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In situ forming implants (ISFIs) have shown promise as a sustained, local drug delivery system for therapeutics in
a variety of applications. However, development of ISFIs has been hindered by poor correlation between in vitro
study results and in vivo performance. In contrast to oral dosage forms, there is currently no clear consensus on a
standard for in vitro drug dissolution studies for parenteral formulations. Recent studies have suggested that the
disparity between in vivo and in vitro behavior of phase-inverting ISFIs may be, in part, due to differences in in-
jection site stiffness. Accordingly, this study aimed to create acrylamide-based hydrogel phantoms of varying po-
rosity and stiffness, which we hypothesized would better predict in vivo performance. Implant microstructure
and shape were found to be dependent on the stiffness of the phantoms, while drug release was found to be de-
pendent on both phantomporosity and stiffness. Specifically, SEM analysis revealed that implant porosity and in-
terconnectivity decreased with increasing phantom stiffness and better mimicked the microstructure seen in
vivo. Burst release of drug increased from 31% to 43% when in standard acrylamide phantoms vs macroporous
phantoms (10 kPa), improving the correlation to the burst release seen in vivo. Implants in 30 kPa macroporous
phantoms had the best correlation with in vivo burst release, significantly improving (p b 0.05) the burst release
relative to in vivo from64%, using a standard PBS dissolutionmethod, to 92%. These findings confirm that implant
behavior is affected by injection site stiffness. Importantly, with appropriate optimization and validation, hydro-
gel phantoms such as the one investigated here could be used to improve the in vitro-in vivo correlation of in situ
forming implant formulations and potentially augment their advancement to clinical use.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

In situ forming implants (ISFI) for sustained delivery of therapeutics
are an attractive alternative to oral and intravenous dosing aswell as the
conventional pre-formed drug eluting depots. They have been shown to
be successful in delivering a diverse range of therapeutic agents, includ-
ing local chemotherapeutics for intratumoral cancer treatment [1–5],
doxycycline for the treatment of periodontal disease [6,7], and sucrose
acetate isobutyrate for the treatment of schizophrenia and bipolar dis-
order [8]. Phase-sensitive ISFIs, first patented by Dunn et al. in 1990,
aremade from a hydrolytically degradable andwater insoluble polymer
that is co-dissolvedwith a therapeutic agent in awatermiscible organic
solvent [9,10]. Upon injection into tissue, the implants undergo a
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process of phase inversion, in which the organic solvent inside of an
ISFI solution begins to diffuse out while simultaneously being replaced
by water from the surrounding tissue, forming the precipitated water-
insoluble polymer matrix [11,12]. Unlike pre-formed drug-eluting im-
plants that require surgical implantation, ISFI systems can be injected
through a small needle directly into the site of action, improving patient
comfort and compliance.

Despite these benefits, development and translation of these sys-
tems has been sluggish. This is in part due to poor in vitro-in vivo corre-
lations (IVIVC) stemming from the influence of the injection site
properties on the phase inversion and implant formation process. In
many cases, the typical dissolution set-up does not take into account
the mechanical properties of the milieu surrounding the implant [13].
Improving the IVIVC of phase inverting systems to accurately predict
their bioperformance circumvents the high cost and ethical concerns as-
sociated with extended in vivo animal and human studies. The discrep-
ancy between in vitro/in vivo behavior has been shown to be especially
pronounced when delivering low molecular weight hydrophilic mole-
cules [14,15]. Recent work by Solorio et al. has shown that implants,
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Table 1
Formulations for polyacrylamide phantoms.

Acrylamide Bis-acrylamide Solvent APS TEMED

(mL, wt.%) (mL, wt.%) (mL) (mL) (μL)

Standard (1.7, 6.4) (0.5, 0.095) 7.8 0.5 50
(4.0, 15.2) (0.5, 0.095) 5.5 0.5 50
(7.0, 26.5) (0.5, 0.095) 2.5 0.5 50

Macrogels (4.0, 15.2) (0.5, 0.095) 5.5 0.16 20
(7.0, 26.5) (0.5, 0.095) 5.5 0.16 20
(9.0, 34.12) (0.5, 0.095) 0.5 0.16 20
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made with PLGA and NMP, injected subcutaneously in vivo had in-
creased burst release and rate of phase inversion when compared to
those formed in vitro in a PBS bath [15]. As onemay expect, these differ-
ences in implant behavior can be attributed to the ultimate implant
shape, size, and microstructure. Implant size and shape are both influ-
enced by the injection procedure and formulation [16], while implant
microstructure has been correlated to the rate of phase inversion [12,
17,18]. ISFIs were originally intended to be injected into the subcutane-
ous or intramuscular space, which chemically speaking, can be consid-
ered to be a mixture of water, organic solvent, proteins and salts. This
mixture is significantly different from solvents used in typical in vitro
dissolution studies. Although only a few studies have been done to elu-
cidate the effects of these bathside components [11,12], none of them
can account for the drastic differences in release profiles that lead to
the poor IVIVC.

While the chemical composition of the injection site is important,
the physical structure or tissue stiffness also plays a role in implant for-
mation and drug release in vivo. Patel et al. investigated the effect of in-
jection site stiffness on implant formation and release [14]. They found
that when injected in vivo, implants were flatter with a less uniform
shape as compared to the spherical implants that were formed when
dropped in a PBS bath in vitro. More interestingly, they found that the
deviation of in vivo burst release from in vitro correlated with implant
polymer molecular weight. It was hypothesized that there is an in-
creased osmolarity and solvent retention generated by more rapidly
degrading lowmolecular weight PLGA.While this increased osmolarity
leads to swelling of implants in vitro, the compressive forces of tissue in-
hibit implant expansion and therefore lead to a mechanically-induced
convective release of solvent and drug efflux.

In order to further investigate the effect of injection site on perfor-
mance of ISFIs, we have developed a series of in vitro hydrogel phan-
toms capable of constraining implant swelling to mimic the
mechanical inhibition from in vivo tissue. These polyacrylamide phan-
toms provide a physical structure with high water content and tunable
biologically-relevant mechanical properties. As ISFIs are moving to-
wards more unconventional sites of injection, such as directly into tu-
mors (which can be as stiff as 42 kPa [19]), we have investigated
phantoms ranging in elastic modulus from 1 to 30 kPa. In the current
study, the effects of phantom stiffness and diffusion properties on
drug release, implant microstructure, and swelling were evaluated.

2. Methods

2.1. Materials

Poly(DL-lactic-co-glycolic) (acid-capped PLGA, 50:50, MW 13.8
kDa) was obtained from Lactel, Durect Corp. (AL), and used as
received. N-methyl-2-pyrrolidinone (NMP) and sodium fluorescein
were obtained from Sigma–Aldrich (St. Louis, Missouri).
Acrylamide, bis-acrylamide, ammonium persulfate (APS), and N,N,N′,N
′-tetramethylethylenediamine (TEMED) were obtained from Fisher
Scientific, Waltham, MA.

2.2. ISFI solution preparation

ISFI polymer solutionsweremade from13.8 kDa PLGA (inherent vis-
cosity 0.19 dL/g) co-dissolved with a mock drug (fluorescein disodium
salt) in NMP with a 60:39:1 mass ratio of solvent:polymer:drug. The
components of the polymer solution were added together and allowed
to dissolve overnight inside an incubator shaker at 37 °C. Polymer solu-
tions were used within 24 h of mixing.

2.3. In vitro PBS release

For PBS studies, polymer solution (40 μL) was injected into 10mL of
PBS and placed inside an incubator shaker at 37 °C and 80 rpm. The PBS
solutionwas refreshed every 24 h. At predetermined time points (t=2,
4, 6 h and 1, 2, 3, 5, 7 days), implants were harvested, weighed and de-
graded in 2M sodium hydroxide. Cumulative release of drugwas deter-
mined bymeasuring the residual drug left in each implant at the time of
harvest. Once degraded, the residual drug was determined by compari-
son to a standard curve using a plate reader at an excitationwavelength
of 485 nm and an emission wavelength of 525 nm (Tecan Ltd., Infinite
200 series). The release at each time point was averaged from 3
implants.

2.4. In vivo release

All animal studies were performed following protocols approved by
the Case Western Reserve University Institutional Animal Care and Use
Committee. Briefly, 6–8 week old Sprague-Dawely rats (Charles River
Laboratories Inc. Wilmington, MA) were anesthetized using 1%
isoflurane with an oxygen flow rate of 1 L/min. ISFI solution (120 μL)
was injected under the ventral skin flap in four locations using a 21-
gauge hypodermic needle. At predetermined time points (t = 2, 4, 6 h
and 1, 2, 3, 5, 7 days), implants were dissected out after euthanasia. Dis-
sected implants were degraded and the residual drug left in each im-
plant was determined as described earlier.

2.5. Phantom preparation and characterization

Phantoms of varying moduli and porosity were prepared as follows.
Standard polyacrylamide phantoms of varying moduli were made by
varying the mass ratio of acrylamide in PBS. A 40% acrylamide solution
was used to make phantom solutions ranging between 6.45 and
26.54 wt.% (Table 1). Acrylamide solutions were then cross-linked by
free radical polymerization with TEMED and APS inside 24 well plates
at room temperature. Macroporous phantoms where made by a
cryogelation technique that involves crosslinking under freezing condi-
tions [20,21]. These solutions were cooled to 0 °C in an ice water bath
where TEMED and APSwere added to initiate polymerization. The solu-
tionwas thenquickly poured into a 24well plate and placed in a−20 °C
freezer for 24 h. After the incubation period, implants were allowed to
thaw and swell in PBS for 24 h. All phantoms were cross-linked with
0.095 wt.% bis-acrylamide.

Young's modulus of acrylamide samples was determined by stan-
dard unconfined compressive mechanical testing using a rheometer
(Rheometrics RSAII, NJ or Test Resources 800LE3-2, MN). Phantoms
were polymerized inside 24 well plates, resulting in gels that were
15 mm in diameter and 20 mm in thickness. A strain rate of 0.01/s
was used and the time for each compression test was optimized in
order to achieve at least 30% strain. Young's modulus was calculated
using the linear range of the stress/strain curve. Standard phantoms
were tested at a predetermined time point spanning 14 days and stored
in a solution of PBS (pH 7.4) inside an incubator shaker at 37 °C in be-
tween testing. Macroporous phantoms swelled to the maximum level
almost immediately, and therefore were only measured once.

For swelling/water uptake studies, standard acrylamide phantoms
were again polymerized inside 24 well plates and weighed for their ini-
tialmass. Phantomswere then stored in a solution of PBS (pH7.4) inside
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Fig. 1. (A) Cumulative mass release of fluorescein and (B) normalized wet mass of
implants over the course of 7 days. Implants were formed in PBS and subcutaneously
under the ventral skin flap of Sprague-Dawley rats. *indicates p b 0.05.
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an incubator shaker at 37 °C for 14 days. At pre-determined time points,
samples were taken out of the PBS solution and weighed.Water uptake
was calculated by dividing the final weight at each time point over the
original weight of each phantom.

2.6. In vitro phantom drug release

For phantom release studies, acrylamide solutionswere cross-linked
inside 24 well plates. Macroporous and standard phantoms were hy-
drated in PBS at 37 °C for one and five days, respectively. Once at steady
state, 40 μL of ISFI solution were syringe injected into the center of each
phantom. Phantoms were then placed in 100 ml of PBS inside in an in-
cubator shaker at 37 °C and 80 rpm. PBS was replenished daily. At
predetermined time points (t=2, 4, 6 h, and 1, 2, 3, 5, 7 days), implants
were harvested from phantoms, weighed, and degraded in 2 M sodium
hydroxide. Implants were degraded and the residual drug left in each
implant was determined as described earlier. Fluorescent images of im-
plants in phantoms were taken using the Maestro Imaging System. A
blue excitation filter (435–480 nm) and a green emission filter
(490 nm longpass filter) were used with a 10 ms exposure time.

2.7. Scanning electron microscopy

Implant microstructure was evaluated as previously described [15].
Briefly, harvested implants were freeze fractured and lyophilized for
2 days. Dry implants or phantoms were then sputter coated with
5 nm of palladium and imaged using a Quanta 200 3D ESEM (Hillsboro,
OR) with an acceleration voltage of 3.5 kV and a hole size of 10 nm.

2.8. Statistical analysis

Statistical analysis was performed in GraphPad Prism using a two-
tailed Student's t-test (p b 0.05), assuming unequal variances between
the two data sets. All data were reported as mean± standard deviation
and each data set contained a minimum of n = 3.

3. Results

3.1. In vitro and in vivo fluorescein release and water uptake

Fluorescein release kinetics from implants, formed either in a bath of
PBS or in the subcutaneous space, demonstrated 2 phases; burst phase
(24 h) and a diffusion phase (N24 h) (Fig. 1A). Implants formed in the
subcutaneous space had a significantly higher burst release than those
formed in PBS (61.9 ± 10.0% vs 39.9 ± 2.1%, p b 0.05). The overall re-
lease at the end of the 7-day study was 70.7 ± 1.9% and 63.0 ± 4.9%
for implants formed in vivo and in vitro, respectively. Following the
burst phase, release of fluorescein from implants formed in vivowas sig-
nificantly reduced. Implants formed in vitro, however, had a fluorescein
release rate of 3.7% per day. Implants formed in vitro had a rapid uptake
of fluid that continued until 5 days, reaching amaximummass that was
3.8 fold higher than original mass (Fig. 1B). Implants formed in vivo
reached a maximum mass at 24 h (2.3 fold), followed by a loss of
mass until 3 days. Fluid uptake was significantly higher for implants
formed in vitro as compared to those formed in vivo for all time points.

3.2. Mechanical properties of hydrogels

Polyacrylamide phantomsof different elasticmoduli were fabricated
by varying the ratio of acrylamide to PBS in the gel solution and tested
under a standard unconfined compression test. The elastic modulus of
the standard polyacrylamide gels was measured as-prepared, as well
as after 5 and 14 days of swelling in PBS (Fig. 2A). All samples had the
highest elastic modulus immediately after polymerization, and equili-
brated after 5 days. The elastic modulus of phantoms with an acrylam-
ide wt.% of 6.45, 15.17 and 26.54% were 0.94 ± 0.05, 10.39 ± 0.50 and
18.19 ± 0.44 kPa (for simplicity referred to as 1, 10, and 20 kPa phan-
toms), respectively after 5 days and did not have any statistically signif-
icant decreases after 14 days. Phantoms were weighed every other day
to monitor their swelling/water-uptake over a 14-day period (Fig. 2B).
Standard phantom swelling correlated well with increasing acrylamide
wt.% and also equilibrated after 5 days in PBS. Macroporous phantom
swelling plateaued within the first 24 h at 242 ± 30%, 221 ± 6% and
192 ± 11% of their original mass for phantoms with an acrylamide
wt.% of 15.17, 26.54, and 34.12%, respectively (data not shown). The
elastic modulus of macroporous phantoms was measured after 24 h of
swelling. The elastic modulus of macroporous phantoms with an acryl-
amide wt.% of 15.17, 26.54, and 34.12% was 8.68 ± 2.24, 22.8 ± 04.88
and 31.95 ± 6.46 kPa (for simplicity, referred to as 10 kPa, 20 kPa and
30 kPa cryogel), respectively.
3.3. Drug release in standard phantoms

Implants injected into standard acrylamide phantoms demonstrated
three distinct phases of release; burst phase (b24 h), a plateau phase
(24 to 72 h), and a diffusion phase (N72h) (Fig. 3A). No statistical differ-
ences in the burst release of implants formed in phantoms were found.
The overall release at the end of the study was 79.1 ± 2.3%, 86.2± 4.8%
and 98.8± 0.3% for implants in 1, 10, and 20 kPa phantoms, respective-
ly. The normalized peak mass of implants decreased with increasing
phantom stiffness demonstrating the effect of injection site stiffness
on implant swelling.
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Fig. 3. (A) Cumulative mass release of fluorescein and (B) normalized wet mass of
implants over the course of 7 days for implants injected into standard acrylamide
phantoms of varying elastic moduli.
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3.4. Drug release in macroporous phantoms

Implants formed inmacroporous phantoms had an increased fluores-
cein release rate compared to those made in the standard phantoms and
lacked the plateau phase of the release profile (Fig. 4B). The increased re-
lease rate can be attributed to the increased diffusion of fluorescein
through the large pores inside the phantoms made by cryogelation, as
seen under SEM (Fig. 4A). This is also evident in the fluorescent images
of the phantoms at 4 and 24 h after injection, inwhich increased penetra-
tion and distribution of fluorescein can be seen in themacroporous phan-
toms when compared to the standard phantom (Fig. 4C). Average drug
release was higher at all time points for implants in the 30 kPa cyrogel
phantom compared to those in the 10 kPa cryogel phantoms (Fig. 4D).
Implants in 20 kPa cyrogel phantoms had a slightly higher burst release
than those in 10 kPa cryogel phantoms but was not statistically different
than those in 30 kPa cryogel phantoms.When comparing the deviation of
fluorescein release between in vivo to in vitro, the implants formed in the
cryogels had a lower deviation than those formed in PBS for all time
points up to 5 days (Fig. 5B).
3.5. Implant shape and microstructure

Implants formed in a PBS bath or in the subcutaneous space were
found to have distinct microstructure (Fig. 6). After 7 days, implants
formed in a PBS bath were spherical, with a very porous and highly in-
terconnected central domain. Implants formed in vivo had a larger sur-
face area, and lacked the porosity and interconnectivity seen in implants
formed in a PBS bath. Implants formed in standard phantoms exhibited
microstructure in between that seen in PBS and in vivo. Porosity and in-
terconnectivity of the center domain decreased with increasing phan-
tom stiffness. Implant shape was also dependent on the injection site.
When formed in PBS, implants were uniform and spherical throughout
the entire study. Implants formed in the soft 1 kPa phantoms showed
only marginal flattening while the stiff 10 and 20 kPa phantoms pro-
duced implants that were flat disk-shaped by the end of the 7-day
study. Implants formed in vivowere also flat disk-shaped at the end of
the study.

4. Discussion

Predictive in vitromodels are vital to reducing the cost and time as-
sociated with the progression to the clinical use of drug delivery sys-
tems. This has been especially true in the translation of phase-
sensitive in situ forming implants (ISFIs), where their drug release can
range from days to several months, leading to the high cost and ethical
concerns associated with extended in vivo animal and human studies
during formulation development. The current United States Pharmaco-
peia (USP) apparatus for in vitro release testing has been designed for
oral and transdermal products and thus may not have great relevance
for local ISFI use [13]. Unlike with oral formulations, there is no regula-
tory standard for parenteral drug delivery systems, resulting in an as-
sortment of protocols for drug dissolution studies being reported in
literature. While data suggest that implant behavior is sensitive to
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changes in injection environment, typical dissolution studies lack many
of the physical and chemical properties of tissue, leading to poor IVIVC.
The purpose of this studywas to determine if a hydrogel phantom could
mimic the injection environment forces exerted on an implant when
injected in vivo and better predict in vivo performance.

As previously observed [14,15], in the current study there were sig-
nificant differences between implants formed in vitro in PBS and in vivo.
Analysis under SEM revealed that implants formed in vitro in a PBS bath
had a highly interconnected porous microstructure at the end of the 7-
day study. Implants formed in the subcutaneous space however, had a
dense polymer network with little interconnectivity at the end of
study. Solorio et al. similarly observed this trend where the microstruc-
ture of implants formed in vivo initially resembled the highly porous
and interconnected microstructure of those formed in vitro [15]. Over
time however, only the implants formed in vivo showed a gradual loss
of porosity. It was hypothesized that this change in porosity overtime
leads to a loss of implant diffusivity, ultimately hampering drug release
during the diffusion phase of implants formed in vivo. Implants formed
in vivo also had a significantly higher burst release than implants formed
in vitro. This disparity in burst release has been hypothesized to be a re-
sult of the compressive forces of tissue inhibiting implant expansion and
therefore leading to a mechanically induced convective release of sol-
vent and drug efflux.

In order to further investigate the effect of injection site stiffness on
implant behavior, we developed polyacrylamide phantoms with differ-
ent elastic moduli capable of inhibiting implant swelling. The elastic
moduli of these polyacrylamide phantomswere easily tuned by varying
themass ratio of acrylamide to PBS. For this study we formulated phan-
toms with three different moduli (1, 10 and 20 kPa), which covers the
wide range of human soft tissue. These non-degradable phantoms,
once water-equilibrated, had constant mechanical properties for over
two weeks. When implants were formed in phantoms, analysis under
SEM revealed that implant porosity was highly dependent on phantom
stiffness. Implants formed in the soft 1 kPa phantoms had a microstruc-
ture similar to those formed in PBS with a highly porous and intercon-
nected microstructure. Implants formed in the stiffer 10 or 20 kPa
phantoms lacked this porosity andmore closely resembled the implants
thatwere formed in vivo. Implant shapewas also dependent on the stiff-
ness of the phantom.While all implantswere initially spherical upon in-
jection, the external pressure of the phantom on the implants resulted
in their compression and flattening. Implants formed in the soft 1 kPa
phantoms showed only marginal flattening while the stiff 10 and
20 kPa phantoms produced implants that were flat disk-shaped by the
end of the 7-day study.

Although unexpected, phantom stiffness did not have an effect on
the burst release from implants inside standard phantoms. Between 1
and 2 days after injection, no significant differences in the release of
fluorescein from implants occurred in phantoms of different moduli.
We speculated that this could be attributed to the low permeability co-
efficient of the highly cross-linked standard gels, which creates a higher
accumulation of fluorescein outside of the implant and reduces the rate
of fluorescein release. In order to circumvent this issue, macroporous
phantoms were created by polymerizing polyacrylamide solutions
under freezing conditions. Freezing the acrylamide solution prior to
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polymerization leads to polycrystals of frozen solvent surrounded by an
unfrozen liquid microphase (ULMP) of highly concentrated monomers
[20,21]. These polycrystals serve as pore formers while the ULMP poly-
merizes around them.

At the conclusion of the study, SEM analysis of implants injected into
10 kPa macroporous hydrogels revealed the same dense polymer mi-
crostructure as seen in 10 kPa standard acrylamide phantoms (Fig. 5).
However, fluorescent images of the phantoms at 30 min, 4 and 24 h
PBS

10 kPa

Standard gel

1 kPa

Standard gel

Fig. 6. Scanning electron microscopy images highlighting the difference in mi
after injection revealed that macroporous hydrogels had a greater dis-
tribution of fluorescein throughout the phantom, whichwas likely a re-
sult of higher permeability. The increased permeability resulted in
fluorescein release kinetics from implantswhichdid not display the pla-
teau phase seen in the standard phantoms. Implants formed in the
stiffer 30 kPa macroporous phantoms had a significantly higher burst
release (57.3 ± 3.2 vs 43.25 ± 4.2 vs 39.86 ± 2.1%) when compared
to implants formed in the softer 10 kPa phantoms and PBS. Implants
in 20 kPa phantoms were shown to have a slightly increased burst re-
lease from 10 kPa, but the burst was not statistically different from
30 kPa phantoms. We suspect that differences in drug release from im-
plants in this systemare only sensitive to large increases in injection site
stiffness and that the large pore size leads to equivalent permeability in
these phantoms. As mentioned earlier, many factors can contribute to
differences in burst release between implants formed in a PBS bath
and those in vivo. However, evidence suggests that the disparity in
burst release is largely due to the implants' inability to swell freely in
vivo [14]. Our data supports this hypothesis, as implants formed in
stiffer gels have been shown to be more compressed and have a higher
burst release than those in PBS. The burst release from implants in the
30 kPa macroporous phantoms was found to better represent the
burst release in vivo (57.2 ± 3.2 vs 61.9 ± 10.4%) than implants formed
in PBS. The release rate from these implants in the 10 kPa phantom after
24 h was 2-fold higher (8.0 vs 3.7% per day) when compared to those
formed in PBS. This increased release rate is likely attributed to the in-
creased surface area to volume ratio of the flat disk-shaped implants.

This study has several limitations. In order to reducematrix/drug in-
teractions and limit toxicity, fluorescein disodium salt was used as a
mock drug. It has been shown that fluorescein and the chemotherapeu-
tic agent doxorubicin have similar release profiles from phase sensitive
ISFIs, thus we expect that the result seen here would be applicable to
this commonly utilized anticancer agent [18]. Additionally, this study
was limited to the use of one polymer type with a specific molecular
weight. Future studies should investigate higher molecular weight
PLGA as well as other polymers used in phase sensitive ISFIs. Likewise,
while it is likely that the effects of the injection site will have a bearing
on most other injectable formulations, it is difficult to predict this be-
havior for systems that are driven by processes other than phase inver-
sion (e.g. temperature or pH). Additional studies are required to
demonstrate this effect is more broadly applicable.

5. Conclusions

Phase sensitive ISFIs implanted in tissue-mimicking phantoms were
shown to better predict in vivo behavior than those done in a standard
PBS dissolution study. While other studies have explored the effect of
injection site stiffness on implant behavior in vivo, this is the first time
an in vitro test was developed tomimicmechanical properties of tissues
2mm

500 µm

In Vivo

10 kPa

Macrogel

20 kPa

Standard gel

crostructure for implants formed in the subcutaneous space and in vitro.
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on implant behavior. Our findings suggest that the stiffness of the phan-
tom has a direct effect on implant microstructure and mock drug re-
lease. Therefore, adaptation of these tissue-mimicking phantoms as
the standard method for dissolution studies can improve the in vitro-
in vivo correlations of ISFI and reduce the cost and time associated
with clinical approval.
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