. Test molecules examined

Texas Red®-labeled dextran of average 4,000 (FD4) or 70,000
(FD70) molecular weights, and caffeine were purchased from Sigma.
Bevacizumab and vascular endothelial growth factor (VEGF;¢5) were
kindly provided by Genentech through their reagent procurement pro-
gram. The monoclonal antibody denosumab (Prolia®), as well as fast-
acting (prandial) Actrapid® and slow-acting (basal) Levemir® insulins
were sourced from a local pharmacy.
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Table 1
Parameters of test materials and analytics used for the studies described.

Test Material Method of Analysis

Caffeine

Insulin Rapid

Insulin Basal
Dextran-FITC-CM (4 kDa)
Dextran Texas Red® (70 kDa)
Denosumab

Direct peak @ 272 nm

2nd derivative peak @ 286 nm

Integrate 2nd derivative peak from 264-280 nm
Direct peak @ 496

2nd derivative peak @ 594 nm

2nd derivative peak @ 300 nm

2.4. Test molecule release protocol

The SCISSOR instrument was obtained from Pion, Forest Row, UK.
Each injection and analysis methodology has multiple publications and
case studies validating their application and performance with the Pion
Resource Library [9]. Prior to testing the release of a molecule, each
aECM-containing cassette was allowed to equilibrate to 34 °C in the
SCISSOR instrument for 30 min in a bicarbonate-based buffer that
mimicked interstitial fluid (ISF) and provided “infinite sink” conditions.
ISF contained 6.4 g NaCl, 0.09 g MgCl,-6H»0, 0.4 g KCl, 0.2 g CaCly, 0.2
g NaNjs, and 2.1 g NaHCOs in dissolved in 1 L Milli-Q water and main-
tained by the SCISSOR instrument at 34 °C and pH 7.4 by flowing CO2(g)
on top of the solution. For all injectates, a 200 pL aliquot was introduced
into the cartridge via an Eppendorf Repeater® E3 pipette fitted with a 1
mL Eppendorf Combitip advanced pipette tip through a 25G x 5/8“Med
Vet International Terumo needle at a rate of 15 uL/s. Optical clarity of
hydrogels was monitored using the onboard LEDs and cameras of the
SCISSOR. API release was monitored via in situ fiber-optic UV-Vis
probes using the Rainbow spectrophotometer unit (Pion Inc., USA). All
formulations were analyzed in triplicate, unless otherwise stated.

2.5. Data analysis

Release curves were analyzed in situ using Pion’s AuPro software, as
well as offline analysis with an Agilent A1100 HPLC after sampling. All
error bars indicate standard deviation, and statistical significance was
given by a p < 0.05 with Student’s t-test (n = 3, unless stated otherwise).
A table describing each spectrophotometric method used to measure API
release is shown below (Table 1).
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For the detection of bevacizumab, a reversed phase high perfor-
mance liquid chromatography method was used [10], with some mod-
ifications. Specifically, aliquots taken from the infinite sink chamber
were analyzed by high performance liquid chromatography using an
Agilent 1100 HPLC system fitted with a Zorbax 300SB-C8 Narrow-bore
column with 5 pm particle size, 300 A wide-pore, 2.1 mm internal
diameter and 150 mm length from Agilent Technologies (Santa Clara,
CA, U.S.A.). Chromatographic analysis was performed at a flow rate of
1.0 mL/min in a gradient mode with eluents comprising 0.1 % TFA in
ultra-pure water (eluent A) and 0.1 % TFA in acetonitrile (eluent B). The
gradient started at 10 % of eluent B, increasing to 45 % of B in 4 min, and
kept constant at 45 % of B for 3 min. From 7-7.1 min, eluent B decreased
to 30 %, and was kept constant until 10 min. From 10-10.1 min eluent B
was decreased to 0 % until 14.4 min, after which it was raised to 10 % by
14.5 min and was maintained at 10 % until 15 min. The injection volume
was 30 pL and the column oven was maintained at 75 °C.

3. Results
3.1. Hydrogel optical and rheological properties

Previous studies using the SCISSOR instrument used cartridges filled
with HA, providing an optically clear matrix for studies occurring over a
time course of only a few hours [6,7]. A significant amount of HA,
however, can release from the cartridge through the dialysis membrane
over extended periods of time (days), limiting applications of this HA
format for extended-release studies to assess long-acting injectable (LAI)
formulations. Indeed, after 72 h (Ty2) of incubation of 6.25 mg/mL HA
in ISF maintained at 34 °C and pH 7.4, the hydrogel matrix lost almost
all its viscoelastic properties, approaching complex viscosities compa-
rable to water (10'3 Pa-s) (Fig. 1A). Introduction of a collagen mixture
secreted from human fibroblasts (Col F) at 0.05 mg/mL into 6.25 mg/mL
HA resulted in a hydrogel with viscosities, measured at 0.2-100 rad/s
and 1 % strain, that were statistically similar (p > 0.05) to 6.25 mg/mL
HA at T (Fig. 1A). Rheometric analysis at 1 % strain was chosen as it lies
near the midpoint of the linear viscoelastic region of these hydrogels
(data not shown). When rheometric properties were measured at Tys,
the HA + Col F hydrogel format retained significantly more viscosity (p
< 0.05) over the sweep range of 2-60 rad/s compared to the HA
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Fig. 1. Impact of collagen and/or crosslinking on hyaluronic acid (HA) hydrogels. (A) Complex viscosity measured from 0.2-100 rad/s @ 1 % strain for angular
frequency scans defining rheological properties of 6.25 mg/mL HA (light orange) or 6.25 mg/mL HA combined with 0.05 mg/mL Col F (light green) at the time of
preparation and these same mixtures shown in dark orange and dark green, respectively, after 72 h (T73) of incubation in the SCISSOR system bicarbonate-based
buffer to emulate interstitial fluid at the subcutaneous injection site (n = 3). (B) Similar angular frequency scans of 0.8 mg/mL cross-linked HA (CL-HA) mixed
with 2.0 mg/mL HA (HA-XR) and combined with 0.05 mg/mL Col F at the time of preparation and these same mixtures shown in dark orange and dark green,
respectively, after 144 h of incubation (T;44) in the SCISSOR system (n = 3). Error bars = standard deviation of repeated runs. Complex viscosity (n*, Pa-s + SD),
shown as a function of angular frequency, was measured from 0.2-100 rad/s at 1 % strain in all cases.
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Fig. 2. Impact of bovine type I collagen (Col I) at 0.05, 0.1, or 0.3 mg/mL integrated into 6.25 mg/mL hyaluronic acid (HA) or 0.8 mg/mL cross-linked HA + 2.0 mg/
mL HA (HA-XR) hydrogels. Assessment of optical clarity of (A) HA and (B) HA-XR hydrogels containing varying amounts of Col I, where ODgg( data represents n = 3
+ SEM with example cuvettes to enable a visual appreciation of relative opacity. Angular frequency scans defining rheological properties of (C) HA with and without
0.1 mg/mL added Col I or (D) HA-XR hydrogels with and without 0.1 mg/mL added Col I. Complex viscosity (1 *, Pa-s + SD), shown as a function of angular

frequency, was measured from 0.2-100 rad/s at 1 % strain in all cases.

hydrogel (Fig. 1A).

As the lag time of spontaneous collagen assembly is slowed by the
presence of negatively charged glycosaminoglycans [11], we assumed
that Col F introduced into the negatively changed HA hydrogel acted to
essentially non-covalently cross-link this matrix to slow its loss from the
SCISSOR cartridge. If so, we would predict that a stabilized matrix
within the cartridge could provide a hydrogel more appropriate for
extended-release studies. To further test the concept of increased matrix
interactions, a cross-linked version of HA (CL-HA) was developed.
Combining 0.8 mg/mL CL-HA with 2.0 mg/mL HA (HA-XR) produced a
hydrogel that retained viscoelastic properties after 144 h (T144) in the
SCISSOR system; incorporation of 0.05 mg/mL Col F into HA-XR showed
viscosities at Tg and Tj44 similar to HA-XR (p > 0.05) over the 0.2-100
rad/s range (Fig. 1B). Importantly, the rheological properties of the HA-
XR matrix were not affected by incorporation of Col F, supporting the
suitability this-XR format for testing LAI formulations.

We next examined the impact of including ECM elements, including
bovine type I collagen (Col I), chicken type II collagen (Col II), a mixture
of collagens secreted by human fibroblasts (Col F), and chondroitin

sulfate (CS), on HA-based hydrogel properties to identify ratios of ECM
components that could be used to examine the impact of these elements
on API release. The goal was to identify ratios that retained sufficient
optical clarity to allow for real-time drug solubility/stability analysis
and rheological properties comparable to HA or HA-XR hydrogels alone
to enable direct assessment of these additional ECM elements on the fate
of injected APIs.

Systems containing a final concentration of 0.05, 0.1, or 0.3 mg/mL
Col I were prepared by stirred mixing at 4 °C of 6.25 mg/mL HA or 0.8
mg/mL CL-HA with 2.0 mg/mL HA (HA-XR) with the appropriate
amount of Col I. After preparation, samples were stored at 4 °C for 24 h
to mimic conditions of production and storage/shipping before being
warmed to 34 °C for 24 h in an incubator to reflect experimental use.
Optical density of these hydrogel formats measured over this time
course at 600 ,, demonstrated that all HA/Col I formats tested were
optically clear at 4 °C. Upon warming to 34 °C, there was an appreciable
increase in opaqueness that was directly correlated with the level of Col I
(Fig. 2A). A similar set of Col I-containing hydrogels were prepared in
HA-XR. Like the HA-based materials, these HA-XR/Col I hydrogels were
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Fig. 3. Impact of chicken type II collagen (Col II) at 0.05, 0.1, or 0.3 mg/mL integrated into 6.25 mg/mL hyaluronic acid (HA) or 0.8 mg/mL cross-linked HA + 2.0
mg/mL HA (HA-XR) hydrogels. Assessment of optical clarity of (A) HA and (B) HA-XR hydrogels containing varying amounts of Col II, where ODg(( data represents n
= 3 + SEM with example cuvettes to enable a visual appreciation of relative opacity. Angular frequency scans defining rheological properties of (C) HA with and
without 0.1 mg/mL added Col II or (D) HA-XR hydrogels with and without 0.1 mg/mL added Col II. Complex viscosity (n*, Pa-s + SD), shown as a function of angular
frequency, was measured from 0.2-100 rad/s at 1 % strain in HA and HA-XR formats.

optically clear at 4 °C but acquired opacity upon warming to 34 °C, the
extent of which was positively correlated with increasing Col I (Fig. 2B).
Notably, the Col I-dependent increase in opacity was greater in HA
hydrogels (Fig. 2A) than that observed for HA-XR hydrogels (Fig. 2B).
HA + 0.1 mg/mL Col I demonstrated similar rheological properties as
HA sans collagen (Fig. 2C). HA-XR + 0.1 mg/mL Col showed increasing
yield stress at lower angular frequencies compared to HA-XR, consistent
with additional entanglement events that might be expected by
combining a protein with amphipathic peptide sequence motifs of
collagen capable of forming quaternary structures to increase points of
hydrogel interaction and add to rheological complexity (Fig. 2D).

A similar study was performed with chicken type II collagen (Col II).
Like the outcomes observed for Col I, Col II-containing hydrogels pre-
pared at 4 °C were optically clear and the level of acquired opacity upon
warming to 34 °C was directly related to the level of Col II for both 6.25
mg/mL HA (Fig. 3A) and 2.0 mg/mL HA with 0.8 mg/mL CL-HA (HA-
XR) formats (Fig. 3B), with the latter again showing less opacity for the
same level of Col II content. Notably, the prominent collagen present in
the vitreous humor of the eye is type II [12], consistent with its sub-
stantially greater transparency in these HA and HA-XR hydrogels
compared to Col [-containing matrices. Hydrogels containing 0.1 mg/

mL Col II prepared with HA demonstrated rheological properties com-
parable to those of HA alone (Fig. 3C). Like our observations with Col I
(Fig. 2D), the increased viscosity of HA-XR + 0.1 mg/mL Col II versus
HA-XR were consistent with the higher shear rate needed to induce flow
due to increased crosslinking complexity (Fig. 3D). Thus, bovine type I
and chicken type II collagens can be integrated into HA and HA-XR
hydrogel formats and appear to be of sufficient optical clarity and
limited rheological impact to allow assessment of potential API in-
teractions using the in vitro SCISSOR model format.

While hydrogels containing these non-human collagen sources could
be used to assess certain collagen-specific interactions involving an API,
we also examined a mixture of collagens secreted by human fibroblasts
(Col F), which is predominantly composed of amphipathic type I
collagen [13], as a format to provide a more clinically relevant hydro-
gels to assess SC injected formations. Col F-containing hydrogels pre-
pared at 4 °C were optically clear and the level of acquired opacity upon
warming to 34 °C was directly related to the level of Col F for both HA
(Fig. 4A) and HA-XR (Fig. 4B). Inclusion of Col F into HA resulted in
hydrogels with optical clarity more comparable to Col I (Fig. 2) than Col
II (Fig. 3) hydrogels. HA hydrogels prepared with added 0.1 mg/mL Col
F demonstrated complex rheological properties comparable to HA alone
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Fig. 4. Impact of collagens isolated from human fibroblasts (Col F) at 0.05, 0.1, or 0.3 mg/mL integrated into 6.25 mg/mL hyaluronic acid (HA) or 0.8 mg/mL cross-
linked HA + 2.0 mg/mL HA (HA-XR) hydrogels. Assessment of optical clarity of (A) HA and (B) HA-XR hydrogels containing varying amounts of Col F, where ODggq
data represents n = 3 + SEM with example cuvettes to enable a visual appreciation of relative opacity. Angular frequency scans defining rheological properties of (C)
HA or (D) HA-XR hydrogels with and without 0.1 mg/mL added Col F. Complex viscosity (n*, Pa-s + SD), shown as a function of angular frequency, was measured

from 0.2-100 rad/s at 1 % strain in HA and HA-XR formats.

(Fig. 4C). HA-XR and HA-XR + 0.1 mg/mL Col F hydrogels showed
comparable rheological properties at low angular frequencies but
differed at higher frequencies (Fig. 4D). Notably, the complex viscosity
of the HA-XR + Col F decreased with increase angular frequency until ~
50 rads/sec was reached when further increasing the angular velocity
resulted in increased complex viscosity. We believe this inflection was
due to Col F elements spreading within the hydrogel that, upon
dispersal, began to add to the viscoelastic properties of the system
[14,15].

Collagen elements of the human hypodermis have a net positive
charge that could favorably interact with net negatively charged HA or
HA-XR. We also tested a hydrogel format where a negatively charged
element of the human hypodermis was included. Chondroitin sulfate
(CS), a sulfated glycosaminoglycan composed of alternating N-acetylga
lactosamine and glucuronic acid residues, is one of the proteoglycans
present in the human hypodermis which can have specific interactions

with a variety of proteins [5]. CS incorporated into HA- or HA-XR-based
hydrogels up to 0.3 mg/mL resulted in optically clear hydrogels at 4 °C
that remained clear upon warming to 34 °C (Fig. 5A, B). Rheological
analysis showed that HA- or HA-XR-based hydrogels containing 0.3 mg/
mL CS showed comparable rheological properties to HA and HA-XR
matrices alone (Fig. 5C, D). Compared to hydrogels where collagen
proteins were introduced into HA or HA-XR, which resulted in a dose-

dependent increase in optical density (Figs. 2

-4), incorporation of net

negatively charged, non-protein CS at 0.3 mg/mL into HA or HA-XR

affected neither light transmission of these h
logical properties.

ydrogels nor their rheo-

3.2. Impact of hydrogel components on solute diffusion properties

3.2.1. Dextran

To appreciate how cross-linked HA and/or inclusion of other ECM
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Fig. 5. Impact of chondroitin sulfate (CS) at 0.05, 0.1, or 0.3 mg/mL integrated into 6.25 mg/mL hyaluronic acid (HA) or 0.8 mg/mL cross-linked HA + 2.0 mg/mL
HA (HA-XR) hydrogels. Assessment of optical clarity of (A) HA and (B) HA-XR hydrogels containing varying amounts of CS, where ODgo data represents n = 3 +
SEM with example cuvettes to enable a visual appreciation of relative opacity. (C) Angular frequency scans defining rheological properties of HA and HA-XR
hydrogels with and without 0.3 mg/mL added CS. Complex viscosity (n*, Pa-s + SD), shown as a function of angular frequency, was measured from 0.2-100 rad/s at

1 % strain in HA and HA-XR formats.

elements could affect API distribution, we first examined the distribu-
tion of fluorescently labeled, non-charged dextran, comparing materials
with average molecular weight of 4 kDa (FD4) or 70 kDa (FD70).
Release rates of FD4 or FD70 from cartridges containing 6.25 mg/mL HA
were comparable over the first few hours with both demonstrating
plateaus between 70-80 % release based upon mass balance (Fig. 6A).
To explain the incomplete mass balance outcome, it is possible that HA
leaving the cartridge during these studies could have masked
(quenched) the fluorescence of these molecules during the latter stages
of the experiment through HA-dextran interactions [16]. In support of
this possibility were outcomes from studies where FD4 or FD70 were
injected into aECM systems of 6.25 mg/mL HA + 0.05 mg/mL Col F; this
demonstrated a size-dependent outcome for release of both FD4 or FD70
that ultimately reached 100 % recovery and with reduced variability
compared to release profiles for HA alone (Fig. 6A).

As there were notable differences in FD70, but not FD4, release
following injection into HA versus HA + Col F (Fig. 6A), we examined
the physical distribution of FD70 following its injection into the

SCISSOR cartridge. Here, we noted a more rapid distribution within the
HA compared to HA + Col F (Fig. 6B), consistent with the release rates
observed (Fig. 6A). Visual images showed that an initial elliptical-
shaped bolus formed prior to diffusion throughout the top 1/3 of the
cartridge. Injection into HA showed that this bolus diffused down
through the cartridge while diffusing horizontally. FD70 injected into
HA + Col F resulted in a more homogenous diffusion following initial
bolus formation.

Visualization of materials injected into the hypodermis in vivo have
shown that rather than a bolus, injected materials distribute through
channel-like paths within the ECM that would be consistent with paths
within a stabilized matrix that does not contain potential spaces for a
bolus to form [17,18]. In this context, we examined the release of FD70
following its injection HA-XR and compared this to outcomes obtained
following injection into HA-XR + Col F (Fig. 6A). For this study, we were
particularly interested in examining the distribution of FD70 and the
lower Col F level minimized potential optical density issues. A much
slower release profile was observed compared to HA or HA + Col F,
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Fig. 6. Release profiles from and distribution within 6.25 mg/mL hyaluronic acid (HA) or 6.25 mg/mL HA plus 0.05 mg/mL collagen isolated from human fibroblasts
(HA + Col F) of fluorescent dextran of 4 kDa (FD4) or 70 kDa (FD70) molecular weight. Additionally, release of FD70 from 6.25 mg/mL HA or 0.8 mg/mL cross-
linked HA + 2.0 mg/mL HA (HA-XR) hydrogels containing 0.05 mg/mL Col F is shown. (A) The percentage of dose over time detected in interstitial fluid media to
mimic the infinite sink of the body following 200 pL injections (n = 3, error bars = standard deviation). (B) Visualization of FD70 distribution over time following
injection into 6.25 mg/mL HA, 6.25 mg/mL HA plus 0.05 mg/mL Col F, and 2.0 mg/mL HA + 0.8 mg/mL crosslinked HA (HA-XR) + 0.05 mg/mL Col F at the time of

injection and at 0.083, 0.5, 1, 2, 4, 5, 10, and 30 h afterward.
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Fig. 7. Comparison of three independent release profiles of caffeine from
hydrogels composed of 6.25 mg/mL hyaluronic acid (HA), 0.8 mg/mL cross-
linked HA with 2.0 mg/mL HA (HA-XR), or 6.25 mg/mL HA + 0.01 mg/mL Col
F. Real-time release of caffeine (200 uL injection of 10 mg/mL dissolved in PBS)
was followed in the SCISSOR using the Rainbow spectrophotometer unit (Pion
Inc., USA).

presumably due to a more elaborate and stable hydrogel matrix
network. Consistent with this hypothesis, there was minimal bolus for-
mation of FD70 injected into the SCISSOR cartridge containing HA-XR
+ Col F, with the injectate being initially spread through a greater
volume of the cartridge.

3.3. Caffeine

Release of FD4 and FD70 from HA + Col F hydrogels showed less
variability compared to the HA format (assessed by examining profiles
of averages and standard errors for N = 3; Fig. 6A), suggesting that
introduction of Col F could provide more consistent release rate out-
comes than hydrogels composed of HA alone. To examine this more
closely, we compared individual release rate profiles of the small
molecule drug caffeine following injection into SCISSOR cartridges
containing a 6.25 mg/mL HA versus 6.25 mg/mL HA + 0.1 mg/mL Col F
and compared these outcomes to that obtained following injection into a
0.8 mg/mL CL-HA with 2.0 mg/mL HA (HA-XR) hydrogel matrix
(Fig. 7). Caffeine, a water-soluble molecule with a mass of 194 g/mol
and a net positive charge at neutral pH, was released rapidly from
SCISSOR cartridges containing either HA or HA-XR formats into the
receiver (ISF) media, with one cartridge demonstrating substantial
caffeine release at the first measurement points. This instantaneous
release was not observed for injections made into HA-XR or HA + Col F,
possibly due to increased hydrogel organization. It was also noted that
while all three hydrogel formats showed complete caffeine release, there
was a consistent initial lag of caffeine release from the HA + Col F
hydrogel compared to HA and HA-XR matrices, suggesting that this
aECM element also slowed initial caffeine diffusion in the hydrogel.
Following this initial lag observed for HA + Col F hydrogels, release
rates for all three formats for this small molecule appeared comparable.
Comparison between separate hydrogel systems would require similar
behavior of injectates that don’t have a specific interaction with the
included ECM components.

3.4. Insulin

We compared release rates of two insulin formulations designed for
prandial (Actrapid®) or basal (Levemir®) control of blood sugar. The
rapid or slower rate of insulin reaching the systemic circulation
following SC injection site is due to protein solubility and protein-pro-
tein interactions of these two medicines [19]. Release of prandial insulin
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Fig. 8. Release profiles of prandial (Actrapid®) or basal (Levemir®) insulins following injection of 50 pL volumes into SCISSOR cartridges containing hydrogels of
6.25 mg/mL hyaluronic acid (HA), 2.0 mg/mL HA + 0.8 mg/mL cross-linked HA (HA-XR), or 6.25 mg/mL HA + 0.05 mg/mL Col F. Insulin was detected in the ISF
receptor chamber in situ via a Rainbow spectrophotometry unit (Pion, Inc., USA). Error bars = standard deviation. N = 3 for HA Prandial, HA Basal, and HA + Col F

Prandial. N = 2 for HA-XR Prandial, HA-XR Basal, and HA + Col F Basal.

from the hydrogel of 6.25 mg/mL HA following injection was rapid, with
basal insulin showing a delayed release by comparison (Fig. 8). The
overall release of insulin into the ISF receiver compartment was calcu-
lated to reach 120 %, which was likely an issue of spectrophotometric
measurement of insulin resulting from its dynamic and complex self-
association properties [20]. Inclusion of 0.05 mg/mL Col F into the
HA hydrogel slowed insulin release, with our method of detection sug-
gesting only ~ 70 % of prandial insulin being released by 10 h and ~ 80
% of basal insulin being released by 15 h. We again observed an
improbable mass loss of prandial insulin after 10 h and extensive vari-
ability of basal insulin within a similar timescale in the ISF suggesting
complications with our spectroscopic detection method of these mate-
rials, possibly due to their dynamic and complex self-association prop-
erties [20]. Release of prandial insulin from the HA-XR hydrogel matrix
followed similar kinetics to that observed for HA, while less than 10 % of
basal insulin injected into HA-XR was released after 80 h (Fig. 8). These
differences observed between prandial and basal insulins in the HA-XR
format appear to reflect how variations in formulations may be
augmented in certain hydrogel formats.

3.5. Denosumab

We next compared the impact of different levels of Col F on the
release properties of denosumab (Prolia®), a monoclonal antibody
administered by SC injection once every six months to treat osteoporosis
[21]. Monoclonal antibodies can exhibit self-associating behavior that
can be affected by environmental conditions, possibly affecting their
release from a SC injection site [22]. Prolia® was injected into SCISSOR
cartridges containing a hydrogel composed of 6.25 mg/mL HA or HA
containing 0.05 mg/mL or 0.1 mg/mL Col F. Complete release of
denosumab from HA occurred within 72 hrs; the cause of a mass balance
recovery of > 100 % in these studies is unclear. By comparison, the
extent of denosumab released from SCISSOR cartridges containing 6.25
mg/mL HA + 0.05 or 0.1 mg/mL Col F resulted in initial release rates
comparable to that observed for cartridges containing HA alone. These
rate, however, differed later with HA + 0.05 mg/mL Col F hydrogel
plateauing at ~ 70 % released while release from the HA + 0.1 mg/mL
Col F hydrogel reached a slightly lower plateau of ~ 65 % released

(Fig. 9A). Release of denosumab from cartridges containing HA-XR
showed slower rates than the HA + Col F hydrogel formats but with a
comparable release plateau outcome. These release profiles were
consistent with either Col F in the HA or cross-linked HA present in the
HA-XR resulting in more stable hydrogel formats useful for examining
API release over multiple days (Fig. 1).

Visual examination of a SCISSOR cartridge containing a HA + 0.1
mg/mL Col F hydrogel from one experiment showed dispersed the
injected material to be flocculated, presumably reflecting a change in
denosumab solubility that became noticeable by 3 hrs post injection
(Fig. 9B). This increase in optical turbidity increased by 30 hrs after
injection. The plateau in antibody release from the SCISSOR cartridge
correlated with the onset of an increase in optical turbidity, that reached
a maximum by 62 hrs and remained visible for the remainder of the
study. A time profile of pH measured within the cartridge and optical
density of the hydrogel following Prolia® injection demonstrated that
changes in pH inversely correlated with flocculation (Fig. 9C). Such
changes in denosumab solubility at the injection site would be consistent
with the long-acting behavior of this antibody formulation in patients
[23].

3.6. Bevacizumab

Finally, we explored the HA versus HA + Col F hydrogel systems to
model how an ECM element could affect the release of a therapeutic
agent from the SC injection site. A variety of growth factor proteins can
bind tightly to ECM elements, including collagen, providing a mecha-
nism where their activity is regulated through release via restricted
proteolysis [24]. In its native form of 206 amino acids, vascular endo-
thelial growth factor (VEGF) is a heparin-binding homodimeric glyco-
protein of 45 kDa, with the properties of native VEGF closely
corresponding to a shortened version of VEGF;¢5 that was obtained from
Genentech, Inc. While VEGF;¢5 is almost completely sequestered in the
ECM, the proteolytic VEGF;2; fragment is an acidic polypeptide that can
freely diffuse through the ECM [25]. The monoclonal antibody bev-
acizumab (Avastin®) targets the receptor-active region of VEGF;3; to
impede tumor growth by suppressing neovascularization [26].

Avastin® (200 pL) injected into 6.25 mg/mL HA demonstrated a
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Fig. 9. (A) Time course of denosumab release following a 200 pL injection of Prolia® into SCISSOR cartridges containing 6.25 mg/mL hyaluronic acid (HA), HA +
0.05 or 0.1 mg/mL of collagens isolated from human fibroblasts (HA + Col F), or 0.8 mg/mL cross-linked HA + 2.0 mg/mL HA (HA-XR). HA (n = 3), HA + 0.1 mg/
mL Col F (n = 3), HA-XR (n = 3), HA + 0.05 mg/mL Col F (n = 2). (B) Visual examination of HA + 0.1 mg/mL Col F of cartridge from one experiment over time
following 200 pL injection of Prolia®. (C) Time profile of optical density (averaged from the four diode detectors of the SCISSOR) and pH measured within the
hydrogel following a 200 pL injection of Prolia® into HA + 0.1 mg/mL Col F of cartridge.
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Fig. 10. Time course of bevacizumab release following a 200 pL injection of
(Avastin®) into SCISSOR cartridges containing either 6.25 mg/mL hyaluronic
acid (HA) or HA + 0.05 mg/mL bovine type 1 collagen (Col I). Some hydrogels
also contained 10 or 200 pg/mL VEGF;6s. N = 3 for all tests except HA + 200
pg/mL VEGF (N = 2).

bevacizumab release curve that plateaued after 6-7 hrs (Fig. 10), similar
to previous SCISSOR studies on this class of antibody [6,7]. Introduction
of 10 pg/mL VEGF;e5 into the HA hydrogel delayed release of bev-
acizumab (Fig. 10), consistent with the formation of bevacizumab-
VEGF;¢5 complexes that were retained by interactions with HA. Avas-
tin® injection into HA + 0.05 mg/mL Col I demonstrated only limited
release of bevacizumab from the SCISSOR cartridge, being minimally
affected by the presence of VEGFi45 (Fig. 10). Together, these studies
suggest extensive interactions between bevacizumab and Col F as well as
the potential for additional interactions involving its therapeutic target
that also has ECM binding properties. Such studies demonstrated that
the SCISSOR instrument could be used to model complex events that
might occur following SC administration where an injected API could
interact not only with ECM elements, but also with non-ECM elements
retained in the hypodermis through separate sets of interactions.

4. Discussion

The human hypodermis is a complex hydrogel composed of multiple
protein and polysaccharide-based materials that is frequently used for
the administration of various classes of biopharmaceuticals; its unique
properties among the animal kingdom is exemplified by the fact that no
other species provides broadly comparable bioavailability outcomes for
SC injected medicines [3]. This lack of a predictive preclinical model has
important consequences for the pharmaceutical companies attempting
to identify a lead candidate, preferred formulation, or rationalize clin-
ical anomalies for a biopharmaceutical agent intended for SC injection
[27]. While it is unrealistic to establish a readily accessible in vitro tool
that models all complexities of the human hypodermis [28], it is possible
to examine specific aspects of possible events that could occur through
interaction(s) between a biopharmaceutical and ECM elements. Indeed,
agarose hydrogels have been used to mimic certain properties of the SC
injection site to predict parenteral drug formulation performance [29].
We established the SCISSOR instrument as an in vitro using an HA
hydrogel to model drug fate following SC injection, information that can
be used examine drug and formulation risks [30]. In the present studies,
we have described a set of hydrogels containing some highly represented
components of the hypodermis to determine if such matrices could be
used in the SCISSOR instrument to expand the experimental options of
this tractable model. Critically, we worked toward the identification of
aECM formats where sufficient optical clarity was retained to allow
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visual examination assessment of potential drug solubility issues. We
also sought to maintain comparable rheological properties following
addition of an ECM element to allow direct comparisons of drug release
observed between these different hydrogels. For HA, the addition of
ECM elements failed to affect frequency scan profiles beyond the stan-
dard error of the system. Collagen additions to the HA-XR format,
however, did add significantly to the viscosity of these systems.

It is not possible to make in-depth interpretations from the limited set
of studies described. The focus of these studies was to validate a reper-
toire of hydrogel matrices as tools that can now be used by pharma-
ceutical scientists to perform more extensive studies where hypothesis-
driven questions regarding specific interactions between drug mole-
cules and ECM elements of the hypodermis as well as the impact of
formulation components could be examined. Further, we did not
attempt to examine the vast number of possible combinations and per-
mutations for each of these molecules with the various hydrogel systems
described. Therefore, our data was intended to encompass representa-
tive systems intended only for validation of the analysis potential of
similar hydrogel-based systems. While the idea that drug delivery sys-
tems with reduced drug interactions with tissues would be a focus of the
pharmaceutical industry, this set of aECM formats could be used to work
toward this goal for assessing subcutaneous formulations.

Hydrogels tested in the current studies were not intended to
completely replicate the human hypodermis architecture within the
SCISSOR cartridge. Instead, our aim was to extend the repertoire of in-
jection site formats available for SCISSOR-based studies and to examine
the impact of individual ECM elements present in the human hypoder-
mis on the fate of injected molecules. This is a tractable system, designed
to probe the effects of a specific element in the system. For such studies,
absolute levels of these elements are not as important as their presence
and we show that collagen from human fibroblasts (Col F), bovine type I
collagen (Col I), chicken collagen type II (Col II), or chondroitin sulphate
(CS) can be integrated into HA hydrogels to produce systems amenable
for this use. Of the ECM elements examined, we did not identify a
clinically relevant question to assess. As proteoglycan-(PG) forming
glycosaminoglycans and chondroitin sulfate PGs present in the human
hypodermis can facilitate collagen fibril formation [31] these hydrogel
matrices may find applications in formulation strategies to alter in-
teractions with collagens [32]. While we focused on introduction of
these components individually, each could be incorporated in combi-
nations with other ECM elements to explore the impact of their com-
bined integration into these hydrogels. Our studies showed that Col F
containing predominantly human type I collagen and bovine Col I had
similar properties in these hydrogels and produced similar experimental
outcomes, making Col F the preferred material for future work exam-
ining the impact of human collagen. While there is potential for
including other ECM elements, availability and/or practicality of
incorporating these materials into a hydrogel within a SCISSOR car-
tridge will need to be considered.

One of the issues addressed in these studies is the loss of HA within
the SCISSOR cartridge overt extended (multiple days) periods of time.
While HA alone can provide a hydrogel format to assess release prop-
erties over a few hours, its loss from the SCISSOR cartridge was slowed
by the inclusion of collagens where non-covalent complexation could be
occurring or the introduction of chemical cross-linking of HA molecules
themselves. The current studies have described and characterized
several HA-based hydrogel formats amenable for measuring extended-
release profiles required to assess LAI formulations and potential in-
teractions with specific ECM elements that might affect the performance
of a SC injected formulation. While these hydrogel formats have focused
on optical clarity and manageable viscosities, we are not suggesting that
these exactly replicate properties of the human hypodermis. Indeed, is it
unlikely that the ECM of the human hypodermis is optically clear or
could be readily transferred into a SCISSOR cartridge. Hydrogel formats
described in these studies are intended to extend the repertoire of
experimental formats that can be used to address hypothesis-driven
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questions to accelerate the rational identification and initial in vitro
testing of formulations intended for SC administration.
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