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ABSTRACT  

620830006 : Major PHARMACEUTICAL ENGINEERING  (INTERNATIONAL 

PROGRAM) 

Keyword : In situ matrix; Zein; Nitrocellulose; Eudragit L; solvent removal; 

Numerical 

Mr. Setthapong SENARAT : Injectable antimicrobial agent-loaded in situ 

forming eudragit L, nitrocellulose and zein-based solvent removal phase-inversion 

matrices for periodontitis treatment Thesis advisor : Professor Thawatchai 

Phaechamud, Ph.D. 

The in-situ forming matrix (ISM) established through solvent removal phase-

inversion, emerges as a promising method for treating periodontitis by administering 

it to the periodontal pocket. This innovative drug delivery system entails dissolving 

the therapeutic agent within polymer solution using a biocompatible solvent. 

Subsequent water exposure facilitates solvent removal, causing insoluble polymer to 

solidify into a gel matrix. In the pursuit of an effective ISM formulation for 

periodontitis, three matrix-forming agents-zein, Eudragit L, and nitrocellulose (Nc)-

were selected, and using various solvents. The objective of this research were to 

comprehensively characterize the physical properties of these formulations, 

investigate their drug release kinetics, and assess their antimicrobial efficacy. The 

ISM based on 20% zein loaded with levofloxacin HCl (Lv) and formulated using 

glycerol formal (GF) as the solvent exhibited favorable attributes. This included 

appropriate viscosity, consistent Newtonian flow, satisfactory matrix formation, and 

injectability. Additionally, this formulation demonstrated prolonged Lv release over a 

span of 7 days, effectively combating various microorganisms responsible for 

periodontal infections. Similarly encouraging results were observed with the ISM 

containing 1% Lv and 15% Eudragit L, dissolved in monopropylene glycol, showing 

appropriate viscosity (3674.54 ± 188.03 cP), Newtonian flow, gel formation, 

injectability (21.08 ± 1.38 N), prolonged release, and antimicrobial activity against 

microorganisms. Conversely, Nc-based ISMs, incorporating moxifloxacin HCl (Mx) 

with dimethyl sulfoxide (DMSO) and N-methyl pyrrolidone (NMP) solvents, 

exhibited advantageous properties. The viscosity and injection force of the Nc ISMs 

varied depending on the solvent used, with GF resulting in higher values of 4631.41 ± 

52.81 cPs and 4.34 ± 0.42 N, respectively. All Nc-based ISMs exhibited Newtonian 

flow and transformed into a matrix state upon exposure to the aqueous phase. Nc-

based ISM formulations demonstrated low viscosity, ease of injectability, swift gel 

transformation upon water exposure, and sustained drug release against bacterial 

pathogens. UV-vis imaging revealed matrix formation and solvent diffusion, insights 

into the impact of solvents. Mathematical modeling and experiments enhance our 

understanding of zein-based ISMs, aiding the development of future drug delivery 

strategies. This holistic approach connects observations and simulations, deepening 

our knowledge of drug release mechanisms in zein-based ISMs for potential 

applications in periodontitis treatment. Nc is the most interesting to use as a matrix-

forming agent because of its sustainable drug release. Moreover, it is noteworthy that 

this study presents the pioneering use of Nc-based ISM formulations, clinical trials 

are needed to establish safety and efficacy. 
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CHAPTER 1  

INTRODUCTION 

RATIONAL AND PROBLEM STATEMENT: 

 Normally, health of oral cavity is a key indicator of overall health, well-being 

and quality of life. Nowadays, periodontal diseases influence about 20-50% of global 

population. Periodontal diseases are group of conditions, including gingivitis and 

periodontitis, which affect the supporting structures of the teeth (periodontium) such 

as gums, periodontal ligaments, alveolar bone and dental cementum. The microflora 

found in periodontal disease is complex and composed mainly of Gram-negative 

anaerobic bacteria such as Porphyromonas gingivalis, Prevotella intermedia, 

Aggregatibacter actinomycetemcomitans and Fusobacterium nucleatum. Thus, the 

periodontal treatment is necessary to remove or inhibit the growth of bacteria on tooth 

surface and in crevicular pocket by mechanical scaling, root planning and 

medications. Antimicrobial agents are typically used in periodontal treatment for 

infection elimination. Many active compounds such as chlorhexidine, tetracyclines 

(tetracycline, doxycycline, and minocycline), metronidazole, ciprofloxacin, 

vancomycin, and other antimicrobial drugs have been clinically utilized for their anti-

microbiological effectiveness in periodontal diseases. Periodontitis is currently treated 

microbiologically using either the systemic antibiotics or the localized delivery 

systems incorporating a recommended antibiotic. Nevertheless, large doses of 

systemic antibiotic must be given in order to achieve the appropriate concentrations in 

the gingival crevicular fluid of periodontal pocket, in which potentially associated 

with side effects of antibiotics and other problems regarding mainly about antibiotic 

resistance. These limitations have attracted the attention of investigators for 

developing local drug delivery systems for the treatment of periodontal diseases. 

Therefore, applying a controlled release system to give antimicrobial administration 

directly into the crevicular pocket is a more satisfying strategy. Local drug delivery 

limits the drug to its target site, with little or no systemic uptake; thus, a much smaller 

dose is required for effective therapy and harmful side effects can be reduced or 

eliminated. It's important to note that the choice of antibiotic depends on the specific 

infection, its causative agent, and local resistance patterns. Lv and Mx are valuable 

options, especially when dealing with antibiotic-resistant infections or when other 

antibiotics are contraindicated. In the present study, levofloxacin HCl (Lv) and 

moxifloxacin HCl (Mx) are applied as the model drugs for local drug administration 

with solvent removal phase-inversion matrices for periodontitis treatment. 

Lv could be one alternative, as it is effective against a broad range of Gram-

positive, Gram-negative, and atypical bacteria. It is a well-established treatment 

option for respiratory and urinary tract infections, and is active against some 

penicillin- and macrolide resistant species. Lv has been used due to its activity against 
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facultative anaerobic periodontopathic bacteria and widely used for the treatment of 

periodontal diseases. Lv has shown advantages over ciprofloxacin in terms of clinical 

efficacy and disease recurrence, with a low rate of adverse events for the treatment of 

chronic bacterial prostatitis. 

Mx is a broad-spectrum fourth generation fluoroquinolone antibiotic. Mx 

shows bactericidal, concentration dependent, anti-infective. It interferes with bacterial 

survival by binding to DNA gyrase (topoisomerase II) and topoisomerase IV, 

essential bacterial enzymes involved in the replication, translation, repair and 

recombination of deoxyribonucleic acid. Mx has improved activity against Gram-

positives and anaerobes. In vitro studies showed good activity against planktonic 

microorganisms as well as bacteria located within a biofilm or intracellularly. Mx has 

been used as an adjunctive antibiotic in the treatment of periodontitis. Moreover, 

some studys revealed that Mx preserved its antibacterial effectiveness against selected 

Staphylococcus aureus and Escherichia coli when produced as an in situ forming 

matrix delivery method for periodontal disease. Thus, theses medication possesses the 

desired properties for use as an active compound in periodontal drug delivery 

systems. 

The beneficial usages of antibiotic drugs with local drug delivery are side 

effect minimization, less potential antibiotic resistance and adequate/effective 

concentration at the target site. In situ forming systems are recognized as the one of 

useful pharmaceutical delivery systems due to their self-transformation into an 

expected state such as gel, solid, and microparticle after administrating into the target 

site for controlling drug liberation. Solvent removal phase-inversion matrix or solvent-

exchange induced in situ forming gel (ISG) is one of the various types of these 

systems.  Drug-loaded solvent removal phase-inversion-induced in situ forming 

matrices (ISMs) are prepared by dissolving that active compound with water-

insoluble polymers such as poly (D, L-lactide-co-glycolide) (PLGA) , ethyl cellulose 

(EC) and Eudragit® RS in the biocompatible solvents such as N-methyl-pyrrolidone 

(NMP) or dimethyl sulfoxide (DMSO). The prepared drug-loaded polymeric solutions 

convert into a solid-like matrix after being exposed to an aqueous physiological 

environment owing to the inward diffusion of the aqueous fluid from the target site 

and the outward solvent diffusion from the delivery system inducing phase inversion 

of water-insoluble material.  The key substance of in situ forming system is matrix 

forming agent which should be a water insoluble matter with biocompatible, 

biodegradable, safety (non-toxic) characters and it should be miscible with solvent 

and drug. The hydrophobic property seems to be a crucial factor to the designing of 

this system.  Thus, another aqueous insoluble material such as Eudragit® L, zein and 

Nitrocellulose (Nc) are interest for using as a matrix former of the solvent removal 

phase-inversion-induced ISMs.  

Eudragit®L is an anionic copolymer based on methacrylic acid and 

methacrylate (1:1) which has been widely employed as pharmaceutical excipient in 
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drug delivery systems. The polymer is insoluble in acid medium, hence when used in 

a coating layer of drug formulation it will protect the acid-unstable drug from 

degradation once it reaches the stomach. Therefore, Eudragit® L in enteric-coated 

tablet formulation is very helpful in formulating a bioequivalent drug product. In 

addition, Eudragit®L/DMSO ISMs exhibited as a potential periodontal pocket drug 

delivery system based on solvent removal mechanism with modulating the 

doxycycline hyclate (DH) release longer than 3 days. Nevertheless, the application of 

Eudragit®L dissolve in monopropylene glycol (MP) as the ISM has not been reported. 

Zein is a major storage protein which comprises about 45-50% of the total 

protein in corn. The molecular structure of zein is helical wheel conformation in 

which nine homologous repeating units are arranged in an antiparallel form stabilized 

by hydrogen bonds. It has been mainly used as biodegradable films. Zein is generally 

regarded as safe (‘GRAS’) as food material and is being used as water and moisture 

barrier in tablet coatings since long back. Zein was also used for preparation of 

microspheres which exhibited a constant release of drugs. Earlier study demonstrated 

that zein was a promising biomaterial with good biocompatibility for the development 

of tissue engineering. The zein-based ISM had been designed for intra-tumoral 

injection described here was suitable for use as a sustained-release. Zein is interesting 

for use as matrix forming agent in a solvent removal phase inversion-based ISM 

system loaded with antimicrobial for periodontitis treatment. This developed drug 

delivery system has not been reported previously. 

Nc is a nitrated ester of cellulose that is prepared by using a mixture of 

sulfuric and nitric acids for cellulose treatment. It is also known as pyroxylin, gun 

cotton, or collodion. It is a solid polymer which has no odor nor taste with a white 

appearance looks like that of cotton. Nc was non-toxic to rats and dogs; however, 

mortality was seen in mice, which was attributed to the relatively large size of the 

fibers relative to the size of the murine intestinal lumen rather than to chemical 

toxicity. Nc has proven itself being greatly beneficial including skin coverings to 

prevent wounds from contamination, cosmetic preparations, film, inert support for 

chromatographic separations in research, and components used in the production of 

lacquers, and artificial leathers, adhesives, and other products. However, the Nc-based 

ISM has not been addressed previously. Owing to its longed term use with safety, 

apparent low aqueous solubility, these materials may serve as a matrix forming agent 

of ISM for this research. 

 A limitation of this ISM model is that it assumes a very rapid (seconds to 

minutes) implant phase inversion. This assumption is likely true with the formation of 

a thin, flat implant membrane whereas most in vitro and in vivo ISMs produce the 

spherical or globular forms and phase inversion over a longer time scales (h to days). 

The rate of implant phase inversion has a significant effect on the drug release 

kinetics. Therefore, a different model is needed to describe the drug release kinetics 

from more realistic globular implants that phase inverts on a slower time scale. 



 
 8 

Mechanistic model of phase inversion and drug release from an ISM should be 

developed to predict the effect of implant composition and characteristics on drug 

release kinetics. 

The field of drug delivery has witnessed significant advancements with the 

emergence of innovative techniques, and one such promising approach is the 

utilization of UV-vis imaging for ISMs. ISMs represent a versatile class of drug 

delivery systems that transform from a liquid to a matrix-like state upon 

administration, offering controlled and localized drug release. UV-vis imaging, a 

powerful analytical tool, has gained traction as a non-invasive and real-time 

visualization technique to monitor various processes within ISMs.  

The aims of this study are to develop ISM formulation by using Eudragit® L, 

Nc and zein as the matrix formers of in situ forming solvent removal phase-inversion 

matrices for periodontitis treatment. To achieve the formulation development, 

understanding matrix forming behavior of these matrix forming agents are needed. 

Thus, the influence of matrix concentrations is studied and discussed in terms of 
physicochemical properties, matrix forming behavior and the antimicrobial activities 

of developed ISMs. The physicochemical characters of prepared Lv and Mx-loaded 

ISM formulations are investigated via the issue of viscosity, rheology behavior, 

injectability, matrix formation behavior, morphology of matrix, interface interaction, 

drug release and antimicrobial activities. Modified experiments in this study such as 

model substance permeation and fluorescent tracking are undertaken to support an 

understanding and address the phase inversion phenomenon and matrix formation. 

Moreover, a numerical simulation based on mathematical model is performed to 

predict the drug release pattern from rate of species transport from the polymer matrix 

and exterior phase which might be linked with matrix forming behavior 

characteristics of injectable antimicrobial agent-loaded in situ forming zein-based 

solvent removal phase-inversion matrices. 
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OBJECTIVES: 

1. To investigate the physicochemical properties and matrix forming behavior of 

Eudragit® L, Nc and zein-based solvent removal phase-inversion ISM 

formulations 

2. To develop and evaluate Lv-loaded Eudragit® L-based solvent removal phase-

inversion ISM for periodontitis treatment 

3. To develop and evaluate Lv-loaded zein-based solvent removal phase-inversion 

ISM for periodontitis treatment 

4. To develop and evaluate Mx-loaded Nc-based solvent removal phase-inversion 

ISM for periodontitis treatment 

5. To develop mechanistic mathematical model to describe drug release from rate 

of species transport from the polymer matrix phase and exterior phase of zein-

based solvent removal phase-inversion ISMs 

6. To investigate the relationship between drug release patterns and rate of species 

transport from the polymer matrix phase and exterior phase of zein-based 

solvent removal phase-inversion ISMs using numerical technique applied to the 

mathematical model. 

HYPOTHESIS:  

1. The concentration of matrix forming agent significantly affects the 

physicochemical properties and matrix forming behavior of Eudragit® L, Nc and 

zein-based solvent removal phase-inversion ISMs. 

2. The concentration of matrix forming agent is a key factor influencing the release 

pattern of antimicrobial agent-loaded Eudragit® L, Nc and zein-based solvent 

removal phase-inversion ISMs. 

3. The choice of solvent type plays a crucial role in determining the release pattern 

of antimicrobial agent-loaded Eudragit® L, Nc and zein-based solvent removal 

phase-inversion ISMs. 

4. The matrix forming agent concentration, solvent type and incorporated-drugs 

influence on mechanistic phase inversion and the antimicrobial activities of 

antimicrobial agent-loaded Eudragit® L, Nc and zein-based solvent removal 

phase-inversion ISMs. 

5. The utilization of numerical techniques and simulations from experimental data 

is a viable approach for elucidating the relationship between drug release 

patterns and rate of species transport from the polymer matrix phase to exterior 

phase of antimicrobial agent-loaded zein-based solvent removal phase-inversion 

ISMs. 

6. Numerical simulations will provide insights into the dynamic coupling between 

drug release profiles and the kinetics of species transport from the polymer 

matrix phase to the exterior phase within antimicrobial agent-loaded zein-based 

solvent removal phase-inversion ISMs. 
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CHAPTER 2  

REVIEW LITERATURES 

In situ forming matrix (ISM) 

Over the past few decades, the aspect of personalized medicine has been 

appreciated to play a crucial role in the healthcare sector and also in pharmaceutical 

field. Personalized medicine adapts the current conventional dosage forms 

corresponded to the needs of the patient. Based on this provoked concept, the 

appropriate treatment options are achieved for a particular individual patient for better 

therapeutic outcomes and decreased adverse drug reaction and adverse effect. Thus, 

over the last few decades, drug delivery systems have progressed from conventional 

tablets to innovative systems and bioengineered systems (1). Parenteral sustained drug 

delivery systems have gained popularity in recent decades due to several advantages 

over other typical systems, including reduced drug delivery frequency due to 

controlled drug release manner for several days to months, minimizing side effects by 

achieving an intravenous infusion type profile and reducing peak valley plasma 

fluctuations, achieving good patient compliance, providing delivery system flexibility, 

improving bioavailability, and achieving improved bioavailability (2, 3). In situ 

forming matrix (ISM) systems have increased in popularity over the years because of 

a number of benefits, including site-specification, less invasive application, longer 

drug release, reduced side effects associated with systemic administration, and 

improved patient compliance and comfort (4, 5). The mechanism of phase 

transformation for in-situ forming systems can be classified into different types such 

as phase separation systems (via thermo-responsive, solvent exchange and pH 

change), crosslinked systems (via photo-initiated, chemical and physical) and 

solidifying organo-gels (via solubility change) (6). Solvent exchange-based or anti-

solvent induced ISM systems have caught the interest of pharmaceutical corporations 

all over the globe, leading to the development of commercial therapeutic solutions for 

a wide range of clinical uses (7, 8).  

Drug delivery systems based on solvent-exchange or solvent removal ISM 

consist in either solubilizing the drug within an organic solution of a bioresorbable 

polymer using a biocompatible organic solvent. Upon contact with an aqueous 

medium, the solvent diffuses out and the polymer, designed to be insoluble in water, 

gradually or rapidly solidifies and transforms into the solid-like matrix. The process 

of severely quenching a single-phase homogeneous solution, producing separation 

into two phases, is known as "phase inversion" or "phase separation" after solvent 

removal with solvent exchange. The drug is then released by diffusion and 

progressive degradation of the polymers (Figure 1) (6-9). Depending on the kind of 

solvent employed during preparation, two types of in situ forming systems are 

generated. Slow inverting systems are formed when a water-immiscible solvent, such 

as triacetin, is used. Unless the system is pre-emulsified or warmed to 37 °C, the 

viscosity of this solution system generally makes injection difficult (10). Furthermore, 
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the matrix structure is characterized as uniformly packed with a small number of 

pores (5). In contrast, rapid inverting systems are formed using solvents that are 

strong and hydrophilic in nature (e.g. NMP, DMSO, benzyl alcohol), resulting in 

formation of a thin membrane with an inner porous matrix structure. This system is of 

a lower viscosity and it requires lower force of injection (10-12).  

As an alternative to microparticles or in situ implants systems, a novel system 

has been also developed (13). This drug delivery system consists of an internal phase 

(drug dissolved/dispersed in polymer solution) that is emulsified with an external 

phase (usually oil). Upon exposure this emulsion with aqueous fluids, the droplets of 

internal polymeric phase solidify and form microparticles spontaneously (14) . In vivo 

studies with in situ microparticles were carried out in rats indicating its less 

myotoxicity.  Again, an advantage of the in situ microparticles system compared to in 

situ forming implants was the significantly reduced burst drug release effect (15) 

since the external oil phase from emulsion and the polymer precipitation significantly 

retarded a solvent exchange and drug diffusion compared to in situ implants. The 

particle surface was highly influenced by the rate of polymer precipitation. A slower 

solvent release into the aqueous medium resulted in less porous microparticles, thus 

explaining the reduced initial drug release from ISM systems compared to the in situ 

forming implants  (16). 

Solvent removal phase inversion in situ forming systems or solvent exchange-

induced or first developed by Dunn et al (17), have been approved for use in the 

treatment of prostate cancer as a delivery system for large peptide molecules such as 

Luteinizing hormone-releasing hormone (LH-RH) and is also utilized for delivering 

medications like Eligard®, which is used in prostate cancer treatment (18). These 

formulations usually comprised of a biodegradable polymer such as PLGA or poly(ε-

caprolactone) dissolved in a water-miscible solvent such as NMP, triacetin, or ethyl 

benzoate (12). Most attracting feature of ISM systems is its applicability to a wide 

range of clinical indications such as Atridox® containing DH for treatment of a 

chronic periodontal disease, Sandostatin® containing octreotide for acromegaly 

treatment and Relday™  containing risperidone for schizophrenia and bipolar disorder 

treatments (7). Atridox®, has been introduced in the 1 9 9 0 s and received Food and 

Drug Administration (FDA) approval in late 1998. DH is the active component, while 

the matrix forming agent is poly (D, L-lactide) (PLA) dissolved in NMP. It is 

approved for the treatment of a chronic periodontal disease by injecting into the 

periodontal pocket while the polymeric solution remains in a liquid state. Its 

transformed matrix controls the release of DH (19). Atridox® provides for local 

periodontitis treatment with direct antibiotic administration, with no need for removal 

due to the biodegradable system. Clinical trials indicated that administering DH 

locally increased the clinical attachment while also lowering probing depths (20). For 

the most ISM formulations, matrix-forming agents are required as a key substance of 

this system. The matrix-forming agents should be a water insoluble, biocompatible, 

biodegradable, safety (non-toxic) and miscible with solvent and drugs (6).  
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Figure 1. Schematic diagram of drug-free ISM transformation after exposure to 

phosphate buffer saline (PBS) (pH 6.8) (21). 

 

Periodontitis 

 Health of oral cavity is a key indicator of overall health, well-being and 

quality of life. It encompasses a range of diseases and conditions that include dental 

caries, periodontal (gum) disease, tooth loss, oral cancer, oral manifestations of HIV 

infection, oro-dental trauma, noma and birth defects such as cleft lip and palate (22). 

A chronic disease, such as arthritis, heart disease or stroke, diabetes, emphysema, 

hepatitis C, a liver condition, or obesity, can increase a person's risk of missing teeth 

and having poor oral health (23). Most oral health conditions are largely preventable 

and can be treated in their early stages (24). Nowadays, periodontal diseases affect 

about 20-50% of global population (25). Approximately 25.9% of adults and 36.3% 

of older individuals in Thailand experience health issues related to periodontitis with a 

periodontal pocket depth of 4-5 mm. Moreover, over 19.8% of adults and 12.2% of 

older individuals suffer from severe periodontitis, characterized by a periodontal 

pocket depth exceeding 6 mm. This condition poses an increased risk of infection, 

inflammation, tooth loss, and a diminished quality of life (26, 27). The amount of 

tissue destruction is generally commensurate with dental plaque levels, host defenses 

and related risk factors (28). Gingivitis is the inflammation of gum caused by bacteria 

which does not include any loss of bone and tissue. However, it can advance to 

periodontitis which is a serious gum inflammation and more aggressive than 

gingivitis. Periodontitis damages the periodontal tissue and destroys the bone that 

supports the teeth resulting in various size of periodontal pocket which eases for 

bacteria accumulation resulting in more aggressive condition (Figure 2) (29, 30). 

Most of the pathogens of this disease are Gram-negative bacteria and some of them 

are anaerobe bacteria, for example, Aggregatibacter actinomycetemcomitans, P. 

gingivalis, Bacteroides forsythus, P. intermedia, Campylobacter rectus, Eubacterium 

nodatum, Streptococcus intermedius and Treponema denticola (31-33). This bacterial 

infection can cause the periodontium (gingiva, periodontal ligament, dental 

cementum, and alveolar bone) damages by the bacterial by-product and immune 

activation (34). Some of microbes is related to the inflammation and tissue loss 

including enterobacteria (such as E. coli, Pseudomonas aeruginosa and Klebsiella 

pneumoniae, Candida albicans, Neisseria spp., Olsenella uli, Hafnia alvei, Serratia 
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marcescens and Filifactor (35). In addition, S. aureus could be found in periodontal 

pocket (36). In general, the pH of the normal oral cavity of a human is maintained 

near neutrality (7.06) by saliva, whereas the average pH of the normal oral cavity of 

a patient with chronic periodontitis is 6.85, indicating slight acidaemia (37).  

For periodontal treatment, the dentist performs on the elimination or inhibition 

of the growth of bacteria on tooth surface and in periodontal pocket by mechanical 

scaling, root planning and medications (34, 38). The non-surgery (scaling, root 

planning) is aimed for removal of subgingival biofilm and calculus, which together 

with the patient’s oral hygiene practices will prevent bacterial recolonization and 

formation of supragingival biofilms (Figure 3) (39). Several antimicrobial agents have 

been evaluated for their clinical and microbiological efficacy in periodontal diseases 

such as chlorhexidine, tetracyclines (tetracycline, doxycycline and minocycline), 

metronidazole, ciprofloxacin, vancomycin and etc. (29, 32, 33). However, they have 

some limitations such as serious side effect, antibiotic resistance, local irritation, 

undesired burst active compound release (40-43). The irregular shape and various size 

of periodontal pocket seems to be the problem for mentioned local drug delivery 

systems. Those of them could not be fitted or well fitted with the various periodontal 

pockets. Moreover, it is difficult to insert the solid or semisolid into the tiny pocket. 

Thus, in situ forming drug delivery system, the liquid form at first, demonstrates a 

beneficial manner over those drug delivery systems due to the goodness of fitting to 

pocket, ease of use and acceptable clinical effectiveness (44). The local antibiotics 

delivery systems are interesting to keep a high and effective drug concentration at the 

target site with minimizing the side effect (42). The films (45), gel (46), strip (47), 

and in situ forming systems (14, 48) have been developed or reported for carrying 

antibiotics as the local drug delivery systems for periodontitis treatment. It has been 

reported for DH-loaded bleached shellac ISM using olive oil containing glyceryl 

monostearate as the external phase and 2-pyrrolidone (PYR) as a solvent was a 

suitable formulation for periodontitis treatment (14). Moreover, 40% beta-

cyclodextrin ISM in DMSO as the internal phase and camellia oil comprising 5% 

glyceryl monostearate as the external phase is a potential local meloxicam-controlled 

release system of anti-inflammatory drug for periodontitis treatment with extended the 

drug release to 7 days (49). ISM is interesting dosage form for the local treatment of 

periodontitis to provides the drug release at a controlled rate by way of directly 

accessing to the target site which reduces side effects, thus improving patient 

compliance. 
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Figure 2. The main stages of periodontal disease; schematics of healthy gingiva, 

gingivitis, early-to-moderate periodontitis and advanced periodontitis (29). 

 

  

Figure 3. Scaling and root planning (50). 

 

Eudragit® L & S 

 Eudragit® L and S are the anionic copolymers of methyl methacrylic acid and 

meth-acrylic acid with ratio of approximately 1:1 and 1:2, respectively. Both 

polymers have such a molecular weight of 1,25,000 g/mol, a glass transition 

temperature of above 150 °C, and an acid value of 315 mg KOH/g of polymer (51). 

Eudragit® L and S are a pH dependent solubility polymer, which is insoluble in acid 

medium but dissolves at pH above 6 (52, 53). Eudragit® S demonstrates solubility at 

pH levels of 7 or higher, a distinctive attribute that defines the Eudragit® series. This 

property becomes pivotal in enabling controlled drug release that responds to diverse 
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pH conditions (54). The structure of Eudragit® L and S are shown in Figure 4. They 

are employed for coatings that dissolve rapidly in the upper intestine, granulation of 

pharmacological substances in powder form for controlled release, and site-specific 

drug delivery in the intestines, among other things. A current review on Eudragit® L 

100 exhibits that it has been used in formulations microspheres, micro-sponges, 

nanoparticles, liposomes, lipotomes, tablets for different applications such as enteric 

coating, sustained release, insulin permeation enhancement, bioavailability 

enhancement (55-58). Eudragits® are generally regarded as nontoxic and nonirritant 

materials. A daily intake of 2 mg/kg body-weight of polymethacrylates in humans is 

regarded as essentially safe. Eudragit® is included in the FDA Inactive Ingredients 

Guide (52). It has been reported for the DH-loaded Eudragit®RS/NMP solvent 

removal phase-inversion-based ISM for periodontitis treatment (21). Moreover, 

Eudragit®L/DMSO ISMs exhibited as a potential periodontal pocket drug delivery 

system based on solvent removal mechanism with modulating the DH release longer 

than 3 days (59). Nevertheless, the application of Eudragit®L and S and MP as the 

ISM have not been reported. Eudragit®L and S are dissolve at pH above 6, that might 

be easy to handle with providing a degradable matrix to release drug that without the 

need for clinical removal. 

 

  

 

 

 

 

Figure 4. Chemical structure of Eudragit® L100 and Eudragit® S100, where the ratio 

of x:y is 1:1 and 1:2, respectively. 

 

Zein 

 Zein is the main storage protein in corn, providing for 45-50% of the protein 

content. It was found in 1897 due to its solubility in aqueous alcohol or alkaline 

solutions (pH ≥ 11) (60). Its large abundance (>50%) of nonpolar amino acids 

including leucine, proline, alanine, and phenylalanine; thus, zein is water insoluble 

(61, 62). Moreover, it has strongly defined hydrophobic and hydrophilic regions on its 

surface and can self-assemble into a wide range of meso-structures. Owing to its high 

glass transition temperature, the hydration of zein requires a rather high temperature 

to function as a visco-elastic polymer (63, 64). Table 1 highlights some of main 

physicochemical characteristics of zein (65). Zein is a prolamin with a molecular 

weight of around 40 kDa (66). The four major varieties of zein (denoted α, β, γ and δ) 

are categorized based on their solubility, molecular weight, composition and structure. 

The α-zeins have significant hydrophobic properties (67-69). The major component of 
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commercially accessible zein is α -zein. The structure of α-zein is made up of 

homologous repeat units that are arranged in a helical wheel (α-helix) shape.  

Figure 5 shows a three-dimensional network aligned in two different ways: cylindrical 

and ribbon-like models, in which the hydrophobic helices are arranged edgewise and 

the hydrophilic glutamine bridges connect the top and bottom surfaces of the repeat 

units (70). It is employed as a coating material because of its substantial hydrophobic 

interior core, which serves as an excellent water barrier (60). Zein may contain fewer 

xanthophyll pigments, which therefore leads to its yellow color. Zein is commercially 

available in two varieties: yellow zein and white zein (71, 72).  

 In 1985, the US-FDA (United States Food and Drug Administration) approved 

zein as a GRAS excipient to be a safe substance for use focused mostly on its 

industrial and consumer applications, such as plastics, inks, molded products, gum, 

printing film, paper, and food coatings (6 2 , 7 3 ) . Extensive research has shown that 

zein is an efficient excipient for the controlled delivery of essential oils, dyes, 

antimicrobial agents, anticancer agents, macrophage targeting, oral drug delivery with 

stomach protection, and gene delivery as micro/nanoparticles (74-77). Zein has good 

degradation property and may be researched for use in implants (78). Zein, being a 

protein, is degraded by numerous enzymes, including pepsin and pancreatic enzymes, 

depending on the place of application. Zein is digested in the oral cavity by protein 

degrading enzymes such as collagenase and trypsin-like enzymes found in saliva and 

gingival crevicular fluid (79, 80). Moreover zein has been reported that is a favorable 

biomaterial with good biocompatibility for tissue engineering (81). 

Zein can be produced into a strong, glossy coating with antibacterial activity 

and is thus commonly used in the food and pharmaceutical industries (77, 82). In the 

pharmaceutical field, zein is an excellent skeleton material to support sustained-

release implants. Zein exhibits the mucoadhesive properties and ability to sustain the 

drug in the gastrointestinal environment, making it suitable for mucosal drug 

administration (83). Zein tablet had been reported the swelling behavior of zein 

matrices both alone and in combination with additives is clearly different from that of 

typical hydrophilic and insoluble polymers, such as hydroxypropyl methylcellulose 

(HPMC) and EC, respectively. Interestingly, the addition of microcrystalline cellulose 

to zein matrix could provide a more constant drug release compared to pure zein 

matrix, thus offering a great advantage for designing efficient controlled drug delivery 

devices (84). Gao et al. prepared a zein-based ISG containing pingyangmycin, a 

water-soluble glycopetide drug by dissolved 1.2 g zein in 5 mL of GF, which was left 

overnight to form a clear solution then the drug was added and the prepared system 

was employed to treat the venous malformations with an effectively prolonged drug 

liberation up to 7 days in vitro and 4 days in vivo (85). The interstitial chemotherapy 

using a doxorubicin-loaded zein-based ISG has been mentioned by Cao et al. (86). 

The 15-25 % zein was dissolved by mixing with GF and 70% ethanol-water (3:7, v/v). 

It was left overnight at room temperature to form a clear solution then the drug was 

added and dissolved by stirring. The gel demonstrated a superior effectiveness and 

regulated a drug release over time after intra-tumoral injection than plain doxorubicin 
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drug solution (87). In periodontitis treatment, a solvent casting/particulate leaching 

procedure was used to create a zein porous scaffold. The scaffold was suitable for the 

growth of periodontal ligament cells because it was biocompatible and interconnected 

well. Zein might utilize to heal periodontal tissue defects as a scaffold (88). Zein was 

loaded in collagen sponges containing tetracycline loaded-PLGA microparticles 

designed for in situ application within the periodontal pocket. The drug release was 

more sustained in the formulations containing higher amounts of zein in their 

composition. Furthermore, the sponges were homogenous, easy to handle, and 

wettable, with collagen content providing a biodegradable matrix to release 

tetracycline without the need for clinical removal at a one-visit insertion (89). The 

present research conceptual framework interests for applying zein as matrix forming 

agent for solvent removal phase inversion-based ISM system loaded with 

antimicrobial for periodontitis treatment. This developed drug delivery system has not 

been reported previously. Zein might be used as a matrix forming agent of ISM for 

crevicular pocket targeting due to its long-term use with safety and apparent water 

insolubility but miscible in organic solvent.  

Table 1. Properties of zein, a corn protein (65). 
Property Characteristics 

Bulking value, l/kg  0.805 

Color  Light cream 

Dielectric constant (500 V, 60 cycles, 25-90 °C)  4.9-5.0 

Diffusion coefficient  3.7 × 10−14 m2/s 

Einstein viscosity coefficient  25 

Glass transition temperature  165 °C 

Molecular weight  35 kDa (varies 9.6 to 44 kDa) 

Partial specific volume  0.771 

Physical form  Amorphous powder 

Sedimentation coefficient  1.5 s 

Specific gravity, at 25 °C  1.25 

Thermal degradation point  320 °C 

 

 

 

 

 

 

 

Figure 5. Proposed 3-D structural models of α-zein. (a) cylindrical model; (b) ribbon-

like model (22 kDa) (90). 

(a) cylindrical model (b) ribbon-like 

model 
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Nitrocellulose (Nc) 

Nc (CAS number 9004-70-0) is a white, fibrous, pulp-like substance which 

has no odor nor taste with the formula C12H16N4O18. Nc is also known as pyroxylin, 

gun cotton, or collodion, but the latter. Properties of Nc are show in Table 2, it is well 

notorious for spontaneously igniting when the temperature is increased to 160-170°C 

and above (91, 92). The FT-IR spectra of isolated Nc were found in the bands of 1000 

– 12 00 cm-1 (attributed to the valence vibrations of the glucopyranose cycle), and 690 

-750 cm-1 (assigned to the vibrations of the nitrate group) (93).  

Nc is a nitrated ester of cellulose that is prepared by using a mixture of 

sulfuric and nitric acids for cellulose treatment. This reaction replaces the hydroxyl 

groups with nitro groups as shown in Figure 6. Because of the compound's explosive 

instability when dry, Nc is normally maintained wet using water or an organic solvent 

such as isopropyl alcohol, esters, ketones, or ethers of glycol (91). Nc can be 

classified based on many properties and made upon the nitrogen content, for A (SS 

grade) (alcohol) grade it has nitrogen content: 10.7 % - 11.3 % soluble in ethanol and 

showed thermoplastic behavior, used in printing inks and plastic foils, flexographic 

inks application. For E grade (RS grade) (ester soluble), it shows the excellent 

mechanical properties; thus, it is used in forming hard films and military applications 

and explosives propellants. For AM grade (Alcohol Medium-soluble), it is partially 

soluble in ethanol and it exhibits the mixed characteristics from that of the A and E 

grades that is in the middle of thermoplastic and thermoset behavior, used in staple 

coatings or the cellulose films coating. Nc is fundamental properties change 

somewhat depending on its nitrogen level (94). Moreover, nitrogen content affects the 

polymer solubility and viscosity since the solubility decreases when the nitrogen 

content of Nc decreases (93, 95). Whereas, the density of Nc increases with the 

increase of its nitrogen content (96). Additional, the higher the increase in intrinsic 

viscosity with increasing nitration observed (97). 

  In chronic, sub-chronic, and multigeneration studies Nc was non-toxic to rats 

and dogs; however, mortality was seen in mice, which was attributed to the relatively 

large size of the fibers relative to the size of the murine intestinal lumen rather than to 

chemical toxicity (91, 92). Nc has proven itself versatile and beneficial in many other 

fields; including skin coverings to prevent wounds from contamination, cosmetic 

preparations, film, inert support for chromatographic separations in research, and 

components used in the production of lacquers, and artificial leathers, adhesives, and 

other products (91, 92, 98, 99). Nc was used as membrane filter impregnated with 

silver nanoparticles used to purify drinking water (100). In the medical application, 

with its excellent biological and physiochemical qualities, Nc membrane, which is a 

paper-like matrix with microscale porous pores has been utilized. Nc membrane is 

frequently employed to immobilize nucleic acids in southern and northern blots, as 

well as immobilize proteins in western blots (99, 101, 102). Moreover, Nc bandages 

can be effective in wound healing especially hard-to-cover wounds, and thus Nc 

liquid bandages were produced with nanopores to be used in hard-to-cover wounds. 

Its porosity in nano-size showed an enhanced antibacterial effect, an increased time of 
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healing, and non-toxicity on the wound itself (103). Nc has shown to be a critical 

substance with unique features that exhibit potentially used in a variety of sectors. 

However, the Nc-based in situ forming depot has not been addressed previously; thus, 

it is interesting for developing as the drug delivery system for periodontitis treatment.  

 

Table 2. Properties of Nc (91). 

Property Characteristics 

Bulking value, l/kg  1.67-2.00 

Specific gravity, at 25 °C  1.4 (solvent damped)  

1.66 (dried chip) 

Partition coefficients Log Pow < 0 

Melting point 160-170 ˚C (ignites) 

Vapor pressure at 25 ˚C 1x10-5 mm Hg 

 

 

 

 

 

 

 

 

 

Figure 6. Structure of Nc. 

 

Solvent and additive in ISM 

 The preparation of ISM is usually performed with simple mixing of the 

pharmaceutical solution dosage form; therefore, the suitable solvent or vehicle to 

dissolve the ingredients is necessary. Practically, the solvents or vehicles of the ISM 

system are water miscible, biocompatible and organic in nature. Importantly, solvents 

should efficiently dissolve the matrix forming material and active compound, and be 

miscible with water and bodily fluids. Polarity of the solvent should be such that at 

least 10% should be soluble in water (7, 17). The viscosity of solvent should be within 

the range that is injectable. Solvent strength and its affinity for water directly 

influence the nature of phase inversion and matrix formation. For example, solvents 

having a high-water affinity such as NMP and DMSO provoke a fast-forming phase 

inversion (104). Whereas, the hydrophobic solvents such as triacetin and ethyl 

benzoate promote a slow forming phase inversion (105). Solvents that possess a water 

solubility of below 7% w/w have been shown to result in a slower drug release due to 

a reduction in water uptake (106). 



 
 20 

Nowadays, ISM systems most commonly consist of DMSO, NMP, and PYR 

as the solvents preferentially due to their pharmaceutical precedence over other 

solvents (7). NMP (Figure 7a), molecular weight of 99.13, is a very strong 

solubilizing agent with low viscosity. It has known as a solubilizing excipient used in 

parenteral and oral medications. Many commercial pharmaceutical products 

containing NMP are currently available in the market. The European Commission 

Scientific Committee on Consumer Safety concluded that NMP has low acute toxicity 

by oral, dermal, and inhalation routes of administration (107-109). DMSO (Figure 

7b), molecular weight of 78.13 is a non-aqueous dipolar aprotic solvent with 

colorless, oyster-like odor and relatively low toxicity (LD50: 2.5 to 8.9 g/kg) (110, 

111). It is safe if used less than 100 mg/day (111). It is miscible with most common 

solvents such as alcohol, ether, aromatics and water (112). It readily penetrates into 

the cellular membranes; thus, it has been employed as a skin penetration enhancer 

(110, 113, 114). It is approved by US-FDA to treat the interstitial cystitis (113). In 

addition, it shows various pharmacological actions including analgesic, antioxidant 

and anti-inflammatory activities (114, 115).  In results of many studies found that 

DMSO is vary soluble in water which can breaks down the water structure and forms 

the strong hydrogen bond complexes with water molecules due to stronger interaction 

between DMSO-water (110, 113). PYR (Figure 7c), has a molecular weight of 85.12, 

melting point 25.57 °C, boiling point 245 °C and refractive index: 1.482-1.490. It is a 

colorless liquid that is miscible with water, alcohol, ether, acetone, ethyl acetate, 

chloroform, benzene /lipophilic vehicle. PYR itself and various derivatives made from 

it have a variety of industrial uses (116). PYR has been used as the solvents for an 

ISM because of biocompatible and low toxic characters (LD50 Rat oral 6.5 g/kg) (117, 

118) and has been reported as a plasticizer to improve a mechanical properties and 

reduced a drug burst release of spider silk films (119). It has been shown that when 

DMSO, NMP, or PYR were used in in situ forming implants made with PLA/PLGA 

or PLA the initial drug release decreased in the rank order DMSO > NMP > PYR 

(13). Moreover, glycerol formal (GF) molecular weight of 104.10 g/mol (Figure 7d), 

is used to solubilize water-insoluble compounds for subsequent aqueous dilution. 

Although GF has little toxicity, the amount used in the ISM was well below the 

established adverse effects level (85). Limited number of studies also showed use of 

GF in ISM systems, these solvents have earlier history of using in veterinary 

formulations (7). GF has been reported as solvents for Doxorubicin-loaded zein ISG 

for interstitial chemotherapy of colorectal cancer (86) and Pingyangmycin 

hydrochloride-loaded zein/zein-sucrose acetate isobutyrate (SAIB) ISGs to treat 

venous malformations (85). MP is also called as propylene glycol. The chemical 

formula of MP is C3H8O2 and the structure is given in Figure 7e. The molecular 

weight is 76.095 (120). MP is a colorless, odorless, water-soluble liquid. It FDA 

approved for use in food, tobacco, and pharmaceutical products as an inert ingredient 

(121). MP was selected as a cosolvent in preparation of ISM formulations of 

mitiglinide calcium for simultaneous extended delivery and enhanced bioavailability 

(122). Moreover, MP has been reported as co-surfactant of an in situ microemulsion-

gel in bio-adhesive HPMC films for transdermal administration of zidovudine (123). 
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Figure 7. Chemical structure of N-methyl-2-pyrrolidone; NMP (a), dimethyl 

sulfoxide; DMSO (b), 2-pyrrolidone; PYR (c), glycerol formal; GF (d) and 

monopropylene glycol; MP (e). 
 

Levofloxacin HCl (Lv) 

 Lv (C18H20FN3O4•HCl), the L-enantiomer of ofloxacin, is a fluoroquinolone 

antibacterial agent (Figure 8) (124). The molecular weight is 397.8 and it is freely 

soluble in water. It is a broad-spectrum, third-generation fluoroquinolone antibiotic 

that diffuses through the bacterial cell wall and acts by inhibiting DNA gyrase and 

topoisomerase IV, an enzyme required for DNA replication. It demonstrates little 

inhibition of human, host enzymes and has an excellent safety record. Levofloxacin 

was approved for use in the USA in 1996 and remains in wide use (125). Lv is active 

against a wide range of aerobic Gram-positive and Gram-negative organisms and 

demonstrates a moderate activity against anaerobes (126). Lv is used for mild-to-

moderate infections, the usual dose being 250 to 750 mg once daily depending upon 

the indication and severity of the infection. It is a well-established treatment option 

for respiratory and urinary tract infections, and is active against some penicillin- and 

macrolide- resistant species (127). Some studies have shown good results with the 

adjunctive use of fluoroquinolones, such as ciprofloxacin, ofloxacin, in periodontitis 

(128, 129). Lv has been effective in the treatment of patients with gynecologic, skin 

and skin-structure, and bone infections involving anaerobic pathogens. Unique animal 

bite wound isolates such as Porphyromonas macaccae and P. gingivalis and 

Prevotella heparinolytica are usually susceptible to 0.25 and 0.5 µg/mL of Lv, 

respectively (130). Lv with a combination drug ISG-forming nasal delivery system on 

repairing nasal mucosa damage has been reported since it could prevent a stenosis of 

new ostia, significant reduce of a chronic inflammation, and actively support a wound 

healing (131). Chitosan and poloxamer ISG containing Lv and metronidazole has 

been developed. Poloxamer is a thermoreversible polymer that make the system 

undergo in situ gelation with increasing environmental temperature. The formulation 

showed an initial burst drug release where about 60-70% Lv released within 6-7 h 

followed by sustained release upto 48 h (132). In addition, the medicated ISG showed 

better clinical outcomes as compared to scaling and root planing alone, which could 

be attributed to the presence of chitosan that is not only effective in treatment of 

(d) 

(a) (b) (c) 

(e) 
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periodontitis but also acts as a good carrier to deliver drug into periodontal pocket 

(133). Thus, Lv was selected as an antimicrobial drug for treatment of periodontitis 

due to its broad spectrum and good activity against selective anaerobic bacteria. 

 

 

 

 

 

 

Figure 8. Structure of Lv 

 

Moxifloxacin HCl (Mx) 

Mx (C21H24FN3O4•HCl) is a slightly yellow to yellow crystalline substance 

with a molecular weight of 437.9 and sparingly soluble in water (24 mg/ml) (Figure 

9)(41). It is a fourth-generation flouoroquinolone with activity against a broad 

spectrum of Gram-positive, Gram-negative and anaerobic bacteria pathogens (134). 

Mx is a broad-spectrum fluoroquinolone antibiotic. Mx inhibits the bacterial enzymes 

DNA gyrase (topoisomerase II) and topoisomerase IV, resulting in inhibition of DNA 

replication, and cell death in sensitive bacterial species (48). Mx recently received 

approval from the US-FDA for the treatment of complicated skin or skin-structure 

infections and complicated intra-abdominal infections (135). The eyedrops for ocular 

treatments, Mx-loaded PLGA microparticles encapsulated in a chondroitin sulfate-

based, two-component bio-adhesive to localize drug release by ISG may potentially 

integrate an antibiotic prophylaxis and a wound healing in the eye (136). Mx was used 

in ISGs for the treatment of periodontitis using temperature sensitive (poloxamer 

407), ion sensitive (gellan gum) and pH sensitive (carbopol 934P) polymers (48). In 

addition Mx was loaded in ISG eye drops using sodium alginate as a gelling agent in 

combination with HPMC as a viscosity enhancing agent for treatment of ocular 

infections successfully (137). The antimicrobial studies indicated that Mx retained its 

antimicrobial activity when formulated as ISM for periodontal system against selected 

S. aureus and E. coli. This drug exhibits the desired characteristics for developing as 

active compound in periodontal drug delivery systems (136, 137). Moreover, Mx 

dental implants were fabricated by solvent casting technique using EC and other co-

polymers (HPMC-K100M or Eudragit® RL100) as the polymers dissolved in 

chloroform: methanol. The formula demonstrate a significant in vitro antibacterial 

activity against Streptococcus mutans for 6 days with retained antibacterial activity 

(48). 
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Figure 9. Structure of Mx. 

  

Tracking of fluorescence dye movement 

 Nile red (NR) (Figure 10a) is employed as a fluorescent dye in this study since 

it is a popular fluorescent agent used as a model of hydrophobic substance (138). It is 

applied in neutral lipids, cholesterol, phospholipids in cellular cytoplasmic droplets 

and lysosomes, foam cells lipid loaded macrophages (139). An excitation and 

emission wavelengths of NR are 450-550 nm and 525-600 nm, respectively (140, 

141). Whereas, sodium fluorescein (SF) (Figure 10b) is widely used as a fluorescent 

tracer representing as hydrophilic substance due to its high aqueous solubility (142). It 

absorbs most light in the blue part of the spectrum but most of its emitted light is in 

the yellow part of the spectrum and some in the green (143). Its major excitation peak 

is between 465 and 490 nm and the fluorescence emission band is from 510 to 530 nm 

(144). Thus, SF and NR are chosen as the model compounds of hydrophilic and 

lipophilic substances, respectively, for the study of drug movement during phase 

inversion. 

 

 

 

Figure 10. Structure of (A) NR and (B) SF   

 

A B 
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UV-Vis imaging 

The field of drug delivery has been revolutionized by the development of 

innovative strategies, among which ISM have emerged as promising platforms (145). 

ISMs are dynamic formulations that undergo a transition from a liquid to a matrix-like 

state upon administration, offering controlled and sustained drug release over time. In 

this context, UV-vis imaging has garnered significant attention as a valuable 

analytical technique for characterizing various aspects of ISM behavior (146). UV-vis 

imaging leverages the principles of absorption and scattering of light in the ultraviolet 

(UV) and visible (Vis) regions of the electromagnetic spectrum to visualize and 

quantify changes in molecular composition, concentration, and distribution within 

complex systems (147). 

The integration of UV-vis imaging into ISM research facilitates real-time 

monitoring and visualization of critical processes such as gelation, drug solubilization, 

drug dispersion, and drug release kinetics (148). By offering spatial and temporal 

information, UV-vis imaging enables researchers to comprehend the dynamic 

behavior of ISMs and their interactions with physiological environments. A 

significant advantage of this technique is its non-destructive nature, eliminating the 

need for extensive sample preparation (149). With the utilization of UV-vis imaging, 

various aspects of ISMs, such as matrix formation and drug distribution, can be 

explored (146, 148, 150). This non-invasive and quantitative imaging approach holds 

the potential to provide insightful information, contributing to a better understanding 

of the performance and behavior of ISMs. Consequently, it aids in the refinement and 

enhancement of drug delivery strategies. 

In summary, UV-vis imaging represents a versatile tool that enhances our 

understanding of the intricate dynamics of ISMs. Its ability to provide real-time 

insights into the behavior of these complex formulations holds great promise for 

optimizing their design, improving therapeutic efficacy, and advancing drug delivery 

strategies. As the field continues to evolve, the integration of UV-vis imaging is 

expected to play a pivotal role in shaping the future of ISM-based drug delivery 

systems. 

Mechanistic model of ISM drug release 

A multitude of variables influence the drug release kinetics from controlled 

release implants, including polymer swelling, polymer erosion or degradation, implant 

shape or surface area, drug dissolution, and water inflow rate (151). To design drug-

delivery devices, all of these parameters should be included in a mathematical model 

with prediction accuracy. Various release models are investigated for understanding 

the process of drug release from established and fabricated drug delivery systems and 

to predict the amount of a drug liberation over duration. The burst drug release effect 

refers to a large amount of drug release with no retarding effect from the system. For 

many controlled systems, the burst drug release is often displayed first, followed by 

the sustained release. To represent the release behavior of any controlled release 

system, the release kinetics are employed to fit with the release data or profile (152 , 
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153). One of the simplest empirical drug-release models is a zero-order drug release 

(154): 

Qt =Q0 +k0 t         

where Qt is the total amount of drug release at given time (t), Q0 is initial drug 

release, k0 is the release rate constant, and t is given time. Zero order release is an 

ideal model for controlled release system in which the release rate is constant. 

The Higuchi model assumes that drug release from polymer matrix systems is 

solely diffusion-controlled and that the drug is uniformly distributed in non-

degradable planar systems. The Higuchi’s model is given by (155): 

Qt =k√𝑡         

where Qt is the total amount of drug release at given time (t), k is the release 

rate constant, and t is given time. 

The other main release kinetic including first order and power-law have been 

developed to describe resultant drug dissolution kinetics well known (153, 154). The 

degree of curve fitting is indicated by the coefficient of determination (r2) in which a 

high r2 value indicated a high degree of fit. According to the Korsmeyer- Peppas 

model, the diffusion exponent (n) from the power-law model indicates the drug 

transport mechanism (156). 

While empirical models may be simple, they fail to take into account the 

dynamic responses of “real” drug delivery devices. Therefore, they cannot be used to 

accurately simulate the effects of device design variables on drug release. Such 

simulations can be obtained with mechanistic models that account for mass transport 

and chemical phenomena such as polymer swelling, water influx, drug dissolution, 

creation of matrix void space, matrix degradation, and convective processes. 

Consequently, these models can predict the drug release kinetics from a particular 

drug delivery device. Models including non-linear differential equations with 

numerous variables and parameters that need numerical solutions may be used to 

depict the kinetics of complicated drug delivery systems (155).  

Wang et al. (157), has reported a controlled drug release of a poorly water-

soluble anti-cancer agent, β-lapachone (β-lap), from cylindrical pre-formed polymer 

millirod implants with a mechanistic model. This model depicted water influx and 

pore creation, excipient-drug complex formation, crystalline drug dissolution, and 

diffusion in solid and liquid phases, among other chemical and mass transport 

processes. The model was verified by comparing model outputs to experimental data 

after obtaining optimal parameter estimates. This validated model could predict how 

the enhanced solubility of β-lap affecting drug release kinetics by simulating the 

impact of different excipients or drug loading dosages on drug release kinetics (153). 

Moreover, Raman et al. presented the release kinetics of a protein medicine 

(lysozyme) from a fast phase inverting ISM in one such mechanistic model. To 

represent drug dissolution, water input, solvent efflux, and drug diffusion, this model 
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applied the 1-D diffusion reaction equations. A polymer-rich phase with solvent, 

water, and drug disseminated within the polymer matrix, and a water-rich phase with 

solvent and dissolved drug, made up the model implant geometry. Water diffused into 

the polymer rich phase to dissolve scattered drug particles, while the dissolved drug 

and solvent from the polymer-rich phase diffused into the water rich phase and 

subsequently out to the external solution in this model. Model simulations showed a 

variety of drug release kinetics varying from zero-order to massive first burst drug 

release by varying model parameters (10). 

 For ISM the model has a flaw in that it assumes a really fast implant phase 

inversion (seconds to minutes). While this is certainly true when a thin, flat implant 

membrane is formed, most ISM in vitro and in vivo creates the spherical or globular 

forms that phase inversion occurs over longer time scales (h to days) (158, 159). The 

rate of implant phase inversion has a significant effect on the drug release kinetics 

(11). Therefore, a different model is needed to describe the drug release kinetics from 

more realistic globular implants that phase invert on a slower time scale. In a 

regulated in vitro situation, such computer models may simulate a drug release from 

very thin in situ forming membranes. They are inefficient for characterizing drug 

release using an ISM that has a significantly smaller surface area to volume ratio, 

such as those are employed in other in vitro or in vivo studies (159-161). In addition, 

mathematical modeling of drug delivery from matrix-type vaginal ring with torus-

shaped single-layer devices based on the pseudo-steady state approximation (PSSA) 

by computational software (MATLAB®) was reported. The reliability and usefulness 

of the model are ascertained by comparison of the simulation results with matrix-type 

vaginal ring experimental release data reported in the literature (162). 

 Based on previous study, a mathematical model presents the tracking of mass 

concentration dynamics of solvent, polymer, drug, and water through the matrix 

precipitation and phase inversion process (163, 164). The phase-inversion process of 

an in situ forming implant begins after injection of a liquid implant solution with 

solvent, polymer, and excipient into an aqueous solution and produces an initial burst 

release of drug. A thin spherical shell of polymer matrix with continuous void space 

forms almost instantaneously and surrounds an interior core of (non-phase inverted) 

implant solution as presented in Figure 11. Solvent and drug diffuse from the inside to 

the outside through the porous matrix, whereas water diffuses from the exterior to the 

interior in the void fraction. When the water concentration reaches a threshold level, 

the polymer precipitates at the array solution interface, increasing the formation of 

polymer matrix. The volume of the matrix phase rises with time due to the creation of 

empty space. As water diffuses into the inner (non-phase inverted) zone, it will swell. 

Eventually, the polymer completely precipitates and forms matrix surrounding an 

interior filled with water. 
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Figure 11. Schematic of implant phase inversion 

 

SCOPE OF RESEARCH WORK 

 Various concentrations of matrix forming agent and various types of solvent 

are attempted to solvent removal induced phase inversion-based ISM for loading 

antimicrobial for periodontitis treatment. Furthermore, antimicrobial properties of Lv 

and Mx-loaded solvent removal induced phase inversion Eudragit®L, zein and Nc-

based ISMs for periodontitis treatment are investigated profoundly. Moreover, novel 

modified experiments are employed for studying morphology of ISM precipitates. 

Innovative UV-vis imaging techniques offer visual insights into matrix formation and 

solvent diffusion, complementing traditional experimentation. Furthermore, numerical 

simulations, guided by a mechanistic model, employ this model to estimates model 

parameters by minimizing the difference between model output and experimental 

data. The model is also utilized to predict the effect of drug release on various 

formulation design variables, contributing to our understanding of the mechanistic 

phase inversion of polymer-based solvent removal phase-inversion ISM. 
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CHAPTER 3  

MATERIALS AND METHODS 

EQUIPMENT AND INSTRUMENT  

1. Anaerobic incubator (Forma Anaerobic System, Thermo Scientific, Ohio, 

USA) 

2. Analytical balance (CP224S, Sartorius, Germany) 

3. Analytical balance (PA4102, Ohaus, USA) 

4. Desiccators (Biologix Research Company, USA) 

5. Freeze dryer (FreeZone 2.5 liter plus benchtop freeze dry system, Labconco, 

Missouri, USA) 

6. Glass slide 

7. GNU Octave 6.4.0 for Windows-64 

8. Goniometer (FTA 1000, First Ten Angstroms, USA) 

9. High-speed camera (Photron, FASTCAM-APX RS, Chiyodaku, Japan) 

10. Incubator (BPH-9042, Shenzhen Kingdak, China) 

11. Inverted stereomicroscope (TE2000S, Nikon Instruments Inc., New York, 

USA) 

12. Magnetic stirrer (C-MAG-HS7, IKA, Germany) 

13. Microbiological safety cabinet class II (safe 2010, Holten, EU) 

14. Micropipette 2-20 µl, 20-200 µl, 100-1000 µl and micropipette tip 

15. Microplate reader (Victor Nivo, Perkin Elmer, USA) 

16. Needle (18, 27 guage) 

17. Petri dish glass (9 cm, 15cm) & petri dish plastic (15 cm) 

18. pH meter (Seven compact, Mettler Toledo, Japan) 

19. Plastic syringe (1 mL, 3 mL, 5 ml, 10 mL) 

20. Pycnometer (Densito™ 30PX, Mettler Toledo, Japan) Brookfield rheometer 

(HADV-III U CP, Brookfield Engineering, USA) 

21. Quartz cuvette 

22. Scanning Electron Microscope, SEM (TESCAN MIRA3, Czech Republic) 

23. Shaking incubator (NB-205, N-Biotek, Korea) 

24. Stainless cylinder cup (6 mm) 

25. Stereo-microscope (SZX10, Olympus corp., Japan) 

26. Surgical blade & surgical scissors 

27. Texture analyzer (TA.XT plus, Stable Micro Systems, UK) 

28. UV-Visible spectrophotometer (Cary 60 UV-Vis G6860A, Agilent 

Technologies, Malaysia) 

29. Viscometer cone-plate RM 100 CP2000 plus (Lamy Rheology Instruments 

Company, Champagne-au-Mont-d’Or, France). 

30. Vortex mixer (KMC-1300V, Vision scientific, Korea) 

31. X-ray tomographic microscopy beamline (BL1.2W: XTM) of the Siam Photon 

Source (SPS), Synchrotron Light Research Institute (SLRI), Nakhon 

Ratchasima, Thailand.) 
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MATERIALS  

1. PYR (lot no. BCBP7338V, Fluka Analytical, Germany) 

2. Agarose (lot H7014714, Vivantis, Malaysia) 

3. A. actinomycetemcomitans ATCC 29522 (MicroBiologics Inc., USA) 

4. Brain heart infusion (BHI) (lot no. 0270845, Bacto, USA) 

5. Brain heart infusion agar (BHA) (lot no. 0298038, Bacto, USA) 

6. C. albicans ATCC 17110, C. krusei TISTR 5259, C. lusitaniae TISTR 5156 

and C. tropicalis TISTR 5306 (Department of Medical Sciences, Ministry of 

Public Health, Nonthaburi, Thailand)  

7. Chocolate agar (Department of medical science, Ministry of public health, 

Thailand) 

8. Dibasic potassium phosphate (Lot no. 0711005, Ajax Finechem, Australia) 

9. DMSO (lot no. 1862992, Fisher Chemical, UK) 

10. E. coli ATCC 8739, E. coli ATCC 25922 (Department of Medical Sciences, 

Ministry of Public Health, Nonthaburi, Thailand) 

11. Ethanol, AR grade (lot no. 195125-1223, QReC, New Zealand) 

12. Eudragit® L (lot no. B160503007, EVONIK Röhm GmbH, Germany) 

13. Eudragit® S (lot no. B180705205, EVONIK Röhm GmbH, Germany) 

14. Fully refined paraffin wax (lot no. 7119K18, Nippon Seiro, Japan)  

15. GF (lot no BCBR2384V, Sigma, USA) 

16. Lv (lot no L, Siam pharmaceutical Co., Thailand) 

17. methicillin-resistant S. aureus (MRSA) ATCC 43300,  

18. MP (lot no. 3625910107, Namsiang Co., Thailand) 

19. Mx (lot no MN00000845, Siam pharmaceutical Co., Thailand) 

20. NR (lot no. BCBP8959V, Sigma, USA) 

21. Nc (lot. no. 200906/09018, Nitro chemical industry LTD, Thailand) 

22. NMP (lot no. 144560-118, QReC, New Zealand) 

23. P. gingivalis ATCC 33277 (MicroBiologics Inc., USA)  

24. Potassium dihydrogen orthophosphate (lot no. E23W60, Ajax Finechem, 

Australia)  

25. Sabouraud dextrose agar (SDA) (lot no. 7312647, Difco, USA)  

26. Sabouraud dextrose broth (SDB) (lot no. 6345690, Difco, USA)  

27. Sheep blood agar (Department of medical science, Ministry of public health, 

Thailand) 

28. SF (lot no. SHBL6563, Sigma, USA)  

29. Sodium hydroxide (lot no. AF310204, Ajax Finechem, Australia)  

30. S. aureus ATCC 25923, S. aureus ATCC 6923 and S. aureus ATCC 6538 

(Department of Medical Sciences, Ministry of Public Health, Nonthaburi, 

Thailand) 

31. Tryptic soy agar (TSA) (lot no. 7341698, Difco, USA),  

32. Tryptic soy broth (TSB) (lot no. 8091999, Difco, USA),  

33. Zein (lot. no.  9010-66-6, Qingdao Sigma chemical Co., China) 
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Experimental set-up 

3.1. The study of polymer-based ISM 

3.1.1. Preparation of formulations 

The decision to design these matrix-forming agents was well-considered, as 
their properties, including water-insolubility, compatibility, and safety, make 
them suitable candidates for serving as matrix-forming agents. Furthermore, their 
application in Lv and Mx-loaded ISMs for the treatment of periodontitis is 
innovative and unprecedented. ISMs comprising various concentrations of 
different polymeric matrix forming were fabricated, incorporating various 
concentrations of distinct polymeric matrix-forming agents, including Eudragit® 
L, Eudragit® S, zein, and Nc solutions ranging from 5% to 30% w/w, dissolved in 
a mixture of NMP, PYR, MP, DMSO, and GF. The preparation of these ISMs 
involved continuous mixing for 24 h using a magnetic stirrer (C-MAG-HS7, IKA, 

Germany) until achieving clear solutions. In the case of zein, the dissolution 
process was facilitated through heating at 95°C for a duration of 30 minutes. The 
composition of the formulations is detailed in Table 3. 

Table 3. Composition of Eudragit®-based matrix formulations (A), composition of 

zein-based matrix formulations (B), composition of Nc-based matrix formulations 

(C). 

 

Formula Amount (% w/w) 

L S MP 

LM5 5 95 - 

LM10 10 90 - 

LM15 15 85 - 

LM20 20 80 - 

LM25 25 75 - 

LM30 30 70 - 

SM5 5 - 95 

SM10 10 - 90 

SM15 15 - 85 

SM20 20 - 80 

SM25 25 - 75 

SM30 30 - 70 

 

 

 

 

 

 

 

Formula Amount (% w/w) 

Zein NMP PYR DMSO GF 

5ZN 5 95 - - - 

10ZN 10 90 - - - 

15ZN 15 85 - - - 

20ZN 20 80 - - - 

25ZN 25 75 - - - 

30ZN 30 70 - - - 

5ZP 5 - 95 - - 

10ZP 10 - 90 - - 

15ZP 15 - 85 - - 

20ZP 20 - 80 - - 

25ZP 25 - 75 - - 

30ZP 30 - 70 - - 

5ZD 5 - - 95 - 

10ZD 10 - - 90 - 

15ZD 15 - - 85 - 

20ZD 20 - - 80 - 

25ZD 25 - - 75 - 

30ZD 30 - - 70 - 

5ZG 5 - - - 95 

10ZG 10 - - - 90 

15ZG 15 - - - 85 

20ZG 20 - - - 80 

25ZG 25 - - - 75 

30ZG 30 - - - 70 

(A) 

(B) 
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Table 3. Composition of Eudragit® L-based matrix formulations (A), composition of 

zein-based matrix formulations (B), composition of Nc-based matrix formulations (C) 
(continued).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviation: L= Eudragit® L; S = Eudragit® S; Z=Zein; Nc=Nitrocellulose; N=N-

methyl-2-pyrrolidone (NMP); M= monopropylene glycol (MP); P= 2-pyrrolidone 

(PYR); D=Dimethyl sulfoxide (DMSO); G=Glycerol formal (GF). 

 

3.1.2. Physicochemical characterization of ISM-solutions 

3.1.2.1. Appearance of prepared formulation 

 The appearances of formulations, such as clarity, homogeneity, and 

precipitation, were observed by visual observation.  

3.1.2.2. Apparent viscosity and rheological behavior 

 Viscosity measurements were conducted by recording viscosity values 

at various shear rates with an equilibration time of 15 seconds using a cone-

plate viscometer (Lamy Rheology Instruments Company, Champagne-au-

Mont-d’Or, France). This instrument was also employed to gather 

rheological data. The sample's shear stress was evaluated at different shear 

rates under room temperature conditions.  

Formula Amount (% w/w) 

Nc NMP PYR DMSO GF 

5NcN 5 95 - - - 

10NcN 10 90 - - - 

15NcN 15 85 - - - 

20NcN 20 80 - - - 

25NcN 25 75 - - - 

30NcN 30 70 - - - 

5NcP 5 - 95 - - 

10NcP 10 - 90 - - 

15NcP 15 - 85 - - 

20NcP 20 - 80 - - 

25NcP 25 - 75 - - 

30NcP 30 - 70 - - 

5NcD 5 - - 95 - 

10NcD 10 - - 90 - 

15NcD 15 - - 85 - 

20NcD 20 - - 80 - 

25NcD 25 - - 75 - 

30NcD 30 - - 70 - 

5NcG 5 - - - 95 

10NcG 10 - - - 90 

15NcG 15 - - - 85 

20NcG 20 - - - 80 

25NcG 25 - - - 75 

30NcG 30 - - - 70 

(C) 
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3.1.2.3. Contact angle 

 The contact angle can indicate the wettability or spreadability of a 

liquid on a given surface. In our study, contact angles of the formulated 

substance on glass slides covered with paraffin and agarose gel (0.6% 

agarose in PBS pH 6.8) were measured employing a goniometer (FTA 1000, 

First Ten Angstroms, USA) at a pump-out rate of 1.9 μL/s. The contact angle 

at a time point of 5 seconds was captured and assessed from the initial 

automated droplet image (n=3).  

3.1.2.4. Injectability  

 An injectability test was conducted to assess the ease of injection. The 

compression mode of a texture analyzer (TA.XT plus, Stable Micro Systems, 

UK) was employed to determine the expelling force of the formulation from 

a 1 mL plastic syringe equipped with an 18-gauge needle. In this procedure, 

the upper probe of the instrument exerted a constant force of 0.1 N at a speed 

of 1.0 mm/s until the base of the syringe barrel was reached. The maximum 

expelling force, which measures the force required for injecting the sample 

fluid from the syringe through the needle, was recorded. Additionally, the 

energy expended for expelling was calculated based on the force-

displacement profiles. 

3.1.3. Characterization of matrix forming behavior 

3.1.3.1. Matrix formation after injection 

 A 1 mL aliquot of the ISM formulation was injected directly through 

an 18-gauge stainless needle into 5 mL of PBS (pH 6.8) in a glass test tube to 

investigate matrix formation over time. Photographs were taken at various 

time points (0, 1, 5, 10, 20, and 30 minutes) to document the progression of 

matrix formation. 

3.1.3.2. Morphology of matrix formation in an artificial crevicular 

pocket 

A 0.6% agarose solution, prepared by dissolving in PBS (pH 6.8), was 

poured onto petri dishes to create agarose gel with a height of 1 cm. 

Following gel setting, a cylindrical cup was used to create a 300 μL hole 

(diameter of 7 mm) at the center of the petri dish. This agarose gel serves as 

an artificial representation of a crevicular pocket in a human (165).  A 150 

μL aliquot of the ISM formulation was introduced into the cylindrical hole 

or well within the aforementioned agarose gel. Upon contact with the 

aqueous phase from the agarose gel, the formulation induced solvent 

removal, leading to a transformation into an opaque solid-like matrix via a 

phase inversion mechanism. The process of matrix formation was captured 

through photography using a stereomicroscope (SZX10, Olympus corp., 

Japan) at intervals of 1, 3, 5, 10, 15, 20, and 30 minutes. The determination 
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of matrix formation was facilitated using the SZX10 Series software under a 

stereoscope. Furthermore, the interaction at the interface between the 

formulation and the agarose gel was observed to investigate phase transition. 

A 2 mm thick agarose gel was created by pouring it onto a glass slide using 

the same method as described earlier. This gel was subsequently cut with a 

smooth edge situated 2 cm away from one edge of the glass slide. Placed in 

proximity to a 20 μL sample, near the incision's edge, this gel was exposed 

to the formulations in PBS. Morphological alterations due to phase inversion 

at the interface were captured using an inverted stereomicroscope (SZX10, 

Olympus Corp., Japan) at various time intervals. 

3.1.3.3. Interfacial interaction of ISM formulations and aqueous 

To explore the phase transition occurring at the interface between the 

formulation and the agarose gel, an investigation was conducted. A 0.6% 

agarose gel was meticulously prepared by dissolving it in PBS (pH 6.8). To 

monitor the diffusion of both the aqueous and solvent components during the 

phase transformation process, fluorescent dyes such as sodium fluorescein 

(150 μg/ml) were introduced into the agarose gel. This gel was subsequently 

poured onto a glass slide, forming a 2 mm thick layer. To facilitate the 

observation of the phase transition, the gel was then cut along a straight edge, 

positioned 2 cm away from one edge of the glass slide. Adjacent to the 

incision's edge, a 20 μL sample solution was placed in proximity to the 

agarose gel. Upon exposing the formulations to PBS within the agarose gel, 

any morphological changes stemming from phase inversion at the interface 

were captured through photography. These images were captured using an 

inverted microscope (TE2000S, Nikon Instruments Inc., New York, USA) at 

various time intervals. The migration of fluorescence color, indicative of the 

aqueous phase, was documented in a time-lapse manner using the same 

inverted microscope at a 10x magnification. This enabled the visualization 

and tracking of the dynamic movement of the fluorescent components during 

the phase transition process. 

To gain a deeper understanding of the interface mentioned above 

during phase inversion, an examination of the diffusion behavior of 

fluorescent dyes was conducted. Furthermore, the interfacial interaction of 

SF (150 μg/ml) and NR (100 μg/ml)-loaded ISM solutions with agarose gel, 

as well as sodium fluorescein-loaded agarose gel, was also evaluated using 

the previously described methodology. 
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3.1.3.4. Mechanical properties 

The mechanical properties of the resulting matrix following complete 

solvent exchange were assessed using the same instrument. Similarly, the 

preparation of the agarose gel and the use of a cylindrical cup were 

conducted following the procedure outlined above in section 3.1.3.2. 

Morphology of matrix formation in an artificial crevicular pocket. A 150 μL 

aliquot of the sample was deposited into the prepared agarose hole and left 

for a period of 3 days to ensure full phase inversion and matrix formation. 

Using a stainless spherical probe with a diameter of 5 mm, integrated with 

the texture analyzer (TA.XT plus, Stable Micro Systems, UK), gradual 

penetration was carried out into the obtained matrix at a consistent speed of 

0.5 mm/s. Upon achieving a penetration depth of 1.5 mm, the probe was held 

stationary for a duration of 60 seconds and then subsequently retracted at a 

speed of 10 mm/s. The force measured at the maximum probe penetration 

into the sample was denoted as the maximum deformation force (also 

referred to as "hardness"), and the probe's upward movement between the 

sample's surface and the probe was recorded as the adhesion force (166). All 

formulations underwent this analysis in triplicate, and the tests were 

conducted under room temperature conditions. 

3.1.3.5. Antimicrobial activities   

The standard strains used in this experiment are S. aureus ATCC 

25923, S. aureus ATCC 6923, methicillin-resistant S. aureus (MRSA) ATCC 

43300, E. coli ATCC 8739, C. albicans ATCC 17110, A. 

actinomycetemcomitans ATCC 29522 and P. gingivalis ATCC 33277. In the 

context of periodontitis, P. gingivalis is one of the microorganisms 

frequently found. The antimicrobial activities of the ISM formulation are 

undertaken using the cylinder plate method. This technique is based on the 

diffusion of the formulation from a stainless-steel cylinder cup (inside 

diameter of 6 mm and height of 10 mm) through agar gel inoculated with the 

test microorganism. The bacterial and fungal inocula approximately closed to 

the 0.5 McFarland turbidity standard are spread on TSA and SDA, 

respectively. A 100 µL aliquot of each formulation is dropped into the 

cylinder cap, which is placed on the surface of an inoculated medium plate. 

For P. gingivalis and A. actinomycetemcomitans, the bacterial inocula 

approximately closed to the 0.5 McFarland turbidity standard are spread on 

sheep blood agar and chocolate agar, respectively. The test is undertaken in 

an anaerobic incubator (Forma Anaerobic System, Thermo Scientific, Ohio, 

USA). After incubation at 37 °C for 18 h, the diameter of inhibition zone 

against the tested organism is measured using a vernier caliper (n=3).  
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3.1.4. Characterization of dried ISM  

3.1.4.1. Preparation of dried ISM  

The ISM formulations are prepared by mixing continuously for 24 h 

with a magnetic stirrer until clear solutions are obtained. The excess water is 

adding into each formulation for phase inversion and causing opaque solid-

like matrix. Then the matrix is washed several times with distilled water. The 

ISM systems are dried using a freeze dryer (FreeZone 2.5 liter plus benchtop 

freeze dry system, Labconco, Missouri, USA) and kept them in a desiccator 

for one week to avoid the melting and collapse of their structures.  

  

3.1.4.2. Topography by scanning electron microscope (SEM) 

The dried ISMs are coated with gold before being examined by field-

emission SEM (TESCAN MIRA3, Czech Republic) at an accelerating 

voltage of 15 kV. 

3.2. Study of drug-loaded ISM  

The determination of the dosage for Lv and Mx added to the formulation is not 

primarily contingent on their inhibition zones but is grounded in well-established 

conventions within the field. Prior to selecting the drug concentrations of 0.5% or 1% 

for Lv and 0.5% for Mx in ISMs, an exhaustive literature review was conducted to 

ensure alignment with prevailing practices. These concentrations have garnered 

widespread usage, notably the 0.5% concentration for Mx in ophthalmic ISMs (48). 

Furthermore, these concentrations fall within the effective range of the minimum 

inhibitory concentration (MIC) for the relevant pathogens (1 6 7 -1 6 9 ) . While higher 

concentrations were explored, they proved to be insoluble or unsuitable in some 

instances, rendering the selected percentages the most suitable for our intended 

purposes.  

3.2.1. Preparation of drug-loaded formulations 

The addition of Lv was carried out at a concentration of 1 % w/w into the 

selected zein and Eudragit® L formulations. Similarly, a concentration of 0.5% 

w/w Mx was added into Nc formulations. The preparation of these formulations 

followed the same methodology as described earlier. The control formulations 

encompassed 1% w/w Lv dissolved in MP, DMSO, and GF, as well as 0.5% w/w 

Mx dissolved in NMP, PYR, DMSO, and GF. The composition of these 

formulations is detailed in Table 4. 
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Table 4. Composition of Lv-loaded Eudragit® L-based matrix formulations (A). 

Composition of Lv-loaded zein-based matrix formulations (B), Composition of Mx-

loaded Nc-based matrix formulations (C). 

 

Formula Amount (% w/w) 

 Lv L MP 

LLM10 0.5 10 89.5 

LLM15 0.5 15 84.5 

LLM20 0.5 20 79.5 

LVM 0.5 - 99.5 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Abbreviation:  L=  Eudragit® L; Z=Zein; Nc=Nc; N=N-methyl-2-pyrrolidone (NMP); 

M=  monopropylene glycol (MP); P= 2-pyrrolidone (PYR); D=Dimethyl sulfoxide 

(DMSO); Gf=Glycerol formal (GF); Lv= levofloxacin HCl; Mx=moxifloxacin HCl. 

 

3.2.2. Physicochemical characterization of drug-loaded ISM-solutions 

Physicochemical properties of these formulations are evaluated using the 

same method as mentioned above (topic number 3.1.2.1 - 3.1.2.4) for their 

appearance, viscosity, rheological behavior, contact angles, surface tension, 

injectability and mechanical properties.  

Formula 
Amount (% w/w) 

Lv Zein DMSO Glycerol formal (GF) 

LvG 1 - 99 - 

LvD 1 - 99 - 

Lv20ZD 1 20 79 - 

Lv25ZD 1 25 74 - 

Lv20ZG 1 20 - 79 

Lv25ZG 1 25 - 74 

Formula Amount (% w/w) 

Mx Nc NMP PYR DMSO GF 

0.5MxN 0.5 - 99.5 - - - 

0.5MxPy 0.5 - - 99.5 - - 

0.5MxGf 0.5 - - - 99.5 - 

0.5MxD 0.5 - - - - 99.5 

0.5Mx15NcN 0.5 15 84.5 - - - 

0.5Mx15NcPy 0.5 15 - 84.5 - - 

0.5Mx15NcGf 0.5 15 - - 84.5 - 

0.5Mx15NcD 0.5 15 - - - 84.5 

(A) 

(B) 

(C) 
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3.2.3. Characterization of drug-loaded matrix forming behavior 

The matrix-forming behavior of these formulations are evaluated using the 

same method as mentioned above (3.1.3.1. Matrix formation after injection- 

3.1.3.4. Mechanical properties) for their matrix formation after injection, 

interfacial interaction and morphology of matrix formation in an artificial 

crevicular pocket.  

3.2.4. Efficiency of drug-loaded ISM  

3.2.4.1. In vitro drug release 

3.2.4.1.1. Calibration curve of drugs 

Standard stock solutions were meticulously prepared by precisely 

weighing the drugs and subsequently dissolving them in phosphate buffer 

(pH 6.8). These stock solutions were then diluted to encompass various 

concentrations that spanned the range relevant to the drug release samples. 

To establish the optimal concentration range for UV detection, a plot was 

generated by correlating concentration against absorbance/mAU. This was 

executed using a UV-visible spectrophotometer (Cary 60 UV-Vis, Model 

G6860A, Agilent, Malaysia). The resulting plot yielded an r² value between 

0.9990 and 1.000, facilitating the identification of the suitable concentration 

range for UV detection. 

The drug release amount is analyzed using UV-vis spectroscopy. For 

the test that using UV-spectrophotometer, samples were examined at 

wavelengths of 287 nm and 288 nm, for Lv and Mx, respectively. The eluent 

was detected using a UV-detector at the specific wavelength for each drug (n 

= 3). The detected values were then converted into drug quantities using 

standard drug curves. The cumulative mean drug release, along with its 

standard deviation (S.D.), was calculated as a percentage (n = 3). This 

comprehensive analysis allowed for the quantification and representation of 

the drug release behavior. 

3.2.4.1.2. Drug release test with membrane-less method 

The drug release was subjected to testing and subsequently compared 

with a control formulation where the antimicrobial drug was dissolved in a 

solvent. This comparison aimed to evaluate the drug-entrapped properties of 

the matrix-forming agent. For this evaluation, a cylindrical porcelain cup 

with dimensions of 1 cm in diameter and 1.2 cm in height was utilized. Each 

cup was filled with 0.4 g of the formulation. Subsequently, these cups were 

immersed in 50 mL of PBS (pH 6.8) at a temperature of 37°C. The rotational 

shaker was set to operate at a speed of 50 rpm, simulating the drug release 

behavior that would occur from a crevicular pocket. The release medium was 

sampled (5 mL) and replaced with 5 mL of fresh PBS. The concentration of 

drug release was determined with a UV-Visible spectrophotometer (Cary 60 
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UV-Vis, Model G6860A, Agilent, Malaysia). The cumulative percentage of 

drug release was calculated from the standard calibration curve (3.2.4.1.1. 

Calibration curve of drugs) 

3.2.4.1.3. Analysis of drug release data 

 The release data are analyzed by DDSolver (170) was a menu-driven 

add-in program for Microsoft Excel written in Visual Basic for Applications. 

DDSolver was used to analyze the data of in vitro drug release. Different 

mathematical release equations were used to fit the cumulative percentage of 

drug release profiles in the range of 10%-80%. The data were fit with zero-

order, first-order, Higuchi, Korsmeyer-Peppas, Hixson-Crowell, Hopfenberg, 

and Peppas-Sahlin’s equations and the coefficient of determination (r2) was 

measured. Goodness-of-fit was also evaluated using the model selection 

criterion (MSC) as shown in following equation. 

𝑀𝑆𝐶 = ln

{
 

 ∑ 𝑤𝑖  ∙   (𝑦𝑖𝑜𝑏𝑠 − �̅�𝑜𝑏𝑠)
2𝑛

𝑖=1

∑ 𝑤𝑖  ∙   (𝑦𝑖𝑜𝑏𝑠 − 𝑦𝑖𝑝𝑟𝑒)
2𝑛

𝑖=1 }
 

 
− 
2𝑝

𝑛
 

where 𝑤𝑖 is the weighting factor, which is usually equal to 1 for fitting 

dissolution data, 𝑦𝑖𝑜𝑏𝑠 is the ith observed y value, 𝑦𝑖𝑝𝑟𝑒 is the  𝑖th predicted y 

value, �̅�𝑜𝑠𝑏is the mean of all observed y-data points, p is the number of 

parameters in the model, and n is the number of data points. 

3.2.4.2. Antimicrobial activities 

 The test was conducted according to the antimicrobial activity 

determination as mentioned above (3.1.3.5. Antimicrobial activities). 

3.2.5. Characterization of drug-loaded ISM precipitates 

The methodologies for characterizing drug-loaded ISMs have been outlined. 

These methodologies hold significant importance within the context of this research. 

3.2.5.1. Time lapse morphology by SEM 

The observations gleaned from this technique contribute to the 

refinement of ISM formulations to ensure their structural integrity and drug 

release characteristics endure throughout their intended applications. In order 

to observe the systems’ morphology following the drug release test, the 

dried-ISM were prepared using a freeze dryer (FreeZone 2.5 liter plus 

benchtop freeze dry system, Labconco, Missouri, USA) and kept them in a 

desiccator for one week to avoid the melting and collapse of their structures. 

Determination of topography was undertaken by scanning electron 

microscopy (SEM) according to the above mentioned (3.1.4.2. Topography 

by scanning electron microscope (SEM)). 
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3.2.5.2. X-ray imaging and X-ray tomographic microscopy 

The dried-ISMs were prepared utilizing a freeze dryer (FreeZone 2.5 

liter plus benchtop freeze dry system, Labconco, Missouri, USA). 

Subsequently, they were placed within a desiccator for a period of one week. 

This step was taken to prevent any potential melting or collapse of their 

structures. The prepared dried-ISMs were investigated at the X-ray 

tomographic microscopy (XTM) beamline, Synchrotron Light Research 

Institute (SLRI), NakhonRatchasima, Thailand. Synchrotron radiation X-rays 

were generated through a 2.2-T multipole wiggler at the Siam Photon 

Source, operating at 1.2 GV with a current of 150 mA. All SRXTM 

experiments were conducted utilizing a filtered polychromatic X-ray beam, 

operating at a mean energy of 12.5 kV. The distance from the source to the 

sample was maintained at 34 m. The X-ray projections of the samples were 

acquired via a detection system comprising a 200 µm thick YAG:Ce 

scintillator (Crytur, Czech Republic), a lens-coupled X-ray microscope 

(Optique Peter, France), and an sCMOS camera (pco. edge 5.5, 2560×2160 

pixels, 16 bits). This setup enabled the precise acquisition of X-ray 

projections for the subsequent analysis. The tomographic scans were 

obtained with an isotropic voxel size of 0.72 µm. Subsequent to data 

acquisition, the X-ray projections underwent normalization through the 

application of a flat-field correction algorithm. The reconstructed 

tomographic data was then processed utilizing the Octopus reconstruction 

software. The 3D representation of the tomographic volumes of the 

composite films, along with the subsequent segmentation analysis, was 

conducted using the Drishti software (171). This approach facilitated the 

generation of comprehensive insights from the acquired tomographic data. 

3.2.5.3. In vitro degradability study 

The in vitro degradability study assumes a pivotal role in the 

evaluation of ISM transformation during drug release. Samples were 

collected after the release studies and these ISM remnants were dried in a hot 

air oven with temperature adjusted to 65 °C. After that, the sample was 

weighted on analytical balance (CP224S, Sartorius, Germany) for recording 

the remained weight. The percentage of weight loss of each time point was 

calculated as follows in equation: 

% weight loss = 
Initial weight (𝑔)−weight in each time (𝑔)

initial weight (𝑔)
x 100 

3.3. UV-Vis imaging 

Agarose gel (0.6%, w/v) was prepared by dissolving 0.6 percent agarose in PBS 

(pH 6.8) and poured to a demountable cuvette quartz cell (10.0 × 40.0 × 0.2 mm3 (W 

× L × H)) (Starna Scientific Ltd., Hainault, Essex, UK) and this cell was closed. After 

waiting for 2 h at room temperature for gelation, gel was cut into a direct smooth edge 

(17 mm away from one edge of the cuvette cell) and removed it. PBS was replaced 

into the void from removed gel and the cell was closed. The cuvette cell with PBS as 

reference solution was placed on the cartridge above CMOS chip of D200 ActiPix 

UV-vis imaging Systems (Paraytec Ltd, York House, York, UK). The light source 
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was provided by a pulsed Xenon lamp and LEDs lamp, equipped with a band-pass 

filter for wavelengths of 214 nm, 280 nm, and 525 nm.  After calibration and setting 

the reference with PBS, a sample was replaced the previous PBS and the quartz cell 

was returned to the cartridge. Moreover, to observe the effect of drug concentration, 

0.1% (w/w) Lv was incorporated into the zein solutions in both solvents. The data was 

recorded, and the signal was transferred to absorbance map by Actipix D200 

Acquisition program (Paraytec Ltd, York House, York, UK). The images were taken 

with 3 frames per minute (file subsample=50) for 12 h in the darkness chamber. 

Images captured were analyzed and interpreted in intensity mode via the SDI Data 

Analysis software (version 2.0., Paraytec Ltd, York House, York, UK) and displayed 

in representative absorbance maps with different colors in each area. 

 

Figure 12. Schematic representation of the demountable cuvette quartz cell setup for 

UV-vis imaging: (A) Demountable cuvette quartz cell filled with 0.6% agarose gel, 

(B) Gel removed and replaced with PBS and sample, (C) Sample in contact with 

agarose gel inside the cuvette, (D) Absorbance map of recorded images analyzed 

using SDI Data Analysis software. 
 

3.4. Statistical analysis  

Statistical analysis of the data was undertaken using the "Statistical Package for 

Social Sciences" (SPSS 4.0.1., SPSS Inc. Ltd., UK). The statistical significance for 

the measurement is examined and considered at p < 0.05 and 0.01 using one-way 

analysis of variance (ANOVA) followed by an LSD post-hoc test. 

3.5. Numerical methods 

This section emphasized the significance of gaining a deep understanding of 

the drug release mechanisms within zein-based ISMs when dissolved in DMSO and 

GF. To address this, a numerical simulation, relying on a mathematical model and 

experimental data, was employed to predict the drug release patterns. This simulation 

involved discretizing the derivative using a finite differences method, particularly 

referencing the forward difference formula of order O(h) and the central difference 

formula of order O(h4), as discussed in the relevant section. The numerical method 

was implemented using Octave software (GNU Octave software version 8.2.0 (2023)) 

(172). To facilitate the simulations, a comprehensive list of model parameters and 

their corresponding values were provided. These parameter values were derived from 

solving the ordinary differential equations inherent in the model simulations, with 

parameters falling within predefined ranges. Additionally, supplementary parameters 

linked to drug release from the ISM were estimated based on the mechanistic model. 

This approach enabled a thorough exploration of drug release behavior from zein-

based ISMs, shedding light on their underlying mechanisms and serving as a valuable 

tool for modeling and simulation, incorporating experimental data. 
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CHAPTER 4  

RESULTS AND DISCUSSION 

Eudragit® L ISM for periodontitis treatment using MP as a 

solvent 

4.1. Drug-free Eudragit®-based ISM 

4.1.1. Physical appearance, viscosity and rheology, injectability, contact 

angle, and mechanical properties 

Investigating the physical attributes of drug-free ISM formulations, it is 

evident that the clear solutions were attained after varying in L and S concentrations, 

except for SM20 and SM25, as demonstrated in Figure 13A and Figure 13B. The 

turbidity observed in SM20 and SM25 suggested a solubility constraint for Eudragit® 

S in MP, particularly at concentrations exceeding 15%. Furthermore, highly 

concentrated Eudragit® L solutions exhibited a subtle yellowish color. The viscosity 

values for LM5, LM10, LM15, LM20, SM5, and SM10 formulations were recorded 

as 183.54 ± 2.00 cP, 820.02 ± 31.36 cP, 5292.68 ± 222.78 cP, 26214.29 ± 874.33 cP, 

171.24 ± 3.16 cP, and 1884.15 ± 134.47 cP, respectively. The augmentation of 

Eudragit® concentration resulted in elevated apparent viscosity within the ISM 

formulations (depicted in Figure 14A). Notably, Eudragit® L ISM exhibited 

significantly lower viscosity compared to Eudragit® S ISM (p < 0.05). Eudragit® S 

formulations featuring polymer concentrations beyond 10% were excluded from 

viscosity measurement due to excessive viscosity, rendering accurate measurement 

unfeasible. Considering the predominant influence of substance-solvent interaction 

over substance-substance interaction, an effective medium for solute solubilization 

should effectively mitigate mixture viscosity (173). 

Examining the rheological characteristics of the formulated ISM, Figure 14B 

presents a visual representation. For the majority of formulations, a linear relationship 

between shear stress and shear rate was observed, suggesting a Newtonian flow 

behavior. This observation corroborates earlier studies on the Newtonian behavior of 

Eudragit® RS-based ISM, thus reaffirming the Newtonian properties of the ISM, as 

evidenced by these findings (174). The enhanced formation of a 3D network within 

Eudragit® molecules can lead to a substantial increase in the viscosity of these 

formulations (175, 176). Nevertheless, the SM10 curve exhibited a decrease in shear 

stress value, indicating a pseudoplastic flow behavior. Alterations in the number of 

molecular entanglements can influence the rheology and structural characteristics of 

polymer systems with entangled configurations (177). The suitability of their 

Newtonian and pseudoplastic flow properties for injectable dosage forms is 

noteworthy. This is because the fluid can be injected through a needle after applying a 

compression force to the syringe plunger, allowing a physician or dentist to expel the 
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fluid through the stainless steel needle (176). An Eudragit® L solution dissolved in 

MP displayed lower viscosity and adhered to Newtonian flow characteristics. This 

renders such solutions more suitable for injection administration compared to 

Eudragit® S solutions.  

The administration of ISM should be straightforward and devoid of discomfort 

when employing the suitable needle and syringe. Localized ISMs intended for 

periodontitis treatment are specifically devised for delivery into periodontal pockets 

through injections. Therefore, the formulated fluid should be easily expelled from the 

needle, minimizing patient discomfort during the process (176). Therefore, it becomes 

imperative to assess injectability, which pertains to the force necessary to expel the 

product through the needle. The maximum force for injectability was determined for 

M, LM5, LM10, LM15, LM20, LM25, SM5, SM10, and SM15 formulations, yielding 

values of 1.02 ± 0.04 N, 1.24 ± 0.07 N, 1.79 ± 0.05 N, 2.33 ± 0.02 N, 10.66 ± 0.30 N, 

30.87 ± 1.68 N, 0.94 ± 0.02 N, 1.71 ± 0.01 N, and 27.74 ± 1.04 N, respectively. The 

low values of force and work of expulsion indicate the ease of injectability. Figure 

14C illustrates the force and work derived from the injectability assessment of the test 

solutions. These values exhibited an increase with Eudragit® concentration, in 

accordance with their apparent viscosity as explained earlier. The work of expulsion 

for SM10 and SM15 formulations were 20.22 ± 0.55 mJ and 305.05 ± 24.98 mJ, 

respectively.  

Significant discrepancies were evident in formulations comprising over 10% 

of these polymers, particularly for Eudragit® S solution. This indicates that higher 

force and energy were needed to expel the formulation from the needle, resulting in 

conspicuous high-force values. These outcomes underscore the substantial influence 

of the type and concentration of Eudragit® on the requisite injection force and energy. 

Nevertheless, the results underscored that the majority of ISM formulations demanded 

a relatively low injection force, typically under 50 N. In practical terms, the 

cumulative expulsive work needed to inject each solution remained below 50 N·mm, 

suggesting compliance with the injection criterion (49, 178). The addition of 

peppermint oil and polyethylene glycol (PEG) 1500 improved the injection 

performance of both drug-free and DH-loaded Eudragit® RS-based ISM formulations 

(179, 180). In comparison, the hydrophobic nature of peppermint oil resulted in easier 

injection compared to PEG 1500 as additives in the context of ISM formulations (179, 

180). The lubricating effect of incorporating oil on the injection ease of in situ 

forming systems has been previously mentioned (181, 182). For instance, the force 

and work of injectability of the rosin-based ISM formulations demonstrated a notable 

reduction after the incorporation of lime peel oil. This reduction can be attributed to 

the lubricating nature of the oil (183). However, the ease of injection of Eudragit® L 

was primarily correlated with its lower viscosity. The configuration of polymeric 

molecules in solutions varies based on their affinity with the solvents used, leading to 

different chain configurations (184). 
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The contact angle can indicate the wettability or spreadability of a liquid on a 

given surface. MP exhibited the lowest contact angle on the glass slide (5.08 ± 1.05 

degrees), as depicted in Figure 14D. The contact angles on the glass slide for LM5, 

LM10, and LM15 were 21.46 ± 0.75 degrees, 34.70 ± 0.10 degrees, and 46.27 ± 0.72 

degrees, respectively. The increase in contact angle on the three surfaces was 

observed with the polymer concentration dependence of Eudragit® solutions, 

attributed to the higher viscosity that hinders the spreadability of sample droplets on 

these surfaces (174). The agarose model, designed to mimic the periodontal 

environment, was utilized to replicate the periodontal pocket. This model facilitated 

the continuous provision of a small amount of simulated saliva fluid. Importantly, it 

was observed that the selection of the release medium, whether water, phosphate 

buffer, or horse serum, did not significantly impact phase separation, water uptake 

rates, or the matrix's morphology (185). In this model, PBS was employed instead of 

saliva fluid in order to minimize the number of variables. 

The surface of an agarose gel, composed of PBS at pH 6.8, was fabricated to 

simulate environment similar to that found within the periodontal pocket. Especially, 

the contact angle of Eudragit®-based ISMs was significantly elevated in comparison 

to the contact angle of the solvent upon this agarose surface. For instance, in the case 

of LM10, the contact angle was recorded as 36.97 ± 0.22 degrees, for LM15 it was 

50.98 ± 0.58 degrees, and for LM20 it was 67.98 ± 3.18 degrees. This increase in 

contact angle was particularly conspicuous when compared to the contact angle on a 

glass slide. This phenomenon signifies an in-situ transformation from a solution state 

to a gel or solid-like Eudragit® matrix. This transformation is prompted by a solvent 

exchange mechanism between the MP present in the formulation and the aqueous 

solution within the prepared agarose gels (181-183). The spreadability of the 

formulations was reduced due to the formation of Eudragit® matrices through solvent 

exchange (14). The high viscosity of SM10 might impede solvent removal, and its 

contact angle on the agarose gel was smaller than on the glass slide. Despite having a 

contact angle greater than 90 degrees, their values were still less than 90 degrees, 

which signifies satisfactory wettability on the test surfaces (186, 187). 

Generally, the resulting ISM matrix, following solvent removal, is expected to 

effectively fit within the periodontal pocket, withstand the movement of the jaw, and 

maintain its structural integrity (188, 189). Figure 14E and Figure 14F illustrate the 

mechanical attributes, showcased as hardness and the "F remaining/F max 

deformation" ratio. This ratio serves as an assessment of the specimen's elasticity 

versus plasticity. A heightened value signifies pronounced elasticity, whereas a 

diminished value implies augmented plasticity (190). These mechanical properties, 

particularly the adhesive characteristics of the transformed Eudragit® ISM matrices, 

were assessed to ascertain the potential for preventing undesired displacement of this 

dosage form from the periodontal pocket  (187, 191).  

The incorporation of Eudragits® led to an increase in the hardness of the 

resulting matrix (LM10: 3.15 ± 0.08 N, LM15: 4.03 ± 0.19 N, LM20: 7.70 ± 0.45 N) 
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due to the higher polymer mass present in the matrix. In comparison, the hardness and 

the ratio of remaining force (F remaining) to maximum deformation (F max 

deformation) of Eudragit® L-based ISMs were significantly higher than those of 

Eudragit® S-based ISMs at the same concentration (p < 0.05). The ratio value of the 

matrix was conspicuously below one, indicating a behavior close to plastic 

deformation. This signifies that the system's structure was relatively unchanging 

during the holding time, which could be advantageous in terms of adapting to 

dynamic changes in the size and shape of the periodontal pocket over time (190). This 

finding aligns with the observations made in a previously reported matrix from 

bleached shellac-based ISMs. That matrix also exhibited characteristics indicative of 

plastic deformation, suggesting its ability to adapt its geometry to dynamic changes 

(189). All Eudragit®-based ISMs exhibited adhesive strength properties when 

subjected to the texture analyzer probe. Furthermore, all the matrices obtained during 

the experiment remained securely attached to the agarose basement throughout the 

texture analyzer probe pullback. 

 

 

 

Figure 13. Visual characteristics of ISMs based on Eudragit® L (A) and Eudragit® S 

(B) with varying polymer concentrations. 
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Figure 14. Viscosity (A); the correlation between shear stress and shear rates (B); 

injection force and energy derived from the injectability test (C); contact angle 

measurements on distinct surfaces (D); as well as hardness (E) and adhesiveness (F) 

attributes determined through mechanical testing of Eudragit® L and Eudragit® S-

based ISM formulations at 25 °C. The presented data are reflective of triplicate 

measurements. The asterisk (*) denotes statistically significant disparities (p < 0.05). 
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4.1.2. Matrix formation of Eudragit®-based ISMs 

The process of phase transformation for all selected clear Eudragit®-based 

solutions, transitioning from a gel-like state to an opaque matrix-like state over time, 

is illustrated in Figure 15A and Figure 15C. The presence of higher concentrations of 

these polymers led to the formation of a cloudier matrix due to the phase separation of 

Eudragit®. Notably, formulations LM25 and SM15 encountered greater challenges in 

terms of injection through the needle and were more prone to sticking within the 

needles. This can be attributed to their higher viscosity. Consequently, they underwent 

a swift transition into an opaque matrix state, settling at the base of the PBS in the 

glass tube. As the formulation came into contact with PBS at pH 6.8, a gradual 

solvent removal process occurred. Initially, the outer layer transformed into an opaque 

skin, while the inner matrix phase continued its evolution into an opaque solid 

polymeric matrix over time (176). Consequently, a higher inclusion of matrix-forming 

agents expedited the phase transformation of ISMs. In contrast, ISMs containing EC, 

bleached shellac, and Eudragit® RS in quantities less than 10%, 20%, and 30% w/w, 

respectively, did not exhibit complete matrix formation. This is attributed to the 

insufficient polymeric mass present in these formulations, hindering the continuous 

process of matrix formation (21, 192-194). Figure 15B and Figure 15D depict a cross-

sectional view of the matrix formation process observed under a stereoscope using an 

agarose well as a simulation of the periodontal pocket. As a result of the phase 

separation of Eudragit®, an opaque layer formed at the periphery of the agarose gel, 

gradually extending inward into the formulation. In the cases of LM15 and SM10, the 

matrix formation proceeded slowly due to their dense matrix, which potentially acted 

as a barrier and hindered solvent exchange. At the interface, a compact network of 

Eudragit® matrices developed, and this process decelerated over time. This decrease 

in rate was attributed to the high tortuosity and low porosity of the earlier matrix, 

which impeded the diffusion of solvent and water (145). However, the elevated 

polymer content within LM20, LM25, and SM15 formulations exhibited a favorable 

influence on the growth of the Eudragit® matrix. The process underlying Eudragit® 

matrix formation can be comprehended as a solvent removal mechanism. In this 

context, the phase separation of dissolved Eudragit® was distinctly observed, leading 

to the development of an insoluble solid matrix (194). Due to their lower viscosity, 

ease of injection, and intriguing matrix formation characteristics, Eudragit® L-based 

formulations containing 10%, 15%, and 20% were chosen. These selected 

formulations were intended for loading Lv and for subsequent investigation as ISMs 

within a periodontal pocket delivery system. 
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Figure 15. Matrix formation upon injection into PBS (A) and agarose well (B) for 

Eudragit® L-based ISM formulations, and matrix formation upon injection into PBS 

(C) and agarose well (D) for Eudragit® S-based ISM formulations. 
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4.2. Lv-loaded Eudragit®-based ISM 

4.2.1. Physical appearance, viscosity and rheology, injectability, contact 

angle, and mechanical properties 

The formulations based on 10%, 15%, and 20% Eudragit® L were successfully 

prepared. The resulting solutions exhibited a slight yellowish tint, as illustrated in 

Figure 16. The introduction of the drug led to a decrease in viscosity; however, higher 

concentrations of Eudragit® L led to an increase in viscosity (depicted in Figure 17A). 

The presence of the hydrophilic drug compound could hinder the uncoiling of 

Eudragit® molecules, leading to a reduction in overall viscosity. Figure 17B shows 

that all formulations exhibited a Newtonian flow pattern. Notably, the viscosity of 

LLM15 was measured at 3674.54 ± 188.03 cPs, maintaining its Newtonian flow 

behavior. This flow characteristic is deemed suitable for injectable dosage forms and 

remains acceptable post-injection (176). The force and work required for injection 

increased proportionally with higher concentrations of Eudragit® L, as illustrated in 

Figure 17C. For instance, the force needed to inject LLM15 was measured at 21.08 ± 

1.38 mj. The trend in contact angle values closely resembled that of the drug-free 

Eudragit®-based ISM formulations. This indicated that the elevated viscosity of the 

systems resulting from the addition of Eudragit® L led to higher contact angle values 

by hindering the spreadability of the droplet. Similar observations of higher contact 

angles for solutions containing substances like lauric acid and borneol dissolved in 

DMSO have been previously reported, and this phenomenon is attributed to their 

increased concentration and viscosity (174, 195). The rise in contact angle observed 

on the agarose gel surface can be attributed to the transformation of Eudragit® L into a 

semi-solid state. This phase-inversion is subsequently followed by a solvent removal 

process that results in reduced droplet spreading (196). The contact angle values of 

these ISMs were all below 90 degrees, indicating their good wettability on the test 

surfaces (187). In practical terms, spreadability is crucial to ensure adequate 

adhesiveness, which in turn prevents the undesired dislodgment of the transformed 

ISM from the periodontal pocket (187, 191).  

 

 

 

 

 

 

 

Figure 16. Physical appearance of Lv-loaded Eudragit® L-based ISMs comprising 

different concentrations of polymer 
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Investigating the mechanical characteristics of Eudragit® L-based drug-loaded 

ISMs (Figure 17E and Figure 17F), it is observed that elevating the concentration of 

Eudragit® L leads to increased hardness in the resulting drug-loaded matrix. 

Furthermore, the ratio of F remaining/F max deformation was below one, indicating 

behavior akin to plastic deformation. This mechanical response suggests the ability of 

these formulations to adapt their geometry within the periodontal pocket, as 

previously discussed (190). The hardness of the resulting LLM15 matrix measured 

3.38 ± 0.23 N. Noticeably, some studies have indicated that the inclusion of volatile 

oils can enhance the adhesion of rosin ISGs (197). The rosin ISG containing 10% 

cinnamon oil displayed stronger adhesion properties compared to the formulation with 

10% lime peel oil added. However, formulations without the oil additives showed 

similar adhesion values (183). Thus, the nature of the additive had a distinct influence 

on the adhesion properties of the ISM system. 
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Figure 17. Viscosity (a); shear stress-shear rate relationship (b); injection force and 

energy from injectability testing (c); contact angle on diverse surfaces (d); hardness 

(e); and adhesiveness (f) properties were assessed for the Lv-loaded Eudragit® L-

based ISM formulations at 25 °C. The data were gathered in triplicate. 
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4.2.2. Matrix formation of Lv-loaded Eudragit®-based ISM 

Exploring the impact of higher concentration Eudragit® L solutions and 

extended exposure time to PBS on drug-loaded formulations, it becomes apparent that 

a more extensive cloudy matrix formation occurred, as illustrated in Figure 18A. This 

phase separation of Eudragit® L can be attributed to its lower solubility in PBS 

compared to MP. Normally, when the solvent is highly miscible with the aqueous 

environment, it leads to rapid inward movement of the aqueous phase and outward 

movement of the solvent phase, followed by a self-forming process of the aqueous-

insoluble matrix material (189, 198). 

The cross-sectional view of matrix formation in Figure 18B reveals that the 

slower matrix formation observed in LLM15 is consistent with LM15 (as shown in 

Figure 15B). This can be attributed to their dense matrix structure, which acts as a 

barrier, hindering matrix growth and retarding solvent exchange (145). Furthermore, 

LLM20 exhibited an even cloudier matrix formation. Interestingly, the addition of the 

drug did not influence the gel or matrix formation process. Similarly, the 

incorporation of 1% vancomycin HCl had minimal effect on the rate of matrix 

formation in the borneol-ISG system (174). These test results provided confirmation 

that the injected drug-loaded Eudragit® L-based ISM had the ability to transition from 

a solution to an opaque matrix almost immediately. The in-situ process of Eudragit® 

L-based ISM occurred upon contact with simulated periodontal fluid, during which 

MP diffused outward from the formulation while water entered. This led to the 

solidification of the initially cloudy Eudragit® L matrix, transforming it into a solid-

like matrix over time. The phenomenon of matrix formation induced by solvent 

exchange has been documented previously in rosin-based ISG formulations (181). 

 

Figure 18. Matrix formation subsequent to injection into PBS (A) and agarose well 

(B) of Lv-loaded Eudragit® L-based ISM. 
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4.2.3. Microscopic interface interaction 

In the depicted images found in Figure 19 and 20, the movement of 

fluorescent colors observed at the interface between the agarose gel and the 

formulation or solvent under a fluorescent microscope. To exemplify this 

phenomenon, LM10 was utilized as a model formulation in this study, given its lower 

polymer content that did not interfere with the fluorescence emitted by the dyes 

during the transformation into a gel or matrix-like structure. In Figure 19, the color 

movement is depicted from Eudragit® L-based ISM formulations or MP containing 

SF or NR (right side) to the non-colored agarose gel (left side). The white line 

demarcates the interface between the right component and the left agarose gel phase. 

Remarkably, SF is an orange-red, odorless powder that is highly soluble in water and 

only sparingly soluble in alcohol (199). In practical terms, SF absorbs blue light most 

effectively within the wavelength range of 465 to 490 nm. This absorption leads to 

fluorescence emission at yellow-green wavelengths, typically falling between 520 and 

530 nm (200). In a neutral to alkaline solution, it displays a vivid yellow-green 

fluorescence when exposed to ultraviolet light (200). In the SF-loaded LM10 

formulation, the SF did not manifest its characteristic green color within MP. 

However, a distinct dark green band was discernible at the interface, indicating some 

degree of SF diffusion into this region (Figure 8). Nevertheless, the formation of the 

Eudragit® L matrix hindered the extensive diffusion of SF into the agarose gel, thus 

preventing the full expression of its green color. Additionally, the limited movement 

of water from the agarose gel was inadequate to induce the robust emission of SF as a 

vibrant green hue in the formulation. In contrast, NR, a hydrophobic probe, exhibits 

pronounced fluorescence (201). NR's fluorescence becomes evident in organic 

solvents and it primarily dissolves in hydrophobic substances like lipids; however, its 

fluorescence is suppressed in water (202). The NR-loaded LM10 formulation initially 

exhibited a red color due to the emission of NR that was dispersed into the agarose 

gel. This emission might have been caused by the diffusion of NR along with MP. 

Subsequently, the NR was absorbed onto the Eudragit® L matrix. However, as water 

mixed and diluted within the agarose gel, the solubility of NR decreased, causing it to 

diffuse back into the formulation. This resulted in the fading of the red color in the 

agarose side and a darker red color in the formulation as more time passed. At 1 

minute, a white band representing the formed Eudragit® L matrix appeared at the 

interface, similar to the test with SF-loaded LM10. The higher intensity of 

fluorescence colors at equilibrium made it difficult to observe the expansion of this 

matrix band. However, it appeared to effectively restrict the diffusion of SF and NR 

into the agarose gel. Rapid diffusion of the green-colored SF from MP into the 

agarose was evident. While SF did not exhibit its color in MP, it rapidly assumed a 

green color upon dissolution in a water phase. This abrupt color change was due to the 

rapid migration of water from the agarose (left side) into the SF-loaded MP, which 

was faster than its migration into SF-loaded LM10. Similarly, in the case of NR-

loaded systems, the swift influx of water into the NR-loaded MP led to a rapid 

reduction in NR solubility, resulting in the absence of its color. However, NR-loaded 
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LM10 continued to display a red color since the influx of water was slower, allowing 

NR to maintain its emission color within the remaining MP. 

 

Figure 19. The interface interaction between uncolored agarose gel (on the left side) 

and Eudragit® L-based ISM formulation or MP containing SF or NR (on the right 

side) was observed at various time intervals using an inverted fluorescent microscope, 

magnified at 400×. 

 

The microscopic interface interaction was also assessed using SF-loaded 

agarose gel, as depicted in Figure 20. The white line designates the initial interface 

between the two phases. The expansion of an opaque band became apparent after the 

SF-loaded agarose gel (left side) came into contact with LM10 (right side). This band 

confirmed the formation of a matrix at the interface, and it gradually extended inward 

into the formulation over time, consistent with the observations from the cross-section 

view of matrix formation mentioned earlier. These images further illustrated that SF 

in the formulation or solvent did not exhibit its characteristic bright green color. In the 

case of NR-loaded LM10, the initial Eudragit® L matrix appeared as a yellow band, 

encompassing some NR that formed a narrow orange band near the agarose gel. As 

time progressed, NR diffused backward with the solvent, accumulating on the 

formulation side and presenting its red color more prominently. As mentioned earlier, 

the NR absorbed onto the Eudragit® L matrix was capable of diffusing backward into 

the formulation, resulting in the fading of the red color on the agarose side and a 

deeper red color in the formulation. When SF-loaded agarose gel came into contact 

with NR-loaded MP, a noticeable green color emerged, and the distinct red color was 

absent. Initially, the red color from NR appeared on the left side of the agarose due to 

the initial diffusion of the solvent. However, this solvent became diluted after rapid 

mixing with water from the agarose gel. Once adequately diluted, NR in the 

formulation became insoluble and could not manifest its color. The Eudragit® L 

matrix of NR-loaded LM10 effectively hindered the movement of water into the 

formulation, allowing the solubility of NR to be maintained in the solvent, thereby 
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exhibiting its red color. The swift movement of SF, facilitated by sufficient water 

from the agarose, into the MP resulted in a brighter green color in this solvent over 

time. The dark band observed could be attributed to the accumulation of MP at the 

interface along with the solvent front during the contact period, causing SF to not 

exhibit its bright green color distinctly. Thus, the utilization of fluorescence probes 

like SF and NR can provide valuable insights into the movement of solvents and the 

formation of the ISM matrix. 

 

Figure 20. The interaction at the interface between sodium fluorescence-loaded 

agarose gel (on the left side) and Eudragit® L-based ISM formulation, as well as MP 

with or without NR (on the right side), was observed at various time intervals using an 

inverted fluorescent microscope at a magnification of 400×. 

 

4.2.4. Drug content and release of Lv-loaded Eudragit®-based ISMs 

The in vitro drug release study was carried out in PBS at pH 6.8, aiming to 

replicate the conditions within the periodontal environment. The initial drug content 

of the samples, namely LVM, LLM10, LLM15, and LLM20, were measured as 

102.52 ± 1.74, 100.85 ± 0.94, 98.77 ± 1.02, and 101.04 ± 0.86, respectively. Prior to 

conducting the in vitro drug release test, the formulations underwent drug content 

determination using the cup method, which was chosen to mimic the conditions akin 

to those within the periodontal pocket (183, 197). This method has been previously 

employed by researchers to investigate the drug release behavior of in situ forming 

drug delivery systems (174, 192, 193). Figure 21 illustrates the release profiles of Lv 

from Eudragit® L-based ISMs and the control group (LVM). Remarkably, the control 

group (LVM) with no polymer exhibited a rapid release of Lv, releasing the entire 

drug within a single day. 

Sustained drug release was achieved with the three developed Eudragit® L-

based ISMs. Among them, LLM20 exhibited a more efficient and prolonged drug 

release profile compared to LLM15 and LLM10. These formulations displayed an 

initial burst of drug release within the first day, followed by a gradual and sustained 
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release over the course of 1 to 14 days. The outward diffusion of MP into the release 

medium facilitated a phase inversion process and the formation of a porous rubbery 

matrix structure. These changes were primarily due to the initial burst release of drugs 

deposited on the surface layer of the matrix. It's worth noting that the use of 

hydrophobic solvents like triacetin and ethyl benzoate for dissolving PLGA in ISG 

resulted in slower gelation and significantly reduced burst drug release, as compared 

to the observed behavior in this study (117). The initial rapid drug release observed in 

this formulation has the potential to rapidly achieve a high drug concentration at a 

therapeutic level above the MIC for effective periodontitis treatment. This is followed 

by a sustained release phase that helps maintain the drug level at the target site over 

an extended period. A comparable behavior was observed in a study involving a 

combination of thermosensitive poloxamer 407 and chitosan gel, where an initial 

burst release resulted in the release of approximately 60-70% of Lv within a span of 

6-7 h (133). The thermosensitive gel, formulated with 0.6% w/v gellan gum and 14% 

w/v pluronic F127, was able to extend the release of Lv for a duration of 3-4 h (203). 

Hence, these hydrophilic polymeric gels were not able to sufficiently extend the 

release of the drug. DH released from 15%, 25%, 30%, and 35% w/w Eudragit® RS-

loaded ISGs at 91%, 79%, 71%, and 68% over a 54-h (2.25 days) period, respectively. 

This behavior can be attributed to the swellable, water-insoluble nature of Eudragit® 

RS polymer, which forms various loose, swollen membrane structures in aqueous 

environments, impacting the drug release (21). The commercial product used for 

treating periodontitis, like Atridox®, employs 5% or 10% DH as the antibacterial 

agent, loaded into a 33.03% PLA solution. This formulation ensures sustained drug 

release for a minimum of 7 days (204, 205). In this study, the Lv-loaded Eudragit® L-

based ISM formulations demonstrated the capability to regulate drug release for a 

duration of two weeks, utilizing a lower polymer concentration compared to Atridox®. 

These developed ISMs offer a promising alternative as a sustainable local drug 

delivery system for the periodontal pocket, contributing to enhanced patient 

compliance owing to reduced frequency of drug administration (190, 206). 

Furthermore, based on the literature review, the MIC of Lv against S. aureus, E. coli, 

and P. gingivalis was reported as 0.12 µg/mL (167), ≤0.12 µg/mL (168), and 8 µg/mL 

(207), respectively. Through calculations involving 0.4 grams of the formulation, the 

prepared cups were then submerged in 50 mL of PBS. The concentration of the 

complete drug release from this study was 43.75 µg/mL (representing 100% release). 

As a result, with an 18.29% drug release or after approximately 4 h, all formulations 

could reach the MIC of Lv against P. gingivalis and the other tested microbe. 
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Figure 21. Release of the drug from Lv-loaded Eudragit® L-based ISM formulations 

(n = 3) (mean ± S.D). 

 

 The estimated parameters obtained from fitting the release profiles to various 

equations such as zero order, first order, Higuchi’s, and power law equations, along 

with the corresponding regression coefficient (r²) values and MSC, are presented in 

Table 5. All the release profiles exhibited compatibility with the Korsmeyer-Peppas 

equation, showing distinctively high r² and MSC values. The constant 'k' encompasses 

structural and geometric characteristics of the device, while 'n' represents the release 

exponent indicating the mechanism of drug release. In the case of LVM, the drug 

released fitted well with a first-order equation (with r² and MSC values of 0.9744 and 

3.3211, respectively), suggesting a behavior dependent on the drug concentration 

gradient or a fraction of remaining drug in the solution. For the drug release profile of 

Lv-loaded Eudragit® L-based ISMs, the r² and MSC values, along with the diffusion 

exponent value 'n' (around 0.45), indicated a strong adherence to Higuchi’s equation. 

This finding implied that their drug release kinetics followed Fickian diffusion. It's 

worth noting that although their release profiles aligned well with Higuchi’s equation, 

the k value in the Higuchi equation decreased significantly with increasing polymer 

concentration. This decrease was attributed to the denser Eudragit® L matrix retarding 

the diffusion of the drug into the release medium. Similar observations of hydrophilic 

drug release from other polymer or fatty acid-based ISGs also largely aligned with 

Higuchi’s equation, reflecting Fickian diffusion kinetics (184, 208). 
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Table 5. Regression coefficient (r²) value, MSC, and diffusion exponent value (n) 

extracted from the drug release profile of Lv-loaded Eudragit® L-based ISM 

formulations fitted using various mathematical equations. 

 

4.2.5. Scanning electron microscopy (SEM) 

Within the visual representations in Figure 22, SEM images provide insights 

into the surface and cross-sectional topographies of dried remnants from drug-free 

Eudragit® L-based ISMs (LM10, LM15, and LM20). Importantly, a prominent 

scaffold-like topography is observed in both the surface and cross-sectional views for 

LM10. This characteristic appearance of a scaffold, featuring polymeric fibrous 

networks, confirmed the effective promotion of polymer separation facilitated by 

solvent exchange. In contrast, higher polymer loading led to a denser surface, while 

larger fibrous structures were observed in the cross-sectional aspect. This structure 

exhibited numerous spherical polymer particles interconnected to form a continuous 

fibrous network. The size of internal voids within the structure decreased with an 

increase in polymer concentration. Especially, this topographical pattern resembled 

that of the dried remnants from Eudragit® RS-based ISGs, as reported previously (21, 

179, 180). Eudragit® L exhibits solubility within the pH range of 5.5 to 6.0, making it 

suitable for delivering medication to the ileum. On the other hand, Eudragit® S offers 

release within the pH range of 7.0, allowing for medication delivery to the large 

intestine (52). SEM images of the developed ISMs, captured after the release study, 

revealed the presence of pores within the inner matrix. The density of these pores 

varied based on the polymer content. This observation suggests that the drug 

diffusion, along with solvent from the matrix or in situ forming scaffold, contributed 

to the formation of both pores and a scaffold-like structure within the ISGs, allowing 

for drug release into the surrounding medium (209). The porosity and connectivity of 

pores were shown to reflect the path of solvent migration, leading to the formation of 

the Eudragit® scaffold and subsequent drug release. However, the dissolution of 

Eudragit® L in pH 6.8 PBS could occur steadily, influenced by the polymer content. 

Higher polymer content resulted in a more compact structure and reduced matrix 

dissolution. 

An SEM image of Lv powder displayed rod-shaped crystalline particles 

(Figure 23A). SEM images of the surface and cross-section topographies of remnants 

from Lv-loaded 10%, 15%, and 20% Eudragit® L-based ISMs after 7 days of drug 

release were shown in Figure 23B. The absence of drug crystals in the remnants 

suggested that a small amount of drug might have dispersed at a molecular level 

within the polymer matrix, and some dispersed drugs had already dissolved from the 

Formula 

Zero Order First Order Higuchi’s Korsmeyer-PEPPAS 

r2 MSC r2 MSC r2 MSC r2 MSC k ± SD n ± SD 
Release 

Mechanism 

LLM10 0.8048 1.3742 0.8683 1.9759 0.9058 2.5144 0.9770 3.5961 3.344 ± 1.837 0.444 ± 0.050 Fickian diffusion 

LLM15 0.7118 0.9164 0.8872 2.0854 0.8945 2.0844 0.9503 2.6867 2.603 ± 0.666 0.367 ± 0.028 Fickian diffusion 

LLM20 0.7941 1.2387 0.9090 2.3402 0.9188 2.3419 0.9320 2.3732 1.856 ± 0.819 0.444 ± 0.055 Fickian diffusion 
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matrix. The increased concentration of Eudragit® L notably led to denser surface and 

inner topographies in the resulting polymer matrix. LLM20 demonstrated more 

effective drug release prolongation than LLM15 and LLM10 due to its denser 

topographic matrix with higher polymer content. Comparatively, the porosity of drug-

loaded ISM remnants was noticeably lower than that of drug-free ISM remnants. The 

inclusion of the hydrophilic drug altered the formulation's polarity and potentially 

facilitated solvent exchange, leading to an accelerated phase separation of the 

polymer, resulting in smaller fibrous formations. Furthermore, as mentioned in 

Section 4.2.1, the presence of Lv decreased the viscosity of the prepared ISMs. The 

nucleation and growth mechanism of the polymer in the dilute phase played a role in 

the phase separation process, while the spinodal de-mixing occurring during the 

membrane formation process contributed to the development of interconnectivity 

between the membranes (210). Alterations in solution viscosity induced by the 

inclusion of a hydrophilic drug have the potential to influence the rate of phase 

separation. Consequently, this can lead to variations in matrix morphology, similar to 

the effects observed with the addition of polyvinyl pyrrolidone (PVP) when producing 

polyethersulfone hollow fiber membranes (211). The morphology of this membrane 

was examined in relation to the viscosity of the spinning solution. The inclusion of 

PVP resulted in a reduction in solution viscosity, facilitating rapid precipitation and 

leading to the creation of a distinct pore structure reminiscent of finger-like 

formations within the membrane (211, 212).  

As depicted in Figure 23B, the decrease in viscosity resulting from drug 

loading, as discussed in Section 4.2.1. Physical appearance, viscosity and rheology, 

injectability, contact angle, and mechanical properties, could accelerate the phase 

separation of Eudragit® L from the solution, resulting in a less pronounced pore 

structure and a diminished finger-like appearance in the remnants of drug-loaded 

ISMs. Previous studies have indicated that higher polymeric concentrations contribute 

to the gel's resistance against the influx of water and the efflux of solvent, primarily 

due to the formation of a less porous structure (213). Consequently, these SEM 

images underscore the observed slowdown in drug release from Eudragit® L matrices, 

as discussed earlier in Section 4.2.4. Drug content and release of Lv-loaded 

Eudragit®-based ISMs. The morphology displayed by these remnants clearly 

highlights the unique porous structure, providing evidence of solvent exchange as a 

governing mechanism that regulates drug release from Eudragit® L-based ISM 

matrices. 
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Figure 22. Scanning electron microscopy (SEM) images depicting the surface and 

cross-section of freeze-dried remnants from Eudragit® L-based ISM formulations 

subsequent to a 7-day release test, captured at magnifications of 1000× and 5000×. 
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Figure 23. SEM images showcasing Lv powder (A); along with the surface and cross-

section of freeze-dried remnants derived from Lv-loaded Eudragit® L-based ISM 

formulations, magnified at 1000× and 5000× (B). 
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4.2.6. In vitro degradation 

The in vitro degradation behavior, expressed as the percentage of mass loss for 

the three drug-loaded formulations, is presented in Table 6. The mass loss observed in 

our study is primarily attributed to the diffusion of the drug and MP, along with the 

dissolution of Eudragit® L through interaction with the release medium. The 

degradation process of drug delivery systems can be characterized by changes in the 

weight or molecular weight of their constituents, such as polymers (214). The Table 6 

highlights that ISM formulations with higher concentrations of Eudragit® L exhibited 

lower percentage mass loss. Evidently, the three ISMs displayed significantly 

different values on days 1 and 3 (p < 0.05), with LLM10 showing significantly higher 

mass loss compared to LLM20 on days 5 and 7 (p < 0.05). The immersion of these 

ISMs in the release medium triggered the formation of a porous matrix structure 

through solvent exchange. Consequently, the primary mass loss from the ISMs 

stemmed from the diffusion of MP and the drug release, both of which were 

influenced by the porosity and tortuosity of the Eudragit® L matrices, as discussed in 

the preceding SEM section. It is important to note that the degradation of polymeric 

structures like Eudragit® L does not result from enzyme or acidic conditions. Thus, 

the predominant mass loss observed in this study was attributed to solvent leakage 

from the matrix depot and gradual dissolution of Eudragit® L. The complete mass loss 

was achieved at 14 days, as indicated in Table 6, confirming the gradual nature of 

Eudragit® L dissolution. The higher concentration of the matrix-forming agent led to a 

denser matrix structure with higher tortuosity, impeding the diffusion of MP and drug 

molecules into the external medium. Consequently, this phenomenon contributed to 

reduce in vitro degradation and prolonged drug release.  

The steep slope observed in the early hours of the drug release profile likely 

resulted from the rapid release of the drug initially loaded onto or near the surface of 

the Eudragit® L matrix. This was followed by sustained release of the drug distributed 

within the inner polymeric matrix. In a separate study, a composite material composed 

of polyurethane and Eudragit® L as nanofibers, fabricated using the electrospinning 

technique, demonstrated favorable mechanical properties and in vitro cell 

biocompatibility. These findings suggest that the material holds promise for 

applications involving drug-eluting stent covers (53). The integration of DNA plasmid 

for gene delivery and low molecular weight heparin delivery into nanoparticles 

crafted from this polymer ensemble has received clinical approval in the United States 

of America, Japan, and Europe. Importantly, these nanoparticles exhibit minimal 

toxicity (215). Eudragit® L 100 is a methacrylic acid and methyl methacrylate-based 

anionic copolymer (52). Its intended site for drug release is the jejunum, and it 

undergoes dissolution at a pH level exceeding 6 (52). Eudragit® L is a pH-dependent 

polymer that gradually and consistently dissolves at a pH level higher than 6. The 

degradation rate is influenced by the quantity of polymer present. Lower polymer 

content accelerates both the rate and extent of degradation. This outcome suggests the 

potential utility of this system in the development of drug delivery systems for 
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periodontal pockets. The inherent in vitro degradation over time emphasizes its 

applicability for such purposes. 

Table 6. Mass loss observed in the in vitro degradation test of Lv-loaded Eudragit® L-

based ISM formulations. The superscripts (a-d) in the column indicate significant 

distinctions among the tested formulations (p < 0.05). 

 

 

4.2.7. X-ray computed microtomography (μCT) 

µCT is employed for the internal visualization of scanned solid objects, 

facilitating the acquisition of 3D geometrical details and properties. This technique 

relies on the concept that internal characteristics of a solid object exhibit density 

and/or atomic composition variations (216). Its application encompasses the in vitro 

measurement of implant porosity and pore size (217). Figure 24 depicts the µCT 

images obtained from a synchrotron light source, showcasing the remnants of LLM15 

and LLM20. However, the relatively delicate LLM10 was excluded from the 

assessment, as it couldn't maintain its features over an extended duration under 

synchrotron light examination. The 3D volume and cross-sectional views with voids 

within the LLM15 and LLM20 remnants are presented. Remarkably, the LLM20 

remnant exhibits a less pronounced void structure compared to that of LLM15. Due to 

the pronounced contrast predominantly between solid phases and air, this method is 

suitable for quantifying the porosity of the studied object (216).  

Furthermore, the concurrent analysis of the 3D structures revealed that the 

percentage of porosity (%porosity) in LLM20 was lower than that in LLM15. This 

observation corresponded with the in vitro release behavior and the surface 

characteristics observed through SEM imaging. Consequently, the presented µCT data 

served as supportive evidence. It's worth noting that µCT imaging has previously been 

utilized for assessing the longitudinal degradation quantification and intra-articular 

biocompatibility of a hydrogel based on an acyl-capped triblock copolymer, poly[E-

caprolactone-co-lactide)-b-poly(ethylene glycol]-b-poly[E-caprolactone-co-lactide] 

(218). 

 
 

 

Formula 
Weight Loss (%) 

Day 1 Day 3 Day 5 Day 7 Day 14 

LLM10 85.39 ± 0.32 a 91.96 ± 0.98 b 94.53 ± 1.46 c 94.96 ± 1.21 d 100.00 ± 0.00 

LLM15 80.22 ± 2.90 a 86.95 ± 1.97 b 87.91 ± 0.54 92.57 ± 1.92 100.00 ± 0.00 

LLM20 72.81 ± 1.85 a 82.02 ± 1.4 b 85.95 ± 1.98 c 90.21 ± 1.80 d 100.00 ± 0.00 
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Figure 24. X-ray tomography image and percentage porosity determination using X-

ray tomography, performed on the freeze-dried residual material subsequent to a 7-

day drug release test of Lv-loaded Eudragit® L-based ISM formulations. 

 

4.2.8. Antimicrobial activities 

The inhibition zone diameter of solvents, drug-free, and Lv-loaded Eudragit® 

L ISMs against various microbial strains, including S. aureus (ATCC 6538, 6532, and 

25923), MRSA (ATCC 4430), E. coli ATCC 8739, C. albicans ATCC 10231, P. 

gingivalis ATCC 33277, and A. actinomycetemcomitans ATCC 29522, has been 

determined through antimicrobial activities testing via the cup agar diffusion method, 

and the results are summarized in Table 7. These tested bacterial and fungal species 

are commonly associated with periodontitis disease. Particularly, the principal 

obligates anaerobic pathogen bacteria linked to adult periodontitis have been 

identified as P. gingivalis and A. actinomycetemcomitans (219, 220). Nonetheless, 

further research is warranted to discern the precise functions that each of these species 

assumes, both independently and in combination with other species, in the 

progression of periodontal degradation. Occasional isolation of S. aureus from 

periodontal pockets of individuals with aggressive periodontitis has been observed, 

and E. coli has at times been identified as a microorganism in patients with 

periodontitis (35). Unlike many other types of infections, all the microorganisms 

believed to contribute to periodontal disease are naturally present in the oral 
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microbiota. One specific example is C. albicans, which is associated with cases of 

stubborn refractory periodontitis (221). 

The findings of this study indicate that MP exhibited a minor inhibitory effect 

on the growth of all tested microorganisms, as outlined in Table 7. Previously, it has 

been reported to possess antimicrobial efficacy against three organisms: S. mutans, E. 

faecalis, and E. coli. Importantly, the bactericidal activity was observed at 

concentrations of 50%, 25%, and 50%, respectively (222). Typically, organic solvents 

like MP possess the potential to disrupt lipids present in microbial cell walls. 

Consequently, they can hinder microbe growth. In the case of the drug-free Eudragit® 

L-based ISM, its capacity to inhibit microbe growth was comparatively lower than 

that of its solvent, and this inhibition exhibited a dependence on polymer 

concentration. This effect can be attributed to the higher viscosity and more 

substantial matrix formation, which notably impeded the movement of MP from the 

ISM into the inoculated agar media. As a result, higher polymer concentrations led to 

diminished antimicrobial activity. This observation was confirmed by the fact that 

LM15 and LM20 exhibited no antimicrobial activity against S. aureus 25923, whereas 

the solvent and LM10 demonstrated an inhibition zone. This role of the polymer in 

retarding solvent diffusion and impacting antimicrobial activities has been previously 

documented in drug-free borneol-based ISGs (174). 

 

Table 7. The clear zone diameter of MP, drug-free, and Lv-loaded Eudragit® L-based 

ISM formulations were measured against various strains, including S. aureus (ATCC 

6538, 6532, and 25923), MRSA (ATCC 4430), E. coli ATCC 8739, C. albicans 

ATCC 10231, P. gingivalis ATCC 33277, and A. actinomycetemcomitans ATCC 

29522 (n = 3). 

The superscripts (a-g) within the column indicate notable differences among the examined 

formulations, with statistical significance at p < 0.05. 

 Clear Zone Diameter (mm.) Mean ± S.D. 

Formula 
S. aureus   

ATCC 6538 

S. aureus 
ATCC 4430 

S. aureus   

ATCC 6532 

S. aureus 

ATCC 25923 

E. coli  
  ATCC 8739 

C. albicans   

ATCC 10231 

P. gingivalis 

ATCC 33277 

A. 

actinomycetemco

mitans ATCC 

29522 

MP 12.7 ± 0.5 13.0 ± 0.8 12.3 ± 0.5 10.3 ± 0.5 14.7 ± 0.5 18.7 ± 1.2 17.0 ± 2.2 26.3 ± 0.5 

LM10 11.7 ± 0.5 10.7 ± 0.5 11.7 ± 0.5 9.8 ± 0.2 12.0 ± 0.8 16.7 ± 0.5 12.0 ± 0.8 23.7 ± 0.5 

LM15 10.5 ± 0.4 10.7 ± 0.5 10.7 ± 0.5 - 12.0 ± 1.4 16.0 ± 0.8 15.0 ± 1.4 23.3 ± 0.5 

LM20 10.3 ± 1.2 9.7 ± 0.5 11.3 ± 1.2 - 12.7 ± 1.2 15.0 ± 0.8 13.3 ± 1.2 22.3 ± 0.5 

LVM 26.3 ± 0.9 a 25.3 ± 0.9 b 26.0 ± 0.8 c 25.3 ± 0.5 d 25.3 ± 0.9 e 20.0 ± 1.6 f 26.0 ± 0.8 g >40 

LLM10 26.7 ± 0.5 23.3 ± 0.5 23.3 ± 1.2 23.3 ± 0.5 23.3 ± 0.9 15.3 ± 2.1 25.3 ± 1.2 >40 

LLM15 25.3 ± 0.5 22.7 ± 0.5 b 21.7 ± 0.5 c 22.7 ± 1.2 d 22.3 ± 0.5 e 16.0 ± 0.8 f 23.3 ± 1.2 >40 

LLM20 24.3 ± 0.5 a 21.3 ± 0.9 b 20.3 ± 0.5 c 20.7 ± 0.5 d 22.0 ± 0.8 e 14.7 ± 0.9 f 21.3 ± 0.5 g >40 
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Due to the lack of a polymeric matrix and free drug spreading, the LVM 

solution served as the control group, exhibiting the largest inhibition zone diameter. 

This zone was larger than that of the drug-free formulations (p < 0.05) against nearly 

all of the tested microorganisms (Table 7). Evidently, all drug-loaded ISMs exhibited 

significantly larger inhibition diameters than the free-drug-loaded ISMs (p < 0.05), 

confirming their antimicrobial activity against all microorganisms, with the exception 

of C. albicans. It's worth mentioning that Lv lacks activity against fungi (132). 

Consequently, LLM10, LLM15, and LLM20 exhibited no significant differences in 

the clear zone when compared to LM10-20. This observation implies that the 

antifungal activity against C. albicans primarily stemmed from the solvent, as their 

clear zones closely resembled that of the solvent. Furthermore, there was a discernible 

trend of decreasing inhibition clear zone diameter corresponding to higher Eudragit® 

L concentrations, indicating a retardation of drug diffusion into the inoculated media. 

These findings align with the viscosity of ISMs and their drug-release behaviors. 

 Additionally, all developed drug-loaded ISMs were capable of inhibiting S. 

aureus 25923. Thus, the Eudragit® L matrices, after undergoing phase transformation, 

delayed drug movement by sustaining drug release and consequently reducing the 

inhibition zone diameter. Noticeably, some ISMs loaded with higher polymer 

concentrations, such as LLM15 and LLM20, displayed significantly smaller inhibition 

zone diameters than LVM (p < 0.05), as demonstrated in Table 7. Analogous findings 

have been previously reported for matrices resulting from ISM phase transitions, 

which were fabricated using diverse matrix-forming agents in in situ forming systems. 

These matrix-forming agents include borneol (174), natural resins (181, 186, 223), 

cholesterol (224), polymers (182, 225), and saturated fatty acids (208).  

The inhibition zone diameter of drug-loaded formulations against A. 

actinomycetemcomitans ATCC 29522 exceeded 40 mm, which prevented a direct 

comparison of efficacy between the formulations. Nevertheless, this outcome 

underscored the potent inhibitory activity of these formulations against this pathogen. 

Thus, the effective Lv ISM presents an appealing localized dosage form for controlled 

drug release in the treatment of periodontitis. Notably, the use of medicated ISM has 

demonstrated improved clinical outcomes compared to scaling and root planning 

alone. This could be attributed to the presence of MP, which possesses antimicrobial 

properties and also serves as a suitable vehicle for delivering the drug into the 

periodontal pocket. Among the formulations, LLM15 displayed favorable 

characteristics such as appropriate viscosity, acceptable injectability, and retained 

scaffold structure, as confirmed by µCT imaging and SEM. Furthermore, this ISM 

exhibited sustained drug release above the MIC against key pathogens like P. 

gingivalis. Thus, LLM15 stands out as a promising ISM formulation for periodontitis 

treatment. Importantly, both Eudragit® L and MP are recognized for their safety and 

non-toxic nature. While existing safety data and applications suggest their suitability 

for injectable dosage forms, further clinical experimentation is necessary to determine 

the safety and therapeutic efficacy of the developed LLM15 ISM. 
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4.3. Summary 

The investigation employed MP as a solvent for dissolving both Eudragit® L 

and Eudragit® S, alongside Lv, to create solvent removal phase-inversion-based ISM. 

Among these options, the Eudragit® L-based formulation in MP was selected for drug 

incorporation and subsequent exploration as an ISM for a periodontal pocket delivery 

system. This decision was based on the favorable physical attributes of this 

formulation, including lower viscosity and ease of injection, in addition to its matrix-

forming capability. The phase transition process involved the transformation of the 

initially cloudy Eudragit® L matrix solution into a solid-like matrix subsequent to 

exposure of the ISM to the aqueous environment of PBS and agarose gel. This 

transition was driven by the gradual diffusion of MP from the ISM into water, leading 

to the solidification of the matrix over a specific time frame. An interface interaction 

study was conducted to provide insights into the movement of the solvent and the 

formation of the ISM matrix, facilitated by tracking the behavior of fluorescence dyes. 

All of the developed Lv-loaded Eudragit® L-based ISMs exhibited the capability of 

sustaining drug release over a duration of two weeks, following the principles of 

Fickian drug diffusion kinetics. The amounts of released drug surpassed the MIC 

required to inhibit the growth of the tested microorganisms. SEM and µCT images 

unveiled the development of scaffold-like structures within the ISMs. These structures 

displayed a denser topographic pattern and reduced porosity, These structures 

displayed a denser topographic pattern and reduced porosity, attributes attributed to 

higher polymer content, which in turn resulted in diminished levels of in vitro 

degradation. Among the formulations, LLM15 demonstrated several desirable 

characteristics, including appropriate viscosity, Newtonian flow behavior, effective 

matrix formation, and injectability. Furthermore, it exhibited extended drug release 

over a period of 14 days and robust antimicrobial activity against a range of 

microorganisms, such as S. aureus (ATCC 6538, 6532, and 25923), MRSA (ATCC 

4430), E. coli ATCC 8739, C. albicans ATCC 10231, P. gingivalis ATCC 33277, and 

A. actinomycetemcomitans ATCC 29522. Consequently, LLM15 holds significant 

promise as an ISM formulation for the treatment of periodontitis. While both MP and 

Eudragit® L possess established safety profiles in various medical applications, the 

newly developed LLM15 ISM warrants further clinical experimentation to assess its 

safety and therapeutic effectiveness when used in combination.  
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Moxifloxacin HCl-loaded nitrocellulose ISM for periodontal 

pocket delivery 

 

4.4. Nitrocellulose-based ISM 

4.4.1. Physical appearance, viscosity and rheology and injectability 

Nc readily dissolves in NMP and DMSO, whereas its solubility in GF is 

comparatively lower than in Py. Figure 25 illustrates the visual appearance of 15% 

w/w Nc solutions and 0.5% w/w Mx-loaded 15% w/w Nc solutions in different 

solvents. All solutions exhibited clarity. Solutions prepared in Py, DMSO, and GF 

displayed a slight yellowish coloration. The flow characteristics of the solutions 

varied based on the solvent used, which corresponded directly to the obtained 

viscosity results. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25. Visual comparison of 15% w/w Nc solutions and 0.5% w/w Mx-loaded 

15% w/w Nc solutions in different solvents. 
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Figure 26. A) Viscosity measurements of drug-free and Mx-incorporated Nc-based 

ISMs. B) Shear stress and shear rate relationship of the tested formulations. C) 

Injection force and energy results from the injectability test for drug-free and Mx-

incorporated Nc-based ISMs. The symbols * and ** indicate significant differences (p 

< 0.01) among the tested formulations. 

 

The viscosity effects of various solvents on Nc solutions and Mx-loaded Nc 

solutions are depicted in Figure 26A. NMP usage as the solvent led to lower viscosity 

in both solutions compared to DMSO, Py, and GF. Remarkably, employing GF as the 

solvent for drug-free and drug-loaded Nc solutions resulted in significantly higher 

viscosity (p < 0.01). The viscosities measured for DMSO, GF, Py, and NMP were 

4.52 ± 0.01, 17.20 ± 0.20, 13.76 ± 0.20, and 4.88 ± 0.20 cPs, respectively. Thus, the 

choice of solvent played a role in determining the viscosity of the prepared ISMs. 
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Typically, a solvent with strong affinity for dissolving a compound can reduce the 

solution's viscosity due to dominant substance-solvent interaction over substance-

substance interaction (226). The addition of Mx clearly increased the viscosity of all 

ISM solutions, attributed to the substitution of solvent with dissolved drug molecules. 

All these solutions exhibited Newtonian flow behavior, displaying a linear 

relationship between shear stress and shear rate, as depicted in Figure 26B. The extent 

of 3D network formation within the Nc molecule directly correlated with a substantial 

increase in the viscosity of these formulations. The Newtonian flow characteristics 

make these formulations suitable for injection dosage forms, as medical professionals 

can administer them through a needle by exerting force on a syringe plunger to expel 

the formulation via the stainless-steel needle (176). When examining the outcomes at 

a polymer concentration of 15% w/w, the shear stress and viscosity of the Nc solution 

in NMP were comparable to those of EC and exceeded the values of Eudragit® RS 

and bleached shellac ISGs in NMP, in line with prior findings (227). 

The injectability of the fluid through a syringe and needle, quantified by the 

force and energy required, is depicted in Figure 26C. The selection of solvent notably 

influenced the maximum force and energy necessary for injection. All formulations 

were considered suitable for use as injectable dosage forms, as the applied force 

remained below 50 N (228). Evidently, the maximum force and energy needed for 

injecting drug-free and drug-incorporated Nc solutions in GF were significantly 

higher (p < 0.01) compared to those dissolved in Py, DMSO, and NMP. This 

observation is consistent with previous findings that indicated higher values for zein 

ISM in GF compared to DMSO (229). The energy required for injecting these Nc 

ISM solutions was lower compared to that required for polymeric ISGs containing 

15% w/w bleached shellac (11.73 mJ) and 15% w/w Eudragit® RS (8.04 mJ) (227). 

The maximum injection force for all the ISMs studied in this research remained below 

5 N, signifying comfortable injection and meeting the criteria for minimal discomfort 

at the injection site (176). Consequently, all the formulated drug-free and Mx-

incorporated Nc-based ISMs were determined to be appropriate for utilization as 

injectable drug delivery systems, providing convenient administration and ensuring 

patient comfort and compliance (176). 

 

4.4.2. Water tolerance 

The initial phase separation of hydrophobic polymers like Nc within ISMs 

through solvent removal phase-inversion with water becomes apparent through the 

observed turbidity during titration with distilled water (198, 208). The capacity of 

ISMs to tolerate water without undergoing phase separation, referred to as water 

tolerance, can be assessed based on the cloud point or the minimal percentage of 

water required. Lower water tolerance indicates a higher susceptibility to phase 

separation upon exposure to water or a reduced ability of the ISM to withstand water. 

Figure 27 illustrates the water tolerances of drug-free ISMs. Conspicuously, Nc ISMs 
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dissolved in DMSO exhibited significantly lower water tolerance (p < 0.05) compared 

to those in NMP and Py. The drug-loaded formulations 0.5Mx15NcGf, 

0.5Mx15NcPy, 0.5Mx15NcD, and 0.5Mx15NcN had % water amounts inducing 

phase separation recorded as 12.50 ± 0.72, 15.44 ± 0.89, 10.14 ± 1.06, and 11.73 ± 

0.74%, respectively. However, these values did not exhibit a significant difference 

compared to NMP, although there was a tendency for them to be lower. In DMSO 

systems, fatty-acid-based ISGs required less water to reach the endpoint compared to 

systems utilizing NMP as a solvent. This disparity is attributed to DMSO's greater 

water miscibility resulting from its higher polarity (189). The enhanced polarity of 

water in comparison to the solvent present in ISMs contributed to the accelerated 

phase separation of fatty acids from DMSO. As the aqueous phase infiltrated the ISM 

system and heightened its polarity, the dissolved fatty acids, including Nc, were no 

longer capable of maintaining their state within the system, resulting in the formation 

of a cloudy mass. This decrease in water tolerance due to higher concentrations of 

matrix-forming agents has been documented in studies involving ibuprofen-based 

ISGs (230) and fatty-acid-based ISGs (198, 208). In comparison, all Nc ISMs 

displayed greater susceptibility to water-induced phase separation than ibuprofen-

based ISGs. This difference stemmed from the fact that the Nc macromolecule was 

more prone to separation from the solvent in the presence of a non-solvent, unlike 

smaller molecules. Given the small volume of this injectable delivery system, it could 

potentially come into contact with crevicular fluid within the periodontal pocket, 

triggering phase separation. Prominently, the water tolerances of the ISMs were 

confined to levels below 18% w/w (Figure 27), indicating that the system could 

swiftly approach its saturation point due to the escalating hydrophilicity of the system 

and the limited aqueous solubility of Nc. 

 

Figure 27. Percentage of water amount and amount of water at cloud point of drug-

free and Mx-incorporated Nc-based solutions after titration with deionized water at a 

temperature of 25 °C (n = 3). The symbols * and ** indicate significant differences (p 

< 0.05) among the tested formulations.  
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4.4.3. Matrix formation of Mx-loaded Nc-based ISM 

Upon injection into PBS in a test tube and agarose wells, the prepared Nc-

based ISMs transitioned from a solution into an opaque mass, forming a distinct ring, 

as depicted in Figure 28. This opaqueness signified the phase inversion of Nc upon 

encountering water in both PBS and agarose. Comparable observations of such solid-

like opaque formations have been documented for ISGs based on natural resins (183, 

223) and bleached shellac (194, 227) when exposed to aqueous environments, 

attributed to their swift phase transformations (230). Importantly, the selection of 

solvent exerted an influence on the behavior of matrix formation. The Nc present in 

DMSO formulations underwent a notably swift transformation. This can be attributed 

to DMSO's higher polarity and water miscibility compared to other solvents, which 

facilitated rapid water diffusion and induced solvent exchange (189). Moreover, as 

previously discussed, Nc's heightened sensitivity to water expedited this phase 

separation process. The relatively rapid transformation of all Nc-ISMs during 

injection renders them more practically suitable for treating periodontitis. This 

attribute enhances patient compliance and reduces the risk of formulation leakage 

from the periodontal pocket (231). However, it remains essential to ensure their 

capability for controlled drug release and effective antimicrobial activity, particularly 

against periodontitis-causing pathogens. 
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Figure 28. Matrix formation upon injecting formulations into pH 6.8 phosphate buffer 

(a) and after contact with agarose gel (b) of drug-free Nc-based ISM formulations, 

and gel formation after injection of the formulations into the phosphate buffer pH 6.8 

(c) and after contact with agarose gel (d) of Mx-loaded Nc-based ISMs with different 

time intervals under a stereomicroscope. 
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4.4.4. Drug content and release of Mx-loaded Nc-based ISMs 

The drug content in samples of Mx dissolved in different solvents, including 

0.5MxN, 0.5MxPy, 0.5MxGf, and 0.5MxD, was determined to be 98.27 ± 1.01%, 

97.61 ± 0.33%, 99.05 ± 1.06%, and 100.71 ± 0.83%, respectively. Meanwhile, the 

drug content in drug-incorporated ISMs, namely 0.5Mx15NcN, 0.5Mx15NcPy, 

0.5Mx15NcGf, and 0.5Mx15NcD, was measured at 96.46 ± 0.86%, 98.11 ± 0.82%, 

97.43 ± 1.27%, and 96.45 ± 0.52%, respectively. The release of Mx from solutions 

without Nc addition exhibited a rapid release pattern, reaching a plateau within 3 h 

(Figure 29). In contrast, a slower drug release was observed for all Mx-loaded Nc-

based ISMs, with a notable reduction in burst drug release due to the incorporation of 

Nc. These drug-incorporated Nc-based ISMs showcased a gradual release of Mx 

during the initial phase of the release profiles. Interestingly, 0.5Mx15NcPy displayed 

a steeper release at a later stage, indicating a more pronounced and unobstructed 

release behavior compared to other ISMs. This behavior aligns with the increased 

pore formation observed in the SEM analysis for 0.5Mx15NcPy. In comparison, the 

15% bleached-shellac-based ISG exhibited sustained drug release of approximately 

70% over 54 h, emphasizing the pivotal role of polymer concentration in controlling 

the drug release mechanism (227). The addition of water-soluble additives has been 

explored as a means to influence the drug release profile. For instance, the 

incorporation of PEG 1500 has been shown to decrease burst release and enhance 

sustained release in an Eudragit® RS ISG (180). The incorporation of easily water-

soluble compounds can facilitate drug release by promoting high porosity, which in 

turn leads to increased erosion and subsequent drug release. Commercial products like 

Atridox® containing DH, utilizing PLA as a polymeric material, have successfully 

controlled drug release for a period of 1 to 2 weeks (232). 

The fitting of drug release profiles, as presented in Table 8, suggests that all 

ISMs primarily undergo diffusion-controlled drug release, aligning well with 

Higuchi's equation. Additionally, the estimated "n" values from the Korsmeyer-

Peppas equation closely correspond to Fickian diffusion mechanisms. This implies 

that Mx diffuses through the Nc mass subsequent to its phase inversion into a matrix 

state. As the solvent content within the ISM diminishes over time, the matrix 

gradually transforms into a more solid-like matrix. The relatively sharper drug release 

observed in the initial phase could be attributed to drug diffusion through the matrix 

state, followed by a slower release through the more solid matrix in the later phase of 

the release profile. A similar release pattern has been observed for substances like DH 

and vancomycin HCl released from natural-resin-based ISGs (183, 223). It's 

important to note that the drug release process is irreversible, as the transformed Nc 

mass cannot dissolve back into the release medium. 
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Figure 29. Mx release from Nc-based ISM formulations using the cup method (n = 3). 

 

 

Table 8. Regression coefficient (r²) and diffusion exponent (n) values derived from 

drug release profiles of Mx-incorporated Nc-based ISMs fitted to various 

mathematical equations. 

 

 

 

 

 

 

 

Formula Zero Order First Order Higuchi’s Korsmeyer-Peppas 

 r2 r2 r2 r2 n Release Mechanism 

0.5Mx15NcD 0.6475 0.4541 0.8074 0.9155 0.298 ± 0.057 Fickian diffusion 

0.5Mx15NcGf 0.7150 0.6826 0.8765 0.7805 0.278 ± 0.012 Fickian diffusion 

0.5Mx15NcPy 0.9086 0.8892 0.9786 0.9705 0.458 ± 0.047 Fickian diffusion 

0.5Mx15NcN 0.5725 0.3375 0.7547 0.8492 0.247 ± 0.053 Fickian diffusion 
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4.4.5. Scanning electron microscopy (SEM) 

The SEM images displayed in Figure 30 offer a visual representation of the 

surface topography of Mx-loaded Nc-based ISMs formulated using various solvents. 

These images clearly demonstrate the substantial variation in morphology among 

these ISMs based on the solvent employed. The choice of solvent notably impacted 

the surface topography, as depicted in Figure 30a. Specifically, the remnant of 

0.5Mx15NcD, following a two-week drug release period, displayed a relatively 

smooth surface with no apparent pores. Conversely, the remnants of 0.5Mx15NcN 

and 0.5Mx15NcGf exhibited distinctive rough and undulating surfaces adorned with 

various open pores. Among them, the surface of 0.5Mx15NcN exhibited a more 

uniformly distributed arrangement of open pores in comparison to 0.5Mx15NcGf. 

Importantly, the remnant surface of 0.5Mx15NcPy displayed larger open pores. 

Cross-sectional views of these ISMs displayed an interconnected porous structure, as 

depicted in Figure 30b. The presence of a more porous structure on the surface 

remnants was associated with the heightened drug release observed in 0.5Mx15NcGf, 

as mentioned earlier. No residual Mx crystals were visible in the remnants, indicating 

that the drug release had nearly reached completion. Upon contact of the ISM with an 

aqueous solution, solvent diffusion into the aqueous phase occurred at varying rates 

due to solvent exchange. This subsequent phase separation of Nc resulted in the 

immediate formation of a sponge-like structure with a porous surface (229). 

In contrast, the topography of the Nc sponge showcased a more uniform and 

interconnected cellular structure compared to the zein sponge-like ISM remnant 

discussed in earlier studies (229). The existence of pores within the sponge structure 

acted as conduits for the release of drug molecules from the internal matrix. The 

generation of these pores in ISMs is commonly influenced by the speed of solvent 

exchange (223, 229). Research conducted on propolis and benzoin-based ISGs has 

indicated that a slower rate of matrix formation leads to increased drug release. 

Additionally, benzoin-based ISGs possessing hydrophobic traits are better suited for 

controlling drug release (223). Hence, the properties related to matrix formation and 

the speed of solvent exchange play a pivotal role in influencing drug release patterns 

and the sponge-like surface structure of ISM matrices. 

Upon interaction with an aqueous phase or bodily fluids, ISMs undergo a 

phase inversion process within Nc solutions. This process results in the polymer 

separating into a matrix state and subsequently forming a solid matrix-like structure. 

A parallel can be drawn between this process and the critical physicochemical 

parameters that govern drug release modulation in PLGA in situ implants, as 

elaborated by Parent et al. (233). The components utilized in ISGs can also be adapted 

for creating in situ forming scaffolds, a technique often employed in tissue 

engineering endeavors (233, 234). Examination of the remnants through 

microphotographs following the release test highlights the existence of pores within 

the matrix, underscoring the pivotal role of solvent exchange in regulating drug 

release from Nc-based ISM matrices. 
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Figure 30. SEM images depicting surface (a) and cross-section (b) views of freeze-

dried Mx-loaded Nc-based ISMs captured at varying magnifications (500x, 1000x, 

and 5000x). 
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Figure 30. SEM images depicting surface (a) and cross-section (b) views of freeze-

dried Mx-loaded Nc-based ISMs captured at varying magnifications (500x, 1000x, 

and 5000x) (continued). 
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4.4.6. In vitro degradation 

The primary objective of this study was to explore the in vitro degradation 

patterns of the Nc-incorporated ISMs by quantifying the mass loss. The percentage of 

in vitro degradation for these ISMs during a one-week period is graphically illustrated 

in Figure 31, and the corresponding values for %wex (weight loss due to extractables) 

and %wobt (weight loss due to biodegradation) are calculated and detailed in Table 9. 

To evaluate in vitro degradation, the ISMs were subjected to incubation within a 

release medium at a specific pH, which is a commonly employed approach for 

degradation assessment (235). A rapid initial decrease in mass was observed across all 

ISMs within the first day, highlighting the diffusion of both Mx and the solvent into 

the release medium through solvent exchange. As the steady state of solvent and drug 

release was achieved, the overall mass loss of the ISMs progressively escalated, 

eventually reaching a plateau. This behavior was significantly influenced by water 

absorption. Among the ISMs evaluated, 0.5Mx15NcPy exhibited a slightly reduced 

percentage of degradation in comparison to the other formulations. This trend 

corresponded to its lower drug release during the initial phase. 

The degradation parameters %wex and %wobt have been previously utilized to 

evaluate the in vitro degradation of ISMs based on Eudragit® polymers for controlled 

periodontal drug delivery (236). %wex reflects the degradation considering that the 

formed matrix remained intact and the solvent was completely removed, inclusive of 

the weight of the released drug. Conversely, %wobt accounts for the degradation of the 

formed matrix and is anticipated to be lower than %wex. A higher %wobt compared to 

%wex signifies incomplete solvent exchange, indicating that the system required a 

longer duration to achieve complete solvent exchange. In this study, the %wobt values 

of all ISMs at the concluding time point were found to be lower than %wex, signifying 

the degradation of the formed matrix in all ISMs. The gradual erosion of the Nc 

matrix from the scaffold could occur over the course of time in the release medium, 

providing additional evidence for the degradation of the formed matrix. These 

findings underscore the potential of this system for effective drug delivery within 

periodontal pockets. 

The degradation rate and extent of degradation are often influenced by the 

polymer content. In the case of these ISMs, the relatively lower polymer content 

contributed to a higher degradation rate and a more significant amount of degradation. 

In contrast, commercial products like Atridox® utilize a higher polymer content 

(37.5% PLA in NMP) to achieve controlled drug release (232). The observed % 

degradation in this study was affected by factors such as the solubility of the drug, the 

composition of the solid matrix, and the miscibility of the solvent. Nc, known for its 

non-toxic properties, has been explored in diverse applications such as immobilizing 

nucleic acids and proteins in blotting techniques, as well as in wound-healing 

bandages (99, 101, 103). Therefore, Nc demonstrates promising potential as a 

valuable polymer for serving as the primary constituent in ISMs designed for the 

treatment of periodontitis. 
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Figure 31. Percentage of mass loss observed in Mx-loaded Nc-based ISMs (n = 3). 

 

Table 9. Degradation parameters for Mx-incorporated Nc-based ISMs. 

* Denotes a significant difference (p < 0.05) among the analyzed formulations. 

 

4.4.7. X-ray computed microtomography (μCT) 

X-ray computed tomography (μCT) is a non-destructive imaging technique 

that offers three-dimensional insights into the internal features and characteristics of 

objects (237). In this research, synchrotron-based X-ray tomographic images of the 

remnants from Mx-loaded Nc-based ISMs are showcased in Figure 32. The images 

portray the three-dimensional volume of the remnants on the left, while the cross-

sectional views on the right unveil the presence of internal pores within the remnants, 

providing valuable data about their porosity. The application of X-ray tomographic 

imaging in this study brings several advantages over traditional SEM. While SEM 

delivers detailed information about specific regions, X-ray tomography permits a 

holistic examination of the entire remnant structure. The X-ray tomography images 

Day 
% Obtained Remaining Weight (%wobt) % Experimental Remaining Weight (%wex) 

0.5Mx15NcD 0.5Mx15NcGf 0.5Mx15NcPy 0.5Mx15NcN 0.5Mx15NcD 0.5Mx15NcGf 0.5Mx15NcPy 0.5Mx15NcN 

1 14.2 21.7 26.9 17.5 21.6 27.2 33.7 28.7 

3 13.6 18.2 17.6 16.8 15.2 23.4 29.2 22.4 
5 13.8 16.3 * 17.0 15.4 13.4 20.5 25.1 20.7 

7 12.5 14.6 * 16.2 15.2 13.1 19.6 22.6 20.9 
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not only validated the sponge-like surface topography of the remnants but also offered 

insights into their internal structures that might not be fully captured by SEM. 

The remnant of 0.5Mx15NcN exhibited a higher porosity compared to 

0.5Mx15NcD, 0.5Mx15NcPy, and 0.5Mx15NcGf, as indicated in Figure 32. This 

disparity in porosity could be attributed to structural alterations that took place during 

the freeze-drying process. The remnants displayed features resembling macrovoids or 

finger-like structures, resembling the architecture of an asymmetric membrane with a 

thin upper skin layer supported by a sublayer of finger-like projections. This finger-

like structure formation typically involves two sequential processes: pore initiation 

and subsequent growth (238). During the liquid-liquid phase separation process of the 

Nc-based solution, the emergence of Nc-rich and Nc-lean phases triggers the 

inception of nuclei that contribute to the formation of finger-like structures. These 

nuclei primarily develop beneath the upper layer and their growth is contingent upon 

the condition of the solution at the interface of the phase separation (239). The 

spontaneous generation of scaffold-like structures is a distinctive trait of injectable in 

situ forming systems for bioactive compound delivery. Consequently, X-ray 

tomographic imaging proves to be an invaluable technique for examining and 

visualizing the three-dimensional shapes and porosity attributes of these systems. It 

offers significant insights into the inner structure and porosity of the remnants, 

thereby assisting in comprehending and characterizing the Nc-based ISMs. 
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Figure 32. X-ray tomography image and percentage porosity via X-ray tomography of 

freeze-dried Mx-incorporated Nc-based ISMs. 
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4.4.8. Antimicrobial activities 

A comprehensive overview of the zone of inhibition (ZOI) diameters for 

solvents, Nc solutions, drug-free Nc ISMs, and Mx-loaded Nc ISMs when tested 

against a range of microbial strains, including S. aureus ATCC 6538, S. aureus ATCC 

43300 (MRSA), S. aureus ATCC 6532, S. aureus ATCC 25923, A. 

actinomycetemcomitans ATCC 29522, and P. gingivalis ATCC 33277, is provided in 

Table 10. Illustrative images from the antimicrobial tests against S. aureus ATCC 

4430 (MRSA), P. gingivalis ATCC 33277, and A. actinomycetemcomitans ATCC 

29522 are depicted in Figure 33. These microorganisms are relevant to periodontitis, 

with P. gingivalis and A. actinomycetemcomitans being particularly associated with 

the disease. S. aureus is known to be present in periodontitis (240) and its biofilm-

forming ability can lead to antibiotic resistance challenges (241, 242). The organic 

solvents NMP, DMSO, Py, and GF are commonly employed in the production of 

depot dosage forms owing to their established safety profiles and minimal toxicity 

(85, 110, 118, 243). Among the tested solvents, Py exhibited stronger antimicrobial 

activity against the tested microbes in comparison to NMP. Meanwhile, GF and 

DMSO demonstrated comparatively lower activities than Py and NMP, as detailed in 

Table 10. These solvents possess the capability to dissolve lipid components present 

in bacterial cell envelopes, thereby interfering with nutrient transport processes within 

the bacteria. As a result, these solvents are well-suited for integration into ISMs, 

functioning as delivery systems for antimicrobial agents in the treatment of infectious 

diseases. By leveraging their ability to enhance penetration and permeability through 

cell membranes, they can augment the overall effectiveness of antimicrobial 

treatments (107, 244, 245).  

Upon incorporating the Nc polymer into the solvent systems, a noticeable 

reduction in the ZOI was observed for all solvents, as detailed in Table 10. This 

decrease in ZOI can be attributed to the heightened viscosity introduced by the 

presence of Nc, coupled with the absence of inherent antibacterial properties within 

Nc. In numerous instances, the drug-free Nc-based ISMs displayed significantly 

narrower ZOIs in comparison to their corresponding solvents (p < 0.05). The 

integration of the Nc network, once dissolved within the ISMs, effectively hindered 

solvent diffusion, resulting in escalated environmental viscosity and subsequently 

leading to the reduction in ZOI. 

However, the incorporation of the antibacterial drug Mx notably augmented 

the antibacterial effectiveness of both the polymer-free ISMs and the Nc-based ISMs. 

The presence of Nc substantially decreased the ZOI values for nearly all the prepared 

ISMs (p < 0.05). Despite this reduction, a substantial and significant ZOI remained 

evident against all the tested microbial strains. This underscores the efficacy of Mx, a 

fourth-generation fluoroquinolone antibiotic, in inhibiting the growth of the tested 

bacteria. While bacteria are linked to periodontal disease, successful treatment also 

involves shielding against inflammation and oxidative stress. Consequently, the 

incorporation of antimicrobials, antioxidants, and anti-inflammatory agents alongside 

osteogenic active components into drug delivery systems has emerged as an intriguing 
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avenue (246, 247). Furthermore, it is important to explore the potential for 

optimization in the development of ISMs through the utilization of design of 

experiments (DOE) (248). Nowadays, a multitude of cutting-edge technologies, 

including foam engineering (249), metal-doped graphene models (250), metal-

coupled fullerene synthesis (251), and nanocages, hold promise for advancing drug 

delivery systems like ISMs. These innovations warrant exploration to potentially 

enhance their utility as intelligent and targeted drug delivery approaches (252). 

Interest in engineered metal-organic frameworks (MOFs) with controlled sizes for 

biomedical applications has grown significantly in recent decades (253-255). The 

tunable porosity, chemical composition, size, shape, and surface functionalization 

capabilities of MOFs make them increasingly attractive for drug delivery purposes; 

therefore, the application of MOFs as drug delivery features for ISMs should be of 

interest for further investigations. 

 

 

Figure 33. Photographs depicting the inhibition zones of 0.5Mx15NcP (upper-left 

cup), 0.5Mx15NcD (upper-right cup), 0.5Mx15NcN (lower-left cup), and 

0.5Mx15NcGf (lower-right cup) ISM formulations against S. aureus 43300 (MRSA) 

(a), P. gingivalis (b), and A. actinomycetemcomitans (c) (n = 3). 
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Table 10. Inhibition zone diameters of solvents, drug solutions, drug-free Nc-based 

ISMs, and Mx-incorporated Nc-based ISM formulations against different strains of S. 

aureus, P. gingivalis, and A. actinomycetemcomitans (n = 3). 

“-“ = no inhibition zone; the asterisk “*” indicates a significantly (p < 0.05) lesser inhibition zone 

diameter than that obtained using the pure solvent; the asterisks “**” indicate a significantly lesser 

inhibition zone diameter than that obtained using the drug-loaded solvent; established by using one-

way ANOVA followed by an LSD post-hoc test. 

 

4.5 Summary 

The study examined the impact of different solvents, such as NMP, DMSO, 

Py, and GF, on the physical and chemical characteristics as well as the bioactivity of 

Mx-incorporated Nc-based ISMs designed for delivering drugs to periodontal pockets. 

Among the investigated parameters, the viscosity and the force necessary for injecting 

drug-free and Nc-containing ISMs were notably elevated when GF was employed as 

the solvent, in comparison to Py, DMSO, and NMP. All the tested formulations 

demonstrated a Newtonian flow behavior, and they underwent a transition from a 

liquid solution to a matrix-like state over time when exposed to an aqueous 

environment. This transformation led to the formation of a more solid-like matrix 

structure. Despite this transformation, the injection force required for these ISMs 

remained low, indicating their ease of administration and high level of acceptability. 

This characteristic ensures convenient delivery and patient compliance. Among the 

solvents studied, the Nc-based ISMs prepared in DMSO displayed a higher sensitivity 

to water, leading to a more rapid matrix transformation. However, all the Nc-based 

ISMs exhibited water sensitivity and underwent a phase transition from a clear 

solution to an opaque matrix upon exposure to water. This behavior highlights their 

potential as in situ forming dosage forms triggered by aqueous environments. The 

incorporation of Nc into the ISMs contributed to prolonged drug release, with the Nc 

Formula 

Inhibition Zone + S.D. (mm) 

S. aureus 

6538 

S. aureus 43300 

(MRSA) 

S. aureus 

6532 

S. aureus 

25923 

P. gingivalis 

ATCC 33277 

A. 

actinomycetemco

mitans ATCC 

29522 

NMP 15.0 ± 0.8 15.7 ± 0.5 14.0 ± 0.8 13.7 ± 0.5 15.7 ± 0.5 42.0 ± 1.6 

2-PYR 17.7  ± 0.5 18.7 ± 0.9 16.7 ± 1.2 15.7 ± 0.5 20.7 ± 0.9 42.3 ± 0.5 

DMSO 11.3 ± 0.5 12.0 ± 0.0 10.0 ± 0.8 9.7 ± 0.5 17.3 ± 0.5 26.3 ± 0.9 

Glycerol formal 11.3  ± 0.5 11.3 ± 0.5 11.0 ± 0.8 13.3 ± 0.5 16.0 ± 0.8 32.0 ± 0.8 

15NcN 11.3 ± 0.5 * 13.7 ± 1.2 14.0 ± 1.6 11.7 ± 1.2 12.0 ± 0.8 34.7 ± 0.9 * 

15NcPy 12.0 ± 0.8 * 15.7 ± 1.2 * 13.7 ± 1.2 12.7 ± 0.5 * 13.7 ± 1.7 * 34.7 ± 1.2 * 

15NcD 9.7 ± 0.5 10.0 ± 0.8 10.3 ± 0.5 - * 14.3 ± 1.2 21.3 ± 0.5 * 

15NcGf - * 12.0 ± 0.8 12.7 ± 1.2 10.0 ± 0.0 15.0 ± 0.8 29.7 ± 1.2 * 

0.5MxN 32.0 ± 0.8 31.3 ± 0.5 33.0 ± 0.8 30.3 ± 0.5 29.0 ± 2.4 44.3 ± 0.5 

0.5MxPy 33.3 ± 0.5 32.3 ± 0.5 33.3 ± 0.9 32.7 ± 0.5 25.7 ± 0.9 45.0 ± 0.8 

0.5MxG 37.7 ± 1.2 37.0 ± 0.8 38.0 ± 0.8 35.3 ± 0.5 34.7 ± 0.5 45.0 ± 0.8 

0.5MxD 37.7 ± 0.5 37.7 ± 0.5 37.7 ± 0.9 35.3 ± 0.9 32.7 ± 0.9 45.7 ± 0.9 

0.5Mx15NcN 28.7 ± 0.5 ** 29.7 ± 1.2 30.0 ± 1.6 27.0 ± 0.8 ** 25.7 ± 0.9 39.7 ± 0.5 ** 

0.5Mx15NcPy 26.7 ± 0.5 ** 28.3 ± 0.5 ** 28.0 ± 0.8** 27.0 ± 0.0 ** 27.0 ± 0.8 40.7 ± 0.5 ** 

0.5Mx15NcGf 32.7 ± 0.5 ** 31.0 ± 0.0 ** 32.7 ± 0.5 30.0 ± 0.0 ** 26.7 ± 0.5 ** 41.0 ± 0.8 

0.5Mx15NcD 33.7 ± 0.5 ** 31.7 ± 0.5 ** 34.0 ± 0.8** 29.3 ± 1.2 ** 27.3 ± 0.9 ** 43.3 ± 0.5 ** 
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matrix effectively controlling the release of Mx for up to two weeks in simulated 

crevicular fluid. Additionally, the initial burst release of the drug was mitigated by the 

presence of Nc in the ISM matrix. SEM and X-ray imaging demonstrated that the 

choice of solvent influenced the formation of distinct sponge-like 3D structures and 

porosity within the dried Nc scaffold. This phenomenon was attributed to the process 

of solvent exchange occurring with the release medium, alongside the simultaneous 

outward diffusion of the solvent. As a result, the primary mass loss during drug 

release could be attributed to these mechanisms. Incorporating Nc into the ISMs had 

the effect of mitigating both solvent and drug diffusions, which consequently led to a 

reduction in the diameter of the zone of bacterial growth inhibition. This outcome 

indicated that Nc had a substantial impact on modulating the release behavior and 

antimicrobial activity of the ISMs. Nonetheless, the developed Mx-incorporated Nc-

based ISMs proved to be highly effective in inhibiting the growth of various strains of 

S. aureus, including MRSA, as well as the two pathogens associated with 

periodontitis, namely A. actinomycetemcomitans and P. gingivalis. This success 

underscores the potential of the localized delivery of Mx via the fabricated Nc-based 

ISMs. These ISMs, formulated using DMSO and NMP as solvents, which undergo a 

transformation into matrices upon exposure to aqueous conditions, act as carriers for 

Mx-incorporated Nc matrices and subsequent matrices. This strategy enables 

sustained drug release while maintaining efficient antibacterial activity. Nevertheless, 

further investigations through clinical experiments are imperative to evaluate the 

efficacy and safety of these Mx-incorporated aqueous-induced Nc-based ISMs 

comprehensively. 
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Levofloxacin HCl-loaded zein ISM for periodontitis 

treatment 

 

4.6. Zein-based ISM  

4.6.1. Viscosity and rheological behavior 

The impact of varying zein concentrations on the apparent viscosity of ISM 

formulations is portrayed in Figure 34a. As the zein concentration rises, there is a 

concurrent increase in the apparent viscosity of the ISM formulations. The viscosities 

for Lv20ZD, Lv25ZD, Lv20ZG, and Lv25ZG were 376.37 ± 1.90, 759.09 ± 2.32, 

1353.85 ± 14.37, and 7694 ± 6.08 cP, respectively. Additionally, employing DMSO 

as a solvent resulted in lower viscosity due to its lower viscosity and zein's more 

soluble nature compared to GF. Generally, using a suitable solvent for dissolving a 

substance can decrease the viscosity of the mixture by favoring substance-solvent 

interactions over substance-substance interactions (226, 256-258). The presence of 

dissolved zein led to an increase in viscosity in the formulations due to its large 

protein structure in the solution (259). While zein is generally insoluble in water, it 

behaves as a globular protein in nonaqueous solutions, demonstrating conformational 

characteristics similar to those of more conventionally behaving globular proteins 

(260). The intrinsic viscosity of bleached shellac dissolved in NMP was found to be 

higher compared to its dissolution in DMSO and PYR. This suggests that NMP is an 

effective solvent for dissolving shellac (226, 256). Polymers exhibit varying chain 

configurations in different dispersing fluids due to their distinct affinities with 

solvents (256). The interaction between polymers and solvents is particularly 

pronounced in dilute polymeric solutions, leading to increased viscosity as solvent 

power increases. Conversely, at higher polymer concentrations, poor solvents exhibit 

higher viscosity compared to good solvents (257).  

Nevertheless, the viscosity of zein ISM systems increased when the drug was 

incorporated due to a lower solvent content in the system (258, 260-262). This leads 

to an increase in viscosity within these systems. Previously, various polymers like EC, 

bleached shellac, Eudragit® RS, PLA, and PLGA have been explored as matrix-

forming agents in ISG systems. However, these materials often result in high-

viscosity ISGs with compromised injectability (194, 262). As an illustration, ISGs 

based on 25-35% (w/w) PLA and PLGA exhibit viscosities ranging from 

approximately 44,200 to 204,400 cPs (262). Hence, the zein-based ISM demonstrated 

lower viscosity. However, viscosity also impacts the diffusion of substances within 

the solidifying matrix. Higher viscosity typically hinders water penetration and drug 

diffusion, leading to reduced initial burst drug release and delayed polymer 

degradation. 

The rheological characteristics of the prepared ISM formulations are depicted 

in Figure 34b. All the formulations displayed a linear correlation between shear stress 

and shear rate. The shift of the curve towards higher shear stress values was attributed 



 
 87 

to the more condensed zein structure within the formulations. As a result, the prepared 

formulations demonstrated a Newtonian flow pattern. These findings were consistent 

with a previous study reporting Newtonian flow behavior in polymer solutions (263). 

Furthermore, the increased formation of a three-dimensional network within the zein 

molecules corresponded to a significant elevation in the viscosity of these 

formulations (260, 261). Given their Newtonian flow behavior, these formulations 

have been deemed suitable for injection-based dosage forms. This is particularly 

relevant in medical and dental applications, as injections through needles are feasible, 

with the force applied to the syringe plunger effectively expelling the formulation 

through the stainless steel needle (176). 

 

Figure 34. Viscosity (a) and shear stress-shear rate relationship (b) of zein-loaded 

ISM formulations at 25 °C. The data is presented in triplicate.  

 

4.6.2. Injectability 

In the context of dosage form design, ISMs are intended for precise 

administration through targeted injections into the human body. Thus, the formulation 

needs to be in a fluid state to ensure painless and efficient injection (264). Moreover, 

the use of a higher force of expulsion indicates reduced injectability. The force and 

energy required for injection, obtained from the injectability assessment of the 

formulated preparations, are presented in Table 11. Evidently, ZG25 and LvZG25 

formulations necessitated greater force and energy for injection compared to the other 

formulations (p-value < 0.05), particularly zein in DMSO-based formulations. 

Additionally, with an increase in zein concentration from 20% w/w to 25% w/w in 

both DMSO and GF formulations, the work needed to expel the formulation through 

the needles also demonstrated a significant increase (p < 0.05), aligning with the 

observed viscosity outcomes (265). This highlights the significant influence of solvent 

type and zein concentration on the required force and energy for injection. 

Nevertheless, the findings indicated that most ISM formulations demanded a 

relatively lower injection force (<5 N). Especially, despite the higher force of 
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injectability associated with the ISM system prepared using GF as a solvent compared 

to other formulations, it could still be comfortably administered through the employed 

needle. Interestingly, despite the higher viscosity attributed to the polymeric nature of 

zein-based ISM systems, their expulsion work was evidently lower than that of 

bleached shellac, EC, and Eudragit® RS ISG systems (194, 258). Practically, the 

complete expulsion of each solution required less than 50 N.mm, underscoring their 

suitability within the acceptable injection criteria (228). 

 

Table 11. Injectability characteristics of zein-loaded ISM formulations (n = 3).  

 

 

 

 

 

 

The superscripts (a–g) in the column represent a significant difference within the tested formulations (p 

< 0.05). 

 

4.6.3. Matrix formation  

Upon injection of the formulation into PBS at pH 6.8, a process of solvent 

removal phase-inversion ensued. Consequently, the outer portion of all formulations 

swiftly formed an opaque skin, while the matrix transitioned into a pale-yellow solid 

mass, as depicted in Figure 35. Typically, the expedited phase separation rate of the 

ISM was attributed to the presence of a higher concentration of loaded polymer (258). 

Upon contact with the PBS solution, formulations containing higher zein 

concentrations (20% and 25%) underwent an instantaneous transformation into a 

matrix state, descending to the bottom of the PBS. With an increase in zein content, 

the matrix appeared cloudier, resembling a solid-like matrix. The observation of a 

solid-like opaque appearance was reminiscent of what is seen in PLGA-based ISGs 

after exposure to an aqueous phase, attributed to the polymeric phase inversion 

process (266). Furthermore, the choice of solvent (GF and DMSO) also influenced the 

initiation of matrix formation (208). Zein-based formulations dissolved in DMSO 

exhibited a faster transformation into a gel matrix compared to those in GF 

formulations. This disparity is attributed to DMSO's higher polarity and greater 

miscibility with water, which promotes faster water diffusion and facilitates solvent 

elimination. Viscosity also played a role in the matrix formation of the ISM system. 

Specifically, ZG's higher viscosity in comparison to ZD resulted in reduced water 

diffusion within the system. Consequently, the rapid phase inversion of ZD, 

Formula Injectability Force 

(N) 

Work of injectability (N.mm) 

20ZD 1.02 ± 0.08 7.51 ± 0.15c 

25ZD 1.19 ± 0.05 9.13 ± 0.21c, e 

20ZG 1.07 ± 0.10a 13.75 ± 0.95f 

25ZG 3.02 ± 0.04a 42.31 ± 1.23f 

Lv20ZD 1.00 ± 0.04 7.09 ± 0.17 d 

Lv25ZD 1.14 ± 0.03 12.34 ± 0.21d, e 

Lv20ZG 1.15 ± 0.06b 15.20 ± 0.40g 

Lv25ZG 3.07 ± 0.13b 44.75 ± 1.14g 
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transitioning from a solution to a matrix-like state, was apparent due to its lower 

viscosity facilitating solvent exchange (124). Nonetheless, all zein-based ISMs 

exhibited a swift and full transformation within just 30 minutes. This rapid 

transformation during the injection process enhances the practicality of periodontitis 

treatment, boosts patient compliance, and prevents any inadvertent formula leakage 

from the periodontal pocket (231). 

 

Figure 35. Matrix formation of drug-free and Lv-loaded zein-based ISM formulations 

upon injection into phosphate buffer at pH 6.8.  

 

Additionally, the investigation into the transformation of these zein-based 

ISMs within agarose agar yielded insights into the matrix formation process. A 

thinner opaque layer emerged over time, marking the transformation at the interface 

of the contact surface (depicted in Figure 36). The phase transition of zein-based 

ISMs initiated the development of an outer matrix layer initially, with the polymer 

interior gradually evolving into a stable matrix. In all formulations, a matrix layer 

formed within the first minute upon contact with the aqueous phase of the agarose gel. 

Subsequently, Lv20ZD and Lv25ZD formulations displayed complete opaque matrix 

formation within 25 minutes. Due to its lower viscosity, DMSO effectively facilitated 

the matrix formation of the zein-based ISMs compared to GF, as the rate of solvent 

exchange played a crucial role in driving the matrix formation process (181, 182). The 

sequence of solvent viscosity followed the pattern: GF > triacetin > PYR > isopropyl 

myristate > NMP> DMSO [53]. Notably, ISM systems dissolved in DMSO exhibited 

swift matrix formation due to the solvent's relatively high polarity. This polarity 

facilitated rapid diffusion of DMSO into water, expediting solvent removal and 

thereby promoting the matrix formation process (226, 267). Comparatively, the dense 
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matrix obtained from drug-free and Lv-loaded 25% zein ISMs seemed to act as a 

barrier that slowed down the process of solvent exchange, thereby hindering the 

complete formation of an opaque matrix. The more porous gel-like matrices of drug-

free and Lv-loaded 25% zein ISMs almost entirely filled the agarose well, as depicted 

in Figure 36. The incorporation of Lv appeared to enhance the zein matrix formation. 

Consequently, the presence of dissolved Lv contributed to the acceleration of matrix 

formation in the exchange region due to its hydrophilic nature. Additionally, for 

periodontitis treatment, a 5% DH ISG transformed into a matrix by utilizing a 30% 

w/w Eudragit® RS matrix-forming agent (194), whereas, a concentration of 0.75% 

vancomycin HCl facilitated the process of gel formation in saturated fatty acid-based 

ISG, which is intended for patients with joint infections following total knee 

arthroplasty (208). The efficient transformation indicated the high permeability of the 

formed matrices to aqueous substances. A small volume of less than 50 µL of ISM 

loaded with antibacterial agents could be easily injected into the periodontal pocket 

for the treatment of periodontitis (34, 231). Therefore, the crevicular fluid could 

interact with this substantial surface area relative to the ISM's mass, prompting a 

phase transition within the zein matrix that governs the modulation of drug release. 
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Figure 36. Matrix formation of drug-free and Lv-loaded zein-based ISM formulations 

upon contact with agarose gel at various time intervals, visualized under a 

stereomicroscope, magnified at 12×. 
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4.6.4. Drug content and release of Lv-loaded zein-based ISMs 

The Lv content percentages in the LvD, LvG, Lv20ZD, Lv25ZD, Lv20ZG, 

and Lv25ZG formulations were found to be 100.08 ± 0.74%, 97.41 ± 0.16%, 102.62 ± 

0.82%, 101.46 ± 0.88%, 98.46 ± 0.82%, and 99.11 ± 1.06%, respectively. These 

formulations were prepared through a simple mixing process, resulting in Lv content 

close to 100%. Subsequently, the drug-loaded zein ISMs underwent in vitro 

cumulative drug release assessment using the cup method, designed to replicate the 

conditions within a periodontal pocket (183, 194). Indeed, several researchers have 

utilized the cup method to investigate the drug release characteristics of in situ 

forming drug delivery systems. In this context, the cup method has been applied to 

study the sustained release of DH from various ISGs, including those formulated with 

EC, beta-cyclodextrin, and PLGA (49, 148, 193). The control groups, represented by 

LvD and LvG, exhibited complete drug release at 28 h and 36 h, respectively. In 

contrast, the zein-based ISMs demonstrated a gradual release of Lv over a span of 7 

days when exposed to a PBS pH 6.8 solution (Figure 37). Remarkably, formulations 

with higher concentrations of zein loading exhibited extended Lv release profiles. 

Additionally, the utilization of GF as a solvent led to a slower release of the drug from 

the ISMs. This phenomenon can be attributed to the denser matrices created by the 

high-loading polymers, effectively sustaining the release of the drug. These matrices 

acted as barriers, impeding the removal of solvent and diffusion of the drug, which in 

turn contributed to the prolonged release pattern (193). In addition, the less viscous 

DMSO series ISM exhibited enhanced water entry and a consequent faster release of 

Lv into the medium compared to the GF series ISMs.  

The use of GF as a solvent along with a 25% zein concentration notably 

prolonged the release of Lv, as depicted in Figure 37. This observation underscores 

the effective role of zein as the matrix-forming agent within the ISM, efficiently 

regulating the drug release process. Atridox®, a commercial product utilizing DH- 

loaded into a 33.03% PLA solution, was able to sustain drug release for a period of 7 

days (205, 268). Periodontitis is commonly treated by dentists through the cleaning of 

the periodontal pocket using an irrigating solution. This is often followed by flushing 

the pocket with an irrigating solution, such as chlorhexidine mouthwash, aimed at 

reducing the presence of plaque bacteria. Subsequently, the pocket may be treated 

with a sustained-release antibacterial dosage form for extended antibacterial action 

(44). Therefore, the Lv-loaded zein-based ISM formulation from this study effectively 

achieved a controlled release of the drug over a period of 7 days. As a result, these 

zein-based ISMs demonstrated their ability to provide sustained release of Lv in the 

affected pocket area, which can contribute to improved patient compliance due to the 

reduced need for frequent drug administration (269). 
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Figure 37. Lv release from zein-based ISM formulations via the cup method (n = 3). 

In the context of non-swellable cylindrical matrices, the Korsmeyer-Peppas 

equation assigns values of 0.45 and 1.0 to Fickian and case-II transport mechanisms, 

respectively (156). When the calculated n value falls between 0.45 and 1.0, the release 

behavior is classified as non-Fickian (156, 270). A value of n = 1 corresponds to a 

zero-order release pattern (270, 271). Table 12. presents the regression coefficient (r2) 

values and diffusion exponent (n) values resulting from fitting the drug release profile 

of Lv-loaded zein-based ISMs to various mathematical equations. Among these 

equations, the first-order kinetic model emerged as the most suitable, suggesting that 

the drug release is influenced by the fraction of remaining drug within the matrix. 

Consequently, the release of Lv is primarily governed by the diffusion of the 

surrounding medium into the composite zein matrix. Conversely, when considering 

drug release from ISMs formed using other matrix-forming agents derived from 

polymers or fatty acids, the majority of cases conformed well to Higuchi's equation, 

indicating a Fickian diffusion mechanism for drug release (208). In contrast, the 

release behavior of DH from formulations containing 5-15% w/w EC, 15-25% w/w 

bleached shellac, and 15-30% w/w Eudragit® RS, as assessed using the cup method, 

exhibited a strong conformity to the first-order model. This suggests that the drug 

release from these formulations is characterized by a fraction of the remaining drug 

within the matrix being released over time (194). The treatment of periodontal 

diseases with metronidazole-loaded polycaprolactone/alginic acid-based polymeric 

films exhibited a release pattern characterized by an initial rapid drug release followed 

by a slower and more gradual release phase.  

This release pattern was accurately described by fitting the experimental data 

to the first-order kinetic model, indicating that the drug release is determined by a 

fraction of the remaining drug within the matrix being progressively released over the 
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course of time (272). Anomalous or non-Fickian diffusion becomes predominant 

when the rates of liquid diffusion and polymer relaxation are similar during 

immersion in the release medium (273). Fickian diffusion occurs when the rate of 

liquid diffusion is slower than the relaxation rate of the polymeric chains. On the 

other hand, case II transport becomes dominant when the relaxation process is 

significantly slower than the diffusion process (273). In general, hydrophilic drugs 

tend to release more rapidly than hydrophobic drugs, especially during the initial 

stages when the ISM is still undergoing solidification. This often leads to a burst 

release of the drug (274). However, these zein-based ISMs managed to achieve a 

gradual drug release without experiencing a burst release. The progressive formation 

of a viscous zein matrix over time, prior to complete transformation into zein 

matrices, effectively slowed down the initial drug diffusion. 

 

Table 12. Regression coefficient (r²) value and diffusion exponent value (n) extracted 

from drug release profiles of Lv-loaded zein-based ISMs fitted to various 

mathematical equations. 
Formula Zero 

order 

First order Higuchi’s Korsmeyer-Peppas 

 r2 r2 r2 r2 n Release mechanism 

LvD 0.9437 0. 9693 0. 9730 0. 9809 0.599 ± 0.055 non-Fickian diffusion 

LvG 0. 9712 0. 9336 0. 9175 0. 9774 0.797 ± 0.054 non-Fickian diffusion 

Lv20ZD 0. 8449 0. 9930 0. 9578 0. 9597 0.530 ± 0.015 non-Fickian diffusion 

Lv25ZD 0. 7644 0. 9774 0. 9228 0. 9542 0.387 ± 0.020 non-Fickian diffusion 

Lv20ZG 0. 8345 0. 9855 0. 9345 0. 9451 0.574 ± 0.045 non-Fickian diffusion 

Lv25ZG 0. 7944 0. 9622 0. 9408 0. 9418 0.477 ± 0.010 non-Fickian diffusion 

 

4.6.5. Scanning electron microscopy (SEM) 

The SEM images displayed the surface and cross-sectional features of Lv-

loaded 20% and 25% zein-based ISM remnants post drug release (Figure 38). The 

images revealed the presence of crystalline Lv particles with varying sizes. The 

concentration of zein played a significant role in determining both the surface and 

inner topographies, particularly the interconnected porous structure of the ISM. 

Apparently, Lv20ZD exhibited a more pronounced porous scaffold structure, which 

correlated with its higher drug release, as previously discussed. When the Lv20ZD 

solutions were introduced into the buffer release medium, the less viscous DMSO-

based formulation swiftly diffused into the aqueous phase through solvent removal 

phase-inversion leading to the simultaneous formation of a porous structure 

characterized by a sponge-like topography and a porous surface (181).  

The pore sizes of the structure exhibited a reduction as the zein content 

increased. This feature was consistent with the in vitro matrix formation process, 

wherein matrices became more solid and opaque with higher concentrations of zein 

(Figure 35). These pores acted as primary conduits for the release of Lv molecules 

from the internal zein gel or matrix into the surrounding release medium. The dense 
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matrix topography was evident both on the surface and in cross-sectional views, 

particularly pronounced in Lv25ZD, contributing to a more effective retardation of 

drug release. The higher-loaded zein formulation, Lv25ZD, displayed a greater 

agglomeration of zein fibers (Figure 38). This phenomenon can be attributed to the 

characteristic behavior of zein as a globular protein in nonaqueous solutions, 

exhibiting conformational traits akin to those of more typical globular proteins (260). 

Furthermore, ISMs with higher viscosity tend to absorb less water, leading to a slower 

diffusion of solvent and resulting in a smoother surface texture (233, 263), and aligns 

with this study. 

However, the SEM image of two ISMs using GF as a solvent showed a 

distinct morphology, lacking the interconnected porous structure as depicted in Figure 

38. There were no residual Lv crystals visible in the remnants, indicating nearly 

complete drug release. However, some crystals were observed in the inner part of the 

zein matrix of Lv25ZG. Both formulations exhibited a combination of dense and 

porous structures. The transformed zein matrices in Lv25ZG were thicker and denser 

compared to the aforementioned ISMs. The lower porosity of Lv25ZG contributed to 

a slower drug release rate than the Lv20ZG matrix.  

The formation of pores in the ISM is influenced by the rate of solvent 

exchange in determining the structural characteristics of the matrix and, consequently, 

the release of the incorporated drug. Solvent exchange is influenced by factors such as 

the zein concentration and the choice of solvent. Higher zein concentration or the use 

of a viscous solvent hindered water entry and solvent leaching, resulting in a less 

interconnected porous structure (213). This characteristic highlights the delayed drug 

release from the zein ISM. The microphotographs of the remnants after the release 

test depicted the formation of pores within the matrix, confirming the role of solvent 

exchange in regulating drug release from the zein ISM matrices. 

. 
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Figure 38. SEM images of freeze-dried Lv-loaded zein-based ISMs at a magnification 

of 5000× 
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4.6.6. X-ray computed microtomography (μCT) 

X-ray tomographic imaging is a non-destructive method used to visualize 

internal structures of solid objects and gather digital data about their 3D shapes and 

characteristics. This technique can be applied using synchrotron sources and various 

available contrast modes for imaging (275). X-ray tomographic images captured using 

a synchrotron light source depict the remnants of Lv-loaded zein-based ISMs in 
Figure 39. The skin-like appearance is particularly prominent in the Lv25ZD remnant, 

leading to a more pronounced retardation of drug release compared to Lv20ZD. 

Noticeably, the Lv25ZD remnant exhibited a lower percentage of porosity than 

Lv20ZD. Furthermore, the 3D analysis revealed that both Lv20ZD and Lv25ZD had 

higher percentages of porosity compared to Lv20ZG and Lv25ZG, respectively. This 

observation suggests that GF solvent might have a slightly negative impact on 

porosity compared to DMSO. 

 Additionally, both Lv25ZD and Lv25ZG showed decreased porosity, 

indicating that higher zein incorporation results in a denser matrix, thus prolonging 

drug release, as previously discussed. The X-ray tomographic images corroborate the 

topography findings from SEM and drug release behavior. Furthermore, the lower 

porosity values observed in the more zein-incorporated ISMs highlight the formation 

of denser matrices and extended drug release. Thus, X-ray tomography provides 

supportive evidence for explaining topographical characteristics observed through 

SEM and drug release behavior. Moreover, the porosity and pore connectivity play a 

crucial role in facilitating solvent removal and drug diffusion in ISM that transform 

into scaffolds. Numerous studies have demonstrated the utility of injectable 

biomaterial dosage forms that form scaffolds in situ for localized or systemic drug 

delivery systems (181, 182, 233, 276). X-ray tomographic imaging proves to be a 

valuable technique for examining the 3D geometries and porosity features of ISM 

systems. 
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Figure 39. X-ray tomography image and percentage porosity (% porosity) 

determination using X-ray tomography of the freeze-dried Lv-loaded zein-based 

ISMs. 
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4.6.7. Antimicrobial activities 

The results presented in Figure 40 illustrate the inhibition zones of solvents, 

drug-free, and Lv-loaded zein ISMs against various microbial strains, including S. 

aureus (ATCC 6538), E. coli ATCC 8739, C. albicans ATCC 10231, and P. 

gingivalis ATCC 33277, as observed in the antimicrobial test. The corresponding 

inhibition diameters for these strains are detailed in Table 13. Notably, these microbe 

species are closely linked to periodontitis disease, with a specific emphasis on 

pathogens such as P. gingivalis ATCC 33277. DMSO and GF are employed as 

organic solvents in the formulation of depot dosage forms due to their proven safety 

profiles and low toxicity. DMSO, in particular, serves as a vehicle for developing 

injectable subcutaneous implants (277, 278). The LD50 values for intravenous and 

subcutaneous injections of DMSO in rats are 5.3 g/kg and 12 g/kg, respectively (279). 

Furthermore, it can serve as a solvent to dissolve the polymer used in the formulation 

of in situ forming implants (280).  

GF is recognized as a parenteral solvent capable of dissolving a broad 

spectrum of aqueous-insoluble compounds (7, 244). It has been utilized as a co-

solvent in veterinary formulations to create highly viscous systems aimed at 

controlling drug release. Additionally, it has found application as an injectable solvent 

for in situ-forming implant systems (7, 87). Furthermore, GF has found utility as a 

solvent in other applications. For instance, it was utilized as the solvent for 

subcutaneous injections of ivermectin in young pigs (281). Additionally, it played a 

role in enhancing the pharmacokinetics of a pyrethroid insecticide, deltamethrin, 

when administered as an injected suspension, leading to a prolonged half-life and a 

slower clearance rate (282). Importantly, the LD100 (lethal dose for 100% of 

subjects) of GF through intravenous injection in mice has been determined to be 3 

g/kg (244, 283). Safety data are available for various medical applications of DMSO, 

GF, and zein; however, the formulations developed in this study need further 

investigation through clinical experiments to ensure their safety. It is noteworthy that 

GF exhibited more potent antimicrobial activity compared to DMSO, particularly 

against C. albicans, though not as effective against P. gingivalis, as indicated in Table 

13. Despite GF having higher viscosity than DMSO, it displayed more efficient 

inhibition of microbial growth. Organic solvents like DMSO and GF have the 

potential to solubilize lipids present in microbial cell walls, thereby inhibiting their 

growth.  

The zein-based ISM without Lv exhibited smaller inhibition zone diameters 

compared to its respective solvent, particularly the 25ZD formulation. This could be 

attributed to the increased viscosity resulting from the addition of zein, which could 

impede the outward diffusion of solvent from the ISMs into the inoculated media. The 

Lv solutions used as the control group displayed significant inhibition zone diameters, 

except for C. albicans. Inhibition against C. albicans appeared to be primarily due to 

the solvent, especially GF, rather than the drug compound itself, as the clear zones 

were smaller than those of the solvents. In contrast, the Lv-zein-based ISM showed 

significantly smaller inhibition zone diameters for S. aureus, E. coli, and P. gingivalis 
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compared to the Lv solutions used as the control group. The incorporation of zein 

slowed down drug diffusion, leading to smaller inhibition clear zones, particularly 

with increasing zein concentration. This observation was consistent with the drug 

release behavior of Lv from the prepared ISMs, as previously discussed. In addition, 

Lv25ZD did not exhibit an inhibition zone against C. albicans. The reduced amount 

of DMSO in combination with the viscous formulation appears to have hindered its 

antifungal activity. Actually, a smaller clear zone was observed as zein loading 

increased. This observation suggests that the zein matrices, subsequent to undergoing 

phase transformation, played a role in slowing down the diffusion of the drug 

outward, which in turn led to a prolonged drug release profile. Additionally, this 

modulation of drug diffusion resulted in a decrease in the diameter of the inhibition 

zone, indicating a correlation between drug release kinetics and the observed 

antimicrobial activity. Similar trends have been previously noted in the context of in 

situ-forming systems that utilize diverse matrix-forming agents, such as PLGA (148), 

natural resins (181, 182), polymers (193, 194), and saturated fatty acids (193). The 

exact roles and contributions of various types and species of microbes in the initial 

stages of periodontal breakdown, whether acting individually or in concert, are still 

not fully understood. Unlike more widespread major infections, all the 

microorganisms implicated in periodontal disease are part of the natural oral flora. 

Typically, C. albicans has been identified as a cause of persistent and challenging 

refractory periodontitis (284). Additionally, S. aureus has been found in the 

periodontal pockets of patients with aggressive periodontitis, while E. coli has been 

recognized as a common microorganism in individuals with periodontitis (35). These 

findings emphasize the complex and localized nature of periodontal disease, with 

indigenous oral microorganisms potentially playing pivotal roles in its development 

and progression. Consequently, an effective ISM designed to inhibit the various 

pathogens associated with periodontitis in a controlled and targeted drug-release 

manner has become a compelling localized treatment option. Practically, the 

medicated ISM has demonstrated superior clinical outcomes when compared to 

conventional scaling and root planing procedures alone. This enhanced efficacy can 

potentially be attributed to the inclusion of GF, which serves not only as an effective 

treatment agent for periodontitis but also as a suitable vehicle for delivering the drug 

into the periodontal pocket.  

Existing commercial products like Atridox®, Atrisorb-D®, and FreeFlow™ 

offer ISGs for periodontitis treatment, but they often incorporate costly matrix-

forming agents. Therefore, the exploration of alternative materials, such as zein as a 

matrix-forming agent, holds promise for the development of novel ISMs. Take 

Atridox® as an example-a subgingival controlled-release product that involves a two-

syringe mixing system. The first syringe contains a flowable polymeric formulation 

comprising PLA dissolved in an organic solvent. Upon mixing, the second pre-filled 

syringe contains DH powder. This approach with pre-filled syringes enhances drug 

stability. Furthermore, the use of Lv-incorporated zein-based ISMs, which undergo 

solvent removal and phase inversion without an aqueous phase or heating, presents a 



 
 101 

potential strategy to prevent drug degradation. In summary, the development of 

innovative ISMs holds promise for improved localized treatment of periodontitis, 

offering efficient drug delivery and potentially overcoming some limitations of 

existing commercial products. 

Lv is a third-generation fluoroquinolone antibiotic known for its broad-

spectrum activity. Lv functions by diffusing through the bacterial cell wall and 

inhibiting enzymes such as DNA gyrase and topoisomerase IV, which are crucial for 

DNA replication (124, 126). Lv has been shown to exhibit varying MIC against 

different microbial strains. Specifically, its MIC against S. aureus, E. coli, and P. 

gingivalis has been reported as 0.12 μg/mL (167), ≤ 0.12 μg/mL (168), and 8 μg/mL 

(169), respectively. In this study, the total concentration of Lv released was 43.75 

μg/mL (100% release). Consequently, formulations, except for Lv25ZG, achieved 

approximately 18.29% drug release, which is equivalent to achieving the MIC of Lv 

against P. gingivalis after around 6 h. These results demonstrate that Lv20ZG and 

Lv20ZD formulations achieved controlled drug release over a span of 7 days while 

effectively maintaining antimicrobial activity against all tested microbes. Nonetheless, 

X-ray imaging indicated that the matrix structure of Lv20ZD was incomplete. As a 

result, Lv20ZG stands out as a more promising ISM formulation for periodontitis 

treatment, with the added advantage of releasing Lv concentrations above the MIC for 

pathogens like P. gingivalis. In practical terms, local drug delivery strategies aim to 

concentrate a high dose of the drug precisely at the target site for optimal therapeutic 

effects. In the case of Lv, its hydrophilic nature and controlled release from the zein-

based solvent removal phase inversion ISM allow for efficient diffusion into the agar 

medium, which contains lower water content compared to the release medium. This 

controlled diffusion effectively inhibits the antimicrobial activities of the released Lv, 

as illustrated in  Table 13. 

 

Figure 40. Photographs of inhibition zones for Lv20ZD (upper-left corner cup) and 

Lv20ZG (upper-right corner cup) ISM formulations against S. aureus (a), E. coli (b), 

C. albicans (c), and P. gingivalis (d), and the control group (LvD) at the bottom cup. 
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Table 13. Inhibition zone dimensions for DMSO, GF, and zein-based ISM 

formulations loaded with Lv against S. aureus, E. coli, C. albicans, and P. gingivalis 

(n = 3). 

Formula 

Inhibition Zone + S.D. (mm) 

S. aureus 

ATCC 6538 

E. coli 

ATCC 8739 

C. albicans 

ATCC 10231 

P. gingivalis 

ATCC 33277 

DMSO 12.3 ± 0.5a 16.0 ± 0.8a 25.7 ± 1.2a 17.3 ± 0.5a 

GF 15.7 ± 1.2c 16.3 ± 0.5c 31.3 ± 1.2c 13.3 ± 0.5c 

20ZD 11.3 ± 0.5 14.0 ± 0.0 13.7 ± 2.1 16.0 ± 0.8 

25ZD - - 10.3 ± 0.5a - 

20ZG 12.7 ± 0.9c 15.0 ± 0.8 14.0 ± 1.4c 14.0 ± 0.8 

25ZG - - 14.7 ± 0.9c - 

LvD 37.7 ± 0.5a, b 38.3 ± 1.2a, b 19.7 ± 1.7a 39.7 ± 1.7a, b 

LvG 37.0 ± 0.8c, d 35.7 ± 0.5c, d 27.3 ± 0.9d 33.7 ± 0.5c, d 

Lv20ZD 34.3 ± 0.5b 32.0 ± 0.8b 16.7 ± 2.1 35.3 ± 1.2b 

Lv25ZD 34.3 ± 0.5b 31.3 ± 0.5b - 29.0 ± 0.8b 

Lv20ZG 34.3 ± 0.5d 30.7 ± 0.5d 17.0 ± 1.4d 29.3 ± 1.7d 

Lv25ZG 32.3 ± 0.5d 29.7 ± 0.5d 12.0 ± 1.6 d 26.0 ± 0.8d 

“- “= No inhibition zone; the superscripts a–d indicate a significant difference (p < 0.05) using one-way 

ANOVA followed by an LSD post-hoc test. 

4.7. Summary 

The successful development of the solvent removal phase inversion zein-based 

ISM formulation was achieved using DMSO and GF as solvents. The viscosity and 

required injection force for the zein ISM prepared with GF were notably higher 

compared to those prepared with DMSO. Additionally, the matrix formation process 

was slower in the case of GF. Higher zein loading resulted in a more prolonged 

release of Lv. The use of GF as a solvent led to the formation of a denser matrix in the 

ISM, which in turn contributed to a more extended drug release profile. SEM and X-

ray imaging unveiled distinct surface topographies and 3D structures of the dried ISM 

samples. The percentage of porosity exhibited a correlation with their phase 

transformation behavior and drug release profiles. The incorporation of zein in the 

formulation led to a retardation of drug diffusion, resulting in smaller inhibition clear 

zones, which was consistent with the drug release behavior observed. The 

concentration of drug release from all formulations surpassed the MIC values required 

against pathogenic microbes, and they exhibited controlled drug release for a duration 

of 7 days. Among these formulations, Lv20ZG demonstrated suitable viscosity, 

Newtonian flow characteristics, acceptable matrix formation, and injectability. 

Furthermore, it sustained Lv release for the entire 7-day period, effectively inhibiting 

the growth of S. aureus, E. coli, C. albicans, and P. gingivalis. Consequently, 

Lv20ZG emerges as a promising ISM formulation for the treatment of periodontitis. 

While zein and GF have established safety profiles in various medical applications, 

further clinical experiments are essential to confirm the safety of this developed ISM 

formulation. 
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A numerical mechanistic modeling of drug release from 

solvent-removal zein-based in situ matrix formulations. 

 

4.8 Model development  

Following the introduction of ISM formulations composed of solvent, 

polymer, and drug into an aqueous environment, the initiation of phase inversion 

within ISMs becomes apparent. This process triggers the rapid formation of a fragile 

shell, composed of a polymer matrix, which envelops a consistent empty area. This 

shell encapsulates an internal core comprising the implant solution, retaining its state 

without undergoing phase inversion. Consequently, this leads to the initial onset of 

drug release. A visual depiction of this phenomenon is provided in Figure 41. The 

movement of the solvent and drug occurs outward, from the interior to the exterior, 

facilitated by their passage through the porous matrix. Concurrently, water diffuses 

inward, from the external environment to the internal void fraction. Upon reaching a 

certain threshold, the polymer precipitates at the interface between the array and the 

solution, thereby promoting an enhanced development of the polymer matrix. As time 

elapses, the volume of the matrix phase progressively increases, causing the inner 

phase to expand due to the diffusion of water. Eventually, complete polymer 

precipitation takes place, resulting in the creation of a matrix that envelops an inner 

region saturated with water (148). 

4.8.1 Characteristics of depot formation  

Drawing from prior research, a mathematical framework has been 

utilized to portray the intricate dynamics of mass concentration concerning 

solvent, polymer, drug, and water within the matrix precipitation and phase 

inversion process (163, 164). The release model pertinent to Lv-loaded zein 

ISM postulates a system of spherical symmetry encompassing three distinct 

phases: the internal liquid phase (1), the solid polymer matrix phase (2), and 

the external bath solution phase (3), as elucidated in Figure 41. 
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Figure 41. The schematic representation provides an overview of the rational design 

strategy and the sequential steps involved in the creation of solvent-removal zein-

based ISM: Prior to injection, an ISM is composed of a solution comprising polymers, 

organic solvents, and drugs (a). Upon ISM formulation injection, the phase-inversion 

process initiates by solvent removal, the polymer intentionally designed to be 

insoluble in water (b), undergoes solidification and transforms into a solid-like matrix 

(c). A The schematic of the Lv-loaded zein ISM release model illustrates an axially 

symmetric model geometry with three different phases: the inner non-phase inverted 

interior phase (r < r1), the polymer matrix phase (r1 < r < r2), and the bath solution 

phase. The diagram includes 𝐶2,𝑘, which represents the drug concentration at the edge 

of the matrix phase, and 𝐾32,𝑘, which represents the drug permeability coefficient 

between the polymer matrix and the exterior phase. 
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4.8.2 Model of transport processes and matrix development 

Interior phase  

The concentration of the drug within the internal depot phase 

experiences alterations influenced by both radial distance and time. This 

behavior is governed by the following diffusion equation: 

𝜕𝐶1,𝑘
𝜕𝑡

=
𝐷1,𝑘
𝑟2

𝜕

𝜕𝑟
[𝑟2

𝜕𝐶1,𝑘
𝜕𝑟

].  (1) 

where 𝐶1,𝑘 represents the drug concentration at the interior phase, 𝑟  is 

the radial distance, 𝑡 is time and 𝐷1,𝑘 denotes the diffusivity of drug 𝑘 through 

the interior phase. 

The spherical symmetry of the system enables the description of 

conditions at the center in the subsequent manner: 

𝑟 = 0 ∶  
𝜕𝐶1,𝑘
𝜕𝑡

= 0   (2) 

The drug concentrations and transport rates at the interface between the 

interior phase and the matrix's void space exhibit continuity. As a result, 

Where 𝐶2,𝑘  signifies the drug concentration within the matrix phase, 

𝐷2,𝑘  represents the diffusion coefficient of species 𝑘, and 𝜀 corresponds to the 

void fraction, denoting the ratio of free space to the total space within the 

matrix.  

Matrix phase  

The drug is enclosed within the void space of the matrix phase. 

Consequently, due to diffusion taking place within this void space, the 

concentrations of species display variations both in terms of radial distance 

and time, as outlined below: 

𝜕𝐶2,𝑘
𝜕𝑡

=
𝐷2,𝑘
𝑟2

𝜕

𝜕𝑟
[𝑟2

𝜕𝐶2,𝑘
𝜕𝑟

]  (4) 

where  𝐷2,𝑘 represents the drug's diffusion coefficient. In the initial 

stage, within the void space of the thin matrix shell, the alterations in drug 

concentrations are presumed to exhibit a linear correlation concerning radial 

position. Thus 

𝑡 = 𝑡0 ∶  𝐶2,𝑘(𝑟, 𝑡0) = [𝐶3,𝑘(𝑡0) − 𝐶1,𝑘(𝑡0)] [
𝑟 − 𝑟1(𝑡0)

𝑟2(𝑡0) − 𝑟1(𝑡0)
] + 𝐶1,𝑘(𝑡0).   (5) 

𝑟 = 𝑟1(𝑡):  𝐶1,𝑘 = 𝐶2,𝑘 ;    𝐷1,𝑘
𝜕𝐶1,𝑘
𝜕𝑟

=  𝜀𝐷2,𝑘
𝜕𝐶2,𝑘
𝜕𝑟

 . 
 (3) 
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At the external interface, denoted as 𝑟2(𝑡), the rate of species transfer 

occurring between the polymer matrix and the surrounding external phase is 

equivalently matched to the rate of species diffusion transpiring within the 

confines of the polymer matrix. 

 

Exterior phase  

In the external phase, the water concentration (C3,w) and phase volume 

(V3) remain constant due to the surplus water present in the external 

environment. The rate of mass alteration for both solvent and drug species in 

the external phase is equivalent to the rate of species transport occurring 

between the polymer matrix and the external phase. Hence, 

𝑉3
ⅆ

ⅆ𝑡
𝐶3,𝑘 = 𝐾32,𝑘 (𝐶2,𝑘(𝑟2) − 𝐶3,𝑘),   

ⅆ

ⅆ𝑡
𝐶3,𝑘 + 

𝐾32,𝑘
𝑉3

𝐶3,𝑘 = 
𝐾32,𝑘
𝑉3

𝐶2,𝑘(𝑟2). (6) 

The integrating factor of Equation (6) is:  

µ(𝑡) = ⅇ
∫
𝐾32,𝑘
𝑉3

ⅆ𝑡
= ⅇ

𝐾32,𝑘
𝑉3

𝑡
. 

Applying the integrating factor to Equation (6) we have  

𝐾32,𝑘
𝑉3

𝐶2,𝑘(𝑟2) ⅇ
𝐾32,𝑘
𝑉3

𝑡
= ⅇ

𝐾32,𝑘
𝑉3

𝑡 ⅆ

ⅆ𝑡
𝐶3,𝑘 + 

𝐾32,𝑘
𝑉3

ⅇ
𝐾32,𝑘
𝑉3

𝑡
𝐶3,𝑘 = 

ⅆ

ⅆ𝑡
[ⅇ
𝐾32,𝑘
𝑉3

𝑡
𝐶3,𝑘] . (7) 

Rearranging Equation (7) and subsequently integrating, we acquire: 

∫ 𝑑 [ⅇ
𝐾32,𝑘
𝑉3

𝑡
𝐶3,𝑘] =  

𝐾32,𝑘
𝑉3

𝐶2,𝑘(𝑟2)∫ ⅇ
𝐾32,𝑘
𝑉3

𝑡
𝑑𝑡, 

ⅇ
𝐾32,𝑘
𝑉3

𝑡
𝐶3,𝑘 = 𝐶2,𝑘(𝑟2)ⅇ

𝐾32,𝑘
𝑉3

𝑡
+ 𝑐𝑜𝑛𝑡, 

𝐶3,𝑘 = 𝐶2,𝑘(𝑟2) + 𝑐𝑜𝑛𝑡.  ×  ⅇ
−𝐾32,𝑘
𝑉3

𝑡
, 

where cont. represents the integration constant. 

By applying the initial condition of the drug concentrations at time: 

𝑡 = 𝑡0 ∶  (𝐶3,𝑘(𝑡0) = 0) 

Specifically:  

𝐶2,𝑘(𝑟2) + 𝑐𝑜𝑛𝑡.  ×  ⅇ
−𝐾32,𝑘
𝑉3

𝑡0 = 𝐶3,𝑘(𝑡0) = 0 

resultant expression is as follows: 
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𝑐𝑜𝑛𝑡.  = −𝐶2,𝑘(𝑟2)ⅇ
𝐾32,𝑘
𝑉3

𝑡0
. 

Therefore, the particular solution of Equation (6) can be expressed as follows: 

𝐶3,𝑘(𝑡) = 𝐶2,𝑘(𝑟2)−𝐶2,𝑘(𝑟2)ⅇ
𝐾32,𝑘
𝑉3

𝑡0  ×  ⅇ
−𝐾32,𝑘
𝑉3

𝑡
= 𝐶2,𝑘(𝑟2)[1 − ⅇ

𝐾32,𝑘
𝑉3

(𝑡0−𝑡)]. (8) 

 

 The drug concentrations exhibit gradual augmentation and converge 

towards the value of 𝐶2,𝑘(𝑟2) at a rate of  
𝐾32,𝑘

𝑉3
. This segment seeks to ascertain 

the rate 
𝐾32,𝑘

𝑉3
 as well as the value of 𝐶2,𝑘(𝑟2) when the drug concentration 

𝐶3,𝑘(𝑡) is provided at a given time. However, the nonlinearity exhibited by the 

function on the right-hand side of Equation (8) presents challenges for 

inversion. In such instances, a numerical technique can be employed for 

solving the ordinary differential equation (ODE) (285). For the sake of 

convenience, the subsequent notations are introduced: 

                               𝑦(𝑡)  = 𝐶3,𝑘(𝑡),   𝑎 =  
𝐾32,𝑘

𝑉3
   𝑎𝑛𝑑  𝑏 =  

𝐾32,𝑘

𝑉3
 𝐶2,𝑘(𝑟2).  

 Equation (6) can be reformulated as follows: 

ⅆ𝑦

ⅆ𝑡
+ 𝑎𝑦 = 𝑏. (9) 

The differentiation process can be discretized through the utilization of 

a finite differences approach. This procedure can be executed by consulting 

the pertinent section expounding the forward difference formula of order O(h) 

and the central difference formula of order O(h4) (286). The ensuing 

subsection delineates the discretization methodology enacted for the 

computation of the parameters ' 𝑎 ' and ' 𝑏 '. 

4.8.2.1. Forward difference formula of order O(h) 

For i = 1, 2, 3, …., n, where 𝑦(𝑡𝑖)  = 𝑦𝑖 and ℎ = 𝑡𝑖+1 − 𝑡𝑖, in 

accordance with Equation (9), the application of the forward difference 

formula results in: 

𝑦𝑖+1 − 𝑦𝑖

ℎ
+ 𝑎𝑦𝑖 = 𝑏. (10) 

 After rearranging Equation (10), the resulting equation is: 

𝑦𝑖+1 + (𝑎ℎ − 1)𝑦𝑖  = hb 

                                          (1 − 𝑎ℎ)𝑦𝑖 + ℎ𝑏 = 𝑦𝑖+1   for   i = 1, 2, 3, …, n. (11) 

  Expanding Equation (11) for i = 1,2,3, …, n−1 yields: 
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(1 − 𝑎ℎ)𝑦1 + ℎ𝑏 = 𝑦2

(1 − 𝑎ℎ)𝑦2 + ℎ𝑏 = 𝑦3

(1 − 𝑎ℎ)𝑦3 + ℎ𝑏 = 𝑦4

⋮

(1 − 𝑎ℎ)𝑦𝑛−1 + ℎ𝑏 = 𝑦𝑛

                            

[
 
 
 
 
 
 
𝑦1 1

𝑦2 1

𝑦3 1

⋮ ⋮

𝑦𝑛−1 1]
 
 
 
 
 
 

[
1 − 𝑎ℎ

ℎ𝑏
] =

[
 
 
 
 
 
 
𝑦2

𝑦3

𝑦4

⋮

𝑦𝑛]
 
 
 
 
 
 

 (12) 

 

Define 

  𝐴 =

[
 
 
 
 
 
 
𝑦1 1

𝑦2 1

𝑦3 1

⋮ ⋮

𝑦𝑛−1 1]
 
 
 
 
 
 

 ,    𝑑 =

[
 
 
 
 
 
 
𝑦2

𝑦3

𝑦4

⋮

𝑦𝑛]
 
 
 
 
 
 

  𝑎𝑛𝑑  𝑥 = [
1 − 𝑎ℎ

ℎ𝑏
].  

Now the matrix-vector form is represented as 

𝐴𝑥 = 𝑑. (13) 

The absence of an inverse for the non-square matrix 𝐴 with dimensions (n-1, 

2) precludes direct inversion. Nonetheless, the solution 𝑥 to Equation (13) 

remains attainable through the utilization of the normal equation:         

𝐴𝑇𝐴𝑥 = 𝐴𝑇𝑑 

 

 

(14) 

where 𝐴𝑇 is a transpose of 𝐴. 

The solution 𝑥 = [𝑥1 𝑥2]𝑇 can be obtained as  𝑥 = (𝐴𝑇𝐴)−1𝐴𝑇𝑑 

4.8.2.2. Central difference formula of order O(h4) 

Continuing in a similar manner as elucidated earlier, when utilizing the 

central difference formula to approximate the derivative in Equation (9), a 

linear system is derived: 

−𝑦𝑖+2+8𝑦𝑖+1−8𝑦𝑖−1+𝑦𝑖−2
12ℎ

+ 𝑎𝑦𝑖 = 𝑏. (15) 

Rearranging Equation (15), we obtain 

12ℎ𝑎𝑦𝑖 − 12ℎ𝑏 = 𝑦𝑖+2−8𝑦𝑖+1+8𝑦𝑖−1−𝑦𝑖−2 

for 𝑖 = 3,4,5, … , 𝑛 − 2.   
(16) 

Defined  𝛥𝑖 = 𝑦𝑖+2−8𝑦𝑖+1+8𝑦𝑖−1−𝑦𝑖−2, the matrix-vector representation of 

Equation (16) is 
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(1 − 𝑎ℎ)𝑦1 + ℎ𝑏 = 𝑦2

(1 − 𝑎ℎ)𝑦2 + ℎ𝑏 = 𝑦3

(1 − 𝑎ℎ)𝑦3 + ℎ𝑏 = 𝑦4

⋮

(1 − 𝑎ℎ)𝑦𝑛 + ℎ𝑏 = 𝑦𝑛+1

                            

[
 
 
 
 
 
 
𝑦3 −1

𝑦4 −1

𝑦5 −1

⋮ ⋮

𝑦𝑛−2 −1]
 
 
 
 
 
 

[
12𝑎ℎ

12ℎ𝑏
] =

[
 
 
 
 
 
 
𝛥3

𝛥4

𝛥5

⋮

𝛥𝑛−2]
 
 
 
 
 
 

. (17)  

 

Define 

  𝐴 =

[
 
 
 
 
 
 
𝑦3 −1

𝑦4 −1

𝑦5 −1

⋮ ⋮

𝑦𝑛−2 −1]
 
 
 
 
 
 

 ,    𝑑 =

[
 
 
 
 
 
 
𝛥3

𝛥4

𝛥5

⋮

𝛥𝑛−2]
 
 
 
 
 
 

  𝑎𝑛𝑑  𝑥 = [
12𝑎ℎ

12ℎ𝑏
].  

 
A solution  [𝑥1 𝑥2]𝑇 of Equation (17) is  𝑥 = (𝐴𝑇𝐴)−1𝐴𝑇𝑑.  
 

Regarding both the forward difference formula of order O(h) and the 

central difference formula of order O(h4), it is important to observe that: 

𝑎 =
𝐾32,𝑘
𝑉3

, 𝑏 =
𝐾32,𝑘
𝑉3

𝐶2,𝑘(𝑟2)  𝑎𝑛𝑑 
𝑏

𝑎
= 𝐶2,𝑘(𝑟2) 

Using the derived solution, the parameters 𝐶2,𝑘(𝑟2) anⅆ 
𝐾32,𝑘

𝑉3
 can be 

calculated when the drug concentration 𝐶3,𝑘(𝑡) at a given time is given. 

4.8.3 Modelling of in vitro drug release profile using mathematic methods 

based on rate of species transport from the polymer matrix and exterior 

phase on drug release patterns of drug-loaded ISM. 

To examine the correlation between the drug concentration 𝐶2,𝑘(𝑟2) at the 

edge of the matrix phase and the transport rate  
𝐾32,𝑘

𝑉3
 of drug between the polymer 

matrix and the exterior phase in relation to drug release patterns, the drug release data, 

represented as the concentration of drug in the aqueous medium at time (𝐶3,𝑘(𝑡)) is 

used to substitute in Equation (12) and Equation (17). Then, the parameters 𝐶2,𝑘  and 

𝐾32,𝑘are calculated by using numerical method as discussed above. The scripts for the 

forward difference formula employed in this study are given below. 
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load info.dat 
t = info(:,1); 
n = length(t); 
y = info(:,2); 
plot(t,y,'*r','linewidth',2) 
h = t(2)-t(1); 
E = ones(n-1,1); 
A = [y(1:end-1) E]; 
b = y(2:end); 
x = inv(A'*A)*A'*b; 
sol_a = (1-x(1))/h 
sol_b = x(2)/h 
sol_c = sol_b/sol_a 
t0 = 0; 
time = t0:0.5:7; 
y_app = sol_c*(1-exp(sol_a*(t0-time))); 
err = norm(y-y_app)/norm(y) 
hold on 
plot(time,y_app,'--k','linewidth',2) 
set(gca,'fontsize',30) 
xlabel('{\bf Time (day)}') 
legend('Experimental data','Simulation','location','SouthEast') 
ylabel('{\bf C_{3,k}(t)}') 

 

In addition, the scripts for model method by using the central difference 

formula of order O(h4) to approximate the derivative are given below. 

load info.dat 
t = info(:,1); 
n = length(t); 
y = info(:,2); 
plot(t,y,'*r','linewidth',2) 
h = t(2)-t(1); 
E = - ones(n-4,1); 
A = [y(3:end-2) E]; 
for i = 1:n-4 
b(i,1) = -y(i)+8*y(i+1)-8*y(i+3)+y(i+4); 
end 

      x = inv(A'*A)*A'*b; 
sol_a = x(1)/(12*h) 
sol_b = x(2)/(12*h) 
sol_c = sol_b/sol_a 
t0 = 0; 
time = t0:0.5:7; 
y_app = sol_c*(1-exp(sol_a*(t0-time))); 
err = norm(y-y_app)/norm(y) 
hold on 
plot(time,y_app,':g','linewidth',2) 
set(gca,'fontsize',30) 
xlabel('{\bf Time (day)}') 
legend('Experimental data','Simulation','location','SouthEast') 
ylabel('{\bf C_{3,k}(t)}') 

The effect of matrix forming agents on drug release behavior could be 

discussed via calculated rate of species transport the polymer matrix and exterior 

phase parameters. 
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4.8.4 Investigation of drug release profile variations 

This subsection is dedicated to simulating the drug release profile by 

manipulating the rate of drug transport from the polymer matrix to the exterior 

phase 𝐾32,𝑘 and the drug concentration at the edge of the matrix phase 𝐶2,𝑘. 

A comprehensive compilation of model parameters along with their 

corresponding values for simulation purposes is presented in Table 14. The 

parameter values were determined through the solution of the ordinary 

differential equation in the model simulations, utilizing the parameter range 

outlined in Table 14. Furthermore, supplementary parameters related to drug 

release from ISM were estimated based on this mechanistic model. These 

additional parameters encompass the rate of drug transport from the polymer 

matrix to the exterior phase (𝐾32,𝑘) and the drug concentration at the edge of 

the matrix phase (𝐶2,𝑘), as elaborated in Equation (8) 

𝐶3,𝑘(𝑡) = 𝐶2,𝑘(𝑟2)[1 − ⅇ
𝐾32,𝑘
𝑉3

(𝑡0−𝑡)] 

By employing the rate of drug transport and the drug concentration at 

the edge of the matrix phase as specified in Table 14, the following scripts 

facilitate the generation of the drug release profile: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

V = 80; 
t = 0:0.5:7; 
k = 0:1:80; 
c2= 0:10:100; 
[T,C2] = meshgrid(t,c2); 
Z = C2.*(1-exp((k(61)/V).*(-T))) 
surf(T,C2,Z) 
set(gca,'fontsize',30) 
xlabel('{\bf Time (day)}  ','fontsize',30) 
ylabel('{\bf C_{2,k}}','fontsize',30) 
zlabel('{\bf C_{3,k}}','fontsize',30) 
save data.dat Z -ascii 
load data.dat 

V = 80; 
t = 0:0.5:7; 
k = 0:10:80; 
c2= 0:10:100; 
[T,K] = meshgrid(t,k); 
Z = c2(11).*(1-exp((K/V).*(-T))); 
surf(T,K,Z) 
set(gca,'fontsize',30) 
xlabel('{\bf Time (day)}','fontsize',30) 
ylabel('{\bfk_{32d}}','fontsize',30) 
zlabel('{\bfC_{3,k}}','fontsize',30) 
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4.9. Simulation of in vitro drug release profile 

The primary focus of this study revolves around the mathematical modeling of 

drug release from drug-loaded zein ISMs using the cup method, aiming to replicate 

the environment of a periodontal pocket (185). Earlier investigators utilized this 

approach to examine the drug release characteristics of in situ forming drug delivery 

systems (165, 183, 192). To comprehensively assess the drug release characteristics of 

in situ forming systems, the critical influence of zein concentration and solvent 

selection was considered. Figure 42 presents observed drug release profiles from four 

distinct Lv-loaded formulations: 20% zein in DMSO (LvZD20), 25% zein in DMSO 

(LvZD25), 20% zein in GF (LvZG20), and 25% zein in GF (LvZG25). The observed 

drug release from the ISM is presented in Figure 42, displaying the percentage of drug 

amount released (% relative to 40 mg) over time (days). The drug release data from 

experimental observations over 12 h to 7 days were compared with the simulation 

results obtained using numerical differentiation methods: forward difference formula 

of order O(h) and central difference formula of order O(h4). These comparisons are 

shown in Figure 42 (a, b, c, d) and Figure 42 (e, f, g, h), respectively.  

Upon analysis, it was observed that the simulation results for LvZD20 and 

LvZD25 closely aligned with the experimental data, as evident in Figure 42 (c, d, g, 

h). Conversely, the simulation outcomes employing order O(h) for LvZG20 and 

LvZG25 demonstrated superior agreement with the experimental data when compared 

to the simulations utilizing order O(h4). In a parallel manner, researchers developed a 

mechanistic model to evaluate and predict drug release kinetics from millirods (155). 

Their model provides invaluable insights into the intricate nature of drug-loaded 

millirod systems, unveiling the mechanisms that enable a rigorous quantification of 

the processes governing drug release from a polymer matrix. 

In Table 14, it was observed that LvZD20 and LvZG20 exhibited nearly 100% 

Lv content, with 𝐶2,𝑘(𝑟2)  (maximum drug concentration at the edge of the matrix 

phase) ranging from 98.35% to 105.50%. Conversely, LvZD25 and LvZG25 

displayed Lv content around 70% and 90% respectively, with 𝐶2,𝑘(𝑟2)values ranging 

from 71.58% to 88.97%. As the concentration of zein increased, there was a decrease 

in the rate of LV release, which was further prolonged by the inclusion of GF. The 

denser matrices formed by high-loading polymers effectively extended the duration of 

ISM drug release by establishing a robust barrier against solvent removal and drug 

diffusion (193, 287). Additionally, the values of 𝐾32,𝑘 (rate of drug transport from the 

polymer matrix to exterior phase) for LvZD20 and LVZD25 ranged from 32.55 to 

50.23 (day-1), while in LvZG20 and LvZG25, they ranged from 51.57 to 64.76  (day-

1), This implies that LvZD demonstrated a higher rate of drug transport from the zein 

matrix to the exterior phase compared to LvZG (288). The ISM composed of the less 

viscous DMSO series exhibited enhanced water penetration, facilitating accelerated 

drug release into the medium compared to the GF series ISM (229). The viscous zein 

matrix formation over time effectively delayed initial drug diffusion before 

transforming into zein matrices (289).  
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Furthermore, the parameter values from Table 14 were utilized to estimate the 

drug release equation, as presented in Equation (8), and the results are shown in Table 

15. The simulation of drug transport using this model allowed for a reasonable 

approximation of drug release from Lv-loaded zein ISMs filled in the periodontal 

pocket.  

In addition to providing Lv transport parameters, this work represents a 

methodological improvement with potential future applications. The numerical 

differentiation methods have presented a versatile approach. Specifically, the forward 

difference formula of order O(h) and the central difference formula of order O(h4) 

offer distinct advantages over analytical solutions. These methods are particularly 

beneficial when dealing with arbitrary geometries or functions that pose challenges 

for analytical expression. These developments could potentially offer advantages in 

upcoming investigations and efforts to enhance drug delivery techniques. 

 

Table 14. Estimated drug release parameters by numerical differentiation: forward 

difference formula approximates of order O(h) and central difference formula of order 

O(h4). 

 

 

Table 15. Estimated drug release equation by numerical differentiation: forward 

difference formula of order O(h) and central difference formula of order O(h4), where 

𝐶3,𝑘(𝑡) represents the total quantity of drug released at a specified time (t) (day). 

 

 

Formula 

Numerical methods 𝐾32,𝑘 (day-1) 

(Rate of drug transport from the 

polymer matrix to exterior phase) 

𝐶2,𝑘(𝑟2) (%) 

(Drug concentration at the edge of 

the matrix phase) 

Lv20ZD 
O(h) 56.65 103.50 

O(h4) 52.91 105.50 

Lv25ZD 
O(h) 51.57 88.97 

O(h4) 64.76 88.60 

Lv20ZG 
O(h) 47.58 98.35 

O(h4) 32.55 104.50 

Lv25ZG 
O(h) 34.47 74.01 

O(h4) 50.23 71.58 

Formula Forward difference formula O(h)  Rel. Err.  

O(h) 

Central difference formula O(h4) Rel. Err.  

O(h4)  

Lv20ZD 𝐶3,𝑘(𝑡) = 103.5[1 − ⅇ
0.7081(−𝑡)] 1.34 𝐶3,𝑘(𝑡) = 105.5[1 − ⅇ

0.6614(−𝑡)] 1.36 

Lv25ZD 𝐶3,𝑘(𝑡) = 88.97[1 − ⅇ
0.6446(−𝑡)] 1.38 𝐶3,𝑘(𝑡) = 88.6[1 − ⅇ

0.8095(−𝑡)] 1.29 

Lv20ZG 𝐶3,𝑘(𝑡) = 98.35[1 − ⅇ
0.5948(−𝑡)] 1.40 𝐶3,𝑘(𝑡) = 104.5[1 − ⅇ

0.4069(−𝑡)] 1.55 

Lv25ZG 𝐶3,𝑘(𝑡) = 74.01[1 − ⅇ
0.4309(−𝑡)] 1.52 𝐶3,𝑘(𝑡) = 71.58[1 − ⅇ

0.6279(−𝑡)] 1.37 
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Figure 42. Model fit to experimental Lv-release data of zein-loaded ISM formulations 

by numerical differentiation: forward difference formula of order O(h) (a, b, c, d) and 

central difference formula of order O(h4) (e, f, g, h). The y-axis (𝐶3,𝑘) represents the 

% cumulative of Lv released over time. The corresponding relative errors for (a)-(d) 

for O(h) were found to be between 1.34 and 1.52 The corresponding relative errors for 

(e)-(h) for O(h4) were found to be between 1.29 and 1.55, respectively. 
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4.10. Simulation of drug release pattern by varying the rate of drug transport 

from polymer matrix to exterior phase (𝑲𝟑𝟐,𝒌) and drug release profile by 

varying the maximum drug concentration at the edge of the matrix phase 

𝑪𝟐,𝒌(𝒓𝟐) 

As illustrated, this model effectively traced the changes in drug concentrations 

within zein-based ISM system over time. This stands in contrast to previously 

established mathematical models that characterize controlled drug release from matrix 

systems (290-292). Upon collecting experimental data, the model output was fitted 

with the experimental data to acquire optimal parameter estimates listed in Table 14. 

The parameter values were obtained by solving the ordinary differential equation of 

the model simulations within the specified parameter range. These parameters 

encompass the rate of drug transport from the polymer matrix to the external phase 

(𝐾32,𝑘). Specifically, 𝐾32,𝑘  values as indicated at 30 (day-1) and 65 (day-1). 

Additionally, the maximum drug concentration at the edge of the matrix phase 

𝐶2,𝑘(𝑟2) was considered, with 𝐶2,𝑘 values of 70% and 105%. These parameters, 

crucial for drug release from the ISM, were determined using the mechanistic model 

described in Equation (8). The model predictions for drug release from zein-based 

ISM formulations were assessed for different 𝐶2,𝑘(𝑟2) values, specifically considering 

𝐾32,𝑘values of 30 (day-1) and 65 (day-1). These predictions are visualized in Figure 43 

(a, b) and Figure 43 (c, d) respectively. 

Although the general initial trends remained consistent with these alterations, 

it was observed that implants with lower 𝐾32,𝑘 values (Figure 43a and 43b) displayed 

a comparatively slower initial release rate compared to those with higher 𝐾32,𝑘values 

(Figure 42c and 42d). However, upon reaching a stable steady state in the release of 

both the solvent and the drug (293), the Lv content in the formulations approached 

levels close to 𝐶2,𝑘(𝑟2) by the 7th day. Furthermore, the selection of the range of drug 

transport rates, which spans from 32.55 (day-1) to 64.76 (day-1), was based on the 

order O(h4) from Table 14, allowing for a more accurate estimation." For LvZG20 

and LvZG25, the rates of drug transport were 32.55 and 50.23 (day-1), respectively. 

Conspicuously, it showed the reduced rates of drug transport at lower concentrations. 

Additionally, the formation of zein at higher polymer concentrations can be attributed 

to enhanced molecular chain entanglement, which in turn inhibited the breakup of the 

polymer jet, leading to sustained release of the loaded drug (65, 294). This 

observation echoes the earlier finding where the lower molecular weight PLGA 

implants exhibited a slower initial release rate than the higher molecular weight 

PLGA implants, with the former demonstrating degradative release at an earlier stage 

(160). This approach was mirrored in our selection of ISM formulations, where 

diverse concentrations of zein were utilized. This deliberate selection aligns with 

earlier research highlighting the efficacy of varying the concentration of zein in 

formulations to control the release of low molecular weight drugs (158). 
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The findings from Table 14 indicate that both LvZD20 and LvZG20 

formulations displayed 𝐶2,𝑘(𝑟2) values around 100-105%, while LvZD25 and 

LvZG25 formulations exhibited 𝐶2,𝑘(𝑟2) values of approximately 70-90%. The 

model's estimations of drug release from zein-based ISM formulations were examined 

for different 𝐾32,𝑘 values, specifically with regard to 𝐶2,𝑘(𝑟2) values of 70% and 

105%. These estimations are visualized in Figure 44 (a, b) and Figure 44 (c, d), 

respectively.  

The outcomes emphasize the significance of altering 𝐾32,𝑘 value. Lower 𝐾32,𝑘 

values were correlated with a comparatively slower initial release rate compared to 

formulations featuring higher 𝐾32,𝑘 values. However, during the steady-state phase, 

the cumulative Lv content gradually approached and eventually reached levels near 
𝐶2,𝑘(𝑟2) %. It is noteworthy that formulations with 𝐾32,𝑘 values ranging from 10 to 40 

(day-1)  not achieve the 𝐶2,𝑘(𝑟2)% within the span of 7 days. Nonetheless, it is evident 

that these formulations exhibit a tendency to approach the specified threshold, 

although they require an extended duration to achieve complete release. The 

concentration of zein significantly impacted the surface and internal topographies, 

particularly the interconnected porous structure of the ISM (65). Furthermore, in our 

previous work, as the amount of zein increased, the pore sizes within the structure 

notably diminished. These pores served as primary conduits for the release of Lv 

molecules from the inner zein gel or matrix into the surrounding release medium 

(229). This outcome was particularly evident (here or in previous work (229)), 

indicating that higher zein concentrations were more effective in retarding the drug 

release. 
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Figure 43. Model predictions of drug release from zein-based ISM formulations for 

different concentration of drug in the interior at the interface between the interior 

phase and void space of the matrix, 𝐾32,𝑘 = 30 (day-1) (a, b) and 𝐾32,𝑘 = 65 (day-1) (c, 

d)   
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Figure 44. Model predictions of drug release from zein-based ISM formulations for 

different drug permeability coefficient, 𝐶2,𝑘(𝑟2) = 70 % (a, b) and 𝐶2,𝑘(𝑟2) = 105 % 

(c, d)   
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4.11. The behavior of Lv diffusion, solvent diffusion and matrix formation using 

UV-vis imagine. 

In the typical process, solvent exchange occurred upon the ISMs contact with 

an aqueous solvent (7). This initial mechanism within the ISM led to matrix formation 

and subsequently controlled the drug release. To visualize the mechanisms of the 

solvent (DMSO and GF), drug (Lv), and matrix-forming component (zein) 

interactions, an agarose gel system was employed, multiple techniques can be utilized, 

including UV-vis imaging, staining, or fluorescent labeling (295-297), could be 

utilized for visualizing these interactions within the matrix, UV-vis imaging stands 

out due to its advantages. Staining techniques, while valuable in certain cases, come 

with limitations compared to UV-vis imaging. UV-vis imaging offers real-time 

visualization and quantitative analysis of drug release, ensuring a more accurate and 

comprehensive tracking of drug behavior within the matrix. Therefore, considering 

the specific research goals, UV-vis imaging was selected as the more robust method 

for tracking drug release in this study (148). The wavelength of 214 nm was selected 

to monitor the solvents, while a wavelength of 280 nm was chosen to monitor the 

drug diffusion. Additionally, a wavelength of 525 nm was employed to observe the 

formation of the solid-like matrix derived from zein, in line with previous studies 

(150, 296, 298). The selection of these wavelengths was motivated by the 

chromophores of the various components. To this end, GF does not posses a viable 

chromophore, the apparent change in absorbance was probably reflecting a change in 

refractive index. A recognised challenge of UV-vis spectrophoptometry and therefore 

of UV-vis imaging is the lack of selectivity as considered below.  

Once in contact with aqueous phase from agarose, the ISM prompts diffusion 

of its solvent (and drug) into the agarose gel, the transport gradually slows down over 

time as the concentration gradient becomes less steep. The absorbance profile of the 

solvent on the agarose gel was visualized through color mapping and is displayed in 

Figure 45A and Figure 46A. The color-coded map depicts solvent absorbances across 

the agarose gel. Red indicates high concentration, while blue marks near-zero 

absorbance areas. At the outset, solvent diffusion exhibited its highest rate, gradually 

diminishing over time. The result might appear similar for both DMSO and ZG20 

because, after more than 3 h, formulations containing zein and DMSO exhibited a 

behavior where the DMSO solvent could permeate the matrix, similar to what was 

observed with DMSO alone. Therefore, while we did not quantify the concentration, 

the behavior of DMSO and ZG20 in terms of solvent permeation exhibited similarities 

beyond a certain timeframe. Indeed, during the initial phase, the matrix formation 

should occur abruptly, leading to a partial obstruction of solvent diffusion. This 

obstruction subsequently results in a slowdown of the solvent exchange process (65, 

193, 299). GF displayed minimal, if any, noticeable absorbance shifts.  (Figure 46A), 

signifying the inadequacy of the 214 nm wavelength for detecting GF. Additionally, it 

was observed that zein did absorb light at 214 nm (300), as seen in Figure 46A. Over 

time, the matrix derived from 20ZG exhibited a gradual increase in thickness and 
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firmness. Similarly, in formulations incorporating Lv, the absorbance of Lv at 214 nm 

was notable (301).  

The wavelength of 280 nm was chosen for Lv in this study due to its close 

alignment with the peak absorbance on the Lv spectrum (302). Figure 45B and Figure 

46B depict the diffusion behavior of Lv through the agarose gel. In Figure 45B at t = 

0 h, the coloration that appears as blue corresponds to low absorbance values.  

However, it is important to consider the potential impact of DMSO interference, 

which arises from the absorption of DMSO within the spectral range of 289-303 nm  

(303). At t = 3 h in Figure 46B, detection of GF was not possible at 280 nm. As 

depicted in Figure 45b, the vibrant shades of yellow and red (represented using false 

coloring) in the images correspond to both dissolved drug and drug that has 

precipitatedas previously explained in comprehensive detail (304). Subsequent to 

ISM's contact with the agarose gel, Lv diffusion occurred concurrently with an 

increasing distance within the matrix over time. This behavior is attributed to the 

solubility of the drug in the zein, solvent and its concentration, which could result in 

either drug dissolution or dispersion within the in situ forming implant (233). 

Depending on these factors, different behaviors have been observed and described. 

For instance, the impact of low drug loading on the release of in situ implants has 

been explored in various studies. Wang et al. (305) investigated the effect of 

ketoprofen loading from 4 to 10% m/m (PLGA 70:30, 35% m/m in NMP) and 

concluded that it had no significant impact on in vitro drug release. In the case of zein 

ISM using both DMSO and GF as solvents, it is noteworthy that formulations loaded 

with 1% Lv, surpassing the 0.1% Lv concentration, exhibited a gradual decline in 

concentration with increasing distance from the interface. This behavior is attributed 

to the influence of ingredient concentration on the absorbance profile (306), might be 

influenced by zein's impact on Lv absorbance. This suggests a possible artifact from 

UV imaging, demanding further investigation for a complete understanding.  

In visible imaging at 525 nm, as observed in Figure 45C and Figure 46C, the 

transformation of zein in DMSO into a matrix appeared to occur more rapidly as 

compared to GF containing formulations. Additionally, the type of solvent (GF and 

DMSO) influenced the initiation of matrix formation (293). DMSO, due to its greater 

polarity and water miscibility in contrast to GF, exerted a stronger effect on the rate 

and morphology of zein matrix formation , subsequently impacting solvent exchange 

and controlled drug release rates. The absence of pores within the matrix played a 

crucial role in determining the drug retention capacity (307). A well-structured and 

robust matrix often led to the development of a thick matrix. When a drug was loaded 

into such a rigid matrix, it became entrapped, resulting in a gradual release over time. 

Conversely, a less dense matrix could weaken matrix formation and fail to effectively 

control drug release (229, 263). This outcome reaffirms the previous findings, 

demonstrating that the utilization of GF as a solvent substantially led to a slower 

release of Lv compared to DMSO as the solvent (229). 
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Figure 45. Representative absorbance maps of 20ZD, 1%Lv20ZD, 0.1%Lv20ZD and 

DMSO observed by UV imaging at 214 nm (A), 280 nm (B), and visible imaging at 

525 nm (C) in 0.6% (w/v) agarose gel at selected time points.   
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Figure 46. Representative absorbance maps of 20ZG, 1%Lv20ZG, 0.1%Lv20ZG and 

GF observed by UV-vis imaging at 214 nm (A), 280 nm (B), and visible imaging at 

525 nm (C) in 0.6% (w/v) agarose gel at selected time points.   
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4.12. Summary  

This study was primarily focused on the mathematical modeling of drug 

release from zein-based ISMs. The experimental drug release data were compared 

with simulation results obtained using numerical differentiation methods. LvZD20 

and LvZD25 formulations closely matched the experimental data, and LvZG20 and 

LvZG25 formulations better aligned with experimental data when employing the 

forward difference formula of order O(h) rather than O(h4). Parameters derived from 

numerical differentiation were utilized to estimate the drug release equation (Equation 

8), providing insights into the transport of Lv. The innovation of this study lies in the 

adaptable numerical differentiation methods capable of handling intricate geometries 

or functions. The findings revealed that higher zein concentrations resulted in 

prolonged drug release, facilitated by denser matrices in formulations with high 

polymer loadings. Additionally, the values of 𝐾32,𝑘 indicated that LvZD formulations 

exhibited a faster drug transport rate from the polymer matrix to the external phase 

compared to LvZG formulations. UV-vis imaging conducted at 214 nm, 280 nm, and 

525 nm visualized the processes of solvent, drug, and zein matrix formation. The 

choice of DMSO or GF solvent influenced matrix formation rates, impacting solvent 

exchange and drug release. Distinctively, GF led to a slower release compared to 

DMSO. These findings contribute to a deeper comprehension of controlled drug 

release from matrix systems and offer methodological advancements for future 

research in drug delivery. 
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CHAPTER 5 

Conclusion 

In conclusion, this thesis embarks on a comprehensive journey through the 

realm of ISM formulations, illuminating their profound potential as advanced drug 

delivery systems, particularly in the context of localized therapies for periodontal 

pocket treatment. This exploration unfolds in four distinct parts, each interwoven to 

reveal a multi-dimensional understanding of ISMs. Initially, the choice of MP as a 

solvent for Eudragit® L-based ISMs demonstrates its pivotal role in crafting 

formulations tailored for periodontitis management, marked by optimal physical 

attributes, controlled drug delivery capabilities, and a transition from a cloudy gel 

solution to a solid matrix in the presence of aqueous environments. Fluorescence dye 

tracking adds depth to our understanding. Moreover, delves into the diverse impact of 

solvents on Mx-incorporated Nc-based ISMs, designed for targeted drug delivery to 

periodontal pockets. This exploration unravels the intricate interplay of various 

solvents, influencing viscosity, injection force, matrix formation, and water 

sensitivity, ultimately leading to Newtonian flow behavior and efficient matrix 

formation upon contact with water. The versatility of these formulations ensures 

patient compliance, while the antimicrobial effectiveness against various strains, 

including MRSA, underlines their potential.  Nevertheless, introduces a zein-based 

ISM formulation, where DMSO and GF solvents leave their indelible mark, 

significantly impacting viscosity, injection force, and drug release profiles. GF's 

contribution, leading to extended drug release, is showcased through SEM and X-ray 

imaging, unveiling distinct topographic patterns and porosity. Zein's incorporation 

fine-tunes drug diffusion, enhancing its efficacy. The fourth facet delves into 

mathematical modeling, offering insights into drug release kinetics and transport 

mechanisms, complemented by UV-vis imaging that sheds light on solvent, drug, and 

matrix formation. Solvent choice emerges as a pivotal factor shaping matrix formation 

rates and drug release profiles. In concert, these four facets of the thesis paint a 

holistic picture of ISM formulations' potential for controlled drug delivery in 

periodontal pocket treatment. By melding innovative approaches like UV-vis imaging 

and mathematical modeling, this research pushes the boundaries of our understanding 

of formulation attributes, release kinetics, and therapeutic outcomes. The discoveries 

underscore the promise of these advanced drug delivery systems, underscoring the 

imperative need for rigorous clinical trials to gauge their safety and efficacy in real-

world scenarios. Moving forward, this body of work paves the way for the 

development of tailored and effective drug delivery strategies that address a wide 

range of therapeutic needs beyond periodontal care. 
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Suggestion 

This study serves as a first steps exploration into the potential of utilizing 

these polymers, particularly Nc, as matrix-forming agents in solvent removal phase-

inversion-based ISM systems. To advance our understanding, further research is 

recommended. Conducting comparative drug release studies with existing commercial 

ISM formulations would provide valuable insights into the performance of the 

developed formulations. Optimizing the concentration of Nc within the ISM systems 

would be beneficial to achieve optimal physicochemical properties. Additionally, 

other relevant experiments should be pursued to enhance our comprehension of these 

systems, including more comprehensive numerical simulations to refine and validate 

the mathematical models used. Considering the importance of safety, it's advisable to 

conduct cytotoxicity studies on various cell lines. Moreover, moving towards in vivo 

studies involving animal models is crucial for assessing cytotoxicity and the 

pharmaceutical efficacy of the ISM systems in treating periodontitis. These 

comprehensive investigations would contribute to the safe and effective utilization of 

these ISM formulations in pharmaceutical applications, ultimately enhancing their 

potential impact in clinical practice. 
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APPENDICES 

Appendix I: Calibration curve for in vitro release study 

 

Figure 47. Calibration curve of Lv in phosphate buffer pH 6.8 for the in vitro release 

study (UV-vis at 287 nm) 
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Figure 48. Calibration curve of Mx in phosphate buffer pH 6.8 for the in vitro release 

study (UV-vis at 288 nm)
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