
 

Journal Pre-proof

In-situ forming solvent-induced phase inversion (SIPI) implants for
controlled drug delivery: role of hydrophilic polymers

Lalitkumar K. Vora , Hannah McMillian , Deepakkumar Mishra ,
David Jones , Raghu Raj Singh Thakur

PII: S0022-3549(25)00175-3
DOI: https://doi.org/10.1016/j.xphs.2025.103717
Reference: XPHS 103717

To appear in: Journal of Pharmaceutical Sciences

Received date: 24 October 2024
Revised date: 26 February 2025
Accepted date: 28 February 2025

Please cite this article as: Lalitkumar K. Vora , Hannah McMillian , Deepakkumar Mishra ,
David Jones , Raghu Raj Singh Thakur , In-situ forming solvent-induced phase inversion (SIPI) im-
plants for controlled drug delivery: role of hydrophilic polymers, Journal of Pharmaceutical Sciences
(2025), doi: https://doi.org/10.1016/j.xphs.2025.103717

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2025 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

https://doi.org/10.1016/j.xphs.2025.103717
https://doi.org/10.1016/j.xphs.2025.103717
http://creativecommons.org/licenses/by/4.0/


In-situ forming solvent-induced phase inversion (SIPI) implants for controlled 

drug delivery: role of hydrophilic polymers 

Lalitkumar K. Vora
a
, Hannah McMillian

a
, Deepakkumar Mishra

a
, David Jones

a 

Raghu Raj Singh Thakur
a
* 

a
 School of Pharmacy, Queen’s University Belfast, 97 Lisburn Road, Belfast, 

Northern Ireland, BT9 7BL. 

 

* Corresponding Author 

Prof Thakur Raghu Raj Singh 

Professor in Pharmaceutics 

School of Pharmacy 

Queen's University Belfast 

Medical Biology Centre 

97 Lisburn Road 

Belfast, BT9 7BL 

United Kingdom 

Tel: +44 (0) 28 9097 5814 

Email: r.thakur@qub.ac.uk 

 

 

 

Abstract: In recent years, there has been a surge of research focused on in situ-

forming implants as a method of localized drug delivery. Despite advancements, the 

predominant challenge in situ-forming solvent-induced phase inversion (SIPI) 

implants is significant burst release which typically occurs within the first 24 hours 

post-administration. Another notable challenge is the real-time characterization of 

these implants, which is crucial for understanding their in situ formation and 

degradation mechanism. This study explores the impact of various hydrophilic 

polymers—hydroxypropyl methylcellulose (HPMC), hydroxypropyl cellulose (HPC), 

Carbopol, and carboxymethylcellulose (CMC) - on implant formation and drug 

release. SIPI systems, which are commonly composed of poly(lactic-co-glycolic acid) 

(PLGA) and N-methyl pyrrolidone (NMP), offer localized, controlled drug release but 

suffer from an initial burst within 24 hours post-administration. The incorporation of 

hydrophilic polymers aims to modulate this release and improve implant properties. 

                  



For first-time, optical coherence tomography (OCT) imaging was employed for non-

invasive assessment of the rate of in situ phase inversion and the resulting implant 

morphology, whereas scanning electron microscopy (SEM) and digital microscopy 

provided further insights into the internal structure of the implants. The results 

demonstrated that the inclusion of polymers such as HPMC and Carbopol effectively 

reduced burst release, whereas polymers such as HPC and CMC exhibited faster 

phase inversion, resulting in a more porous implant morphology and greater burst 

release. Additionally, the mechanical properties and mucoadhesive capabilities of the 

formulations were tested, suggesting that Carbopol-enhanced implants are particularly 

suitable for applications requiring prolonged retention at mucosal sites. This 

investigation provides critical insights into the design and optimization of SIPI 

systems for drug delivery. 

Keywords: In situ-forming implant, Carbomer, OCT, Phase inversion, Sustained 

release 

 

  

                  



1. Introduction 

In situ-forming implants (ISFIs) have garnered significant attention in recent years 

because of their ease of administration and ability to provide localized, controlled 

drug delivery. These systems offer numerous advantages over traditional methods, 

such as the ability to be delivered via minimally invasive routes and the potential for 

sustained release of therapeutic agents at the site of action. The term "in situ forming" 

refers to systems that undergo a phase transition upon administration to form a solid 

or semisolid depot that releases the drug over a prolonged period. This technology 

encompasses various systems, including thermoresponsive, pH-responsive, ion-

mediated, photosensitive, and solvent-induced phase inversion (SIPI) systems, each 

triggered by specific environmental changes to initiate the implant formation process 

(Pandya et al. 2023). 

A notable advantage of in situ-forming systems is their low viscosity at room 

temperature, which allows for injection via small-bore needles. Upon administration, 

these solutions undergo a phase transition, either due to a change in temperature, pH, 

or solvent precipitation, to form a depot that solidifies at the injection site. This 

transformation enables controlled release of the drug, making these systems 

particularly beneficial for delivering therapeutic agents to specific body locations, 

thereby improving treatment efficacy and reducing systemic side effects (Madan et al. 

2009). 

Among the various types of in situ-forming implants, SIPI systems have emerged as a 

leading technology. First introduced by Dunn and colleagues in the early 1990s, SIPI 

systems rely on the body's aqueous environment as the trigger for implant formation 

(Dunn et al., 1990). The human body is composed of approximately 70% water, with 

certain tissues, such as the eye, containing even higher water contents (Bishop, 2000). 

This aqueous environment makes SIPI systems particularly well suited for numerous 

medical applications. These systems typically consist of a water-insoluble polymer, 

such as poly(lactic-co-glycolic acid) (PLGA), dissolved in a water-miscible, 

biocompatible organic solvent such as N-methyl pyrrolidone (NMP). Once injected, 

the organic solvent rapidly diffuses while water infiltrates the system, leading to the 

precipitation of the polymer and the formation of a solid implant. This mechanism 

allows for controlled and sustained drug release from the implant over a prolonged 

                  



period, depending on various factors, such as the polymer composition, concentration, 

molecular weight, copolymer ratio, and choice of solvent or cosolvents (Thakur et al 

2014). 

The use of SIPI systems for drug delivery has been explored extensively in both 

preclinical and clinical settings. For example, Atridox
® 

(Zila, Inc.), a doxycycline-

containing SIPI system, has been used for the localized treatment of gingivitis, 

offering sustained drug release in the periodontal pocket (Stoller et al. 1998). Other 

products based on similar technology include Atrisorb
®

 and  Eligard
®

, which are used 

for treating various conditions, ranging from periodontal diseases to hormone-related 

cancers. These systems enable the delivery of a low-viscosity biodegradable 

polymer/drug solution or suspension  that solidifies upon injection, allowing for 

controlled and localized drug release (Stoller et al., 1998). 

Despite their promising potential, SIPI systems face a significant challenge in the 

form of burst release, which occurs when a large proportion of the drug is released 

within the first 24 hours after injection (Huang and Brazel, 2001). This rapid release 

can result in a shorter lifespan for the implant and, in some cases, lead to toxic drug 

levels at the injection site (Shively et al., 1995). While rapid initial release may be 

desirable in some cases, such as when a loading dose is needed, burst release is often 

unpredictable and difficult to control. This unpredictability poses challenges in 

maintaining a consistent and therapeutic drug release profile. Furthermore, the 

uncontrolled burst release may diminish the overall therapeutic efficacy of the implant 

by depleting the drug reservoir prematurely (Patel, Carlson, et al., 2010).  Numerous 

research groups have sought to address the issue of burst release through various 

modifications to the implant formulation. Strategies include altering the polymer 

composition, modifying the polymer concentration, end-capping polymers, 

incorporating cosolvents or additives, and adjusting drug loading (Göpferich, 1996; 

Graham, Brodbeck and McHugh, 1999; Bakhshi et al., 2006; Luan and Bodmeier, 

2006; Tang and Singh, 2008). These modifications aim to slow the phase inversion 

process and control drug release by reducing the initial burst. However, despite these 

efforts, no published studies have explored the use of cellulosic or carbomer-based 

hydrophilic polymers to modify the release profiles of SIPI systems. Hydrophilic 

polymers, which are widely used in controlled-release formulations, have 

                  



demonstrated the ability to modify the drug release profiles of other drug delivery 

systems (Guo et al., 1998). Therefore, their application in SIPI systems holds promise 

for mitigating the burst release issue. 

 

Hydrophilic polymers, such as cellulosics, are among the most commonly used 

controlled-release drug formulations because of their versatility and ability to control 

drug release rates. These polymers possess a balance of hydrophobic and hydrophilic 

groups on their cellulose backbone, which can dictate their swelling, gelation, or 

dissolution behavior. By modifying the composition of these polymers, it is possible 

to achieve the desired release rate for various drugs (Uchegbu and Schatzlein, 2006). 

Moreover, cellulosic polymers are already approved by the U.S. Food and Drug 

Administration (FDA) and are used in commercially available products, making them 

safe and reliable choices for drug delivery systems. Carbomers, another group of 

hydrophilic polymers, have been widely used in pharmaceutical and cosmetic 

products because of their ability to absorb water and increase viscosity. The term 

"carbomers" refers to a group of homopolymers of acrylic acid cross-linked with 

polyalcoholic allyl ethers, commonly known as Carbopol. Although carbomers are 

not cellulose-based, their hydrophilic nature and mucoadhesive properties make them 

attractive options for modifying drug release profiles. Mucoadhesive drug delivery 

systems, which utilize polymers such as carbomers, offer the added advantage of 

localized drug delivery to mucosal tissues, allowing for targeted and prolonged 

release. These systems can avoid normal physiological clearance mechanisms, such as 

tears or mucous flow, and improve the bioavailability of the drug by minimizing 

degradation in the liver or gastrointestinal tract (Andrews, Laverty and Jones, 2009). 

This study aims to explore the effects of incorporating hydrophilic polymers into SIPI 

implants containing PLGA/NMP on the drug release profile, implant formation, and 

internal morphology. A hydrophilic model drug was selected for this purpose to 

evaluate the potential of these polymers in modifying release behavior. For the first 

time, the morphology of SIPI implants was extensively characterized via optical 

coherence tomography (OCT), a non-invasive imaging technique that allows real-time 

observation of implant formation and drug release processes. OCT technology, which 

is commonly used in ophthalmology to image ocular structures, offers high-resolution 

images of implant morphology without requiring invasive techniques or extensive 

                  



sample preparation. In addition to OCT, scanning electron microscopy (SEM) and 

digital microscopy were employed to further analyse the shape, internal structure, and 

effect of hydrophilic polymers on the phase inversion process of the implants. 

The mechanical properties of SIPI gels and implants, such as syringeability and 

rheological behavior, were also evaluated in this study. Mechanical characterization is 

crucial to ensure that the formulations are easily administered through small-bore 

needles and exhibit desirable flow properties. Rheological analysis provides insight 

into the viscosity and internal structure of gels, which are directly related to their 

ability to be injected and solidified at the target site. Moreover, the mucoadhesive 

properties of the SIPI formulations were assessed to determine their potential for 

targeted delivery to mucosal tissues. Mucoadhesion is a key factor in ensuring that the 

implant remains at the desired site for prolonged drug release. 

The findings from this investigation provide valuable insights into the role of 

hydrophilic polymers in SIPI systems and their potential to reduce burst release while 

improving implant performance. By leveraging the unique properties of cellulosic and 

carbomer-based hydrophilic polymers, this study contributes to the development of 

more reliable and efficient in situ-forming implants for controlled drug delivery 

applications. 

2. Materials 

Poly-lactic-co-glycolic acid (PLGA) 5002A (50:50 lactic acid acid) was sourced from 

Purac Biomaterials (The Netherlands). N-Methyl-2-pyrrolidone (NMP), fluorescein 

sodium (FS), hydroxypropyl cellulose (HPC, 3x10^5), hydroxypropyl methylcellulose 

(HPMC, 9x10^5), sodium carboxymethyl cellulose (CMC, 7MF), bovine serum 

albumin (BSA), and porcine gastric mucin were obtained from Sigma Aldrich 

(Basingstoke, England). Agar powder was obtained from Oxoid Limited 

(Basingstoke, England). Hydroxyethyl cellulose (HEC, 1.3x106) was generously 

provided by Ashland, Inc. (Kentucky, USA). Carbopol Ultrez 10 and Ultrez 21 were 

donated by Lubrizol Additives (Ohio, USA). Hypodermic needles (27G) were 

purchased from Terumo Europe N.V. (Belgium). 

 

3. Methods 

3.1 Preparation of in situ-forming SIPI gels 

                  



The selection of polymers for this study was guided by their molecular weight, 

hydrophilicity, and previous reports of their compatibility with PLGA and NMP-

based systems or at least its solubility in NMP. Specifically, hydroxypropyl 

methylcellulose (HPMC), hydroxypropyl cellulose (HPC), Carbopol, and 

carboxymethylcellulose (CMC) were chosen due to their potential to modulate phase 

inversion and drug release profiles. The concentration ranges were established 

through initial screening to determine solubility in NMP and their influence on gel 

viscosity (data not shown) (Do et al., 2015). 

The preparation process involved dissolving each hydrophilic polymer in NMP at 

room temperature. After achieving complete dissolution, PLGA was added to the 

polymer solution at a concentration of 30% w/w, followed by overnight stirring (16 

hrs) on the magnetic stirrer (500 rpm) to ensure homogeneity (Ripandelli et al., 1998; 

Hatefi and Amsden, 2002). 

For drug-loaded formulations, fluorescein sodium (FS), a model hydrophilic drug, 

was dissolved in NMP before adding the hydrophilic polymer and PLGA. This 

sequence was critical to maintain drug solubility and prevent precipitation. All 

formulations were prepared under consistent conditions to ensure comparability, 

including controlled stirring speed, room temperature processing, and standardized 

mixing durations. Table 1 details the formulations, including the percentages of 

hydrophilic polymers and NMP.  

 

Table 1. PLGA/NMP SIPI gel formulations containing 30% w/w PLGA and 0.5% w/w FS. 

Formulation 

code 

Drug Hydrophilic 

Additive (%w/w) 

Percentage of 

NMP (% w/w) 

F1 FS - 69.5 

F2 FS 3% HPC 66.5 

F3 FS 4% HPC 65.5 

F4 FS 5% HPC 64.5 

F5 FS 1.5% HEC 68 

F6 FS 2% HEC 67.5 

F7 FS 2.5% HEC 67 

F8 FS 0.5% HPMC 69 

F9 FS 1% HPMC 68.5 

                  



F10 FS 1.5% HPMC 68 

F11 FS 0.5% Carb Ult 10 69 

F12 FS 1% Carb Ult 10 68.5 

F13 FS 1.5% Carb Ult 10 68 

F14 FS 3% CMC 7MF 66.5 

F15 FS 4% CMC 7MF 65.5 

F16 FS 5% CMC 7MF 64.5 

 

3.2 Mechanical characterisation of SIPI gel formulations 

3.2.1 Syringeability testing 

To evaluate the ease of administration of the formulations using a 27 G needle, 

syringeability testing was conducted using a texture analyser in compression mode, 

following the methodology described by Jones et al.. (1996) (Jones et al., 1996). The 

selection of a 27 G needle reflects a balance between experimental feasibility and 

clinical relevance, enabling reproducible assessments under conditions that mimic 

potential clinical applications. This test is crucial for determining whether the 

formulation can be delivered to the desired site in the body without requiring 

excessive force, which could cause discomfort for the patient. Briefly, 1 ml disposable 

syringes (BD Plastics, Germany) were filled with 0.1 ml of each formulation. The 

syringe contents were expelled via a texture analyser (TA. XT Plus, Stable Micro 

Systems, Surrey, UK), and a force‒distance plot was used to determine the work of 

syringeability via TA. XT software. The syringeability data were adjusted by 

subtracting the force required to expel air from a blank syringe, ensuring that the 

results reflected only the formulation being tested. An increase in syringeability work 

was indicated by a larger area under the curve. All the measurements were conducted 

in triplicate to ensure reproducibility. 

3.2.2 Rheological characterisation 

Rheological analysis provides insight into the flow behavior of SIPI gels, which is 

closely related to their syringeability and internal structure. 

3.2.2.1 Viscosity measurements 

Viscosity measurements were conducted using an AR2000ex rheometer (TA 

Instruments, Herts, UK) at 21°C. A 2 cm steel plate with a 500 μm gap was utilized 

                  



because of the small sample size needed. Flow rheograms of the nondrug-loaded 

formulations were generated and analysed via power law models through Rheology 

Advantage Data Analysis software (version 4.1.3). 

3.2.2.2 Dynamic viscoelastic measurements 

Dynamic viscoelastic properties, such as the storage modulus (G'), loss modulus (G", 

and tan delta (tanδ), were measured under various frequencies (0.01 to 1 Hz) via 

stress sweeps to ensure that the measurements were within the linear viscoelastic 

range. These parameters help to characterise the viscoelastic behavior of the 

formulations under different stress conditions 

3.3 Drug release studies 

3.3.1 In vitro release study 

In vitro release studies were performed to evaluate the release of FS from the in situ-

forming SIPI implants. Approximately 0.2 g of each formulation was injected into 

glass vials containing 5 ml of phosphate-buffered saline (PBS, pH 7.3±0.2). Given the 

high aqueous solubility of FS, sink conditions were maintained throughout the release 

study, ensuring that the amount of FS released over time remained within the 

solubility limits. Therefore, no surfactant was included in the release 

medium.(Casalini et al., 2011) Upon injection, the formulations formed solid, 

spherical polymeric implants. The vials were incubated at 37°C with gentle shaking at 

60 rpm. At predetermined intervals, the entire PBS medium was replaced, and the 

concentration of FS released into the medium was measured. Each experiment was 

performed in triplicate. 

In vitro release studies were conducted to assess the release behavior of FS from the 

in situ-forming SIPI implants. Approximately 0.2 g of each formulation was injected 

into glass vials containing 5 ml of PBS (pH 7.3 ± 0.2). Considering the very high 

solubility of FS in aqueous solution, surfactant was not used in the release medium. 

The injected formulations formed solid, spherical polymeric implants upon contact 

with PBS. The spherical shape was achieved naturally during injection due to the 

cohesive nature of the formulations and the diffusion-driven phase inversion process. 

However, the reproducibility and consistency of the implant shape and size were 

monitored and found to be reliable across experiments. For additional clarity, images 

of the implants post-injection can be included in supplementary materials. The vials 

                  



were incubated at 37 °C in a controlled water bath with orbital shaking set at 60 rpm. 

This temperature was maintained using a calibrated thermostatic system, and the 

shaking was employed to simulate mild agitation that mimics in vivo conditions, 

ensuring uniform exposure of the implant surface to the release medium. The choice 

of 60 rpm was based on standard practices in in vitro drug release studies, balancing 

sufficient medium mixing without disrupting implant integrity. 

3.3.2 HPLC analysis 

The fluorescein sodium concentration in the release medium was quantified using 

high-performance liquid chromatography (HPLC). Analysis was conducted using an 

Agilent 1260 Infinity Quaternary System HPLC (Agilent Technologies Ltd., 

Stockport, UK) equipped with an Agilent Zorbax Eclipse Plus C18 column (250 mm 

× 4.6 mm, 5 μm particle size) and a guard column maintained at 25°C. The mobile 

phase consisted of 60% methanol and 40% 50 mM sodium phosphate buffer (pH 6), 

with UV detection at 490 nm. The method exhibited linearity between FS 

concentrations of 0.01 and 20 μg/ml, with a correlation coefficient (r²) of 0.9999. A 

50 μl injection volume and a flow rate of 1 ml/min were used for the analysis. 

3.4 Implant formation investigations 

The relationship between the rate of phase inversion and drug release is well 

established, with faster phase inversion often resulting in greater burst release due to 

the formation of finger-like voids during solvent exchange (McHugh and Tsay, 1992; 

McHugh, 2005; Raman and McHugh, 2005; Thakur, McMillan and Jones, 2014). To 

better understand drug release behavior in SIPI systems, investigating the rate of 

phase inversion and the internal morphology of the resulting implants is crucial. 

Various methods have been used to study phase inversion in SIPI systems, including 

diagnostic ultrasound, dark ground optics, scanning electron microscopy (SEM), 

benchtop magnetic resonance imaging (BT-MRI), and EPR spectroscopy (Graham, 

Brodbeck and McHugh, 1999; Astaneh et al., 2009; Kempe et al., 2010; Solorio et al., 

2010). However, these methods often involve complex sample preparation and do not 

allow real-time analysis. Optical coherence tomography (OCT) is a promising 

alternative because of its ability to provide noninvasive, real-time imaging of 

implants. 

                  



 

3.4.1 SIPI rate of formation under OCT 

To assess the rate of implant formation, a VivoSight
®

 OCT microscope (Michelson 

Diagnostics, Massachusetts, USA) was used. Approximately 0.2 g of each 

formulation was injected into three glass vials containing 5 ml of PBS via a 

disposable syringe. At predefined time intervals, the implants were removed from the 

medium and imaged via OCT. The images were analysed with ImageJ (version 1.49d) 

to measure the thickness of the outer shell that had formed. Contrast equalization and 

normalization techniques were applied to enhance boundary resolution between the 

outer shell and the implant core, reducing heterogeneity-induced artifacts and 

enabling precise demarcation of the shell-core interface (Rahimi et al., 2023). This 

study was performed on both control formulations and those containing hydrophilic 

additives, allowing for comparative analysis. 

3.4.2 Morphological analysis through SEM images 

The internal morphology of the implants was further examined via a Hitachi TM 3030 

Tabletop SEM (Hitachi High-Technologies Europe GmbH, Krefeld, Germany). The 

implants were collected 5 days after injection into PBS, rinsed with deionized water, 

and blotted dry. The samples were then frozen at -80°C for two days, followed by 

freeze-drying. After drying, the implants were sectioned and mounted for SEM 

imaging to obtain high-resolution images of their internal structure. 

3.4.3 Microscope analysis of the internal structure 

To visualise water ingress into the formulations, a drop of each formulation was 

placed on a microscope slide and covered with a cover slip. The slide was observed 

under a GXML 3201 LED microscope (GT Vision Ltd., Suffolk, UK), and 5% 

rhodamine B in water was introduced between the slide and the cover slip. Digital 

images were captured with a camera attached to the microscope, providing insight 

into the phase inversion process and water infiltration. 

3.5 Mechanical properties of the implants 

                  



Mechanical characterization of the implants was performed to assess their strength 

and integrity post-formation, providing further information on how hydrophilic 

additives influence the implant structure. Implants that form more rapidly are 

expected to require greater force to compress, indicating a denser structure. 

Implant strength was measured via the TA. XTplus texture analyser (Stable Micro 

Systems, Surrey, UK). Implants were collected 5 days post-injection into PBS, rinsed 

with deionized water and blotted dry. Each implant was attached to the analyser 

probe, and in compression mode, the probe was moved toward a solid aluminum 

block at a pretest speed of 0.5 mm/sec. The test was automatically triggered when the 

implant came into contact with the surface, with compression occurring at 0.05 

mm/sec. The maximum force required to compress each implant by 1 mm was 

recorded. All measurements were performed in triplicate for each formulation to 

ensure consistent results. 

 

3.6 Mucoadhesive characterisation 

3.6.1 Rheological characterisation of gels 

Rheological measurements were performed to assess the mucoadhesive properties of 

the PLGA/NMP/hydrophilic polymer formulations. These tests were carried out via 

an AR 2000 rheometer (TA Instruments). The molecular weight and polymer 

concentration were selected on the basis of preliminary screening results. The 

polymer solutions were mixed with porcine gastric mucin to achieve a final mucin 

concentration of 4% w/w, while a 4% w/w mucin dispersion in NMP was prepared for 

comparison. The apparent viscosity of each sample was measured at increasing shear 

rates (50, 100, 150, 200, and 250 s⁻ ¹) after 1 minute of shear application. 

The rheological synergistic parameter (Δη) was calculated at each shear rate via the 

following equation: 

 

     Δ η = η(mix) – [η(mucin) + η(polymer)]     Eqn. 1 

 

where η(mix) represents the apparent viscosity (Pa.s) of the PLGA/NMP/polymer-

mucin mixture, η(mucin) represents the apparent viscosity of the 4% (w/w) mucin 

                  



dispersion, and η(polymer) represents the apparent viscosity of the 

PLGA/NMP/polymer formulation (blank) (Hassan and Gallo, 1990). 

 

3.6.2 Mucoadhesive characterisation of the formed implants 

The mucoadhesive strength of the formed implants was tested using a method adapted 

from Kilicarslan, Koerber, and Bodmeier (Kilicarslan, Koerber and Bodmeier, 2013). 

The adhesive force required to detach the implant from the agar/mucin surface was 

measured via a TA-XTplus Texture Analyser (Stable Micro Systems, UK) with a 5 

cm stainless-steel probe. An agar/mucin solution (1% and 2% w/w) was prepared and 

cast into petri dishes. After the plates were left at room temperature for 1 hour, four 

drops of each formulation were applied to the agar/mucin plates, which were 

subsequently incubated in a 99% relative humidity chamber for 3 hours. 

A thin film of solvent-free glue (Loctite® Power Easy Gel) was applied to the steel 

probe, which was then lowered to make contact with the formulation. A downwards 

force of 0.05 N was applied for 1 min to ensure contact, and the probe was moved 

upwards at a constant speed of 0.1 mm/s. The force required to detach the formulation 

from the agar/mucin surface was recorded. This experiment was repeated in triplicate, 

with a PLGA/NMP formulation used as the control. 

 

3.7 Statistical analysis 

The effects of various hydrophilic polymers on workability, viscosity, implant 

strength, and drug release were analyzed using two-way analysis of variance 

(ANOVA). When significant differences were found, post hoc Bonferroni corrections 

were applied to ensure accuracy and account for multiple comparisons. 

4. Results 

4.1 Mechanical characterisation of the PLGA/NMP/hydrophilic polymer 

formulations 

4.1.1 Work of syringeability 

The syringeability of the formulations was evaluated as described in Section 3.2.1, 

with each formulation being syringed through a 27G needle to assess how easily it 

could be expelled. The results, presented in Figure 1A and 1B show the work of 

                  



syringeability and the maximum force required for expulsion, respectively. These 

measurements provide key insights into the practicality of administering formulations 

through narrow-bore needles, reflecting the balance between viscosity and ease of 

injection. 
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Figure 1: (A) Work of syringeability determined from the force–distance plot for each formulation 

(n=5). (B) Maximum force of expulsion calculated from the force–distance plot for each formulation 

(n=5). The data are presented as the means ± standard deviations. 

 

The results demonstrated a clear correlation between the hydrophilic polymer 

concentration and both the work of syringeability and the force required to expel the 

formulation. As the concentration of hydrophilic polymer increased, so did the work 

of syringeability and the maximum force applied to the syringe. The most significant 

increase in syringeability was observed with the 2.5% w/w HEC 1.3x10⁶  

formulation, which presented a syringeability value of 79.40 ± 6.44 N·mm, whereas 

the 0.5% w/w HPMC 9x10⁴  formulation presented the lowest value of 27.57 ± 1.65 

N·mm, excluding the control formulation (3.57 ± 0.25 N·mm) (p<0.0001). The force 

required to expel the formulations paralleled the syringeability values, with the HEC 

formulation demanding the highest force (33 N) and the HPMC formulation the 

lowest (9.8 N) (p<0.0001). 

4.3.2 Rheological characterisation 

Rheological analysis plays a crucial role in understanding the flow behavior and 

mechanical properties of a material, particularly in relation to its syringeability. The 

data generated from rheological characterization help elucidate how the formulations 

perform under stress. 

4.3.2.1 Viscosity measurements 

                  



Flow analysis of the formulations revealed their viscosity characteristics, with data 

analysed via the power law model. This approach enabled the determination of 

whether each formulation exhibited Newtonian, pseudoplastic (shear-thinning), or 

shear-thickening behavior. The equation for viscosity as a function of shear rate in the 

power-law model is:  

                                                    η=Kγ˙
n−1

                                                          Eqn. 2
 

where: η: Apparent viscosity (Pa·s), K: Consistency index (Pa·s) K: Consistency 

index(Pa·sn) — a measure of the fluid's thickness, γ˙: Shear rate (s−1), n: Flow 

behavior index (rate index).   

 

A rate index of 1 denotes Newtonian flow, whereas values less than 1 indicate shear-

thinning behavior, and values greater than 1 correspond to shear-thickening behavior 

(Mezger, 2011). The resulting rate indices and their associated behaviors are listed in 

Table 2. 

 

Table 2. Resulting average rate index from performing power law analysis on flow rheograms and the 

deduced behaviour of the formulations (n=3). 

Formulation Viscosity (Pa.s) Rate Index Character 

F1 0.25 1.00 Newtonian 

F2 1.98 0.73 Shear-thinning 

F3 2.09 0.72 Shear-thinning 

F4 2.55 0.65 Shear-thinning 

F5 0.78 0.88 Shear-thinning 

F6 1.27 0.68 Shear-thinning 

F7 1.77 0.63 Shear-thinning 

F8 0.36 0.99 Shear-thinning 

F9 0.62 0.91 Shear-thinning 

F10 1.67 0.82 Shear-thinning 

F11 0.39 0.97 Shear-thinning 

F12 0.48 0.93 Shear-thinning 

F13 1.55 0.80 Shear-thinning 

F14 0.30 1.02 Shear-thickening 

F15 0.32 1.03 Shear-thickening 

                  



 

As anticipated, increasing the concentration of hydrophilic polymers resulted in a 

corresponding increase in viscosity. The highest viscosity was observed in the 5% 

w/w HPC formulation, whereas the CMC formulations presented the lowest viscosity 

values, apart from the control (p<0.0001). This lower viscosity of CMC was expected 

because of its inability to dissolve in the PLGA/NMP mixture, which instead exists as 

a dispersion of particles rather than forming a homogeneous gel. 

 

With respect to the rate index, the PLGA/NMP control formulation demonstrated 

Newtonian behavior, as indicated by a rate index of 1.00. A rate index below 1 

reflects shear-thinning behavior, meaning that the lower the rate index is, the greater 

the capacity for shear thinning (Cunningham, 2014). Although the HPC and HEC 

formulations displayed the highest viscosities, they also had the lowest rate indices, 

suggesting significant susceptibility to shear thinning—under stress, these 

formulations exhibited a considerable reduction in viscosity. The CMC formulations, 

despite slightly higher rate indices (> 1), are difficult to categorize as shear 

thickening, given that the CMC did not form a homogeneous gel in the PLGA/NMP 

mixture, potentially affecting its behavior under stress. 

 

4.3.2.2 Dynamic viscoelastic measurements 

Oscillatory frequency sweeps were conducted to explore the structuring mechanisms 

within the formulations. The elastic modulus (G') represents the rigidity of a material 

related to its viscous flow, whereas the storage modulus (G") indicates rigidity due to 

elastic deformation (Barry et al., 1974). In simpler terms, G' represents solid-like 

behavior, whereas G" reflects liquid-like characteristics. The loss tangent (tanδ), 

which is calculated as G"/G', further reveals whether a formulation is more viscous 

(tanδ > 1) or elastic (tanδ < 1). 

The blank PLGA/NMP formulation initially exhibited a viscous nature (G" 

dominance) until the G' and G" values became equal, at which point G' dominance 

indicated more solid-like behavior. Similarly, the HPMC and HEC formulations 

exhibited G" dominance, indicating a viscous nature. The lower concentrations of 

F16 0.34 1.01 Shear-thickening 

                  



Carbopol (0.5 and 1% w/w) followed this trend, whereas the 1.5% w/w Carbopol 

formulation exhibited G' dominance, indicating solid-like or elastic behavior. For the 

HPC formulations, the lower concentrations also exhibited a viscous dominant nature, 

but the 5% w/w HPC formulation displayed significant elastic characteristics. In the 

case of the CMC formulations, all three concentrations initially showed G" 

dominance over G', followed by a crossover point where G' became dominant, 

indicating a transition from liquid to solid behavior. When the tanδ values at specific 

frequencies were analysed, the degree of liquid versus solid characteristics became 

clearer. Among the HPMC and HEC formulations, as well as the 3% and 4% w/w 

HPC formulations and the 0.5% and 1% w/w Carbopol formulations, the tanδ values 

ranged between 1.7 and 3.2, indicating significant liquid-like behavior. In contrast, 

the 1.5% w/w Carbopol formulation had a tanδ value of 0.89, and the 5% w/w HPC 

formulation had a tanδ value of 0.69, both of which indicated predominantly solid-

like behavior. 

 

4.4 Drug release study 

The primary focus of this study was to evaluate the percentage of FS released within 

the first 24 hours postinjection into PBS, as summarized in Table 3. Figure 2 A, 2B 

and ―C show the FS release profiles of the formulations that exhibited an increased 

burst compared with the control, whereas Figure 2D and 2E presents the release 

profiles of those formulations that demonstrated a reduced burst. Additionally, Table 

3 shows the time required for 50% of the drug to be released from the implants. 

Statistical analysis confirmed significant differences in burst release across all 

hydrophilic polymer concentrations compared with the control (p<0.0001). 

Table 3. Percentage release after 24 hours (burst release) and time taken for 50% release from ISFI 

formulations containing hydrophilic polymers (n=3). 

Polymer Percentage release after 24 hours (%) T50% (Days) 

F1 34.14 ±6.04 9.4 

F2 42.06 ± 2.55 2.2 

F3 43.99 ± 3.90 1.8 

F4 47.39 ± 3.68 1.3 

F5 53.00 ± 1.84 0.8 

F6 56.67 ± 4.98 0.7 

                  



F7 62.76 ± 3.87 0.5 

F8 12.46 ± 1.33 34.5 

F9 21.87 ± 1.05 33 

F10 29.53 ± 2.90 31.5 

F11 32.89 ± 2.09 7 

F12 30.81 ± 2.80 7.8 

F13 20.00 ± 0.37 14 

F14 41.42 ± 3.28 2.2 

F15 46.16 ± 2.48 1.4 

F16 48.41 ± 0.79 1.1 
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Fig. 2 Cumulative percentage release profile of FS from in situ-forming implants containing 

hydrophilic polymer additives that affect the burst release of (A) HPC, (B) HEC, (C) CMC, (D) HPMC 

and (E) Carbopol (n=3). 

 

As presented in Table 3 and Figures 2A-C, the inclusion of the HPC, HEC, and CMC 

polymers led to increased burst release. The most significant burst release occurred 

with the addition of 1.3x10⁶  w/w HEC (F5--7), where 61% of the total FS load was 

released within the first 24 hours from the 2.5% w/w HEC formulation (F7) 

(p<0.0001). A comparison of the HPC Mw 3.7x10⁵  (F2-4) and CMC (F14-16) 

formulations revealed little variation in burst release across different concentrations, 

with both formulations releasing more than 40% of their drug load within the first 24 

hours—a greater than 6% increase compared with the control (F1). 

 

Conversely, the addition of Carbopol Ultrez 10 (F11-13) and HPMC Mw 9x10⁵  (F8-

10) reduced the burst release, as depicted in Figure 2D-E. The burst release decreased 

as the Carbopol Ultrez 10 concentration increased, whereas the opposite trend was 

observed for the HPMC Mw 9x10⁵ . The most significant reduction in burst release 

was achieved with 0.5% w/w HPMC (Mw 9x10⁵ ; F10), which reduced the burst 

release by approximately 22% (p<0.0001). 

 

In terms of the time required for 50% of the drug to be released, the trend was 

consistent with that of burst release. Compared with the control, the addition of HPC, 

HEC, and CMC resulted in faster release of 50% of the drug, with the HEC 

formulations achieving this within one day. In contrast, the addition of HPMC 

significantly prolonged the time required for 50% release. 

 

With respect to the overall drug release profiles, all formulations followed the 

expected triphasic release pattern typical of PLGA-based ISFIs. However, the HEC 

formulations displayed distinctive release profiles, with extensive drug release 

occurring within the first 10 days postinjection. After this period, a plateau phase was 

observed, followed by a minimal final release phase from day 27 onwards. Compared 

with the control implants, the formulations with increased burst release achieved 

faster drug release, which continued to release FS for 52 days. In comparison, the 

HEC formulations released their drug load over 36 to 42 days, with the 2.5% w/w 

                  



HEC formulation (F7) completing release the fastest. HPC formulations were released 

for 45 days, whereas CMC formulations were released from 46-51 days, with the 5% 

w/w CMC formulation (F4) completing release more quickly. HPMC and Carbopol 

extended the overall release duration to 55 and 57 days, respectively, while reducing 

the burst release. 

 

An interesting observation from the data is the relationship between burst release and 

the overall percentage of drug released from the implants. The implants that 

experienced the greatest burst release also presented the most complete release of FS. 

The control implants (F1) released approximately 85% of their FS load over the 52-

day release period, whereas the HPC formulations, which had greater burst release 

than the control, achieved nearly 100% release over their 45-day lifespan. On the 

other hand, HPMC formulations (F8-10), which minimized burst release, extended the 

release period to 55 days but released only 75-84% of the total drug load. Overall, the 

addition of HPMC demonstrated the most promising results for reducing burst 

release, providing a more controlled and extended drug release profile. 

 

4.5 SIPI rate of formation under OCT 

OCT is a noninvasive imaging technique that operates similarly to ultrasonic pulse-

echo imaging but instead uses low-coherence interferometry to generate two-

dimensional images through optical scattering (Huang et al., 1991). OCT is widely 

employed in vision science, particularly for obtaining high-resolution images of the 

retina, enabling detailed evaluations of various macular and chorioretinal pathologies. 

This technique operates in the near-infrared region (approximately 840 nm), 

minimizing discomfort for patients during examinations (Ripandelli et al., 1998). 

Given that OCT produces images from light reflected off solid surfaces, it holds 

potential for investigating the formation and solidification of in situ-forming implants. 

As phase inversion continues, the implants solidify from the outside toward the 

center, resulting in an increasing thickness of the outer shell over time. By capturing 

OCT images at specific time intervals, it is possible to measure and compare the outer 

shell thickness between different formulations. 

Currently, no studies have applied OCT to investigate the rate of phase inversion or 

                  



implant formation in SIPI systems. The primary advantage of OCT is its ability to 

provide real-time imaging without the need for extensive sample preparation. This 

capability proved useful in our study, which examined the rate of implant formation 

in formulations containing hydrophilic additives. Figure 3 shows the thickness of the 

outer shell formed at various time points following injection into PBS. These data 

were instrumental in interpreting the burst release behavior of FS from the implants. 

 

Compared with the control formulations without additives, the addition of hydrophilic 

polymers influenced the rate of shell formation. The fastest shell formation was 

observed in the 5% w/w CMC (F16) implants, which presented an outer shell 

thickness of 602.04 μm after 1 h, whereas the shell thickness was 388.67 μm in the 

control. This rapid shell formation correlates with the greater burst release of FS from 

the CMC implants, likely due to the faster phase inversion process. In contrast, the 

0.5% w/w HPMC (F8) implants exhibited the slowest formation, taking 7 hours to 

form a solid enough outer shell to be removed from the PBS-containing vial. The 1% 

and 1.5% w/w HPMC formulations (F9 and F10) solidified more quickly, requiring 4 

hours to form a removable shell. These findings demonstrate that the rate of phase 

inversion, as observed through OCT imaging, directly influences the drug release 

profile, with faster solidification generally leading to greater burst release due to the 

rapid formation of the outer shell. 
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Fig. 3 Increase in the thickness of the outer shell of an ISFI containing hydrophilic additives that 

increased the burst of FS over time, as measured through OCT imaging (n=3). 

 

The OCT images also provided valuable insights into the structural differences 

between the implants, as illustrated in Figure 4. These images allowed us to observe 

variations in the outer shells of the different formulations. After 7 hours of incubation 

in PBS, significant differences in shell thickness and porosity were noted across the 

six implant formulations. 

Compared with those of the PLGA/NMP control, the outer shells of the HEC, HPC, 

and CMC implants were thicker. Notably, these thicker shells also contained 

numerous pores, which could have implications for the release profile of the drug. In 

                  



contrast, the Carbopol and HPMC implants had much thinner outer shells, suggesting 

a slower rate of formation. This difference in shell thickness and structure aligns with 

the previously observed differences in drug release rates, where thicker, more porous 

shells contributed to faster release and higher burst rates, whereas thinner shells 

resulted in slower drug release and reduced burst effects. 

 

Fig. 4 OCT images of F2-F16 implants after 24 hours of formation in PBS (n=3). 

 

 

4.6 Implant compression 

To further understand the impact of hydrophilic polymer additives on implant 

formation, the mechanical properties were assessed by compressing the implants after 

5 days of formation in PBS. The implants were compressed by 1 mm using a texture 

analyser, and the maximum force required was recorded. Figure 5 presents the data 

from this analysis, showing that the CMC implants required significantly less force 

for compression than did the HPMC implants, which required the greatest force, 

particularly the 1.5% HPMC implants (p<0.0001). Overall, the order of force required 

                  



for compression was HPMC > HPC > HEC > Carbopol > control > CMC. This 

suggests that implants with greater compressive strength, such as HPMC implants, 

formed more rigid and durable structures than those with lower compressive strength, 

such as CMC implants. 

 

Fig. 5. Force required to compress the implants of each formulation at a depth of 1 mm after 5 days of 

formation in PBS (n=3). 

 

4.7 Morphological analysis through SEM images 

To examine the internal structure of the implants after formation, SEM imaging was 

used to capture high-resolution images, providing further insights into the phase 

inversion process and the resulting burst release profiles. Figure 6 shows the internal 

morphology of several implants. 
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Fig. 6 SEM images of the internal structure of the implants: (A) control, (B) 0.5% HPMC, (C) 5% 

HPC, (D) 1.5% Carbopol, (E) 2.5% HEC and (F) 5% CMC. 

 

The control PLGA/NMP implant (Figure 6A) exhibited a characteristic "honeycomb" 

structure, typical of fast-phase inverting systems prone to significant burst release. 

Compared with the control, the HPC implants (Figure 6C) presented even larger 

voids, which was correlated with their greater burst release. Importantly, the HPC 
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image is magnified at x50, whereas the others are magnified at x100, highlighting the 

size of the voids in the HPC implant. 

 

In contrast, the 0.5% HPMC (Figure 6B) and 1.5% Carbopol Ultrez 10 (Figure 6D) 

implants displayed denser, more sponge-like structures, indicative of a slower phase 

inversion process. This denser morphology corresponds to the lower burst release 

observed for these formulations than for the control. Similar trends were observed in 

other formulations: those with decreased burst release had a denser internal structure, 

whereas those with increased burst release exhibited a more porous morphology, as 

shown in Figure 6. 

 

4.8 Microscopic analysis of the internal structure 

To better understand water penetration during phase inversion, distilled water 

containing rhodamine B was introduced into the formulations, and digital images 

were captured via a microscope to visualise the phase inversion process (Strathmann 

et al., 1975; Wang et al., 1998). Figure 7 shows digital microscope images of the 

various formulations. As shown in Figure 7A (PLGA/NMP control), long finger-like 

voids formed as the rhodamine B solution penetrated the formulation. This rapid 

formation of voids is due to the high miscibility of NMP with water, leading to fast 

phase inversion and, consequently, a significant burst release. Similarly, as shown in 

Figure 7C, large finger-like and spherical voids were observed in the 2.5% HEC Mw 

1.3x10⁶  formulation (F7), further explaining the increased burst release observed in 

the HEC implants. In contrast, Figure 7D (0.5% HPMC Mw 9x10⁵ ) displays much 

smaller voids, indicative of a slower phase inversion process and a tighter network 

structure. This reduced void formation correlates with the lower burst release 

observed in the HPMC implants. These images provide a visual explanation for the 

differences in burst release rates between the formulations. 

                  



Fig. 7. Digital microscope images after rhodamine B solution was introduced into in situ phase 

inversion formulations between two microscope slides: (A) PLGA/NMP control, (B) 3% HPC, (C) 

2.5% HEC, (D) 0.5% HPMC, (E) 1.5% Carbopol and (F) 3% CMC (x10 magnification). 

 

4.9 Mucoadhesive capabilities of PLGA/NMP/hydrophilic polymer formulations 

4.9.1 Rheological characterization 

The rheological synergism parameter was calculated to investigate the mucoadhesive 

capabilities of each PLGA/NMP/hydrophilic polymer formulation. Table 4 provides 

the synergistic parameters at various shear rates, whereas Figure 8 presents these 

values graphically. The data indicate that as the shear rate increases, the synergistic 

effect within the formulations decreases. All the tested formulations exhibited positive 

synergistic effects, indicating their interaction with mucin and confirming their 

A 
 

D 
 

C 
 

B 
 

E 
 

F 
 

0.1 
mm 

                  



mucoadhesive properties. The control formulation (F1) displayed very weak, almost 

negligible mucoadhesive capacity. 

Higher concentrations of hydrophilic polymers generally resulted in greater 

synergistic effects, as expected. According to Table 4 and Figure 8, the strongest 

mucoadhesive capability was observed in the 5% w/w CMC formulation (F16), 

closely followed by the 5% w/w HPC formulation, particularly at lower shear rates. 

The HPC formulation retained greater mucoadhesive strength even as the shear rate 

increased. On the other hand, the Carbopol and HPMC formulations, along with the 

3% w/w CMC formulation (F14), demonstrated weak synergistic effects and, 

therefore, weaker mucoadhesive capabilities. 

 

Table 4. Rheological synergism parameters calculated for PLGA/NMP/hydrophilic polymer 

formulations at defined shear rates (n=3). 

Formulation 

 

Rheological Synergism Parameter at defined shear rates (Pa.s) 

50 s
-1

 100 s
-1

 150 s
-1

 200 s
-1

 250 s
-1

 

F1 0.0010 0.0022 0.0019 0.0039 0.0029 

F2 0.2175 0.1502 0.1395 0.1168 0.0971 

F3 0.2722 0.2307 0.1866 0.1681 0.1553 

F4 0.5233 0.2685 0.2262 0.1865 0.1807 

F5 0.1102 0.0972 0.0954 0.0940 0.0870 

F6 0.1350 0.1076 0.0997 0.0975 0.0916 

F7 0.3019 0.1203 0.1164 0.1082 0.1009 

F8 0.0124 0.0122 0.0113 0.0111 0.0103 

F9 0.0371 0.0330 0.0267 0.0220 0.0219 

F10 0.0399 0.0342 0.0284 0.0227 0.0222 

F11 0.0304 0.0252 0.0220 0.0208 0.0198 

F12 0.0478 0.0336 0.0311 0.0245 0.0211 

F13 0.2787 0.1096 0.0555 0.0482 0.0386 

F14 0.0337 0.0331 0.0297 0.0272 0.0265 

F15 0.1185 0.0618 0.0494 0.0467 0.0447 

F16 0.4549 0.2813 0.1956 0.1650 0.1289 

 

                  



 

Fig. 8 Positive rheological synergistic parameters calculated for the polymer formulations (n=3). 

 

4.6.2 Mucoadhesive characterization of the formed implants 

To further explore the mucoadhesive strength of the formulations after phase 

inversion, the interaction of the solidified implants with mucin on agar plates was 

investigated. The five formulations containing the highest concentrations of each 

polymer were selected, and the force required to detach the implants from the 

agar/mucin plates was measured.  
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Fig. 9. Force of detachment of phase-inverted formulations from agar plates containing mucin (n=3). 

 

The data in Figure 9 show that all five formulations exhibited mucoadhesive 

interactions, as the force required to detach them from the agar/mucin plate was 

greater than that of the control. The 5% w/w CMC (F16) implant demonstrated the 

greatest mucoadhesive strength, requiring a detachment force of 0.15 N (p<0.0001). 

In contrast, the 1.5% w/w HPMC Mw 9x10⁵  (F10) implants had the weakest 

mucoadhesive interaction, requiring only 0.072 N for detachment. 

These results align with the rheological characterization findings: the 5% w/w CMC 

(F16) formulation presented the strongest mucoadhesion, followed closely by the 5% 

w/w HPC Mw 3.7x10⁶  (F4) formulation, whereas the 1.5% w/w HPMC Mw 9x10⁵  

(F10) formulation presented the weakest mucoadhesion. The only deviation observed 

was in the 1.5% Carbopol Ultrez 10 (F13) implants, which showed significant 

mucoadhesive strength in this study, similar to the HPC implants, whereas the 

rheological data indicated weaker synergistic effects. 

 

5. Discussion 

ISFIs offer several advantages, including ease of injection due to their low viscosity 

and use of biodegradable, biocompatible materials. However, a significant challenge 

                  



associated with these systems is their susceptibility to burst release, which is the rapid 

drug release that occurs within the first 24 hours following injection(Wang, 

Venkatraman and Kleiner, 2004). This burst release arises from the phase inversion 

process, where a lag phase is followed by the rapid formation of the implant’s outer 

layer, causing substantial initial drug release before stabilizing(Graham, Brodbeck 

and McHugh, 1999; Hatefi and Amsden, 2002). A burst release can be beneficial in 

specific cases, such as antibiotic therapy, but it is often undesirable due to its 

unpredictability and the potential for reaching toxic drug concentrations(Shively et 

al., 1995; Patel, Solorio, et al., 2010). 

To address this issue, various strategies have been explored, including altering the 

polymer composition, concentration, and use of cosolvents or additives, with mixed 

success(Göpferich, 1996; Graham, Brodbeck and McHugh, 1999; Bakhshi et al., 

2006; Luan and Bodmeier, 2006; Tang and Singh, 2008). Hydrophilic polymers such 

as HPMC, HPC, and Carbopol, which are commonly used in the pharmaceutical 

industry, have the potential to control burst release by modifying viscosity and 

swelling properties. These polymers have been widely applied in FDA-approved 

controlled release systems and may offer a viable solution for controlling burst release 

in solvent-induced ISFIs. 

 

In this study, mechanical characterization, particularly syringeability, was a key 

focus. The ease with which a formulation can be injected is critical for ensuring 

patient comfort and minimizing the risk of infection. Increasing the concentration of 

hydrophilic polymers led to increased syringeability and greater force required for 

expulsion, as expected, owing to increased viscosity. However, the formulations 

remained injectable through 27G needles, indicating that shear-thinning behavior 

played an important role in maintaining the ease of injection. The shear-thinning 

nature of the gels enabled them to flow more easily when stress was applied, a crucial 

characteristic of injectable formulations. 

 

Rheological characterization further demonstrated that formulations containing higher 

concentrations of hydrophilic polymers, such as HPMC and HPC, presented distinct 

mechanical properties. For example, the dominant viscous behavior observed in 

certain formulations suggested limited internal structuring, whereas the more elastic 

                  



behavior observed in other formulations indicated stronger gel-like 

characteristics(Carlfors et al., 1998). These observations align with the power law 

analysis, which confirmed that shear-thinning behavior was predominant. The lower 

tanδ values for certain formulations also suggested stronger elasticity and chain 

entanglement, which could impact drug release by restricting solvent exchange (Rao, 

2010) (Jones, Brown and Woolfson, 2001; Mezger, 2011). 

 

The drug release profiles revealed that hydrophilic polymers such as HPC, HEC, and 

CMC contributed to increased burst release. This is likely due to their ability to 

enhance water penetration and accelerate phase inversion, resulting in a more porous 

implant structure. The hydrophilic nature of these polymers likely attracted water into 

the system, leading to faster phase inversion and greater drug release in the initial 

stages. Similar findings have been reported in previous studies where hydrophilic 

additives modified the thermodynamics and mass transfer kinetics, resulting in rapid 

phase inversion and increased burst release. 

 

In contrast, the addition of HPMC and Carbopol significantly reduced the burst 

release. These polymers, with their bulkier, crosslinked structures, slowed the phase 

inversion process, leading to denser implants with fewer voids. HPMC, in particular, 

exhibited slower phase inversion, which contributed to reduced burst release. The 

hydrophobic side groups of HPMC likely played a role in reducing water penetration, 

further slowing the phase inversion process. Carbopol, as a crosslinked polymer, also 

limits water access to the drug, resulting in more controlled release. 

 

OCT was utilized to monitor implant formation and provide valuable insights into the 

relationship between the phase inversion rate and drug release. Implants that exhibited 

rapid phase inversion, such as those containing HPC, HEC, and CMC, formed thicker 

and more porous outer shells, which contributed to greater burst release. Conversely, 

formulations that formed more slowly, such as those with HPMC and Carbopol, 

presented thinner, denser shells, resulting in lower burst release. These findings are 

consistent with previous studies showing that rapid phase inversion produces porous 

structures conducive to faster drug release, whereas slower inversion yields more 

compact implants with sustained release. 

 

                  



The mechanical strength of the formed implants was also evaluated, revealing that 

formulations with HPMC presented the highest compressive strength. This is likely 

due to the slower phase inversion and stronger chain entanglement in these 

formulations, resulting in a more robust outer shell. In contrast, the CMC 

formulations, which significantly swelled, produced weaker implants due to increased 

water content. The dissolution of the CMC particles within the structure likely 

contributed to the reduced compressive strength, as the gaps formed in the outer shell 

weakened the overall integrity of the implant. 

 

Mucoadhesive properties were another important factor investigated in this study. 

Hydrophilic polymers are known for their ability to form mucoadhesive interactions 

when wetted with water, which can be beneficial for retaining formulations at 

mucosal sites. The study revealed that all the polymer formulations demonstrated 

mucoadhesive capabilities, with higher concentrations of polymers resulting in 

stronger interactions. The strongest mucoadhesion was observed with the HPC and 

CMC formulations, which formed strong polymer‒mucin interactions, making them 

well suited for use in mucosal environments. The HPMC formulations, despite being 

widely used for mucoadhesion, exhibited weaker interactions in this study, likely 

because of the lower molecular weight used. The mucoadhesive capabilities of the 

formed implants mirrored the rheological findings, with stronger interactions 

observed in solid implants containing HPC and CMC. These interactions were 

maintained even after phase inversion, suggesting that hydrophilic polymers may 

enhance implant retention at mucosal sites. Interestingly, Carbopol, which showed 

weak mucoadhesive interactions in its gel form, exhibited stronger adhesion in its 

solidified implant form. This may be due to the degradation of PLGA in the aqueous 

environment, which lowers the pH and enhances the mucoadhesive properties of 

Carbopol (Ludwig, 2005; Liu, 2008; Andrews, Laverty and Jones, 2009). 

 

Overall, the addition of hydrophilic polymers to PLGA/NMP formulations 

significantly influences the burst release, phase inversion rate, mechanical strength, 

and mucoadhesive properties of in situ-forming implants. While polymers such as 

HEC and HPC increased burst release by accelerating phase inversion, HPMC and 

Carbopol effectively reduced burst release by forming denser, more controlled 

structures. The study also demonstrated that hydrophilic polymers can enhance 

                  



mucoadhesive properties, providing additional benefits for implants designed for 

mucosal administration. These findings provide important insights into the 

optimization of ISFIs for controlled drug release and improved patient outcomes. 

 

6. Conclusion 

In situ-forming implants have gained significant interest because of their ease of 

administration and the use of biocompatible materials. Among these, implants formed 

by solvent-induced phase separation, as investigated in this study, show great 

potential. However, a key challenge associated with these systems is their 

susceptibility to burst release after injection. This rapid initial release can lead to drug 

toxicity and reduce an implant’s lifespan, making it a critical issue to address. While 

numerous strategies have been explored to mitigate burst release, the use of cellulosic 

and Carbopol polymers as modifiers has not been extensively studied. This research 

explored the use of hydrophilic polymers such as HPMC and Carbopol to modify the 

burst release behavior of solvent-induced ISFIs. These findings demonstrate that the 

addition of HPMC (Mw 9x10⁵ ) and Carbopol Ultrez 10 significantly reduced burst 

release, with HPMC providing the most effective reduction. Furthermore, compared 

with HPMC, Carbopol implants presented superior mucoadhesive properties, making 

them highly beneficial for applications where retention at the injection site, such as in 

mucosal tissues, is important. In scenarios where mucoadhesion is not needed, HPMC 

offers a promising solution to control burst release. While the study focused on the 

release of a small hydrophilic model drug (fluorescein sodium), future studies should 

investigate the release behavior of larger molecules, such as peptides or proteins, 

given the increasing prevalence of protein-based therapeutics in drug development. 

Expanding the scope of this research to include these larger molecules could provide 

further insights into the optimization of ISFIs for a broader range of applications. 
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