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ABSTRACT: The initial drug release from in situ forming
implants is affected by factors such as the physicochemical
properties of the active pharmaceutical ingredient, the type of the
excipients utilized, and the surrounding environment. The
feasibility of UV−vis imaging for characterization of the initial
behavior of poly(D,L-lactide-co-glycolide) (PLGA)/1-methyl-2-
pyrrolidinone (NMP) in situ forming implants was investigated.
The in vitro release of leuprolide acetate (LA) and implant
formation in real time were monitored using dual-wavelength
imaging at 280 and 525 nm, respectively, in matrices based on
agarose gel and hyaluronic acid (HA) solution emulating the
subcutaneous matrix. Three hours upon injection of the pre-formulation, approximately 15% of the total amount of LA administered
was found in the agarose gel, while 5% was released from the implant into the HA solution. Concurrently, more extensive swelling of
the implants in the HA solution as compared to implants in the agarose gel was observed. Transport of both LA and the solvent
NMP was investigated using UV−vis imaging in a small-scale cell where the geometry of the formulation was controlled, showing a
linear correlation between drug release and solvent escape. Light microscopy showed that the microstructures of the resulting
implants in agarose gel and HA solution were different, which may be attributed to the different solvent exchange rates. UV imaging
was also used to examine the interaction of LA with the release medium by characterizing the diffusion of LA in agarose gel, HA
solution, and phosphate buffered saline. The reduced LA diffusivity in HA solution as compared to agarose gel and the LA
distribution coefficient in the agarose gel−HA system indicated the presence of interactions between LA and HA. Our findings show
that the external environment affects the solvent exchange kinetics for in situ forming implants in vitro, resulting in different types of
initial release behavior. UV−vis imaging in combination with biorelevant matrices may offer an interesting approach in the
development of in situ forming implant delivery systems.
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■ INTRODUCTION

Due to the special properties of peptide and protein-based
drugs, and their associated low stability in the gastrointestinal
tract and low oral availability, injection may be the only
feasible route of administration.1 Consequently, subcutaneous
(SC) injection is the most common route for administering
biopharmaceuticals.2 Sustained release formulations are
applied in order to avoid frequent injection and increase
patient compliance. To this end, the concept of in situ forming
implants based on solvent exchange was conceived.3 The
preparation of in situ forming implants may utilize biodegrad-
able polymers dissolved in water-miscible, biocompatible
organic solvents as carriers. Biodegradable polymers such as
polylactide acid (PLA), poly(lactic-co-glycolide) (PLGA), and
polycaprolactone (PCL) are preferably employed due to their
approval by the FDA.4 The most frequently used solvent is 1-
methyl-2-pyrrolidinone (NMP).5 In addition, triacetin,6

dimethyl sulfoxide (DMSO),7 ethyl acetate,7 and glycofurol8

have also been found use. The process of drug release from

PLGA/NMP in situ forming implants is typically described by
three phases: (i) burst release during initial depot formation,
(ii) drug diffusion through the polymeric matrix, and (iii) drug
release due to implant degradation and erosion.1,9 The rate of
release is largely governed by the physicochemical properties of
the drug and polymer and the drug, solvent, and polymer
interactions.1 These SC injectable depots can provide a
sustained release lasting from days to several months, thus
reducing the frequency of administration and enhancing
patient compliance.10

In addition to toxicity of the polymers and solvents used,
challenges associated to the development of in situ forming
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implants include undesirable initial burst release and variable
geometry of the formed depots.4 Since the in situ forming
implants are administered as a liquid, the initial high release
takes place during the time lag between injection and
coagulation of the matrix.11 It is commonly attributed to the
formation of porous structures and interconnected networks of
a polymer-lean phase, allowing the drug near the surface to
release quickly into the surrounding environment in the first
few hours.12 The burst release may cause side effects in some
patients due to fluctuating blood drug levels. Formulation
strategies have been put forward to control and minimize the
initial burst release including the exploration of novel
polymeric materials or altering the type of organic
solvents.13−15 Additional challenges for the safe usage of in
situ forming implants relate to the unpredictable formation of
depots with respect to the geometry and difficulties related to
the injection of the viscous polymer solutions.16 Studies have
suggested that injection speed, needle size, and mechanical
pressure of the release medium play a crucial role in the
resulting geometry of the implants14,17 and that solvent
exchange rates affecting the drug release rates strongly depend
on the surface area of the resulting depot.14

Significant efforts have been made to characterize and
evaluate in vitro behavior and in vivo performance of in situ
forming implants. Sample-and-separate methods represent the
mainstay with regard to in vitro release testing of in situ forming
implants.18 Continuous monitoring of drug release with high
biorelevance is essential to obtain release profiles suitable for
prediction of the in vivo performance of in situ forming
implants.19 To this end, imaging methods may be of significant
interest due to their ability to link drug release to physical
changes of the administered formulation thereby helping us to
unravel release mechanisms.20 In situ forming PLGA implants
have been subjected to study by dark-ground video imaging,15

ultrasound imaging,17 electron paramagnetic resonance spec-
troscopy (EPR),21 and magnetic resonance imaging
(MRI).22,23 Each of these techniques provide valuable
information to various aspects of implant formation. However,
a simple easy to use imaging method in a formulation
development setting may still be in need.
The human SC tissue contains adipocytes, accompanied

with sparse fibroblasts and macrophages, and the extracellular
matrix (ECM) comprising collagen, hyaluronic acid (HA), and
chondroitin sulfate.2 There is an increasing awareness that the
physical and chemical changes and stresses that a drug
experiences upon SC injection may influence the therapeutic
outcome. This may be of particular relevance to in situ forming
drug delivery systems. Upon SC injection of pre-formulations,
interactions with ECM constituents may induce biophysical
changes affecting drug release and transport at the injection
site.24 Therefore, rather than performing in vitro release testing
in simple buffer solutions, increased bio-relevance has been
pursued by introducing ECM constituents and SC tissue
mimics or phantoms.24−26 For instance, polyacrylamide and
agarose gel have been suggested as matrices simulating
mechanical properties of human SC tissue with respect to
rheological properties and water content.27−29 HA has been
considered as a potential SC tissue surrogate focusing on the
importance of charge interactions.24,30

In previous work, we have explored the application of
hydrogels as tissue surrogates in combination with UV
imaging,31−34 realizing small-scale diffusion, partitioning, and
release studies of potential relevance to mainly injectables.

However, investigation of whole dosage forms was limited by
the relatively small imaging area available. Here, the feasibility
of utilizing UV−vis imaging to quantify the initial drug release
from a PLGA/NMP in situ forming implant at a clinically
relevant volume and dose was explored with the intention of
assessing the potential of UV imaging for characterizing long-
acting injectables. The objective of the current study was to
develop an in vitro setup capable of monitoring the events
occurring during and shortly upon drug administration and
assess whether UV−vis imaging was sufficiently sensitive for
monitoring drug release from implant forming depot
injectables. To this end, the influence of the surrounding
matrix, i.e., agarose gel or HA solution, on the burst release and
initial drug diffusion were examined together with the
suitability and analytical performance of the imaging system.
Agarose and HA were selected to attain information on the
potential importance of mechanical as well as electrostatic
matrix properties. Agarose forms a near-charge-neutral gel,
whereas the net negatively charged HA forms a polyelectrolyte
solution. Leuprolide acetate (LA, MW 1269.4 Da, pI 11.3),35 a
gonadotrophin-releasing hormone (GnRH) analogue used to
treat a wide range of sex hormone-related disorders, such as
prostate cancer, breast cancer, endometriosis, uterine fibroids,
and early puberty, was selected as the model drug. The applied
formulation resembled marketed products in terms of the
composition.

■ EXPERIMENTAL SECTION
Materials. Agarose (type I, gel point (0.5% (w/v) agarose

in water): 36 ± 1.5 °C), hyaluronic acid (HA, MW 1.5−1.8 ×
106 Da) sodium salt from Streptococcus equi, poly(D,L-lactide-
co-glycolide) (PLGA, the molar ratio of lactide:glycolide =
50:50, MW 24,000−38,000 Da, sulfate content: ≤0.15%), and
1-methyl-2-pyrrolidinone (NMP) were purchased from Sigma-
Aldrich (St. Louis, MO, U.S.A.). Leuprolide acetate (LA;
purity of >99%) was obtained from Kaijie Biopharm Co.
(Chengdu, China). Disodium hydrogen phosphate, sodium
hydroxide, sodium chloride, potassium dihydrogen phosphate,
and potassium chloride were obtained from Merck (Darm-
stadt, Germany). Trifluoroacetic acid (TFA) was bought from
Carl Roth Gmbh & Co. KG, Karlsruhe, Germany. Methanol
(HPLC grade) was obtained from VWR International S.A.S.,
Fontenay-sous-Bois, France. Acetonitrile (HPLC grade) was
obtained from VWR International (Philadelphia, Pennsylvania,
U.S.A.). The phosphate buffered saline (PBS) used for the
release experiments consisted of 0.01 M phosphate, 0.137 M
NaCl, and 0.002 M KCl adjusted to pH 7.4. Deionized water
was purified by an SG Ultra Clear 2002 water system (SG
Water GmbH, Barsbüttel, Germany) and used in all experi-
ments.

UV−Vis Imaging Instrumentation. An ActiPix D200
UV−vis imaging system (Paraytec Ltd., York, U.K.) with a
custom-made cell was used for imaging of the in situ forming
implants.
The D200 imaging system had a 25 × 25 mm2 (H × W)

CMOS chip with an effective pixel size of 13.75 × 13.75 μm2.
The cell with a light path of 4.0 mm consisted of a 3D-printed
PLA support and two quartz slides (AdValue Technology,
Tucson, U.S.A.) with dimensions of 75 × 26 × 1.0 mm3 (L ×
W × D) serving as the top and bottom layer. The PLA support
provided the walls of the cell, and contained an inlet for
introduction of release media and an outlet (Supporting
Information, Figure S1).36 An additional inlet was made for
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insertion of an 18G needle (1.2 mm (OD) × 40 mm (length),
Terumo, Leuven, Belgium) for injection of the pre-
formulations into the cell. A syringe pump (Fusion 200,
Chemyx Inc., Stanford, TX, U.S.A.) was used to infuse the pre-
formulations at a constant rate. Additional LA and NMP
release and diffusion experiments were performed in small-
scale cells (quartz cell) with inner dimensions of 8.0 × 38.0 ×
0.5 mm3 or 8.0 × 38.0 × 1.0 mm3 (W × L × H; Starna
Scientific Ltd., Hainault, Essex, U.K.). Images were recorded at
a rate of 1 frame/s using D200 Acquisition software (version
3.1.7.4) from Paraytec Ltd. The imaging experiments were
performed at 37 °C in an incubating hood TH 30 (Edmund
Bühler GmbH, Bodelshausen, Germany).
Preparation of the LA Pre-formulation. One gram of

the pre-formulation contained 0.03 g of LA, 0.28 g of PLGA,
and 0.69 g of NMP. Briefly, the PLGA was added to NMP and
subsequently mixed using an Intelli mixer (RM-2, ELMI, Riga,
Latvia) at ambient temperature until forming a clear solution.
The LA was dissolved in the resulting polymer solution.37 The
pre-formulation was stored at 4 °C and used within 3 days.
Preparation of Agarose Hydrogel and HA Solution.

Agarose hydrogel (0.5% (w/v)) was prepared by suspending
250 mg of agarose in 50 mL of PBS, pH 7.4. The suspension
was incubated at 95 °C for 30 min allowing the agarose to
dissolve completely. HA sodium salt (100 mg) was added to
10 mL of PBS, and the mixture was agitated overnight on a
magnetic stirrer at 4 °C. The solution was brought to room
temperature prior to use.
LA Release in the Formulation Cell. The initial LA

release and implant formation upon injection of the pre-
formulation into the agarose gel and the HA solution were
monitored for 3 h at 37 °C using the formulation cell (setup 1
in Figure 1). The release experiments were performed using
three different approaches (i, ii, and iii) as described in the
following. Briefly, (i) approximately 5.0 mL of hot agarose
solution was transferred to the formulation cell without the top
quartz slide and left at room temperature for 30 min to allow
gelation. A cylindrical reservoir (parallel to the light path) of
5.6 mm in diameter with the nominal volume of 100 μL was
created in the center of the agarose gel using a hollow tube to

core out the agarose gel. The imaging experiments (n = 3)
were initiated immediately after applying the lid to the cell.
The LA-containing pre-formulation was then injected into the
reservoir. (ii) The hot agarose solution was infused into the
formulation cell by the inlet and was left until the temperature
was below the glass transition temperature for PLGA (43.5
°C).17 The release study (n = 3) was started by direct injection
of the LA pre-formulation into the agarose gel at a temperature
of 40 °C. (iii) Approximately 5.0 mL of HA solution serving as
a release medium was infused into the cell via the inlet
followed by injection of the LA-containing pre-formulation (n
= 3). In these experiments (i, ii, and iii), the injection of the
pre-formulation was performed via the injection port using a
syringe pump and 18G needle. The pre-formulation injection
volume and rate was 100 μL and 200 μL/min, respectively.
The weight of the syringe before and after injection of the pre-
formulation was determined to calculate the amount of LA
administered (1.96 ± 0.02 μmol). Depot formation and LA
release were simultaneously imaged using the D200 imaging
system at 525 and 280 nm, respectively.

LA and NMP Release in a Small-Scale Cell. The release
of LA and NMP from in situ forming implants into agarose gel
or HA solution was measured using a small-scale quartz cell
with a light path of 0.5 mm in order to have a simple well-
defined geometry and constant interfacial area between the
pre-formulation and release matrix (setup 2 in Figure 1). The
hot agarose solution or HA solution (150 μL) was transferred
to the right part of the cell (the cell with agarose was
subsequently left for gelation). The experiments were initiated
by slowly pipetting approximately 50 μL of the pre-formulation
into the left part of the small-scale cell. The instilled LA/
PLGA/NMP pre-formulation contained 0.59 ± 0.02 μmol of
LA and 174 ± 5.9 μmol of NMP, and the injected PLGA/
NMP (blank) pre-formulation contained 169 ± 21 μmol of
NMP, as calculated upon weighing the cell. For the LA pre-
formulation, UV−vis imaging was performed at 280 and 525
nm. UV−vis imaging was conducted at 214 and 525 nm when
measuring the escape of NMP from the blank pre-formulation.
The experiments were monitored for 3 h at 37 °C (n = 3).

Figure 1. Schematic representations of the experimental setups used for the UV−vis imaging-based release and diffusion experiments. In setup 1,
the release of LA from the in situ forming implants were monitored upon injection of the pre-formulation into a formulation cell filled with agarose
gel or HA solution. The release of LA and NMP from the in situ formed implants and the diffusion of LA in agarose gel or HA solution were
characterized in the small-scale cell setups 2 and 3, respectively.
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LA Diffusion in Agarose Gel, HA Solution, and PBS.
The diffusion of LA in different matrices (agarose gel, HA
solution and PBS) was measured for 12 h at 37 °C using a
small-scale quartz cell with a 1 mm light path (setup 3 in
Figure 1). The hot agarose solution (1% w/v) was allowed to
cool to ∼39 °C and subsequently mixed with an equal volume
of PBS containing 2.0 mM LA to obtain a 0.5% (w/v) agarose
solution with a final LA concentration of 1.0 mM. The agarose
solution containing LA was transferred into the small-scale cell
and left for gel formation (donor phase). Half of the small-
scale cell was occupied by the donor phase upon slicing off and
removal of excess gel, while the remaining part was filled with
the acceptor medium, i.e., blank agarose gel, HA solution, or
PBS. Additional diffusion measurements were carried out
where half of the small-scale cell was occupied by 0.5% (w/v)
agarose gel and the remaining part by 1.0 mM LA solution
pipetted into the void of the cell. All experiments were
conducted in triplicate.
Calibration Curves. LA calibration curves with concen-

trations ranging from 50 to 1000 μM were constructed in the
formulation cell with a light path of 4 mm as well as in the
small-scale cells with light paths of 0.5 and 1 mm using the
various sample matrices, e.g., LA in 0.5% (w/v) agarose gel, 10
mg/mL HA solution, and PBS, pH 7.4. Furthermore,
calibration curves for NMP with concentrations ranging from
25 to 1000 μM were constructed in 0.5% (w/v) agarose gel
and in 10 mg/mL HA solution in the small-scale cell with a 1
mm light path. The absorbance values were read from a 5 × 5
mm2 area. Imaging was performed at 280 and 214 nm for LA
and NMP, respectively, using the D200 imaging system.
Performance Characterization. Resolution measure-

ments were performed using grids prepared from a black
image made of silver halides (5 μm print layer thickness)
coated on one side of a plastic base of polyester (180 μm
thickness) at 525 nm without pixel binning essentially as
described previously.38 Briefly, the grids with identical line
thickness and distance between the lines varying in the range
of 10−100 μm in 10 μm increments were placed directly on
the surface of the CMOS sensor. The resolution of the D200
imaging system was determined based on the line pairs
resolved by the imaging system.38

Light Microscopy. Images of PLGA depot formation were
taken on an Olympus IX71 inverted microscope (Hamburg,
Germany) at a 100× magnification over a time period of 30
min. A small-scale cell with a narrow light path of 0.2 mm was
used. Addition of 70 μL of release media (agarose gel, HA
solution and PBS) and 10 μL of the pre-formulation was
performed as described in the section LA and NMP Release in
a Small-Scale Cell (n = 3).
Quantification by HPLC. The amount of LA in selected

agarose hydrogels and HA matrices was quantified using
HPLC to substantiate the results obtained by UV imaging.
After completion of the imaging experiments, the formed
depots were removed from the release matrix. The surrounding
agarose gel containing the released LA was isolated and cut
into pieces followed by addition of 8 mL of PBS. After 24 h,
the sample was filtered through a polyethersulfone filter with
pore size of 0.22 μm (Sartorius, Goettingen, Germany). An
additional 1 mL of PBS was used to flush the filter. The
combined filtrate was collected and diluted with PBS to 10 mL.
In the case of the HA release matrix, the LA-containing HA
solution was transferred into a glass vial and then diluted to 20
mL with PBS. The samples were analyzed using HPLC with

gradient elution.39 The LaChrom Elite HPLC system (VWR
International, Tokyo, Japan) consisted of a pump L-2130, a
column oven L-2300, a diode array detector L-2450, and an
autosampler L-2200. A reverse phase column (Gemini, C18,
150 × 4.6 mm, Phenomenex, Torrance, CA) with a
Phenomenex Gemini C18 guard column was employed for
the LA analysis. The column oven was set at 30 °C and the
injection volume was 20 μL. The retention time of LA was 5.7
min and detection was performed at 220 and 280 nm. Two
eluents were used; eluent A consisted of 0.1% (v/v) TFA in
deionized water, and eluent B consisted of 0.1% (v/v) TFA in
acetonitrile. The HPLC analysis was performed using linear
gradient elution: 0−7 min linear gradient from 25% B to 36%
B, 8−9 min gradient back to 25% B, and equilibration at 25% B
for 1 min. The flow rate was constant at 1 mL/min. The LA
concentration in the samples was calculated from peak areas
using a calibration curve (20, 25, 50, 100, 200, 250, and 400
μM LA in PBS).

Image Analysis. Image files obtained from the release
experiments and calibration samples were opened in a gray-
scale map using the SDI Data Analysis software (version
2.0.60624, Paraytec Ltd., York, U.K.), and UV images at
selected time points were captured for grayscale value (GV)
analysis using Image J (version 1.52a) and MATLAB R2017a
(version 9.2.0.556344). The GV is a single number giving a
range from 0 to 255 where 0 is taken to be black and 255 is
taken to be white. The region of the implant in the UV image
was delimited based on the vis images (Supporting
Information, Figure S2). Subsequently, the background GV
of the UV images was determined to 48 using Image J.
Consequently, GVs > 48 in the UV images were attributed to
the absorption of LA. Image analysis was performed using
MATLAB. The Imhist function was used to display the
corresponding grayscale histogram showing the distribution of
pixel values. The xlswrite function was employed to output
Microsoft Excel spreadsheet files containing pixel counts with
discrete values from 0 to 255. The amount of drug released at
time t (Mt) was calculated as

∑= × × ×
=

M A H N C( )t
i

i i
49

255

p
(1)

where i is a gray-scale value of i (49 to 255), Ap (13.75 × 13.75
μm2) is the area of a single pixel, H (4 mm) is the light path of
the cell, Ni is the number of pixels with a value of i, and Ci is
the corresponding LA concentration determined based on the
calibration curves. It was assumed that LA did not diffuse
outside the imaging area during testing (confirmed by
inspection of the images).
The swelling of the in situ forming implants was assessed

from the vis images. A threshold GV of 110 for the resulting
implants was defined using Image J and the number of pixels
with a GV ≥ 110 (n) was determined using MATLAB. The
cross-sectional area of the implants (Acs) was calculated as

= ×A n Acs p (2)

Diffusion Analysis. The spatially and temporally resolved
UV absorbance maps were converted into the corresponding
concentration maps using the LA calibration curves.
Concentration−distance profiles at selected time points were
exported and fitted to eq 3 for determination of the diffusion
coefficient as described previously:40,41
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where C(x,t) refers to the measured LA concentration within the
agarose gel/acceptor gel at distance x and time t, D is the
apparent diffusion coefficient, C0 is the LA concentration in the
donor gel at time t = 0, x0 is defined as the position of the
interface between the donor and acceptor gel, and the
concentration of LA is C0/2 at x = x0 for all t > 0. The erf
is the error function. The diffusion coefficient D was obtained
from the least-squares fit of eq 3 to the experimental
concentration−distance profiles using GraphPad Prism 8
(version 8.0.2, San Diego, U.S.A.).
For LA diffusion in systems comprising two different phases,

such as from PBS to agarose gel or from agarose gel to PBS or
HA solution, the flux of LA molecules on the two sides is equal
to41
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where Ddonor and Cdonor are the diffusivity and the
concentration of LA in the donor phase, respectively, Dacceptor
and Cacceptor are the diffusivity and the concentration of LA in
the release medium/acceptor phase, respectively, and x is the
distance from the interface between the two compartments.
The LA concentration was C0 in the donor phase and zero in
the acceptor medium at time t = 0. It is assumed that the LA
concentration is C0 at the end of the donor phase and zero at
the end of the acceptor medium throughout the experiments.
Hence, the following equations were used for the solution34,41
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where K is the LA equilibrium distribution coefficient between
the phases, K = Cdonor/Cacceptor. The diffusion coefficients in the
media and the partition coefficients were estimated by fitting
the concentration−distance profile to eqs 5 and 6using the
diffusivity of LA in the donor gel obtained from the gel−gel
system.
Statistical Analysis. A one-way ANOVA test was used to

determine statistically significant differences (p < 0.05)
between experimental groups conducted using GraphPad
Prism 8. Data are expressed as means ± SD (standard
deviation).

■ RESULTS AND DISCUSSION
Initial UV Imaging Studies. The agarose concentration

(0.5% (w/v)) was selected based on a compromise between
the ability to form a robust hydrogel and the transparency of
the gel to light in the UV wavelength range. This agarose
concentration has been earlier applied successfully.34,42 The
agarose gel confines the injected pre-formulation similar to
what is envisioned for the in vivo situation. The hyaluronic acid
(HA) concentration was selected based on work by Kinnunen

Figure 2. (A) Representative absorbance maps obtained by UV
imaging at 280 nm and vis imaging at 525 nm in 0.5% (w/v) agarose
gel and 10 mg/mL HA solution upon injection of the PLGA/NMP
pre-formulation containing 3% (w/w) LA. (B) Photographs of the
corresponding implants removed from the release medium after the
experiments.

Figure 3. (A) Release of LA from PLGA/NMP in situ forming
implants and (B) apparent cross-sectional area change of the formed
depots in agarose gel (0.5% (w/v)) and HA solution (10 mg/mL)
over time using the formulation cell (setup 1 in Figure 1). Data are
means ± SD (n = 3, **p < 0.01, ***p < 0.001).
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et al.24 They have previously used a 10 mg/mL HA solution as
a surrogate ECM to assess potential implications of
interactions between protein-based drugs and HA.24

The availability of a 25 × 25 mm2 imaging system with an
effective nominal pixel size of 13.75 × 13.75 μm2 may allow, in
contrast to previous smaller systems, imaging of the entire in

situ forming injectable depot formulation. It was considered of
interest to investigate the parameters most important to the
quality of the images obtained and the ability to quantify LA
release. The spatial resolution of the D200 imaging system was
evaluated using grids with line pairs of defined thickness,
essentially as done previously.38 The resolution was estimated
to 30 μm in both the x and y directions at the optimal imaging
conditions (Supporting Information, Figure S3). The actual
resolution will depend on several parameters such as the
position of the object above the sensor surface and position of
the light source.38 Leuprolide acetate calibration curves were
linear up to 1.4 AU (absorbance units) corresponding to 800
μM at 280 nm in the formulation cell with a light path of 4
mm. LA calibration curves are shown in the Supporting
Information, Figure S4. NMP calibration curves at 214 nm
exhibited significant curvature due to the poor transmission of
light through the agarose and HA matrices. Further character-
ization of the system was performed. Noise levels were
estimated from a selected region of interest (ROI) in the UV
images at 280 nm (Supporting Information, Figure S5 and
Table S1). The noise levels of ∼2 and ∼15 mAU in the ROIs
of the blank agarose gel and LA-containing gels, respectively,
may be a result of gel heterogeneity and additional handling.

LA Release and Implant Formation. The suitability of
UV−vis imaging to characterize the initial LA release behavior
from an in situ forming implant injected into the agarose gel
and the HA solution was investigated. At the outset, however,
the pre-formulations were injected directly into the PBS. As

Figure 4. Representative UV absorbance maps showing (A) LA
release at 280 nm and (B) NMP release at 214 nm from the PLGA/
NMP in situ forming implant into agarose gel (0.5% (w/v)) and HA
solution (10 mg/mL) at different time points.

Figure 5. (A) LA release profiles obtained by imaging at 280 nm and
(B) NMP release profiles obtained at 214 nm for PLGA/NMP in situ
forming implants with and without LA in 0.5% (w/v) agarose gel and
HA solution (10 mg/mL), respectively, using the small-scale cell
(setup 2 in Figure 1). (C) Percentage of NMP released plotted
against the percentage of LA released in the 0.5% (w/v) agarose gel
and HA solution (10 mg/mL). Data are means ± SD (n = 3).

Figure 6. Light microscope images of PLGA/NMP in situ forming
implants upon contact with 0.5% (w/v) agarose gel, 10 mg/mL HA
solution, and PBS using the small-scale cell with a 0.2 mm light path
(100 × magnification). The pore structures are indicated by a red
color.
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shown in the Supporting Information, Figure S6 and Video S1,
irregular tube or string-shaped depots formed when injecting
the pre-formulations at a rate of 0.2 mL/min. It was found to
be difficult to restrain the formulations within the imaging area.
Subsequently, 100 μL volumes of the LA pre-formulation,
consisting of 3% (w/w) LA, 28% (w/w) PLGA, and 69% (w/
w) NMP, were injected into the formulation cell containing 5
mL of the gel matrix (setup 1 in Figure 1). The dose
approximated a single dose of the 1 month commercial
product Lupron Depot (3.75 mg). Upon injection of the LA
pre-formulation, NMP diffused into the surrounding aqueous
environment and water diffused into the formulation resulting
in polymer precipitation. The LA release was monitored at 280

nm where the drug substance exhibits a relatively strong UV
absorbance, whereas indications of implant formation were
followed via absorbance changes at 525 nm. Figure 2 and
Video S2 show an increasing absorbance in the vicinity of the
in situ forming implants at 280 nm and in the region of the
formulations at 525 nm, indicating that LA was released
concurrently with polymer precipitation. When the pre-
formulation was injected into the agarose gel and the HA
solution, the material deposited at the injection site, however,
with varying geometries. Consequently, the LA release
characteristics were also studied from depots formed upon
pre-formulation injection into a cylindrical reservoir (cavity)
situated at the center of the agarose gel. The cylindrical
reservoir ensured a consistent regular geometry of the depots.
The initial LA release profiles acquired at the defined

experimental conditions in the formulation cell are shown in
Figure 3A. In 3 h, 15.0 ± 1.3% and 14.0 ± 0.4% (n = 3) of the
total amount of LA were released from the cylindrical implants
and the implants formed upon direct injection into the agarose
gel, respectively. The release of LA into the agarose matrix was
almost similar irrespective of the direct injection or cavity
approach used. In contrast, the in situ forming implants in HA
solution displayed a significantly different LA release profile.
Approximately 5% of the LA was released into the HA solution
after 3 h. This result implies that the environment in which the
depot is formed plays a role for implant formation and
associated drug release.
The quantification of LA in the release media made by UV

imaging measurements was compared to LA quantification
using HPLC analysis. At the end of the release experiments,
the depot was removed and the amount of LA released into the
matrix was extracted and quantified by HPLC. After 3 h, the

Figure 7. UV imaging of LA diffusion and distribution from agarose gel (0.5% (w/v)) or PBS (pH 7.4) to agarose gel, PBS, or HA solution (10
mg/mL) at 280 nm. (A) Representative UV absorbance maps at selected time points. (B) Concentration−distance profiles normalized by the
initially applied LA concentration (C0) as a function of time in (1) agarose gel. Concentration−distance profiles as a function of time in the (2)
agarose gel−HA solution system, (3) agarose gel−PBS system, and (4) PBS−agarose gel system. The fitting curves were the black solid lines. The
gray horizontal bars shown in (A) at 0 h indicate the image area used for obtaining the concentration−distance profiles.

Table 1. Diffusion Coefficients (D, 10−10 m2/s) and
Distribution Coefficients (K) of LA in 0.5% (w/v) Agarose
Gel, 10 mg/mL HA Solution, or Phosphate Buffered Saline
PBS (pH 7.4) from LA-Agarose Gel or LA Solution
Determined by UV Imaging at 37 °C

donor acceptor Ddonor ± SDa Dacceptor ± SDa K ± SDa

0.5%
(w/v)
agarose

10
mg/mL
HA

3.98 ± 0.30b 2.71 ± 0.21 0.68 ± 0.02

0.5%
(w/v)
agarose

PBS 3.98 ± 0.30b 4.41 ± 0.36 1.03 ± 0.20

PBS 0.5%
(w/v)
agarose

4.14 ± 0.15 3.98 ± 0.30b 0.96 ± 0.02

aConcentration profiles at three time points (t = 4, 8, and 12 h) in
each of three experiments were selected for determination of D and K
(= Cdonor/Cacceptor) (n = 3 × 3). bValue obtained from LA diffusion in
the agarose−agarose gel system by UV imaging (n = 3 × 3).
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amounts of LA released into the agarose from the depot
formed in the cylindrical reservoir and into the HA solution
upon pre-formulation injection determined by UV imaging
were 0.29 ± 0.02 and 0.10 ± 0.02 μmol, respectively, while the
amounts obtained from HPLC were 0.27 ± 0.01 and 0.09 ±
0.02 μmol, respectively. As the level of agreement between UV
imaging and HPLC was considered acceptable, the UV
imaging measurements and the data treatment procedures
were found to be applicable to determine LA release.
Implant swelling during in situ depot formation was apparent

from the cross-sectional area changes from vis imaging at 525
nm. Figure 3B displays the apparent area change of the
implants in the agarose gel and the HA solution in the LA
release testing experiments in the formulation cell. An apparent
cross-sectional area increment of 25 mm2 was found for the
depots in the HA solution at 3 h, which was higher than the
area increase of the depots in the agarose gel (∼19 mm2).
Implant swelling was not detected in the agarose gel reservoir
experiments, which was attributed to the constraint of the
reservoir and inability of UV−vis imaging to capture swelling
in the z direction. The swelling indicates a larger water influx
than the NMP efflux. The images suggest that the implants in
the HA solution swelled to a larger extent as compared to the
implants in the agarose gel. Caution has to be taken since area
changes are detected rather than volume changes. From in vitro
and in vivo studies, Patel et al. found that implant swelling and
drug release were affected by the interstitial pressure and
compressive forces acting on the implant by the surrounding
environment.43 A mechanically induced compressive force
caused by the surrounding environment was found to increase
the solvent and drug efflux. Compared to the HA solution, the
agarose gel is stiffer and a greater mechanical pressure may be
exerted in the gel, restricting implant swelling, thereby
resulting in a smaller implant size. As a result, drug release is
faster from the implants in the agarose gel as compared to the
counterparts in the HA solution.
Leuprolide acetate release from PLGA/NMP in situ forming

implants has been studied in vivo37,44,45 and in vitro.37,44,46,47

Comparison of the release profiles in Figure 3A to the
literature is not straightforward; typically data points intended
to capture LA burst release were obtained at 24 and 48 h in
vitro,37,44,46 and testosterone levels are monitored in vivo rather
than LA concentrations.44,45 Burst release amounting to ∼8 to
∼65% of the administered LA dose has been reported.37,44,46,47

Implant Behavior in Confined Geometry. LA and NMP
Release. The PLGA/NMP in situ forming implant displayed
different release patterns in the agarose gel and the HA
solution. In order to investigate further the influence of the
surrounding medium on the initial LA release, release studies
were conducted in a small-scale in vitro release format (a 0.5
mm-light path small-scale cell, setup 2 in Figure 1). This was
done to minimize the geometrical differences between the
resulting implants in the agarose gel and the HA solution by
providing a similar in situ forming implant-matrix interfacial
area. Using UV imaging, the drug and NMP release and
diffusion patterns were followed at 280 and 214 nm,
respectively. At 214 nm, the presence of LA interfered with
the quantification of NMP due to high UV absorbance of the
peptide. Hence, LA was excluded from the PLGA/NMP in situ
forming implants when determining NMP concentrations in
the gel matrices. In Figure 4 and Figure S7, representative UV
and vis images of LA and NMP release at selected time points
are displayed, respectively.

Figure 5 shows the corresponding release profiles of LA and
NMP from the PLGA/NMP in situ forming implants in the
agarose gel and the HA solution using the 0.5 mm light path
small-scale cell. In the agarose gel, approximately 6% of the
total LA amount was released after 3 h, which was more than
the amount of LA released (∼2%) in the HA solution (Figure
5A). The released amounts of NMP into the agarose gel and
HA solution at 3 h were 1.29% ± 0.02% and 0.8% ± 0.05%,
respectively (Figure 5B). The difference between LA release
into the agarose gel and the HA solution in the small-scale cell
was consistent with the difference observed for the in situ
forming implants upon injection into the formulation cell.
Based on the release profiles of NMP and LA obtained using
the small-scale cell, linear correlations between LA release and
NMP escape both into the agarose gel and the HA solution
matrix were found (R2 = 0.984 and 0.961, respectively, Figure
5C).
In the 3 h experiments, the LA release appeared to be highly

associated with the NMP escape in both matrices as observed
from the approximately linear correlations. This suggests that
the initial drug release is dependent on solvent release. In HA
solution, more NMP retained in the implants contributed to a
slower precipitation rate and thereby a slower drug release rate
(Figure 5).

Monitoring of Morphology by Light Microscopy. As a
supplement to UV imaging, light microscopy was applied to
investigate the evolving depot formation and morphological
changes occurring using a 0.2 mm-light path small-scale cell. As
apparent from Figure 6, a dark layer (polymer precipitation)
emerged immediately after the pre-formulation was brought
into contact with the release medium. Next to the interface, the
water-rich phase (void structure) grew over time in the
direction from the interface to the interior of the formulations.
Concurrently, pores situated in the part further away from the
surface of the implants (demixing region) were observed; such
pores have been attributed to fast penetration of water into the
polymer-rich phase.48 The pores observed during depot
formation in the presence of the HA solution were different
in shape as compared to the pores in the agarose gel and PBS.
Specifically, more elongated pores were observed in the formed
depots in the agarose gel and PBS, while the depots in the HA
solution possessed smaller pores. Previous studies have
reported the appearance of “finger-like” structures for in situ
formed PLGA implants due to a relatively fast exchange of
solvent and water.1,15 This indicates that the observed pore
shapes in the present experiments using agarose gel and PBS
can be explained by a faster solvent exchange between the pre-
formulation and the matrices as compared to the exchange rate
found in HA. In addition, a darker precipitation front was
observed for the in situ forming implant in contact with
aqueous PBS, indicating that a denser depot structure emerged
as compared to depots in the agarose gel and the HA solution.

LA Diffusion Measurements. Interaction between the drug
substance and constituents of the surrounding environment
may alter the apparent diffusivity of the drug molecule in the
medium and therefore, in turn, alter drug release from the in
situ forming implants. Hence, we investigated the diffusion of
LA in agarose gel, HA solution, and PBS using UV imaging at
280 nm. Images obtained for the diffusion of LA in the agarose
gel are shown in Figure 7A-1. Based on Fick’s second law, the
normalized LA concentration plotted against the distance in
agarose gel was fitted to eq 340 (Figure 7B-1). Best-fit values
were determined for the LA diffusion coefficient in agarose gel.
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The diffusivities and the distribution coefficients (K) of LA in
the HA solution and PBS were measured by allowing LA to
diffuse from agarose gel to HA solution (Figure 7-2), agarose
gel to PBS (Figure 7-3), and PBS to agarose gel (Figure 7-4).
The determined diffusivities and the distribution coefficients of
LA are summarized in Table 1.
As seen in Table 1, LA had similar diffusivities in PBS and

agarose gel, which indicates that the agarose gel had a limited
impact on the diffusion of LA (MW 1269.4 Da, pI: 11.3). That
is, the gel matrix did not interfere with the diffusion of LA.
Previous studies have shown that low-concentration agarose
gels may have a limited or no impact on the diffusivity of low-
molecular-weight substances and peptides.42,49 Steric hin-
drance may be limited when the gel pore size is much larger
than the peptide. The apparent diffusivity of LA in HA solution
was lower than in both agarose gel and PBS. HA is a high-
molecular weight, negatively charged polysaccharide, consist-
ing of a copolymer of N-acetyl-D-glucosamine and D-glucuronic
acid.50 Thus, electrostatic interactions between HA and LA
most likely provide a hindrance for the diffusion of the peptide
being positively charged at pH 7.4. The distribution coefficient
of LA in the agarose gel−HA system (<1) also indicates the
presence of interactions between LA and HA.

■ CONCLUSIONS
The current work was performed to assess the feasibility of
UV−vis imaging for monitoring and characterizing the initial
behavior of PLGA/NMP in situ forming implants qualitatively
and quantitatively. UV−vis imaging was sufficiently sensitive to
detect and quantify in vitro the initial leuprolide acetate release
from the PLGA/NMP in situ forming implant representing a
clinically relevant dose and volume intended for subcutaneous
administration. Leuprolide acetate was detected in the
immediate vicinity of the in situ forming implants confined
in agarose gel or hyaluronic acid solution serving as release
matrices. The matrices acted as a diffusion barrier and served
to confine the formulation at the injection site. The imaging
studies revealed that the initial drug release was significantly
faster in agarose gel as compared to hyaluronic acid
independent of implant geometry showing the importance of
the matrix composition. Physical or mechanical forces caused
by the surrounding agarose and hyaluronic acid matrices
affected the swelling of the formed depots and thereby altered
the NMP and drug efflux. The escape of NMP was found to be
linearly related to leuprolide acetate release regardless of
whether agarose gel or hyaluronic acid solution was used as a
matrix. Light microscopy confirmed the influence of the release
matrices on the morphology of the in situ forming implant. In
addition, (electrostatic) interactions between leuprolide
acetate and hyaluronic acid were revealed via UV imaging-
based diffusion studies. The current UV−vis imaging-based
release studies were limited to 3 h and consequently capture
only the events occurring immediately upon injection.
However, we find the results encouraging in relation to the
possibility for developing high-information content imaging
methods suited for formulation development of long-acting
injectables, such as in situ forming PLGA implants.
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