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Abstract

Objectives This study aimed to examine the impact of syringe-needle assembly

differences in making implants of different shapes as well as its influence on the

release kinetics and investigate the release kinetics of the in situ forming implant

under various release arrangements.

Methods PLGA in situ forming implant was prepared in different shape and

then subjected to in vitro release testing. Mathematical modelling was used to

investigate drug release mechanisms.

Key findings The in situ forming implant was investigated for the first time how

implant shapes can affect release results. It was demonstrated that implant shape

differences could lead to significant variation in the release data. Here, we

addressed this issue by developing a shape-controlled method to provide a con-

sistent surface to volume ratio and, therefore, a reliable release result. Injectability

in the in vitro release was discussed for the first time. Comparisons between vari-

ous release methods were also evaluated. The release arrangement was found to

be of great importance in release kinetics.

Conclusions The developed ‘shape-controlled basket in tube’ method can pro-

vide the most reproducible release profiles by minimizing implant adhesion to

the release vessels or movement without sacrificing full contact between the

release medium and the implant surface.

Introduction

Parenteral administration of controlled release and long-

acting delivery systems, especially for delivery of anticancer

drugs, opioids, antipsychotics, drugs used in the treatment

of opioid use disorder, and antimicrobial in periodontal

diseases including gingivitis and periodontitis, constitute a

major area of research for pharmaceutical scientists over

the past two decades.[1,2] The most common routes of

administration of such injectable include subcutaneous,

intramuscular, intravenous and intra-articular administra-

tion. Parenteral-controlled release delivery systems based

on the biodegradable copolymer PLGA (poly(lactic-co-gly-

colic acid)) in the form of microspheres, implants and

in situ gelling depots for the aforementioned disease areas

have been developed and FDA approved for clinical appli-

cation.[3,4] Since its introduction in 1989, only twenty

PLGA based formulations have been approved by the FDA,

none of which are approved with generic products

approvals. It may be caused by the absence of standard dis-

solution methods and lack of a full complete understanding

of PLGAs in complex depot formulations. It is critical to

identify the same inactive ingredients (Q1) and in the same

concentration (Q2) as the reference listed drug in reverse

engineering for generic product development. There are

diverse types of PLGA depot formulations including

microparticles, solid implant and in situ gel implant.

For in situ gelling systems, a typical formulation is com-

posed of a two syringe mixing system. The first syringe con-

tains the required quantity of PLGA which is a

bioabsorbable, flowable polymeric formulation dissolved in

N-methyl-2-pyrrolidone (NMP). The second syringe con-

tains the required drug dose. The constituted product

through syringe coupling is a viscous liquid that solidifies

into a depot upon injection and contact with the body

fluid.[5] This allows for controlled release of the drug for a

period of weeks to months.[6,7] The new formulation of

buprenorphine Sublocade� that was recently approved by

© 2020 Royal Pharmaceutical Society, Journal of Pharmacy and Pharmacology, ** (2020), pp. **–** 1

Research Paper

https://orcid.org/0000-0002-9462-7984
https://orcid.org/0000-0002-9462-7984
https://orcid.org/0000-0002-9462-7984
mailto:


the FDA is an example of an in situ gelling-controlled

release formulation.[8] It is designed to deliver buprenor-

phine at a controlled rate over a one-month period and has

been approved for the treatment of moderate to severe opi-

oid use disorder in patients. Buprenorphine is typically dis-

solved in the Atrigel� delivery system (18% by weight). The

Atrigel� delivery system is a biodegradable PLGA copoly-

mer and the biocompatible NMP solvent. Atridox�, an

FDA approved medication for local treatment of chronic

periodontitis, has a similar design. In this case, the

biodegradable in situ forming implant formulation contains

10% w/w doxycyclinehyclate-loaded poly (D,L-lactic acid;

PLA, 36.7%) and NMP (63.3%).[9] Additional examples of

marketed implant products based on the described principle

include Lupron Depot�, Zoladex� and Surodex�.[10–13]

There are also several ongoing investigations into the devel-

opment of stable sustained release formulations of peptides

and biologics. In addition, multiple injectable suspensions

based on microspheres (Vivitrol�) and thermosensitive

polymers (i.e. PLGA-PEG-PLGA) that form gels at physio-

logical temperatures for sustain drug release are under

investigation.[14]

One of the major challenges of formulation development

and drug release evaluation using in situ forming gel is the

lack of consistency in the surface volume ratio. This incon-

sistency is the result of rapid solidification with significant

variations in shape and geometry. In addition, there is a

lack of suitable in vitro release testing methods capable of

accurately studying drug release, the release mechanism

and the complexity of the biodegradation process. The Reg-

ulatory Science Research Report on Long-Acting Injectable

Formulations states that[14] ‘Long-acting injectable (LAI)

formulations include biodegradable injectable microspheres

and in situ gelling implants. Compendia in vitro release

methods for these complex formulations are not well devel-

oped, and demonstration of BE (bioequivalence) for these

products can be challenging. Therefore, having a better

understanding of the key factors which impact in vitro drug

release kinetics and in vitro-in vivo correlations (IVIVCs)

may aid in the development. . .’ To ensure product perfor-

mance and assist in product development for in situ form-

ing implants, comprehensive efforts have been made to

develop and define suitable in vitro release methods. The

general recommendation for various long-acting formula-

tions is uses of USP 4 (flow-through), sample and separate

methods, the dialysis sac in combination with USP 1 and 2

dissolution methods,[15] the reverse dialysis sac method

and the side-by-side dialysis methods.[16,17] USP 4 can be

operated as an open or closed system and has been recom-

mended for range of dosage forms including microparticle,

nanoparticle, preformed implant and in situ forming

implant. Although a variety of modifications of USP 4 is

used for release rate determination of long-acting delivery

systems, large volumes of fluid may be needed to complete

the release testing due to the continuous fluid flow over

period of the release studies which may take weeks or

months to complete. We found this experimental design to

be too cumbersome and time consuming for the study of

in situ forming implants.

Accordingly, we aim to address the aforementioned

issues by the developed shape-controlled basket in tube

method. In this study, the influence of the implant shape

on the release kinetics was investigated for the first time.

The shape-controlled implant was proved to be able to pro-

duce a reliable and reproducible release result. Besides, the

injectability issue was discussed for the first time when per-

forming the in vitro release test. Moreover, the release

kinetics of the in situ forming implant under the various

testing arrangement were also evaluated. Through mathe-

matical modelling, we have developed an understanding of

the release mechanism through the release period. It is

believed that a suitable in vitro release method for in situ

forming implants can facilitate formulation development,

improve product comparison, provide an opportunity to

establish IVIVC to avoid unnecessary clinical studies and

support post-approval changes.

Materials and Methods

Materials

Naltrexone hydrochloride (DuPont Pharmaceutical Com-

pany, Wilmington, DE, USA) was chosen as the model drug

in this study. It has a solubility of 100 � 5 mg/ml in PBS

buffer pH 7.4. PLGA (ViatelTM bioresorbable polymers)

with an ester end and a lactide to glycolide ratio of 50 : 50

was obtained from Ashland Inc (Wilmington, DE, USA).

The inherent viscosity of the used PLGA is 0.31 dl/g. Phar-

masolveTM (N-methyl-2-pyrrolidone, (NMP)) was also

obtained from Ashland Inc. Phosphate-buffered tablets

obtained from Sigma-Aldrich were used to generate the

release medium (pH 7.4). A NanoDrop Microvolume Spec-

trophotometers and Fluorometer were used to analyse the

samples.

Preparation of the experimental in situ
forming implant

An in situ forming implant formulation based on polymer

precipitation by solvent exchange was used. PLGA solution

was prepared by dissolving 4 g of PLGA in 6 g of the

water-miscible organic solvent NMP. The active ingredient

naltrexone (50 mg) dry powder in the syringe was mixed

with the prefilled polymer solution syringe (0.5 ml) via a

syringe coupler (Cole-Parmer AO-45502-22). To obtain a

uniform mixture, the liquid contents were pushed back and
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forth through 100 mixing cycles at a pace of one cycle per

second. The syringe content was further injected into the

buffer system or the designed mould as soon as the mixing

was complete. The injected mixture was immediately trans-

formed into a solid matrix (i.e. in situ gel formation

occurred as soon as drug-PLGA solution was delivered into

the aqueous medium) of different geometries.

In vitro release study: different in situ
forming implant shapes

Three different implant shapes were prepared and investi-

gated. The implant of helix structure was produced when

formulation was injected into buffer via a needle. Due to

the injectability issue, the injection was also done without

needle and the irregular sphere shape was therefore pro-

duced. To control the in situ forming implant shape, the

in situ implant disk was also produced using a die and

punch tooling set. The effect of in situ forming implant

shape to release kinetic was evaluated using sample and

separate method as illustrated in Figure 2a. A schematic

representation of shape control experimental set-up is

shown in Figure 1a. This assembly was used to control the

shape of the gel matrix formed in the defined dimension of

the cavity. About 1.5 ml PBS buffer was placed in the cavity

with a depth of 1.5 cm. The diameter of the cavity was

14 mm. The naltrexone containing PLGA solution was

injected into the cavity without a needle. A semi-solid gel

matrix was formed as soon as solution mixture meets the

medium. A plunger designated as punch 2 which weighs

100 g was placed into the cavity for disk fabrication. Addi-

tional pressure onto the drug-PLGA during disk formation

was avoided as much as possible during this process. This

allowed for the formation of a controlled size and dimen-

sions of the implants within the mould using only force

applied by the weight of the plunger (≤100 g, Figure 1b).

This force is similar to that detected during the subcuta-

neous injection of highly viscous injectables. Force–time

Figure 1 (a) Schematic of the gel disk preparation using mould and punch assembly, (b) Force–time profile for highly viscous injectable subcuta-

neously or intramuscularly.
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profile for highly viscous injectables previously studied is

shown in Figure 1b.[18] The disk produced together with

the buffer solution was immediately ejected into the release

settings for further drug release determination.

In vitro release study: different in vitro
release arrangements

The release medium used in this study was the PBS buffer

at pH 7.4. The PBS buffer was prepared by dissolving one

PBS tablet in 200 ml DI water. For each experimental

in vitro release setting, 20 ml of PBS buffer was used. Three

in vitro release set-ups were used to identify the effect of

in vitro release arrangement to release kinetics. Each experi-

ment was performed in triplicate, and in all experiments,

sink condition (i.e. maintenance of free drug concentration

in the medium below ≤15% of drug saturation solubility

(100 mg/ml)) was maintained. The analysis of the released

naltrexone in all experiments was performed using Nano-

Drop Microvolume Spectrophotometers and Fluorometer.

This approach allows for accurate quantitation with only

1–2 µl of the sample. The standard solution (standard cali-

bration curves R2 = 0.9999) for naltrexone ranging from

0.1 to 4 mg/ml was also prepared. The concentration of

naltrexone in each sample was measured against the stan-

dard calibration curve. In all release testing, hydrodynam-

ics, temperature condition (37 °C), media volume,

prevention of solvent evaporation and sampling methods

were diligently controlled during the entire release period.

Sample and separate method

Figure 2a shows the pictorial representation of the sample

and separate method for in vitro release study. The drug/

polymer mixture in the form of a gel disk or upon direct

injection was studied in a glass vial (Thermo FisherTM

B7920TS) containing 20 ml PBS buffer. The entire release

medium was withdrawn at a predetermined time, and the

fresh buffer was then refilled. The release data were anal-

ysed on a cumulative basis.

Membrane diffusion method

The schematics of the membrane diffusion method for

in vitro release study are illustrated in Figure 2b. In this

method, the formulation was separated from the release

medium through a dialysis tube (1 kDa molecular weight

cut-off, Tube-O-DIALYZERTM; G-Biosciences, St. Louis,

MO, USA). The stirring speed was set as 300 rpm. The dial-

ysis tube was inserted into the medium. The sample

(1.5 ll) was then collected at preset time intervals and anal-

ysed for the release of naltrexone.

Basket in tube method using standard USP-
basket

Figure 2c shows the pictorial representation of the devel-

oped basket (standard USP basket; diameter 20 mm,

35 mm tall) in tube set-up. The basket in tube method

essentially consists of the fabricated implant disk in the bas-

ket immersed in the 50 ml tube with 20 ml PBS buffer. The

release set-up was put on the MaxQ 2000 shaker at 25 rpm.

The sample solution (1.5 µl) was then withdrawn at appro-

priate time intervals.

Data analysis

Initially, the drug release from different implant shapes

under sample and separate method was analysed and com-

pared using FDA recommended model-independent

method (i.e. difference factor f1 and similarity factor f2).[19]

Paired comparisons among release profiles were performed

for each of the implant shapes to determine whether the

produced release results are comparable, reproducible and

reliable. When calculated values of f1 ≤ 15 or f2 ≥ 50 this

indicates that the similarity between release profiles and

variability among data points are reliable. Mathematically,

the f1 and f2 are described as follows:

f 1 ¼
Pn

t¼1 Rt � Ttj j� �Pn
t¼1 Rt

� �

f 2 ¼ 50 � log10 1þ 1

n

Xn
t¼1

wt Rt � Ttð Þ2
" #�0:5

� 100

( )

where Rt and Tt are the cumulative percentage dissolved

at each of the selected ‘n’ time points for the reference

and test product, respectively. The factor f1 is propor-

tional to the average difference between the two profiles

at each time point, whereas factor f2 is logarithmic recip-

rocal squared root transformation of sum of squared

error and is a measurement of the similarity in per cent

release between two curves.[19]

Release profiles obtained from different in vitro release

arrangements were compared to study the effect of release

arrangement to release kinetics. Data analysis is based on

pairs comparison of time required to achieve a specific

amount of released drug. The differences were examined

statistically by Kruskal–Wallis test. The SPSS software pro-

gram (IBM, Armonk, NY, USA) was used. To further deter-

mine the drug release mechanism from the in situ gelling

system of PLGA, six different mathematical models were

used. The release data were input into the models by an

excel add-in program ‘DD Solver’.[20] The mathematical

equations of the models used are summarized in Table 1.
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Results and Discussion

Injectability

When a drug-PLGA solution mixture comes in contact

with an aqueous environment (i.e. body fluids), it triggers a

phase inversion process in the polymer solutions, resulting

in in situ gelling (i.e. precipitation) which is dictated by the

kinetics of the phase inversion.[5] The drug-PLGA solution

exhibits nearly Newtonian behaviour which means the vis-

cosity of the solution does not change significantly during

the injection process.[28] However, an increase in force was

detected during injection of the formulation into the aque-

ous buffer. This is due to the rapid increase in viscosity at

the tip of the needle as rapid precipitation and gelling

occurs. This rapid in vitro gelling is less likely to occur in an

in vivo situation due to the limited fluid in the subcuta-

neous or intramuscular tissues and the local compressive

mechanical force in vivo. The large hold-up volume of the

medium in an in vitro setting causes rapid precipitation of

the mixture during the injection. Poor injectability and the

blockage in the needle during the injection were observed

when the gel is directly injected into the release medium. It

is noteworthy that injectability is a crucial factor for the

long-acting viscous injectables.[18] On the other hand,

injectability presents an even greater challenge in the

in vitro release study due to the rapid inversion into a solid

mass even at the tip of the needle while injection of formu-

lation is taking place.

Analysis of the in situ forming implant in
different shape

When the drug-PLGA solution is injected into the buffer

solution, the resulting in situ forming implant can form in

various shapes depending on the syringe-needle assembly

Figure 2 Schematics representation of the sample and separate method (a); membrane diffusion method (b); and illustration of the set-up for

the developed USP basket in tube method (c).
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and rate of injection as examples illustrated in Figure 3a

and 3b.

Helix structure with a variety of geometries was pro-

duced upon injection with needle into PBS buffer. Both

needle gauge and rate of injection can influence the gel-

ling process and consequently the shape of the implant.

The observed alterations in the morphology may con-

tribute to the variability of release kinetics and therefore

poor reproducibility and reliability of the release data.

Another issue related to the helix structure was the

break-up of the matrix due to the thin and fragile seg-

ments of the strand in the long-term release. The needle

was excluded from further studies based on the signifi-

cant variations in the gelled matrix configuration and

poor injectability.

When the solution mixture was injected without a nee-

dle, a spherical solid was formed as illustrated in Figure 3b.

In general, this method can provide a direct approach to

have some degree of control on the shape upon injection

from the syringe for release study. However, formation of

air bubbles in the gel matrix was observed, resulting in sev-

eral irregular spheres with different volumes. The presence

of air bubbles also caused density differences and floatation

of the gel matrix in the medium in this study.

As a result of these observations, a specific tooling

was used to prevent the issues described above as shown

in Figure 1. The solid gel was formed into a disk-like

solid, and the ratio of surface area to volume was well

controlled. The weight of the plunger to fabricate the

disk was similar to the force used to extrude the high

viscosity gel solution out of the needle-syringe system as

reported previously.[18]

Influence of implant shape on release
profiles using sample and separate method

Using sample and separate method, paired comparison

between the release profiles was performed and f1 and f2

values were calculated for each in situ gelling geometries.

Both release curves and tabulated values (see insets) for

each set of profiles are shown in Figure 3.

As shown in Figure 3a, the f1 value between repeated

experiments within the group is more than 15 and the simi-

larity factor f2 is less than 50 indicating absence of sameness

among the profiles when implant shape is not controlled.

The diversity in the surface area/volume ratios caused by

rapid transformation of gel to various helix structure pro-

duces high variability in surface areas and consequently

variations between repeated experiments.

As shown in Figure 3b, the release of formulation in

irregular sphere reaches the plateau in a more rapid man-

ner. Occurrence of such release profiles may be attributed

to formation of air bubbles within the matrix, altering the

shape and potentially generating osmotic effect within the

system affecting release rate.[29] It was observed that the air

bubbles were always present in the irregular sphere shapes

and could potentially influence the microenvironment of

implant structure, hence affecting rate of drug delivery. The

included air bubbles in different volume and position could

also cause the variability in shape and release profiles.

In contrast to the observation in Figure 3a and 3b, the

release profile among the samples where shape was con-

trolled was significantly improved with tight variation

among the data points and good reproducibility as con-

firmed by the values of calculated f1 and f2 shown in Fig-

ure 3c.

Comparison between three in vitro release
methods using shape-controlled disk
implant

The in vitro release was studied based on the use of shape-

controlled implant under three methods: sample and sepa-

rate method, membrane diffusion method and basket in

tube method. The comparison of the release results under

three arrangements is shown in Figure 4. To provide a

more direct assessment between different in vitro release

arrangements, the time required to achieve specific percent-

age of drug released (i.e. t25, t50 and t80) was calculated

using box-plot approach as shown in Figure 5.

Using Kruskal–Wallis test, statistically significant differ-

ences were found for t25, t50 and t80 between different

release arrangements (P < 0.05). This underscores the

influence of dissolution method selection on in vitro release

characterization and release kinetic. Subsequently, pairwise

comparisons were made among the three dissolution

Table 1 Data analysis and mathematical models used for in vitro

release characterization

Model Equation Reference

Zero ordera F ¼ k0t [21]

First orderb F ¼ 100 � ð1� e�k1tÞ [22]

Higuchic F ¼ kH � t0:5 [23]

Korsenmeyer Peppasd F ¼ kKP � tn [24,25]

Peppas Sahline F ¼ k1 � tm þ k2 � t2m [26]

Weibull Functionf F ¼ 100 � ð1� e�
tb
a Þ [27]

F is the fraction of drug release at time t. ak0 is the zero-order release

constant. bk1 is the first-order release constant. ckH is the Higuchi

release constant. dkKP is the release constant incorporating structural

and geometric characteristics of the drug-dosage form; n is the diffu-

sional exponent indicating the drug-release mechanism. ek1 is the

constant related to the Fickian kinetics; k2 is the constant related to

Case-II relaxation kinetics; m is the diffusional exponent for a device

of any geometric shape which inhibits controlled release. fWeibull

function is appropriate for dissolution profile comparisons; a is the

scale factor referring to the apparent rate constant; b is the shape

parameter which characterizes the curve as either exponential (b = 1),

parabolic (b < 1) or sigmoid (b > 1).
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Figure 3 Using sample and separate method, various in situ geometries were formed upon injection of formulation, (a), with needle, (b) without

needle and (c), when shape was controlled, showing different in vitro release profiles. Release profiles embody (a) irregular helix structure, (b) irregular

sphere and (c) controlled shape disk-like implant, each with their own tabulated f1 and f2 values in a paired comparison among each set.
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methods. Statistically significant difference was observed

for t25, t50 and t80 between sample and separate method

and membrane diffusion method. These differences may be

attributed to the fact that the buffer replacement in the

sample and separate method accelerates drug release based

on Fick’s first law, while the dialysis membrane in the

membrane diffusion method may impede drug release.

As represented in the box plot, significant differences in

the release time were shown in the sample and separate

method and membrane diffusion method. On the other

Figure 4 In vitro drug release using shape-controlled disk implant

with different release settings.

Figure 5 Box plot of release parameters representing t25, t50 and

t80 (hours) under different in vitro release arrangements (i.e. basket in

tube; membrane diffusion and sample and separate).
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hand, the release time obtained from basket in tube method

showed the least variability. In the latter, the low variability

pattern may be attributed to the full surface exposure of the

implant to the release medium within the standard USP

basket. Use of basket will minimize and limit implant adhe-

sion to the release vessels and prevents unpredictable move-

ments in the vessel where hydrodynamics may vary in

different regions of the vessel. Accordingly, basket in tube

method will allows full contact between the release medium

and the implant surface resulting in a more predictable and

reliable release process.

Influence of the drug loading dose on
release kinetics using basket in tube
method

To investigate the influence of different drug loadings on

the release kinetics, we compared the release profile of the

50 and 100 mg naltrexone dose using the developed shape-

controlled basket in tube method. As shown in Figure 6,

the release profiles for the two different doses are similar,

with only very slight differences. It is observed that the ini-

tial burst release is more significant for the formulation in

100 mg dose. In addition, its plateau phase is slower and

steadier.

Mathematical modelling of in vitro release
data

Release from in situ gelling implant can be modulated by

varying several parameters (i.e. polymer composition, tem-

perature effect, pH, ionic effects, etc.). These parameters

may influence drug diffusion, biodegradation, system ero-

sion and, therefore, release kinetics. In this work, several

models are used to analyse the in vitro release from naltrex-

one-PLGA in situ gelling implant. Multiple R2 values for

different models are presented in Table 2. Among various

models, the Peppas–Sahlin model showed the best fit with

the highest R2 for both drug loading doses. Peppas–Sahlin
model is a well-known empirical model that describes the

drug release from the polymer matrix systems identifying

two processes that generally determines drug release mech-

anisms (i.e. Fickian diffusion and polymer erosion/relax-

ation). Details of the equation and interpretations are

discussed in previous publication.[30] In this study polymer

chain, Relaxation/Fickian ratios (R=F ¼ k2t
m=k1) were cal-

culated and plotted against the fraction of drug released. As

shown in Figure 7, the drug release is dominated by diffu-

sion process with very little erosion throughout the release

duration for both drug loadings.

Conclusion

With the advances in the design of novel parenteral drug

delivery systems such as in situ gelling implants, suitable

and versatile in vitro release testing can serve as a resource-

ful tool for assessing the effect of formulation and manufac-

turing variables on drug release characteristics. Use of

multiple multifunctional biomaterials and processing steps

creates several critical issues during formulation develop-

ment, evaluation and administration to the patients. In

Figure 6 Comparison between the release

curves of the in situ gelling formulation with

different drug loading dose using developed

‘shape-controlled basket in tube method’.

Table 2 Calculated R2 values derived from various kinetic models

for two drug loadings

Dose

(mg)

Model

Zero

order

First

order Higuchi

Korsenmeyer

Peppas

Peppas

Sahlin Weibull

50 0.078 0.9354 0.8355 0.9708 0.9935 0.9922

100 �0.1982 0.8862 0.7279 0.9634 0.9996 0.9843
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general, delivery systems such as microparticles, nanoparti-

cles, nanocarriers for both passive and active targeting of

potent drugs and advances in long-term delivery of drugs

via preformed implants and in situ forming implants have

received considerable attention. These delivery systems are

designed to accomplish key goals such as prolonging drug

efficacy through a favourable delivery rate to the systemic

circulation, minimize systemic or local side effects, increase

therapeutic benefits or improve patient compliance.[31–33]

They are also typically complex in their nature. A suitable

in vitro test procedure can ensure and identify changes in

the critical formulation and processing variables especially

in the development and evaluation of in situ forming

implants. These are critical measures of delivery system per-

formance, product safety and efficacy. It is essential to

select the most promising release method for the in situ

implant formation that can integrate various variables, fos-

ter a better understanding of the strengths and potential

downsides that may be encountered during study, support

detail analysis of release kinetics and reveal the fundamental

information on release mechanism.

Currently, the most commonly recommended in vitro

release testing for parenteral suspensions, microspheres,

nanoparticles, preformed implants and in situ gelling for-

mulations includes USP 1, 2, modified with membrane dif-

fusion or filtration and USP 4 (flow-through cell) and its

modified versions, sample and separate methods, continu-

ous flow dialysis technique and membrane diffusion meth-

ods or potential dissolution methods under development.

In this work, the in situ forming implant with emphasis on

shape control and versatility of the dissolution method and

its influence on the release result were investigated for the

first time. It was demonstrated that the implant shape dif-

ferences and dissolution methods can lead to significant

variation in release data. Comparisons between various

in vitro release methods were also conducted. The selection

of appropriate release testing method was found to be of

great importance in release kinetics and is the prerequisite

for meaningful formulation development and drug release

understanding. The developed shape-controlled basket in

tube method provided the easiest set-up and the most

reproducible release profile. This approach minimized

adhesion to the vessels while allowing for good contact

between the release medium and the implant surfaces

within the confined space of the basket. Different mathe-

matical models demonstrated that drug release mechanism

in this study was primarily diffusional. Optimization and

accelerated dissolution testing under different conditions

including range of elevated temperatures, use of bio-

relevant media, polymer selection and formulation influ-

ences on release kinetics requires further investigation.

Further comparison between USP 4 and the developed

method is going to be conducted to have a better under-

standing of the effect of in vitro release arrangements.
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