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Abstract 

Engineering Formulations for the Treatment of Periodontal Disease 

 

Ashlee Chennicia Greene, PhD 

 

University of Pittsburgh, 2021 

 

 

 

 

Periodontal disease (periodontitis) is a common disease that impacts approximately 46% 

of US adults over the age of 30 (~141 million people). Characterized by an overburden of invasive 

oral bacteria that triggers gum inflammation and plaque buildup, periodontitis results in pocket 

formation around the teeth and eventual gum and tooth loss. Current treatment options either 

combat the invasive bacteria and biofilm growth or target the inflammation and underlying 

immune imbalance. However, with recent advances in the field of controlled drug delivery and 

new understanding of the biological environment of the periodontium, new and revamped 

formulations could improve disease outcomes. Therefore, we developed three types of extended 

release, bioerodible microsphere formulations that can each resolve the unmet needs of currently 

available treatments with translational value for patients with varying forms of periodontitis. 

In aim 1, in anticipation of FDA generic (ANDA) drug applications to replace a common 

periodontal adjunct antibiotic therapy (Arestin®), we use reverse engineering to determine critical 

microsphere design parameters. We then develop a panel of possible generics/comparator 

microsphere formulations to validate a novel dissolution device for FDA bioequivalence testing. 

In aim 2, we develop a one-pot formulation that encapsulates a natural product (cranberry extract) 

with stearic acid (SA) for a new, potential Johnson & Johnson consumer healthcare product. The 

addition of a bioadhesive (polyvinylpyrrolidone (PVP) or ethyl lauroyl arginate (LAE)) is studied 

for tooth surface/pellicle targeting and the prevention of biofilm growth in vitro. Lastly, in aim 3, 

we take a next generation approach to modulate a patient’s own immune balance to resolve disease. 



 v 

We develop a formulation with a combination of factors (IL2, TGFβ and rapamycin) for the local 

induction of regulatory T cells to bring the periodontium back to homeostasis. A murine, ligature-

induced periodontitis animal model is used to assess the potential impact of our 

immunomodulatory formulation on periodontal disease prevention.  
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1.0 Introduction 

1.1 Formulation Development 

Pharmaceuticals play an important role in everyday life; from maintaining health to curing 

ailments. This has been made possible by the continuous drug discoveries throughout the last 200 

years1. Yet, with so many critical discoveries focused on elucidating drug mechanisms and effects, 

it is easy to forget that these main ingredients rarely work best when administered alone. Instead, 

they are often administered as a combined product with other “inert” ingredients for better patient 

outcomes. This essential interplay between an active pharmaceutical ingredient (API) of interest 

with inactive components (excipients)2 to create a final drug product, is the fundamental nature of 

formulation development. Furthermore, designating excipients as inactive does not mean they are 

inconsequential. On the contrary, excipients can provide beneficial effects such as pH control, 

increased API solubility, extended API stability, or enhanced processability of the drug product3,4.  

The role of excipients can also be guided by the dosage form of the drug product. Dosage 

forms are product-suited specific routes of administration like aerosols, capsules, gels, emulsions 

or powders (lyophilized microspheres fall into these categories)5. Accordingly, each dosage has 

its own limitations that excipients can help address. A bitter tasting tablet that’s administered 

orally, undergoes degradation by atmospheric moisture or oxygen exposure easily, and needs 

protection against gastric acid would then dictate the addition of excipients that are humectants6 

or antioxidants7, with a sweetener to mask the taste8 and coating agents9 to give some gastric acid 

protection and control release. 
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1.1.1 Microsphere Formulation Development 

Of the many dosage forms used for controlled release, polymeric microspheres are 

common due to their easily tunable properties10. In the range of 1-1000um, these systems are 

considered microspheres but when less than 1um, they are nanoparticles. Additionally, polymeric 

microspheres can be made from naturally occurring materials such as collagen, chitosan, poly 

dextran or they can be synthetic and made of poly methyl methacrylate (PMMA) (non-

biodegradable) vs PLGA (biodegradable)11,12. 

Biodegradable microspheres like PLGA microspheres offer the additional advantage of 

their well-characterized, tri-phasic release13. The first phase of release is an initial burst which is 

influenced by factors such as drug dispersion throughout matrix, co-encapsulation with excipients, 

osmotic pressure, initial drug loading and porosity. The second phase, the lag phase (with a near 

zero release rate), can be tuned by adjusting the degradation rate with catalytic excipients or the 

polymer molecular weight. And lastly, phase three is the final release phase where release is 

normally dictated by diffusion can be altered by changing the polymer blend14.  

Nevertheless, while there are a wide variety of benefits to incorporating excipients into 

formulations, it is also remains critical to recognize how excipient-induced effects may also have 

disease specific consequences. This was best demonstrated in the Australian 1968-9 phenytoin 

intoxication incident where excipient diluent calcium sulphate was replaced by lactose15. What 

was considered a harmless substitution resulted in a large increase in mean serum phenytoin 

concentration above the toxic threshold due to the increase in solubility with the incorporation of 

lactose in the formulation.  
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There is both versatility and a delicate balance of incorporating excipients in formulations. 

Herein, we explore how to harness this understanding for developing treatments for periodontal 

disease.  

1.2 Periodontal Disease; Etiology and Pathogenesis 

Periodontal disease (periodontitis) is the sixth-most prevalent condition in the world16, with 

over 11% of individuals worldwide suffering from the most severe form of the disease16,17. In the 

U.S. alone, approximately 46% of US adults over the age of 30 (~141 million people)18,19 are 

impacted. This high prevalence not only corresponds to a high healthcare burden but a large global 

economic burden as well. It is estimated that direct (treatment) and indirect costs (as measured by 

lack of productivity/absenteeism as tooth loss can impact nutrition and quality of life) together 

accounted for an annual economic impact of 442 billion USD/yr cost in 201020 and is rising.  

Contributing to the high prevalence of periodontitis is its multifactorial nature whereby 

many factors can augment disease development and clinical outcomes. Genetic, environmental 

and acquired risk factors such as; pre-existing diseases, age, gender, medications, smoking and 

general oral hygiene can all influence disease progression21. Additionally, socioeconomic status 

has emerged as another risk factor as those without accessibility to dental care are 

disproportionately impacted by periodontitis22. Conversely, with oral health tied to general health, 

periodontal disease has also been associated with higher incidences of other diseases like diabetes, 

cardiovascular disease, miscarriages23–27, and Alzheimer’s disease28–30. Interestingly, with the 

COVID-19 pandemic, there have been several studies indicating links between periodontitis and 

COVID-19 severity31,32 as well. 
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Symptoms of periodontitis can vary but many of the effects are bacterial burden driven. 

The main periodontal pathogens responsible for the initiation and propagation of periodontitis 

from a bacterial perspective are anaerobes Aggregatibacter actinomycetemcomitans, Tannerella 

forsythia, and Porphyromonas gingivalis33–35. An overburden of these bacterial pathogens causes 

an accumulation of biofilm and plaque that triggers inflammation of the tooth supporting 

structures. This inflammation then leads to a loss of gingiva and periodontal ligament attachment, 

bleeding, pain, pocket formation and eventual bone and tooth loss36. While patients can sometimes 

take notice of these symptoms at home during their oral health care routine, it takes a clinical 

evaluation from a general dentist/periodontitis for a diagnosis. 

1.3 Clinical Interventions 

To diagnose a patient with periodontitis, they receive a comprehensive periodontal 

evaluation37. This evaluation consists of an assessment of the patient’s overall health including 

dental history, medical history and occurrence of any periodontal risk factors. Furthermore, an 

evaluation of the teeth and soft tissues is performed to determine clinical parameters such as tooth 

mobility, probing depth, plaque score, gingival attachment level and bleeding on probing38,39. 

Based on these clinical parameters, disease severity or “case type” can then be categorized as either 

mild, moderate or severe with the treatment modality determined accordingly38,40,41. In a mild case, 

with shallow probing depths (<4mm pockets) and/or calculus and plaque deposits only on the 

enamel without evidence of bone loss in radiographs, a prophylaxis cleaning may be performed 

with an emphasis on at home oral health maintenance42. For moderate cases with clinical loss of 

periodontal attachment and/or radiographic evidence of bone loss and/or radiographic evidence of 
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root surface calculus, a scaling and root planing procedure would be performed with the addition 

of an antibiotic adjunct therapy. For severe cases, treatment usually requires dental surgery that 

may include; flap surgery-to more effectively clean the root surface with sutures to reduce pocket 

size, soft tissue grafts- for a receding gumline, bone grafting- to regrow bone destroyed 

surrounding the tooth root or guided tissue regeneration- where biocompatible material is inserted 

to repair periodontal defects43,44. 

1.3.1 First line of action- Adjunct Therapy Treatment for moderate Periodontitis 

With periodontal pathogens thought to be one of the primary agitators and initiators of 

disease, many initial periodontitis treatments target the local oral bacterial burden. A procedure 

known as scaling and root planning (SRP) is often first performed for the physical debridement 

and removal of bacterial plaque and calculus from the tooth and root surfaces43,45,46. The complex 

nature of bacterial biofilms on teeth creates a challenge for the development of treatment strategies. 

Biofilms consist of microbial cells enclosed in a multi-component anionic matrix of extracellular 

polymeric substances (mostly polysaccharides)47,48. Classic antimicrobial strategies for more 

extreme cases of oral disease have focused on bactericidal action through the use of antibiotics49–

51. However, many of these classic antibiotics target the biosynthetic processes of actively growing 

bacteria and are consequently ineffective in treating persistent infections (like in periodontitis) 

where the bacteria have become quiescent52,53. Moreover, the matrix of the biofilm is known to 

impart shielding by deactivating antimicrobial and antibiotic agents, further limiting susceptibility 

of biofilms to these antimicrobial approaches as demonstrated by Anderl et al.54 and others55–58. 

Nevertheless, for patient cases where SRP may not be enough, a systemic or local adjunct 

antibiotic therapy may also be prescribed or administered. Common local adjuncts include; 
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PerioChip® (chlorhexidine gluconate)59–61, Atridox® (doxycycline)62,63, Periostat®(doxycycline 

hyclate)64,65 and Arestin® (minocycline hydrochloride)43,66. 

Of all the options for local, oral adjunct therapies, Arestin® is the only extended release 

(longer than 10days) periodontal product currently available67. Arestin is a subgingival product 

that contains 1 mg of the tetracycline antibiotic minocycline hydrochloride (MIN) incorporated 

into bioresorbable, polymeric (PLGA) microspheres. The active ingredient, minocycline, is a 

broad spectrum antibiotic that inhibits microbial protein synthesis. Major periodontal pathogens 

such as Porphyromonas gingivalis, Prevotella intermedia, Fusobacterium nucleatum, Eikenella 

corrodens, and Actinobacillus actinomycetemcomitans are susceptible to minocycline at minimal 

concentrations  (<8mcg/mL)68. 

1.3.1.1 FDA ANDAs and dissolution testing 

With a pending patent expiration, there will soon be generic versions of Arestin® 

(minocycline hydrochloride microsphere formulations) seeking FDA Abbreviated New Drug 

Application (ANDA) approval. As part of the approval process for an ANDA or even Investigation 

New Drug (IND) and New Drug Application (NDA) applications, drug release/dissolution data is 

required69.  

Dissolution testing of drug product remains one of the major performance tests used for 

control of batch quality, determination of effect of composition and processing, elucidating 

mechanism of drug release, and predicting in vivo performance70–72. Since its introduction in the 

pharmaceutical industry, the focus of dissolution testing70 has undergone several changes and now 

encompasses not only providing adequate discrimination amongst formulations with 

manufacturing differences but also predicting clinical performance of drug products72 by 

establishing in vitro-in vivo correlations (IVIVCs). This shift has encouraged the development of 
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more biorelevant dissolution methods, which are in vitro dissolution methods that simulate 

conditions a drug product will encounter after in vivo administration71. 

Yet, developing dissolution methods for controlled release products such as poly(lactic-co-

glycolic acid) (PLGA) microspheres has remained challenging. There is a lot of difficulty due to 

the length of studies ranging from weeks to months, stability of the active molecule and media 

components during study duration, and detection limits of analytical methods. The latter is 

particularly true for low dose and hydrophobic drugs. Burgess’ group has developed several 

dissolution methods based on sample and separate, dialysis, and continuous flow methods for 

particulate PLGA dosage forms applied parenterally73–75. Of these, the USP apparatus 4 dissolution 

system has been widely shown to be most discriminatory for particulate dosage forms. 

Nevertheless, for PLGA microspheres applied specifically in the small anatomical crevice 

of periodontal pocket, the USP apparatus 4 device is not biorelevant. Development of a biorelevant 

dissolution method requires understanding of the in vivo environment of the periodontal space and 

replication of it during dissolution testing. There have been limited attempts to simulate the 

environment of the periodontal pocket i.e. the small region between the tooth and the inflamed 

gum for the purpose of dissolution studies. Recently, Ren et al.76 reported a miniaturized flow-

through system for dissolution of PerioChip®, a long-acting periodontal insert. However, this 

system is not suitable for particulates because the set-up will lead to undissolved particles traveling 

into dissolution samples due to the lack of filtration system. The periodontal pocket amounts to an 

extremely small volume of around 0.5 µL. The flow rate of the gingival crevicular fluid (GCF) 

present in the pocket was reported to be anywhere from 0.33 – 2.28 µL/min, depending on the 

disease stage77. 
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This understanding of key parameters in the periodontal pocket has become more critical 

as ‘new’ generic minocycline hydrochloride microsphere formulations are required to be compared 

for bioequivalence to the relevant reference drug product- Arestin®. To determine bioequivalence, 

the FDA assesses measurements of the qualitative (Q1) and quantitative (Q2) sameness and 

changes of manufacturing process and excipient composition. Any new biorelevant dissolution 

device must take these key parameters into account. 

1.3.2 Consumer Oral Health Care: Johnson & Johnson Products with a Natural 

Therapeutic Edge 

Regardless of periodontitis disease severity, as both a prophylactic measure and as 

maintenance after SRP, a consistent oral hygiene regimen is always recommended78. Although 

periodontitis is highly prevalent, in the absence of other risk factors, it is easily preventable with 

twice daily toothbrushing, regular flossing and the use of a therapeutic mouthrinse (for the areas 

difficult to reach with a toothbrush)79. However, not all mouthrinses are made equal. While many 

therapeutic mouthrinses contain strong antiseptic ingredients like cetylpyridinium chloride (CPC) 

and chlorhexidine (CHX) for activity80,81, others like Johnson & Johnson’s Listerine® use a 

combination essential oils with natural antibacterial and antiseptic properties as the active 

ingredients80,82,83. Fittingly, a possible new natural active ingredient of growing interest is 

cranberry extract. Cranberry extract (CE15) is a derivative from cranberries/cranberry juice and 

contains 3 key active components; anthocyanins (A), proanthocyanins (PAC) and flavonols 

(FLAV)84. These components have been shown to have natural antibacterial/antibiofilm properties 

against many bacterial strains including Helicobacter pylori, Streptococcus mutans84, 

Staphylococcus aureus and Pseudomonas85, in a manner that is concentration dependent86–88. 
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While these findings suggest cranberry extracts should be explored for oral/periodontal 

applications, there are several drawbacks. The first drawback is the working concentration needed 

for CE15 in a perinodal product. To be in the bulk concentration range of 5-10mg/mL of CE15 for 

biofilm inhibition (10mg/mL yields bactericidal activity which is undesired), with the average 

human saliva production rate of 1mL/min when stimulated, approximately 7.2 grams of CE15 

would be required per day. However, delivering gram quantities of CE15 is not practical. This 

issue could be amended with a controlled release formulation that delivers locally, in the proximity 

of the biofilm, but the encapsulation of extracts can also be challenging89–93.  

Extracts like cranberry extract also present encapsulation challenges due to its multi-

component nature. A diverse array of encapsulation methods have been used to microencapsulate 

extracts, each tailored to the composition and desired extract/formulation properties. Cyclodextrin-

extract complexation has been used by Hill et al. 89 and others 94,95 for various applications in food 

products and supplements. Specifically, this complexation has been used to increase solubility 

while masking taste for cinnamon and clove extracts 89. Cyclodextrin-extract complexation has 

also improved the physical/chemical stability of natural and synthetic coffee flavor extracts 94 and  

lemon oil and peppermint oil volatile liquid aroma extracts 95 while maintaining their antioxidant 

or antimicrobial activity (extract dependent). Several groups have also explored alginate-based 

delivery 90–92, poly(lactide)/poly(lactic-co-glycolic acid) (PLA/PLGA) nano- and microsphere 

delivery 96–100, liposomes 101,102 or lipid-based nanodelivery 93, to increase extract solubility, 

loading and antioxidant activity. Deladino et al. 92 resorted to the use of calcium alginate and 

calcium alginate-chitosan beads to encapsulate aqueous extracts from Ilex paraguariensis to retain 

polyphenol antioxidant activity. Separately, Kumari et al. 100 fabricated PLA nanoparticles by 
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solvent evaporation to encapsulate the hydrophobic cranberry extract flavonoid component 

quercetin. 

While these strategies of alginate-based, or PLA/PLGA delivery could be useful for the 

selective encapsulation of aqueous soluble polyphenols (hydrophilic) or hydrophobic/lipophilic 

components individually, neither of these methods allow for the full encapsulation and high 

loading of all components into a single formulation. CE15 is particularly challenging to 

encapsulate as this extract contains a variety of compounds (known and unknown) including; 

flavonol glycosides (primarily myricetin-3-galactoside and quercetin-3-galactoside) 103, phenolic 

acids (primarily 3- and 5-caffeoylquinic acid) 104 along with coumaroyl iridoid glycosides 105 and 

fatty acids like linolenic acid 106,107. These various CE15 extract components have different 

properties making encapsulation into a single formulation difficult. In addition to overcoming 

these challenges, to ensure targeted local delivery and increased oral residence time, any CE15 

formulation would also need to bind directly to the tooth surface or pellicle- all specifications that 

are unprecedented for the delivery of cranberry extract.  

1.3.3 Immune Modulation as an Alternative to Surgical Intervention  

The above strategies of encapsulating an antibiotic or natural extract may be useful for 

cases of mild to moderate periodontitis but unfortunately for patients with severe periodontitis, 

treatment options are limited. Approximately 9% of patients with periodontitis are unresponsive 

to SRP treatment even in conjunction with adjunct treatments18. These patients are categorized as 

severe or refractory and surgical intervention with gingival flap surgery or bone/soft tissue grafts 

may be necessary108–110.   
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1.3.3.1 Small Molecules for Immune Modulation 

While an overburden of periodontal pathogens can initiate oral dysbiosis of the 

microbiome, literature suggests it is actually the immune system’s (unbalanced) inflammatory 

response that causes the severity of symptoms and destruction111,112. This new understanding has 

led to the development of immune modulation strategies as alternative treatment modalities. 

Specifically, an early approach of immune modulation was to block instead of regulate the 

inflammatory process113. However, solely dampening host immune response can lead to systemic 

infections and previous studies of blocking inflammatory response increased bacterial burden and 

disseminated infection114. Another approach has been to use pro-resolving molecules like lipoxins 

and resolvins which have shown promise in neutralizing lymphocyte recruitment and initiating 

disease resolution115–117. Additionally, tetracyclines like minocycline and doxycycline intriguingly 

not only have a primary antibiotic function but a secondary effect of inhibiting tissue destroying 

matrix metalloproteinases118. 

1.3.3.2 Cell Inspired Approaches for Immune Modulation 

There has also been tremendous work focused on the various cell types involved in the 

immune-mediated inflammation and how to modulate their activity. Osteoclasts have been a key 

cell population as osteoclast-related mediators like matrix metalloproteinases (MMPs) and 

cathepsins that are downstream factors of osteoclasts are responsible for the degradation of bone 

and soft tissue119,120. Others have focused on cell type populations like dendritic cells121,122 or the 

polarization of macrophages123,124 and their roles in influencing the local microenvironment. 

Yet, the body has a natural immune regulation system that can also be harnessed using 

regulatory T cells (Tregs). Tregs are an immune T cell type subset (CD4+CD25+FOXP3+) that can 

suppress other immune cells including other CD4 T cells (Tcons). Mechanisms of suppression can 
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be both direct and indirect. For direct suppression, Tregs can secrete immunosuppressive soluble 

factors like IL10 or TGFβ cytokines. Tregs can also act through direct cell-cell contact and inhibit 

T cell receptor (TCR) induced proliferation. Indirectly, Tregs can suppress the activation of antigen 

presenting cells (APCs) (dendritic cells, macrophages and B cells) that normally display antigen 

for T cell recognition125,126.  

With their immune regulation abilities, regulatory T cells (Tregs) are naturally positioned 

to counteract immune imbalance and inflammatory destruction 127, especially in periodontitis. 

Specifically, Tregs are known to accumulate in gingival tissues during flare-ups of periodontal 

disease in both human and animal models, emerging as key natural regulators of local 

inflammation 128. In previous studies129, controlled drug delivery for the recruitment of Tregs in 

the local periodontium environment aided in the reestablishment of homeostasis in periodontal 

disease. Using a formulation that encapsulated the chemokine CCL22 in a murine oral gavage 

model 129, Tregs were locally recruited and enriched such that the ratio of Treg to effector T cells 

favored resolution of inflammation, bone loss was reduced and there was a microenvironment shift 

towards regeneration. However, Treg recruitment strategies have limited application in patients 

with systemic diseases that may alter the suppressive ability of any Tregs already present130–132.  

Opportunely, studies suggest a combination of factors (IL2, TGFβ and Rapamycin) can 

cause the local induction of Tregs from naïve T cells present at the site of administration133–135.  

IL2 and TGFβ are cytokines known to promote the growth and differentiation of naïve T cells into 

regulatory T cells 136. Rapamycin is a small molecule, mTorr inhibitor capable of preventing the 

differentiation of naïve T cells into other T cell types137,138. Thus, it remains to be determined if 

the development of a drug delivery formulation with this combination of three factors could 

potentially have an impact when administered as a preventative treatment for periodontal disease.  
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1.4 Hypothesis: Excipient composition in polymeric microsphere formulations can be 

modified to tune for desired drug delivery application 

As noted in section 1.1, the contribution of excipients to the overall properties of a drug 

product is complex but important. Although APIs provide the primary drug activity functions, 

excipients can modify key parameters including overall performance and release kinetics to make 

treatments disease targeted. To this end, we hypothesize that excipient composition and 

fabrication method could be modified to engineer extended-release formulations (that take 

advantage of advances in the field of controlled drug delivery and new understanding of the 

biological environment of the periodontium) for the; 1) generation of an Arestin® 

generics/comparator panel and validation of a novel dissolution test, 2) encapsulation of a 

natural product (cranberry extract) to counteract bacteria biofilm growth and 3) encapsulation 

of  a combination of factors to target the underlying immunological imbalance, that can each 

resolve the unmet needs of currently available treatments for patients with varying forms of 

periodontitis (from mild to severe).  
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2.0 Controlled Release of an Antibiotic for the Treatment of Periodontal Disease 

This chapter is adapted with copyright permission, from: Sravan Kumar Patel, Ashlee C. 

Greene, Stuti M. Desai, Sam Rothstein, Iman Taj Basha, James Scott MacPherson, Yan Wang, 

Yuan Zou, Mostafa Shehabeldin, Charles Sfeir, Steven R. Little, Lisa C. Rohan. (2021) 

Biorelevant and Screening Dissolution Methods for Minocycline Hydrochloride Microspheres 

Intended for Periodontal Administration. International Journal of Pharmaceutics. 

https://doi.org/10.1016/j.ijpharm.2021.120261 

 

Specific Aim 1: To Engineer Arestin® Comparator Products for Biorelevant Dissolution 

Testing Mimicking the Periodontal Pocket for the FDA. 

 

 

 

Figure 1. Graphical Abstract of Arestin comparator and small volume dissolution device (SVA) development. 
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2.1 Introduction 

The generics industry is a multi-billion-dollar industry worldwide. In 2020, the global 

market was estimated at $411.6 billion and is predicted to grow to $650.3 billion by 2025139. With 

such a high influx of potential drugs, in the United States, the FDA plays a critical role in 

evaluating these generics for their fidelity to the reference listed drug they are intended to mimic. 

To do so, an assessment of similarity in performance or bioequivalence between the formulations 

is required. Conventionally, when a generic drug manufacturer is ready to submit their generic 

(ANDA) application to the FDA, they must produce dissolution data. Fittingly, the FDA provides 

a database with predetermined dissolution methods that are based on active ingredient and 

formulation dosage form, often specifying the precise compendial USP device-based method and 

conditions that should tested140. However, Arestin®, as a soon-to-be off the market reference listed 

drug, challenges this standard. 

Arestin®, a minocycline (MIN) releasing PLGA microsphere product43,141,142, is unique in 

that it is currently the only extended release microsphere product applied within the periodontal 

pocket. Although it is anticipated that new minocycline-releasing generics will soon take its place, 

these generics will first need to demonstrate bioequivalence through dissolution testing. Yet, there 

is no standard compendial-level dissolution method that closely mimics oral microsphere 

administration.  

Therefore, the goal of this aim and study was to develop a panel of potential generic 

formulations of Arestin® to validate a new and biorelevant dissolution apparatus specifically for 

PLGA microspheres applied to the periodontal pocket. This device would not only simulate the 

small volume of the periodontal pocket but would also yield the appropriate corresponding flow 
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rates and media composition for a more biorelevant dissolution method. Ultimately, a rapid-

screening quality control biorelevant test was developed based on a previously reported USP 4 

method. The developed methods were assessed for discriminatory ability using microspheres that 

differed in composition and process parameters. A more biorelevant small-volume apparatus 

(SVA) was then fabricated and validated to better simulate the periodontal pocket in media, flow 

rate and to an extent, the volume.  

2.2 Materials & Methods 

2.2.1 Materials 

Minocycline hydrochloride (MIN) was purchased from Sigma Aldrich. Arestin® was 

purchased from OraPharma, Bridgewater, NJ. PLGA of different molecular weights and lactic 

acid:glycolic acid ratios were obtained from PolySciTech, Akina, Inc. Polyvinyl alcohol (~25,000 

g/mol, 98 % hydrolyzed) was obtained from Polysciences.  Tetra butyl ammonium hydrogen 

sulphate (98%) was obtained from J. T. Baker®. Float-A-Lyzer® G2 devices of 50 kDa MWCO 

and dialysis tubing (1 cm flat length, 50 kDa MWCO) were obtained from Spectrum Laboratories. 

Phosphate-buffered saline, 10x (1.47 mM KH2PO4, 2.68 mM KCl, 8.1 mM Na2HPO4 (anhydrous), 

and 137 mM NaCl) was obtained from Thermo Fisher Scientific. Appropriate dilutions using 

MilliQ water were made for use in experiments. All other chemicals including excipients used to 

prepare simulated GCF and HPLC mobile phase buffer were acquired from either Fisher Scientific, 

Sigma Aldrich or Spectrum Chemicals. Tygon tubing of 5/32” and 1/8” outer diameter was 

obtained from Fisher Scientific while tubing of 0.09” outer diameter was obtained from Cole-
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Parmer. All small volume chambers were machined by Mr. James Scott Macpherson at Swanson 

School of Engineering, University of Pittsburgh. 

2.2.2 Assessment of PLGA composition in Arestin® microspheres 

PLGA used in Arestin® was first extracted by membrane dialysis as adapted from Garner 

et al. based on the drug solubility143. Briefly, a pre-wetted regenerated cellulose dialysis membrane 

(3.5 kDa MWCO, Spectrum Laboratories) was rinsed and prepared as per manufacturer’s 

instructions. Arestin® (50 mg) was dissolved in dimethyl sulfoxide and loaded into the dialysis 

tubing. The solution was dialyzed against 1 L ultrapure water for a total of 10 h, after which the 

water was changed with fresh water, and dialysis continued for another 5 h. The remaining 

concentrate was centrifuged at 4°C at 1680 rcf for 10 min and then filtered with a fine porosity 

quantitative filter (Fisher Scientific, grade Q2). This solution was lyophilized for 24 h. Molecular 

weight and dispersity of the extracted PLGA were determined using a Waters GPC (gel permeation 

chromatography) system (THF, 0.5 mL/min) with Jordi 500 Å, 1000 Å, and 10000 Å 

divinylbenzene (DVB) columns and refractive index detector (Waters), which was calibrated 

relative to polystyrene standards. The 1H and 13C NMR (nuclear magnetic resonance) spectra were 

obtained in CDCl3 using a 500 MHz Bruker Avance III spectrometer at 293 K and calibrated to 

the residual solvent peak at δ 7.26 ppm (1H) and δ 77.00 ppm (13C). The end group was 

determined using heteronuclear single quantum correlation (HSQC) 2D NMR method (1H-13C) 

at the United States Food and Drug Administration. Commercially available ester (Resomer 

RG502, Sigma Aldrich) and acid endcapped PLGA (Resomer RG502H, Sigma Aldrich) of lower 

molecular weight (7-17 kDa) were used as controls considering high lactic:glycolic acid (LA:GA) 

peaks from high molecular weight polymer could obscure results.  
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2.2.3 Preparation of MIN-loaded PLGA microspheres 

PLGA microspheres (with distinct formulation or parameter settings) encapsulating MIN 

were fabricated using a single emulsion method as previously described by Jhunjhunwala et al133. 

Briefly, for the microspheres with changes in the formulation settings, 200 mg of PLGA with 

varied molecular weights and LA:GA ratio (Table 1), and 100 mg, 75 mg or 50 mg of MIN (to 

achieve a theoretical drug loading of 50%, 37.5% and 25% respectively), were dissolved in 4 mL 

of dichloromethane (DCM). For the microspheres with changes in the preparation parameter 

settings, 200mg of Resomer RG503H (LA:GA ratio 50:50, Mw 24-38kDa) and 100mg of MIN 

was dissolved in DCM at PLGA:solvent ratios of 0.025, 0.0625 and 0.1 (8mL, 3.2mL and 2mL 

respectively) per batch (Table 1). The single emulsion for these microspheres was prepared by 

homogenizing this solution in a 60 mL aqueous solution of 2% w/v PVA in 1X PBS for 1 min at 

the corresponding homogenizer speed in rpm shown in Table 1. The emulsion was then poured 

into an 80 mL aqueous solution of 1% w/v PVA in 1X PBS and stirred continuously using a 

magnetic stir plate at 600 rpm for 1.5 h to allow the DCM to evaporate. The microspheres were 

then collected and washed three times by centrifugation with MilliQ water before being re-

suspended in 5 mL of water to be frozen and lyophilized for 48 h (VirTis BenchTop K freeze 

dryer; operating at 100mTorr). 
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Table 1. Preparation parameters for MIN-loaded microspheres. 

 

*The molecular weight range for the 50:50 PLGA (RG503H) used in these studies is 24-38 kDa.  

For compositionally different microspheres, the naming includes (from left to right) a 

number, letter, and a number. The number on the left correspond to ratio of LA:GA, letter indicates 

molecular weight (L-low, H-high), and the number on the right suggests theoretical drug loading 

(1-25%, 2-37.5%, and 3-50%). For microspheres with varied processing parameters, number 

Microsphere 

Name 

LA:GA Molecular 

Weight (kDa) 

Theoretical 

Drug Loading 

(%) 

Ratio of  

PLGA: DCM 

Homogenizer 

Speed (RPM) 

50L3 50:50 15.4 50 0.05 1500 

50H1 50:50 64.14 25 0.05 1500 

75L2 75:25 14.2 37.5 0.05 1500 

85L1 85:15 21.8 25 0.05 1500 

85H3 85:15 43.3 50 0.05 1500 

Process parameter change* 

         0.025H 50:50 24-38 50 0.025 1500 

0.05H 50:50 24-38 50 0.05 1500 

        0.0625M 50:50 24-38 50 0.0625 1000 

0.1L 50:50 24-38 50 0.1 500 
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correspond to PLGA:DCM ratio, and the letter indicates the homogenization speed (L-500 RPM, 

M-1000 RPM, and H-1500 RPM).  

2.2.4 Physicochemical characterization of microspheres 

All microspheres, including Arestin®, were characterized for surface morphology, particle 

size and drug loading.  

2.2.4.1 Scanning Electron Microscopy 

The surface morphology was imaged using SEM (JEOL JSM6510 or JEOL JSM6335F, 

JEOL USA, INC. MA) at 3kV, 9-10.5mm WD and x250 magnification. Dry powder samples were 

mounted onto a stub with copper tape and sputter coated with palladium prior to imaging.  

2.2.4.2 Particle size measurement 

Size distribution of MIN-loaded microspheres was determined by a volume impedance 

method using Coulter Counter (Multisizer 3, Beckman Coulter). Approximately 1 mg of particles 

were suspended in an Isoton II diluent solution (Beckman Coulter) and readings were taken. 

Samples were diluted as necessary. A particle count of at least 1,000 was used to obtain number 

and volume averaged sizes.  

2.2.4.3 Ultra-high Performance liquid chromatography (UPLC) method 

An ultra-high performance liquid chromatography (UPLC) method was developed for MIN 

analysis in microspheres and dissolution samples. The method was based on a previously reported 

method for MIN tablets144. A Waters UPLC System (Acquity) was used for analysis. An Acquity 
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UPLC BEH C18 column (1.7 µm, 2.1 mm x 50 mm) fitted with a guard column and maintained at 

35°C was used. The mobile phase composed of 76% of citrate-phosphate buffer at pH 7.0 and 24% 

of acetonitrile, combined gravimetrically. The citrate-phosphate buffer consisted of citric acid 

monohydrate, tetrabutylammonum hydrogen sulfate, and monobasic potassium phosphate.  A flow 

rate of 0.2 mL/min was used for the isocratic method and analysis was carried out at 277 nm. 

Samples were maintained at 7°C throughout the run. 

Drug loading was measured by dissolving around 10 mg particles (or 2 units of Arestin®) 

in 100 mL of 20% acetonitrile in MilliQ water. The particles were vortexed and stirred in the dark 

until clear solution was observed. The solution was then filtered using 0.22 µm PTFE syringe 

filters and analyzed using the developed UPLC method. This method was qualified for use by 

evaluating linearity, precision, and repeatability. The method was able to separate commonly 

observed degradants under acidic, basic, thermal, and oxidative conditions.  

2.2.5 In vitro Release Study: USP Apparatus 4 Method 

A USP apparatus 4 (SOTAX CP7 manual closed loop system) method was developed 

based on a previously reported method73. Float-A-Lyzer® G2 devices of 50 kDa molecular weight 

cut-off (Spectrum Laboratories) were first rinsed with 10% v/v ethanol for 10 minutes, then with 

purified water for 30 minutes and finally with dissolution media for another 30 minutes. Each 

dialysis sac contained about 10 mg of microspheres (or two Arestin® cartridges) and1.8 mL of 

dissolution medium (0.1% w/v sodium azide in PBS 1x, pH 7.4) and was placed in 22.6 mm clear 

flow-through cells. The volume of dissolution medium was 80 mL. The flow rate was set to10 

mL/min. The dissolution study was carried out at 37°C for 3 days. At predetermined intervals, the 

cumulative amount of drug released is measured by an online UV spectrophotometer (Evolution 
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300, Thermo Scientific) at 292 nm. A calibration curve of MIN in the dissolution media was 

developed prior to analysis for quantitation. 

 

2.2.6 In vitro Release Study: Biorelevant SVA Method 

2.2.6.1 Preparation of Gingival Crevicular Fluid Simulant (sGCF) 

One liter of GCF simulant (sGCF) was prepared by dissolving 0.338 g of citric acid 

monohydrate, 5.411 g of trisodium citrate dihydrate, 6.74 g of sodium chloride, 0.719 g of 

potassium chloride and 0.0559 g of bovine serum albumin in 950 mL of MilliQ water. The pH of 

this solution was adjusted to around 7.25 with 18% w/v of sodium hydroxide solution. Calcium 

chloride dihydrate (0.49 g) was dissolved separately in 5 mL MilliQ water and added to the 

solution dropwise. The volume was made up to 1 L with MilliQ water and the solution was filtered 

through 0.22 μm membrane filter. Table 4 shows a comparison between human GCF and sGCF. 

2.2.6.2 Design of Small Volume Apparatus (SVA) 

A novel device (Fig. 2) was fabricated at the Swanson School of Engineering, University 

of Pittsburgh using a clear polycarbonate (McMaster-Carr®) material. Initial prototypes were 

fabricated using a stereo lithography-based 3D printing method (Protolabs, MN) and employed 

Somos® WaterShed XC 11122 material. The design details were developed in SOLIDWORKS™ 

3D CAD software. The device was designed to contain inner slotted chamber, which is 2.0 cm 

long and diameter around 5.7 mm that acts as a reservoir for microspheres. The slotted chamber is 

inserted into a cellulose dialysis membrane (Biotech CE, 1 cm flat width, 50 kDa MWCO, 

Spectrum Labs) and secured using an acrylic adhesive (Liquid Nails All Purpose Adhesive) and 
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Teflon tape. A cylindrical outer chamber (3.4 cm length) fitted with inlet and outlet caps housed 

the inner chamber loaded with microspheres. One end of the device was connected to a precision 

pump (Legato® 200, KD Scientific) for delivering sGCF, while the released drug is continuously 

collected via the other end of the device. Tygon tubing was used to connect the precision pump 

and the dissolution device. The device is placed in a 37°C oven to maintain physiological 

temperature (Fig. 3). As media enters the outer jacket, it distributes into several holes fabricated 

inside the outer jacket entry cap. This allows uniform flow of media inside the outer jacket. The 

small media volume in the dialysis enclosure (total volume ~0.25 mL) and a very low media flow 

rate (0.5 µL/min) on the exterior of dialysis membrane simulate the environment in the periodontal 

pocket. 

 

 

Figure 2. Design of novel dissolution device for the small volume apparatus (SVA) method. A 3D CAD image 

shows various parts and the dimensions of the dissolution device. The slotted inner chamber, which houses 

microspheres, is inserted into a dialysis membrane and is secured with Teflon and adhesive. The outer 

chamber and the assembled device are also shown. 
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Figure 3. Schematic representation of small volume apparatus (SVA) for conducting dissolution studies. The 

set-up shows unidirectional flow of sGCF at 0.5 µL/min through the dissolution device maintained at 37 °C in 

an oven. Samples are collected at regular intervals and are analyzed using UPLC. 

 

2.2.6.3 Dissolution Set-up and Methodology 

Prior to the initiation of the experiment, syringe pumps were filled with sGCF and 

calibrated at 0.5 µL/min by sequential adjustments until the error was found to be less than 10%. 

About 10 mg of microspheres (or 1 cartridge of Arestin®) were added to the pre-made inner 

chamber-dialysis set-up followed by addition of 250 µL of sGCF. Arestin® powder was directly 

deposited through the cartridge into the inner chamber. For the in-house prepared microsphere 

products, the loose powder was packed into empty Arestin® cartridges and deposited similarly. 

The inner chamber was inserted into the outer chamber and the assembled devices connected to 

the syringe pump were transferred to 37°C oven. The devices were primed using sGCF at 100 

µL/min. Once all the lines were filled without entrapped air, the flow rate was changed to 0.5 

µL/min. Samples were collected daily for at least 14 days and diluted to a final of 20% of 
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acetonitrile in sGCF (v/v). The diluted samples were stored at -80°C and batched for analysis using 

the developed UPLC method. UPLC method and qualification parameters remained same as 

reported in earlier section for assay. Calibration standards were prepared in 20% acetonitrile in 

GCF. 

 

2.2.7 Mathematical Model Development  

Release Paradigm: The model for drug dissolution from PLGA microspheres in the SVA 

described herein builds upon previously published descriptions of drug release from hydrolysable, 

hydrophobic polymer matrices13,145,146. These prior models assumed perfect sink conditions at 

matrix surfaces, a condition that is relaxed in the present model to account for slower fluid flow in 

the biorelevant apparatus. Accordingly, agent concentration at the matrix surface, instead of being 

set to zero, becomes dictated by flux (q/A) where q is the rate of drug clearance from the matrix 

surface and A is the surface area of the matrix.   

The rate of drug clearance (q) from the polymer matrix surface for a flow-through cell 

dissolution apparatus loaded with known mass of particles is proportional to the rate of fluid flow 

through the sample chamber relative to the volume of particles present, as follows; 

 𝑞 ∝  n𝑉𝑝𝑄  [2-1] 

Where n is the number particles, Vp is the mean particle volume and Q is the fluid flow 

volumetric flowrate.   

The matrix surface area (A) begins as a function of particle volume and grows as the 

polymer matrix erodes, losing molecular weight and mass. As such;  



 26 

 A ∝ nVpMwo/Mw  [2-2] 

Where n is the number of particles, Vp is the mean particle volume and Mw the polymer’s 

molecular weight.  In turn, change in molecular weight remaining Mw/Mwo can be approximated 

by a pseudo-first order degradation rate expression:   

 
𝑀𝑤

𝑀𝑤𝑜
= 𝑒−𝑘𝐶𝑤𝑡     [2-3] 

Where kCw, is the degradation rate constant, which is a known function of LA:GA ratio, 

and t is time.   

Combining these proportionalities and equations produces a time-dependent drug (CA) flux 

condition at the particle surface with constants of Q and kCw. 

 
𝜕𝐶𝐴

𝜕𝑟
(𝑅𝑃 − 𝑅𝑜𝑐𝑐, 𝑡) = 𝐹 ∙ 𝑄 ∙ 𝑒−𝑘𝐶𝑤𝑡    [2-4] 

Where Rp – Rocc is position of the particle surface along radius r where agent is free to 

release.  Thus, the model of drug release from bulk eroding polymer matrices, such as PLGA 

microspheres, developed by Rothstein, Federspiel and Little is extended to include the small 

volume dissolution scenario by use of Equation 2-4 as its surface boundary condition145,146.  

Implementation: Equation 2-4 required a new fit parameter Ϝ which was optimized as a 

constant across training data for each apparatus, in this case USP 4 and small volume dissolution 

data for MIN-loaded PLGA microspheres. The complete model was solved via finite element 

method using partial differential equation script pdepe.m on MatLab v9.2.0.556344 (R2017a).  

Parameter Ϝ was calculated by non-linear regression to minimize normalized sum squared error 

across data sets from microspheres for a total of 10 simulations. Microsphere 85L1 was excluded 

from this exercise due to low drug release (≤%5).    
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2.2.8 Antimicrobial Testing 

In order to assess the biological activity of MIN released into the dissolution media, an 

antimicrobial testing method was developed. Briefly, one colony of Actinobacillus 

actinomycetemcomitans (Aa) (ATCC® 29522™) was inoculated in 1 mL of pre-reduced brain heart 

infusion broth (BHI) (BD Biosciences 237500) and incubated anaerobically at 37°C overnight. 

The next day, the Aa pellet was resuspended in 1 mL broth and optical density (OD) of the 

suspension was adjusted by its dilution in pre-reduced BHI broth to be equivalent to 108 CFU/ml. 

The diluted suspension (1 mL) was transferred to 10 mL culture test tubes containing 100 µL of 

samples obtained from the dissolution apparatus at 1 and 7 days and incubated in anaerobic 

atmosphere at 37°C. Freshly prepared sGCF (100 µL) was used as a control. After 24 h, OD (at 

600 nm) of Aa suspension in individual tubes was measured. Finally, 100 µL of serial 10-fold 

dilutions of bacterial suspension from each tube were inoculated on pre-reduced blood agar plates 

for another 24 h to determine cell viability by counting individual colony forming units.   

2.2.9 Statistical Analysis 

The difference between release profiles was assessed using similarity factor (f1) and 

difference factor (f2) described previously147. 

 𝑓1 = [
∑ |𝑅t−𝑇t|𝑛

𝑡=1

∑ 𝑅t
𝑛
𝑡=1

] × 100         [2-5] 

 

 𝑓2 = 50 × log[
1

√[1+
1

𝑛
∑ (𝑅t−𝑇t)2]𝑛

𝑡=1

 ×  100]    [2-6] 
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Where,  

n = number of time points 

Rt = dissolution value of the reference at time t 

Tt = dissolution value of the test at time t 

2.3 Results 

2.3.1 Arestin® Composition 

Reverse engineering of Arestin® was attempted to determine its composition and 

physicochemical properties. This information was used to develop a panel of microspheres that 

are rationally designed based on the composition of Arestin®. Arestin® was found to be composed 

of PLGA and MIN at a loading of approximately 25-27% w/w. Using GPC, it was determined that 

the PLGA used in Arestin® has a weight average molecular weight of 24 kDa with a polydispersity 

index (PDI) of 1.47. Additionally, NMR analysis of Arestin® suggested that the LA:GA ratio is 

50: 50. 1H-13C HSQC NMR analysis of the polymer purified from Arestin® confirmed that the 

PLGA is acid-terminated. Table 2 shows the composition and physicochemical properties of 

Arestin®. 
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Table 2.  PLGA composition and physiochemical properties of Arestin® 

 

2.3.2 Preparation and Characterization of Microspheres 

All microspheres were fabricated using a single emulsion process and were determined to 

be spherical and displayed smooth surface. The particle size and drug content of the microspheres 

are summarized in Table 3. The SEM images of the prepared microspheres and Arestin® are 

shown in Figure 4. For the microspheres fabricated with changes in preparation parameters, as the 

stir speed increased, the microsphere size decreased. However, all microspheres had a particle size 

close to that of Arestin® and ranged between 28 µm and 40 µm. The UPLC method for drug 

content analysis showed acceptable linearity (R2 > 0.999), precision (RSD < 2%), and repeatability 

(RSD < 2%). The actual drug loading in the microspheres was found to be proportional to the 

theoretical drug loading. However, the drug content of all microspheres was less than that of 

Arestin® and ranged from 9 % to 21 %.  All microspheres including Arestin® had a glass transition 

temperature (Tg) between 48 – 55°C, characteristic of the PLGA used.   

Characterization Parameter Result 

LA:GA ratio 50:50 

Molecular weight ~24 kDa 

End group Acid 

Drug content 25-27 % w/w of particles 

Shape Spherical 

Morphology Uniform and non-porous 

Size ~28-40 µm 
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Figure 4. Scanning electron microscopy (SEM) images of microspheres (A-50L3, B-50H1, C-85L1, D-75L2, E-

85H3, F-Arestin®). Scale bar = 100 µm. 
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Table 3. Characterization of in-house prepared microspheres 

Microsphere 

Particle Size – 

Differential Volume 

(µm) 

Particle Size – 

Differential Number 

(µm) 

Drug Loading 

(% w/w) 

50L3 28.7 ± 9.6 9.7 ± 8.5 21.05 ± 0.09 

50H1 32.9 ± 10.1 8.3 ± 9.1 9.10 ± 0.01 

75L2 36.9 ± 12.8 6.4 ± 7.7 11.42 ± 0.11 

85L1 33.9 ± 11.9 13.9 ± 10.9 9.90 ± 1.00 

85H3 39.2 ± 11.3 10.1 ± 11.5 15.50 ± 0.20 

0.025H 32.3±10.3 15.3±10.7 12.24 ± 0.05 

0.05H 38.8±9.9 19.2±14.3 9.20±0.00 

0.0625M 43.2±12.1 9.4±12.0 12.43 ± 0.12 

0.1L 39.6±14.9 4.2±5.9 21.67 ± 0.05 

2.3.3 In vitro Dissolution Study: USP Apparatus 4 Method 

MIN degrades upon exposure to light and heat and showed significant degradation in 

dissolution media within 3 days (~76% remaining), which poses considerable challenges to obtain 

reliable dissolution profile. To account for drug degradation, the analysis was carried out at the 

isosbestic point of MIN (data not shown). The UV spectra of MIN samples (25 µg/mL in 0.1% 

sodium azide in PBS 1x) maintained at 37°C showed the absorption maxima of MIN at 246 nm. 
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Over a period of 5 days under mild shaking, the absorbance at 246 nm decreased. However, the 

wavelength region from 276 – 312 nm showed overlapping UV spectra indicating no or minimal 

changes in absorbance for samples stored for different lengths of time. This region is termed as 

the isosbestic region. The absorbance of the sample in this region is proportional to the total 

concentration of MIN and its degradants in the sample. A wavelength of 292 nm, which lies in the 

middle of the isosbestic region, was selected for online UV analysis. Absorbances were found to 

be linear from 0.5 µg/mL – 50 µg/mL at 292 nm.  

A control study was performed using MIN solution to ensure that MIN degradants did not 

impact quantitation. A rapid and complete release of MIN from dialysis tubes was seen, which 

attained plateau in less than 0.5 days (data not shown). Moreover, the amount released had 

remained constant at the plateau levels throughout the study. Figure 5 shows dissolution of all 

compositionally different microspheres and Arestin® using this method. Arestin® shows a burst 

release and a sustained complete release within 3 days. In contrast, all microspheres plateaued 

before complete release. Interestingly it was observed that microspheres prepared using higher 

molecular weight PLGA released more MIN than microspheres fabricated with lower molecular 

weight PLGA. Furthermore, the impact of microsphere particle size on release was also observed, 

although not systematically, by comparing SEM images against dissolution profiles of 

comparators. The effect of particle size may be more pronounced among microspheres prepared 

at constant composition but varied processing parameters (Fig. 5). Microspheres 0.05H exhibited 

a faster release while 0.1L microspheres released in a more sustained fashion. Microspheres 

0.0625M released about 60 % MIN over a period of 3 days. Microspheres 0.025H released the 

least cumulative amount of MIN, with about 15% of MIN released over 3 days. Comparison using 

difference (f1) and similarity factor (f2) further confirmed that the microspheres prepared by 
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varying process parameters performed differently as measured by dissolution profiles (data not 

shown). The reproducibility of the method was evaluated by performing dissolution of Arestin® 

on three occasions by two analysts (Fig. 6). Although minor differences were observed in the 

plateau phase, the burst release phase remained same between all the runs. Importantly, the f1/f2 

statistic showed that the dissolution profiles were similar between all the runs. Overall, the USP 

apparatus 4 method showed discriminatory potential between microspheres of varied composition 

and properties. 

 

 

Figure 5. In vitro drug release profiles of minocycline comparators. A. microspheres with composition 

differences and B. compositionally equivalent microspheres with manufacturing differences obtained using 

USP Apparatus 4 (n = 3) at 37 °C in PBS containing 0.1% w/v sodium azide. 
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Figure 6. Overlay of in vitro drug release profiles of three Arestin® runs obtained using USP apparatus 4. 

Results are presented as Mean ± SD of n = 3 samples of 3 individual runs of Arestin®. 

2.3.4 In vitro Release Study: Biorelevant Method (SVA) 

The developed biorelevant SVA method simulated in vivo conditions to a varying degree 

for pH, fluid composition, and flow rate of GCF as well as the small periodontal space. The 

developed sGCF showed properties (Table 4) similar to the human GCF in ionic concentration, 

pH, and presence of proteins148,149. The pH of sGCF was measured to be 7.2 and osmolality around 

292 mOsm/kg, which remained constant for at least 14 days when stored at 4°C, room temperature, 

and 37°C (Figure S5).  
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Table 4. Comparison between human GCF and GCF simulant (sGCF) 

Component Human GCF sGCF 

Sodium (mEq/L) 174.7 ± 18 174.5 

Potassium 9.54 ± 2.4 9.52 

Calcium 5.41 ± 0.37 5.44 

pH 6.8-8.7 7.2 

 

 

 

 

Figure 7. In vitro drug release from Arestin® using the small volume apparatus (SVA) method (n = 4) at 

different flow rates. Drug release was conducted at 37 °C under continuous flow of sGCF. 
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Figure 8. In vitro drug release profiles of microspheres with composition differences obtained using the 

biorelevant small volume apparatus (SVA) method. Results are presented as Mean ± SD of n = 3 samples. 

 

 

 

Figure 9. Dissolution profiles of three Arestin® runs obtained using the biorelevant small volume apparatus 

(SVA) method. Results are presented as Mean ± SD of n = 4 samples for 3 individual runs of Arestin® 

microspheres. 
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The developed UPLC method was qualified for use to assay MIN in dissolution samples. 

The method was found to be linear (R2 > 0.999), precise (RSD < 2%), and repeatable (RSD < 2%). 

Importantly, the method was able to quantitate low concentrations of MIN (up to 0.25 µg/mL) in 

dissolution samples. The fabricated device was found to be robust and can be applied for repetitive 

use. In order to assess the effect of flow rate on dissolution of microspheres, Arestin® dissolution 

experiments were performed at 0.5 and 2 µL/min flow rates. Dissolution profiles of Arestin® at 

0.5 and 2 µL/min are shown in Figure 7. Similar to MIN release from MIN solution, increased 

release was observed with higher flow rate.  

The small volume dissolution profiles of compositionally different microspheres are shown 

in Figure 8. The rank order of microspheres (85H3 > 50H1 > 75L2 > 50L3 > 85L1) is same as that 

observed with the USP apparatus 4 method. However, the cumulative amount of MIN released 

within 14 days is less than the MIN amount released over 3 days in the USP apparatus 4 method. 

To understand the reproducibility of this method, Arestin® dissolution was performed three times. 

As shown in Figure 9, Arestin® dissolution from three runs showed overlapping dissolution 

profiles suggesting that the SVA biorelevant method set-up and use can be reproduced. Ultimately, 

the SVA biorelevant dissolution method effectively discriminated release profiles from prepared 

microspheres (similarly to the USP apparatus 4 method) supporting its applicability in the product 

development process. 

2.3.5 Model development 

A mechanistic model was developed using the dissolution data obtained from both USP 

apparatus 4 and SVA biorelevant methods. Simulations with the flux-degradation boundary 

condition account for differences in the USP apparatus 4 and SVA dissolution data from MIN-
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loaded PLGA microspheres.  Nonlinear regression of data from USP apparatus 4 and small volume 

dissolution produced constant Ϝ values of 14 and 63, respectively. This difference could be 

attributed to the differences in the amount of Arestin dispersed in the inner chamber and the fluid 

volume of the inner chamber. Table 5 highlights the major differences between these methods. In 

general, there was a good agreement between simulated and actual data for both USP 4 and small 

volume dissolution (Fig. 10).  
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Figure 10. Simulations of minocycline release from PLGA microspheres closely follow USP Apparatus 4 and 

small volume apparatus (SVA) dissolution data from particle sets. Data used came from particle sets A) 

85H3, B) 75L2, C) 50H1, D) 50L3, and E) Arestin®. Simulations from the original USP Apparatus 4 model 

(Rothstein et al.) over predict the rate of small volume dissolution (data not shown). 
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Table 5. Comparison between Modified USP Apparatus 4 and Small Volume Apparatus 

Parameter USP Apparatus 4  Small Volume Apparatus 

Inner chamber volume 1.8 mL 250 µL 

Reservoir volume 80 mL (re-circulated) ~750 µL (unidirectional) 

Flow rate 10 mL/min 0.5 µL/min 

Dissolution media 0.1% sodium azide in PBS 1x sGCF 

Experiment temperature  37°C 37°C 

Sample volume (Arestin®) 2 units (8 mg) 1 unit (4 mg) 

Experimental time 3 days 14 days 

Sample analysis On-line UV system (MIN + degradants) UPLC (MIN peak only) 

 

2.3.6 Antimicrobial activity of released MIN 

Our antimicrobial testing data revealed that MIN released in the dissolution medium 

maintained its biological activity and inhibited Aa growth in a concentration dependent manner. 

Adding MIN released in the dissolution medium at 1 and 7 days (data not shown) to Aa suspension 

resulted in significant inhibition of Aa growth compared to sGCF as measured by OD at 600 nm 

after 24 hours. In line with the OD measurements, CFU counts were significantly lower on blood 

agar plates inoculated with the diluted mixture of Aa suspension and dissolution medium 

containing released MIN after 24 hours incubation. Altogether, the antimicrobial assays indicate 

that the dissolution process developed did not affect the bacteriostatic activity of MIN released 

from the PLGA microspheres. 
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2.4 Discussion 

The goal of this work was to develop dissolution methods for locally acting microspheres 

in the periodontal pocket, that are either biologically relevant or can be used as a quality control 

method for routine analysis. There have been significant challenges in the development of a 

biorelevant dissolution method for MIN microspheres, including simulation of small periodontal 

space, complex fluid environment, and drug degradation under acidic, basic, thermal, and 

oxidative conditions150,151. We attempted to address these challenges and develop a novel 

dissolution system that is more biorelevant and discriminatory. 

Initial attempts were focused on ascertaining the composition of Arestin® and 

physicochemical properties. Using NMR and GPC, it was identified that Arestin® is composed of 

acid end capped PLGA with 50:50 lactic acid to glycolic acid units and an average molecular 

weight of 24 kDa. Furthermore, the physicochemical properties such as drug content, particle size 

and morphology were determined (Fig. 4, Table 2). Based on the polymer type and composition 

of Arestin®, a range of microspheres were prepared (Tables 1) to assist in developing 

discriminatory dissolution methods. Specific formulation parameters and process conditions were 

varied to obtain microspheres. It has been shown previously by Rothstein et al.13,145,146 that the 

investigated parameters impact the dissolution behavior of PLGA microspheres. Particle size and 

to a less extent the morphological features varied between comparators due to variations in 

composition and processing parameters. Importantly, all comparators showed lower drug content 

(9-21% w/w) compared to Arestin®, possibly due to difference in manufacturing procedures 

between comparators and Arestin®.   
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The USP apparatus 4 method was developed as an accelerated method that can be used to 

facilitate formulation screening and routine quality control analysis. This method was based on the 

modified USP4-dialysis method reported by the Burgess group73. It is known that MIN degrades 

rapidly in aqueous media at physiological temperature150. In our studies, MIN degraded rapidly 

(data not shown) in dissolution media (i.e., sGCF and 0.1% w/v sodium azide in PBS). This rapid 

degradation is especially challenging for long-acting controlled release products due to the 

prolonged study duration and complication arising from drug degradation that can be discounted 

as low or lack of release. In an attempt to simplify this process, online UV analysis of MIN at its 

isosbestic point was developed for the screening USP apparatus 4 dissolution method. As shown 

in supplemental data (not shown), the isosbestic point of MIN was found to be around 292 nm, 

where the absorbance changed minimally during a 5-day period. Further, dissolution of MIN 

solution for 3 days displayed (supplemental data not shown) constant plateau indicating that the 

degraded species have not reduced the absorption, thus supporting the utility of selected 

wavelength (292 nm). Since complete dissolution of Arestin® microspheres was observed in less 

than 3 days, the dissolution time scale for this method was fixed at 3 days.  

The dissolution testing results of this semi-quantitative screening method showed 

differences in drug release profiles of the microspheres prepared with formulation and process 

variations.  Changes in physicochemical properties such as particle size were also observed. In 

general, microspheres of smaller size, based on SEM, presented with reduced drug release (Fig. 4 

and 5). One reason for this observation may be that the autocatalytic polymer degradation is slower 

for smaller microspheres due to faster clearance of generated acid145. For microspheres shown in 

Table 1 with formulation modifications, at each LA:GA, increased molecular weight led to a faster 

release, which is opposite to what is reported in the literature152. Notably, the amine groups of 
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minocycline have pKa of 7.8 and 9.3153, which are ionized at pH 7.4 (PBS 1x). The ionized groups 

could potentially interact with the acid end groups of PLGA leading to slower release. 

Microspheres with increased PLGA molecular weight contain a lower number of acid groups per 

mole and cannot readily interact with MIN leading to faster release. Such ionic interactions for 

PLGA have been previously described in the literature154. In addition to these, the separate effect 

of hydrophobic lactide to hydrophilic glycolide ratio on drug release is expected but cannot be 

readily deduced from the limited panel of microspheres tested here. Moreover, this effect is 

probably confounded with particle size and inner microsphere structure. Therefore, the observed 

differences in drug release kinetics between these microspheres could be due to the differences in 

available number of acid functionalized end-groups for association with MIN as well as size, 

LA:GA ratio, and internal particle structure. Arestin® dissolution performed at three different 

times by two analysts (Fig. 6) using the USP apparatus 4 method showed similarity using f1/f2 

statistic, thus confirming its reproducibility. Given the ease of use and discriminatory potential, 

the USP apparatus 4 dissolution method can serve as a screening method for quality control and 

to assess batch-to-batch variability of MIN microspheres. Moreover, rapid online analysis by the 

USP apparatus 4 method is less labor intense and cost-effective compared to the existing method 

in the USP for MIN microspheres. 

Nevertheless, the USP apparatus 4 method, although facile, does not incorporate 

biorelevant conditions. In order to be more biorelevant, a novel small volume device with 

capability for continuous media flow was fabricated. Further, a biologically relevant media (sGCF) 

was developed to be utilized in these biorelevant dissolution studies. Markopoulos and colleagues 

proposed a levels pyramid scheme for developing a biorelevant dissolution media155. Accordingly, 

biorelevant media can match the in vivo media encountered by dosage forms in as little as pH to 
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the presence of dietary proteins and enzymes. Based on the ionic content data of human GCF from 

the literature, the milli-equivalent of major ions such as sodium, calcium, and potassium were 

established148. It has been shown that human GCF pH can vary between 6.8 and 8.7 for healthy 

and highly inflamed conditions respectively. To maintain stable pH during storage and use, buffers 

were introduced. Since phosphate buffers are commonly employed for pH 7.2, initial simulant 

preparation utilized different phosphate ingredients, which led to the precipitation of calcium. This 

necessitated use of a citrate buffer. The reported protein content in human GCF is very high (>70 

g/L)156. The use of such high amounts of protein can be challenging and can lead to problems with 

stability, reproducibility, foaming during use and potential interference with dissolution, and 

downstream processing for drug analysis. Therefore, the amount of protein (bovine serum 

albumin) was maintained at low levels (0.05 g/L). The comparison of ionic content of sGCF and 

human GCF in Table 4 shows the similarities between these two media. Importantly, sGCF 

remained stable for the proposed duration of the dissolution study (14 days) based on monitored 

changes in pH, osmolality, and visual quality. 

In the field of dissolution studies, efforts have been made to limit the proliferation of 

dissolution apparatuses and encouraged use of compendial apparatuses for biorelevant dissolution. 

However, using compendial apparatuses for biorelevant dissolution has not always been practical. 

This is especially true for small anatomical spaces where the fluid volume and hydrodynamics 

play a major role in dissolution, which are not closely simulated in the large volume apparatuses. 

Therefore, in this work, a novel dissolution apparatus was fabricated that incorporates biorelevant 

conditions such as physiological temperature, low fluid volume and low volumetric flow rate to 

assess dissolution of Arestin® and panel of microspheres. Optically clear polycarbonate material 

was used in the device fabrication to allow for visualization of inner components during set up and 
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the course of the study. A small volume device containing an inner dialysis support (slotted inner 

chamber) enclosed in an outer chamber containing media was fabricated. Of note, the separation 

of microspheres from external media using the dialysis membrane is required to maintain 

separation of released drug from microspheres. The design incorporated features to allow for 

uniform flow of fluid as it enters the outer chamber. This small volume apparatus more closely 

resembles the environment in the periodontal pocket as compared to the existing dissolution 

systems. Moreover, the continuous flow of media minimizes build of degradant species, which 

may complicate the analysis procedures. 

To determine the effect of flow rate on release, Arestin® dissolution using the biorelevant 

method was compared at 0.5 and 2 µL/min (Fig. 7); the flow of GCF in the human periodontal 

pocket varies from 0.33 – 2.28 µL/min77. Arestin® is shown to release at a higher rate when the 

sGCF flow rate is 2 µL/min, which is in agreement with the release behavior observed from MIN 

solution at 0.5, 2 and 10 µL/min flow rates (data not shown), where flow rate has a significant 

effect on the amount of MIN released over time. This result suggests that the release of MIN is 

dependent on the concentration flux created inside the inner chamber of dissolution cells. The flow 

rate experiment results suggest that the increased flow rates deplete the inner chamber of the 

released MIN faster, thus maintaining fresh media within inner chamber for participation in 

diffusion and erosion of PLGA. The dissolution may be affected considerably with further increase 

(or decrease) in flow rates, which was not evaluated in this study. Based on these results, a flow 

rate of 0.5 µL/min was utilized for remaining studies as it provides more sustained release profile 

and therefore likely result in greater discriminatory potential.  

The developed microsphere panel enabled testing the discriminatory potential of this 

system. Figure 8 confirms the discriminatory potential of the biorelevant method. Although the 
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rank order of MIN release is similar between USP apparatus 4 and small volume system, the 

potential to discriminate drug release in the initial times of release (< 5 days) is greater for the 

biorelevant method. It is to be noted that the contribution of epimer and other degradation products 

to the release profile is not included, thus underestimating the overall release from these 

microspheres compared to USP apparatus 4 method. MIN is likely to form similar degradation 

products in vivo, which are not biologically active. Therefore, the obtained drug release will help 

to ascertain the available drug for antimicrobial effect. Arestin® showed similar release profile 

between three repeated dissolution studies from two different lots suggesting high reproducibility. 

The antimicrobial study showed that the dissolution samples at days 1 and 7 were effective against 

Aa bacteria based on reduced OD and colony forming units indicating that the released drug is 

bioactive.  

Finally, a mathematical model was developed to mechanistically understand the release of 

MIN from microspheres when exposed to two different dissolution environments. The 

mathematical model developed here in builds upon a prior model of controlled release from PLGA 

microspheres initially developed to describe release under perfect sink conditions, as found within 

the USP apparatus 4145,146. When applied to USP apparatus 4 data, the revised model continued to 

accurately describe dissolution results. These comparisons suggest that the revised flux equation 

specified for the particle surface effectively mimics perfect sink conditions at the 10 mL/min flow 

rate used in the USP apparatus 4. Critically, this new expression also allows predictions of release 

at slower flowrates, namely the 0.5 µL/min flow rate used in the small volume apparatus. The 

testing of model descriptions of release across multiple data sets, including different polymer 

molecular weights, polymer chemistries and particle sizes provides comparable scope of validation 

to prior models145,146,157. In these validation studies, the new model’s fit parameter Ϝ was calculated 
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as a constant for USP apparatus 4 and for small volume system suggesting a conserved release 

mechanism across the tested particle types and apparatuses. The model would benefit from future 

studies to determine if the proposed quantification of release continues to accurately describe other 

drugs and other system flowrates.   

Overall, two reliable and discriminatory methods were developed for periodontal 

microparticulate systems containing MIN. The novel biorelevant method extrapolates the 

versatility of the USP apparatus 4 to a micro-liter scale. The apparatus can be used with suitable 

media and appropriate flow rates to test any drug product that is intended for application in 

extremely small volumes, up to 250 µL. The apparatus can thus find applications to test ocular and 

nasal drug products. The biorelevant method closely mimics the conditions of the periodontal 

pocket and was able to discriminate between formulations with composition and process 

differences. Lastly, the design of microsphere products not only served to test the dissolution 

device but also ascertain the potential mechanism of MIN release from particulate systems with 

varied composition and physicochemical properties. Taken together, the developed device 

provides more biologically relevant drug release with effective discriminatory performance. 
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3.0 Controlled Release of a Natural Extract for the Treatment of Periodontal Disease 

This chapter is adapted with copyright permission, from: Ashlee C. Greene, Abhinav P. 

Acharya1, Sang B. Lee, Riccardo Gottardi, Erin Zaleski, Steven R. Little. (2020) Cranberry 

extract-based formulations for preventing bacterial biofilms. Drug Deliv. and Transl. Res. 

https://doi.org/10.1007/s13346-020-00837-x 

 

Specific Aim 2:  To Develop Cranberry extracts-based Formulations for the Prevention of 

Oral Bacterial Biofilms and Periodontal Disease. 

 

Figure 11. Graphical abstract of cranberry extract formulation anti-biofilm activity 
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3.1 Introduction 

Antibiotic administration (aim 1) is often the first step to counteract the bacterial burden in 

periodontitis, although there has been an increasingly large push away from the overuse of 

antibiotics. Additionally, in patients with mild periodontal disease or even as a preventative, a full 

procedure of SRP with an adjunct antibiotic may not even be required. Mechanical means such as 

brushing and flossing together are quite effective at removing oral biofilm from the exposed 

surfaces on teeth. However, residual biofilm in hard-to-reach places can cause issues in the oral 

cavity over time. Oral biofilm removal through non-mechanical means may also be difficult to 

achieve using mouthwashes because biofilms are composed of complex communities of 

microorganisms that generate a robust biofilm 158,159. While many agents have been proposed to 

fight oral biofilms, many agents suffer from insufficient exposure time, hindering their clinical 

effectiveness 158. Therefore, an oral rinse with technologies included capable of locally adhering 

to biofilms and sustainably releasing anti-biofilm agents could provide a promising solution to 

inhibit bacterial buildup and plaque formation while retaining a convenient patient self-

administration format. In order to design a treatment that can accomplish this task, it is helpful to 

first consider what composes an oral biofilm.  

Bacterial biofilms are comprised of a complex matrix of extracellular polymeric substances 

(EPS) that stabilize and adhere bacterial populations to the surface of the tooth 159. Additionally, 

bacterial biofilms function as extracellular digestive milieus for bacteria with the entrapment of 

sugar metabolic enzymes, ultimately resulting in acidic (pH 4-5) microenvironments 159,160. 

Additionally, the overall structures that compose the biofilm and the pellicle (protein film formed 

on the surface of the tooth) are largely negatively charged, and strategies targeting these surfaces 

for adhesion may take advantage of ionic interactions by utilizing positively charged moieties 
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158,160 such as ethyl lauroyl arginate (LAE) or inherently adhesive molecules such as 

polyvinylpyrrilidone (PVP). Notably, cranberry proanthocyanidins and flavonols can inhibit the 

growth of Streptococcus mutans 84, a significant contributor to tooth decay,  and cranberry 

phenolics showed antibacterial activity against Helicobacter pylori 84. Additionally, cranberry has 

not been shown to be bactericidal at low concentrations, but to only prevent bacterial growth 86–

88,161,162.  All of this evidence suggests that cranberry extracts could be promising to prevent growth 

of oral bacteria and also lead to prevention of biofilm generation, while preserving buccal 

microbiota.  

However, bulk delivery of these cranberry extract compounds would be non-trivial. To 

avoid bactericidal activity (10mg/mL of CE15 (which is known to kill bacteria)), concentrations 

of specific cranberry extracts (CE15, Naturex) between 5-10mg/mL (which is the minimum 

concentration to inhibit biofilm formation) would be necessary in the oral cavity (unpublished J&J 

data with Listerine as a control). Consequently, given the rate of human saliva production 

(1mL/min on average when stimulated 163–165), a patient would require at least 7.2 grams of CE15 

per day in the oral cavity in order to maintain these concentrations. This establishes an opportunity 

for a targeted formulation that could adhere to the pellicle or tooth surface to provide local, 

sustained delivery by maintaining the necessary local concentration. 

Accordingly, in this aim, we explore formulations that can achieve adhesion to biofilm by 

utilizing chemistries that promote adhesion to negatively charged surfaces (e.g. 

polyvinylpyrrolidone (PVP) and also separately with ethyl lauroyl arginate (LAE)).  We also 

explore the use of the lipid molecule stearic acid (SA) to tune controlled release properties. In 

addition to cranberry extract, this technique could also be a promising candidate for other natural 

extracts to form controlled release systems.  



 51 

3.2 Materials & Methods 

3.2.1 Materials 

All chemicals were purchased from Fisher Scientific Inc. (Pittsburgh, PA, USA) unless 

otherwise mentioned. The cranberry extract used for this research (CE15) was a gift from NatureX 

Inc. (Avignon, France).  It was chosen based on its high proanthocyanidin content. Poly(D,L-

Lactide-co-Glycolide) (PLGA) Resomer® RG 502 (50:50, ester terminated, Mw ~7,000-17,000) 

was purchased from Sigma-Aldrich (St. Louis, MO, USA). Poly(vinyl alcohol) (PVA) was 

∼25,000 MW, 98 mole % hydrolyzed and purchased from PolySciences (Warrington, PA, USA). 

Hydroxyapatite (HA disks) from Himed Inc. (Old Bethpage, NY, USA) were provided by Johnson 

& Johnson. Saliva collection was approved by the University of Pittsburgh Institutional Review 

Board (study number: 20010259). Informed consent was obtained from all patients prior to 

participation in the study. 

3.2.2 Formulation  

CE15 was microencapsulated in poly(lactide-co-glycolide) PLGA using a double emulsion 

fabrication procedure. Briefly, 200mg of PLGA was dissolved in dichloromethane and 200mg of 

CE15 was dissolved in water. These two solutions were mixed for 1 minute using a probe sonicator 

to form a water-in-oil emulsion. After the sonication, the solution was transferred to a 1%, 140ml 

of poly (vinyl alcohol), PVA aqueous solution and homogenized to form a water-in-oil-in-water 

emulsion. The solution was stirred for 3-hours prior to centrifugation (2000 x g, 5min, 25°C) and 

being washed 3 times in deionized water to remove excess PVA. The microparticle solution was 
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then lyophilized for 72 h (VirTis BenchTop K freeze dryer; operating at -41C, 100 mTorr, no 

cryoprotectant) to obtain PLGA-CE15 microparticles powder. 

One pot formulations were generated by mixing 10:1 wt/wt of cranberry extract: stearic 

acid in 100% ethanol. Next, PVP in ethanol was added to the above mixture to obtain 10:1:1, 

10:1:0.5, 10:1:0.25, 10:1:0.125, 10:1:0.0625 and 10:1:0.03125 of cranberry extract: stearic acid: 

PVP.  A 10:1:0.125 ratio of cranberry extract: stearic acid: LAE was used for the CE15-SA-LAE 

formulation. The slurry was then allowed to sit room temperature in a chemical hood to evaporate 

the ethanol. Once the ethanol was evaporated the mixture was weighed and utilized for further 

experiments.  

3.2.3 Scanning Electron Microscopy 

Scanning electron microscope JSM 6335F SEM at 3-5kV and 8mm WD, was utilized to 

image the formulation. Samples were mounted onto copper tape and allowed to dry prior to 

imaging. 

3.2.4 Release Kinetics  

CE15 release was determined by resuspending CE15-SA-PVP (10:1:0.125 formulation), 

CE15-SA-LAE (10:1:0.125 formulation), CE15-SA, CE15-PVP, CE15-LAE and CE15 only 

samples containing 5mg of CE15 in 1mL PBS (without calcium, magnesium) (HyClone, 

Marlborough, MA, USA). Samples were placed on a rotator and incubated at 37°C. At each time 

point, samples were centrifuged at 2500 x g for 5min at 22°C. All 1mL of the supernatant was 
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removed for full replacement with fresh PBS. CE15 content from collected supernatant samples 

of 150µL per well was measured by plate reader for absorbance at 525nm. 

Loading of our samples was also characterized. For our PLGA formulation, 10mg of 

microspheres were dissolved in 5mL dichloromethane (DCM) and the CE15 was extracted into 

1mL of deionized water. An addition of 1mL of ethanol (EtOH) was added to ensure complete 

detachment of CE15 from PLGA. The amount of extracted CE15 was quantified using a plate 

reader at 525nm. For our one-pot formulations, in the fabrication process, CE15 was suspended in 

ethanol in single vessel with coatings added sequentially to the batch. Therefore, the evaporation 

of ethanol after fabrication resulted in a dry formulation with essentially minimal loss of CE15 

(and theoretical 100% loading). These one-pot formulation samples were then resuspended to the 

desired concentrations for use. 

3.2.5 Saliva Collection 

Saliva samples were collected according to a protocol received from Johnson & Johnson 

and approved by the University of Pittsburgh Institutional Review Board (STUDY20010259). 

Participants were instructed to conduct the saliva collection at home and not to use oral hygiene 

products, eat, drink or smoke starting from midnight preceding the morning collection. Brushing 

and/or rinsing and eating after the saliva collection was allowed. Individuals were given a sterile 

piece of Parafilm, approximately 4"x4" in size and a sterile, unlabeled 50mL conical tube. On the 

morning of the collection, participants chewed the Parafilm for several minutes to stimulate saliva 

production, ensuring to collect/spit ~3-5mL of saliva in the sterile 50mL unlabeled conical tube. 

After the collection, Parafilm was removed and discarded. Each unlabeled 50mL conical tube with 

~3-5mL of saliva was then collected and samples added to a large collection container and mixed 
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with the other unlabeled saliva samples (at least n=5-8 to ensure heterogeneity of the saliva 

sample). 

 

3.2.6 Saliva Coated HA Adhesion tests 

In order to test the adhesion of the formulation to the biofilm, HA disks were utilized. 

Saliva pooled from four to eight subjects was incubated with the HA disks in wells of a 48-well 

plate at 37°C for 2 days to create a pellicle. Next, the HA disks were removed from the well and 

dipped in 1X PBS solution for 30 seconds. The HA disks were then dipped in a solution containing 

0.5 mL of the formulation for 30 seconds. Next, the disks were dabbed on the side with kimwipes 

and placed in a clean well of a 48-well plate. A 0.5 mL solution of 1X PBS was then added to the 

well and optical images were obtained at time = 0 hours, and 24 hours using Olympus SZX10 

dissection microscope.  

3.2.7 Biofilm Inhibition Studies  

Human saliva biofilm inhibition studies were conducted using a 96-well non-tissue culture 

treated plate assay, adapted from Yamanaka et al 166. Although there are many methods to quantify 

various aspects of biofilms (killing of live cells, inhibition of existing biofilms), we have chosen 

to specifically observe the formation of new biofilms. Briefly, samples of CE15-SA-PVP, CE15-

SA-LAE and CE15 were made at the formulation ratio of 10:1:0.125 as indicated above. Samples 

were diluted and made in triplicate containing 5mg/mL, 0.5mg/mL and 0.05mg/mL of cranberry 

extract and then dried for at least 72 hours. Next, 100µL of BHI media (Beckton Dickinson, 
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Franklin Lakes, NJ, USA) +1% glucose was added and incubated for 2 hours at 37°C to resuspend 

the sample wells. After 2 hours, 100µL of the incubated media + sample (or media alone for 

controls) was added to 100µL of saliva pooled from four to eight subjects (or PBS for the negative 

control) in a 96-well non-tissue culture treated plate and incubated for 48 hours at 37° C and ~5% 

CO2. Next, the plate was blotted to remove media and unattached cells, rinsed three times with 

ultrapure water and allowed to dry for 30min. Wells were stained with 150µL of 0.1% crystal 

violet for 15min prior to rinsing three times with ultrapure water. Bound dye was extracted with 

250µL of 99% ethanol and absorbance indicative of biofilm formation was read at 595nm.  

3.2.8 Statistical Analysis 

Data from the biofilm inhibition studies were analyzed using a two-way ANOVA followed 

by Tukey’s multiple-comparisons test for simple effects between the groups. Differences were 

considered significant when P < 0.05. Statistics were performed by using GraphPad Prism. 

3.3 Results 

3.3.1 Cranberry Extract Characterization 

As with many formulation processes, it is first extremely helpful to characterize the active 

ingredient. Accordingly, scanning electron microscopy (SEM) was performed to determine surface 

morphology. Interestingly, it was observed that the native form of the CE15 as obtained from the 

manufacturer is already micro-spherical in nature prior to any further processing (Fig. 12). The 
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solubility of CE15 microspheres was explored in various solvents in order to identify a solvent 

that could be utilized to resuspend the spherical CE15 with other excipients in either a traditional 

double emulsion microencapsulation or for coating. It was determined that 200 proof ethanol 

(which is originally utilized to extract CE15 from cranberries) did not dissolve the CE15 

microspheres, but could effectively dissolve SA (1 mg/mL) and PVP (10 mg/mL). CE15 had a 

high solubility in water, and a low solubility in dichloromethane, making this solvent combination 

possible for a microencapsulation process. 

3.3.2 Microencapsulated CE15 

To microencapsulate the highly water soluble CE15, a double emulsion process with CE15 

solubilized in water and PLGA in dichloromethane was used. Although these microspheres had a 

slight pink appearance indicating the incorporation of the CE15, many were cracked and 

misshaped (Fig. 12), which could result in an undesired, non-uniform release profile. Furthermore, 

CE15 content analysis revealed a loading (3.8%) that would be too low to inhibit biofilm 

formation. Therefore, alternate formulation methods that would allow for higher loading were 

explored. 
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Figure 12. SEM of cracked, misshaped PLGA-CE15 at 1000x magnification. 

3.3.3 One-pot formulation 

In order to take advantage of the already microspherical nature of the CE15 in its native 

form, SA and CE15 were each dissolved in ethanol (non-solvent for CE15) then incubated with 

the CE15 microspheres for coating. PVP (known to have bioadhesive properties) 167–170 was then 

added to the ethanol solution at various concentrations. In order to retain all the active and inactive 

molecules of the cranberry extract, ethanol was allowed to evaporate over a period of 7 days. 
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Figure 13. CE15-SA-PVP Formulation Steps. Spherical CE15 incubated with stearic acid and 

polyvinylpyrrolidone in ethanol produced the CE15-SA-PVP formulation; retaining all the active and 

inactive molecules of the cranberry extract. 

 

The resulting CE15-SA-PVP formulation (with the inclusion of SA and PVP) allows for 

the controlled release of cranberry extracts and adhesion to saliva coated HA surfaces. In order to 

create a preventative formulation, we also explored replacing PVP with LAE, a cationic, 

antimicrobial surfactant 171,172 with a known ability to stick to and coat dental surfaces 173–175, 

which can also be easily dissolved in ethanol (10mg/mL).  SA and CE15 were dissolved in ethanol 

together prior to the addition of LAE (with an arginine moiety pKa of 12.5) at various 

concentrations to provide a positive charge to the formulation and enable tooth enamel adhesion 

(Fig. 14). In order to retain all the active and inactive molecules of the cranberry extract, the ethanol 

was again allowed to evaporate over a period of 7 days. 
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Figure 14. CE15-SA-LAE Formulation Steps. Spherical CE15 incubated with stearic acid and ethyl lauroyl 

arginate in ethanol produced the CE15-SA-LAE formulation 

3.3.4 Release kinetics 

In order to evaluate if our one-pot formulation technique could release CE15 in a sustained 

manner, we performed in vitro release assays by incubating samples in PBS and collecting the 

PBS at various timepoints. Specifically, we observed an overall release profile with a burst release 

of CE15 after 2 hours with up to 80% cumulative release of CE15 after 8 hours. Additionally, the 

incorporation of LAE and PVP into our formulations further modified the cumulative release 

profile. In the case of the CE15-SA-PVP formulation (Fig. 15) where a variety of concentrations 

were fabricated, a correlation between concentration of PVP and release can be seen; as the ratio 

of CE-SA to PVP decreases, the release of CE15 increases. For the CE15-SA-LAE formulation 

(Fig. 16), only one concentration of LAE was used (0.125) which also shifted the release profile 

as compared to the CE15 only and other controls.   
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Figure 15. Release profile of percent cumulative release of CE15 from CE15-SA-PVP and controls. Error 

bars are based on n=3 individual samples measured for each time point. 

 

 

Figure 16. Release profile of percent cumulative release of CE15 from CE15-SA-LAE formulation and 

controls. Error bars are based on n=3 individual samples measured for each time point. 
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3.3.5   Adhesion to HA disk 

In order to determine if CE15-SA formulations adhere to hydroxyapatite (HA) disks as a 

representation of teeth, a binding assay was developed (Fig. 17). It was observed that after an 

initial rinse with PBS at the 0 hour timepoint, the PVP and LAE formulations were the only cases 

where punctate dots of microspheres were still visible. Furthermore, only CE15-SA-PVP and 

CE15-SA-LAE samples were able to adhere to the HA disks even after 24 hours of incubation in 

PBS unlike the CE15 only and CE15-SA controls. 

 

 

Figure 17. CE15-SA-PVP and CE15-SA-LAE adhere to hydroxyapatite disks after 24hr PBS incubation. 

Control samples (CE15, CE15-SA) show very little adherence (very little punctate dots present) (n=3). 
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3.3.6 Biofilm Inhibition 

The biofilm inhibitory effects of the CE15-SA-PVP and CE15-SA-LAE formulations were 

determined by an in vitro saliva assay and compared to CE15 alone, a negative (PBS) and positive 

(saliva alone) control. To assess new biofilm formation only, crystal violet staining was used. At 

a concentration of 5 mg/mL of cranberry extract in the samples, all samples (CE15-SA-PVP, 

CE15-SA-LAE, CE15) significantly decreased biofilm formation compared to the positive control 

and were not statistically different from the negative control. At a concentration of 0.5mg/mL, all 

samples still had a significant decrease in biofilm formation compared to the positive control but 

there was a higher level of biofilm formation when compared to the CE15-SA-LAE formulation. 

Moreover, CE15 had a significant increase in biofilm formation compared to the negative control. 

At 0.05mg/mL concentration, the decrease in cranberry extract resulted in higher levels of biofilm 

formation for all formulations and the CE15 sample was no longer statistically different from the 

positive control but was statistically different than the negative control. Furthermore, at 

0.05mg/mL, the CE15-SA-PVP sample was statistically different from the positive and negative 

controls while the CE15-SA-LAE was statistically different from all samples and resulted in the 

lowest biofilm formation. 
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Figure 18. CE15-SA-PVP and CE15-SA-LAE inhibit saliva biofilm formation equal to or better than 

cranberry extract alone. Analysis (n=3) by two-way ANOVA followed by Tukey’s multiple-comparisons test 

for simple effects. Significant differences are indicated by: “a” = difference from positive control (saliva 

alone) for p < 0.05, “b” = difference from negative control (PBS) for p < 0.05, “c” = difference from CE15 

sample for p < 0.01 and “d” = difference from CE15-SA-PVP sample for p < 0.05. 

3.4 Discussion 

Prevention of disease by targeted treatment of bacterial biofilms can be difficult due to the 

ubiquitous nature of biofilms in the oral cavity. Commonly, dental plaque comprising bacterial 

biofilm can be found on most surfaces within the mouth 176 and without removal, biofilm on the 

teeth can calcify and become tartar. Bacterial biofilm growth on teeth and pellicle can lead to a 

variety of conditions such as bad breath, gingivitis, and tooth decay 177,178 and has even been 

implicated in serious infections such as bacterial endocarditis 179–182as well as oral pathologies 



 64 

such as periodontitis 183–185, oral caries 186–188 and peri-implantitis 189–191.Currently, to our 

knowledge, there are limited methods that are available that can directly target pellicle or teeth for 

prevention of biofilm growth in clinic.  There are several effective (non-antibiotic) products 

available to target oral bacteria (like therapeutic mouthwashes) that often include antiseptic 

ingredients such as cetylpyridinium chloride, chlorohexidine, and peroxide, which work through 

killing bacteria that are present on oral surfaces during a short exposure time (minutes) 80,192,193 as 

opposed to having longer term preventative activity. As an alternative approach, we sought to 

design formulations to naturally prevent biofilm formation by accounting for the nature of these 

biofilms. 

While traditional synthetic anti-microbials such as chlorohexidine, and quaternary 

ammonium compounds like cetylpyridinium chloride, remain effective, many natural compounds 

are also able to provide an inhibitory effect. Specifically, cranberry extracts are known to naturally 

prevent biofilm formation without being harsh and bactericidal (preserving the endogenous 

microflora of the oral cavity). One extract, (CE15), is composed of a mixture of polyphenol 

compounds 84. Among those, three key active ingredients are working together and are effective 

in inhibiting biofilm formation; flavonols (FLAV), anthocyanins (A), and proanthocyanidins 

(PAC) 84. Duarte et al. 84 found flavonols (FLAV) and proanthocyanidins (PAC) particularly 

impactful when evaluating their effect on biofilm development by Stretptococcus mutans, the 

primary microbial species associated with dental caries. Anthocyanins (A), which give cranberries 

their characteristic red coloring 194 have also been found by Lacombe 161 and others 195,196 to have 

a concentration-dependent antimicrobial effect. Together, these polyphenols provide an increased 

hydrophobicity 166 in addition to  antiadhesion activity through the inhibition of extracellular 
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polysaccharide synthesis 84,197,198 . These constituents thereby prevent biofilm production and 

attachment although in a concentration-dependent manor.  

Unfortunately, bulk concentrations of 5-10mg/mL of CE15 are needed to inhibit biofilm 

formation creating challenges for formulation dosing (above 10mg/mL of CE15 is bactericidal and 

we want to avoid this from a regulatory perspective). Specifically, even with a minimum target 

concentration of 5mg/mL of CE15 for delivery (and taking into account the rate of human saliva 

production as approximately 1mL/min when stimulated 163–165) an unfeasible amount 

(approximately 7.2 grams of CE15 per day) would be required to be efficacious if delivered to the 

whole mouth. Notably, however, such relatively high concentration is only required in the 

proximity of the biofilm to be effective. Therefore, the encapsulation of these extracts into a 

targeted controlled release system that could be delivered locally (and modified to bind to the site 

of interest) could be a promising strategy, requiring a lower concentration. This could be possible 

if cranberry extract could be loaded into particulates (e.g. microparticulates) that bind directly to 

the biofilm.  

A diverse array of encapsulation methods has been used to microencapsulate extracts, each 

tailored to the composition and desired extract/formulation properties. Cyclodextrin-extract 

complexation has been used by Hill et al. 89 and others 94,95 for various applications in food products 

and supplements. Specifically, this complexation has been used to increase solubility while 

masking taste for cinnamon and clove extracts 89. Cyclodextrin-extract complexation has also 

improved the physical/chemical stability of natural and synthetic coffee flavor extracts 94 and  

lemon oil and peppermint oil volatile liquid aroma extracts 95 while maintaining their antioxidant 

or antimicrobial activity (extract dependent). Several groups have also explored alginate-based 

delivery 90–92, poly(lactide)/poly(lactic-co-glycolic acid) (PLA/PLGA) nano- and microsphere 
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delivery 96–100, liposomes 101,102 or lipid-based nanodelivery 93, to increase extract solubility, 

loading and antioxidant activity. Deladino et al. 92 resorted to the use of calcium alginate and 

calcium alginate-chitosan beads to encapsulate aqueous extracts from Ilex paraguariensis to retain 

polyphenol antioxidant activity. Separately, Kumari et al. 100 fabricated PLA nanoparticles by 

solvent evaporation to encapsulate the hydrophobic cranberry extract flavonoid component 

quercetin. Similarly, we first attempted to apply the standard PLGA, double-emulsion 

encapsulation platform that has worked well in our hands previously 129,133–135,199–203. However, in 

the case of CE15 encapsulation, many of PLGA microspheres were cracked and misshaped (Fig. 

12) and CE15 content analysis revealed a loading (3.8%); too low to inhibit biofilm formation 

through any reasonable dose and therefore unusable for our purposes. While these strategies of 

alginate-based, or PLA/PLGA delivery could be useful for the selective encapsulation of aqueous 

soluble polyphenols (hydrophilic) or hydrophobic/lipophilic components individually, neither of 

these methods allow for the full encapsulation and high loading of all components into a single 

formulation. CE15 is particularly challenging to encapsulate as this extract contains a variety of 

compounds (known and unknown) including; flavonol glycosides (primarily myricetin-3-

galactoside and quercetin-3-galactoside) 103, phenolic acids (primarily 3- and 5-caffeoylquinic 

acid) 104 along with coumaroyl iridoid glycosides 105 and fatty acids like linolenic acid 106,107. All 

of these CE15 extract components have different properties making encapsulation into a single 

formulation difficult.  

Serendipitously, it was discovered that the CE15 extract in its native form as supplied from 

the manufacturer already pre-existed as encapsulated, ethanol stable microspheres ranging in size 

from 4 m to 40m which is ideal to avoid the phagocytosis limit of 1um (if injected) (left panels 

of Fig. 13 and Fig. 14). This is consistent with being the by-product of an emulsion extraction 
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process, and these newly discovered sphere-shaped extracts became the delivery vehicle for which 

simple coatings could be used to modulate the release of CE15 and provide adhesive properties 

173,204–208. Accordingly, a simple one-pot formulation technique (using ethanol-soluble coatings) 

that would allow for easy scale-up was developed to preserve the multi-component CE15 

microspheres. A base coating of stearic acid (SA) to slow release and either polyvinylpyrrolidone 

(PVP)- a known bioadhesive 167–170 (Fig. 13) or ethyl lauroyl arginate (LAE) – a cationic polymer 

for direct pellicle/tooth binding and barrier creation 173(Fig. 14) were used. 

Controlled release of CE15 from these microspheres is shown to include a burst release 

after two hours with up to 80% cumulative release of CE15 after 8 hours (Fig. 15, Fig. 16).  

Notably, release was monitored for 8hrs as determined by Johnson &Johnson since the formulation 

was desired to be potentially incorporated in a mouthwash. Internal Johnson &Johnson data has 

also indicated the optimal concentration of CE15 that could inhibit biofilm without killing in the 

critical 6-8hr timeframe. Intriguingly, the base coating of SA in both formulations contributes to 

the release profile although in a manor contrary to its original intended use. SA is a long chain 

fatty acid with a carboxyl head group (making it amphiphilic 209,210) but is generally used as a lipid 

to slow release 211–216. However, contrary to the literature 211–216 and our initial assumptions, the 

base coat of SA instead appears to moderately increase release (sample CE15-SA control, Fig.15, 

Fig. 16) as compared to the CE15 only control. This may be due to the concentration of SA used 

and as demonstrated by Gotzi et al 101,102, amphiphilic lipids can act as a surfactant to increase 

solubility of extract components. Nevertheless, for the CE-SA-PVP formulation, as the ratio of 

CE-SA to PVP coating decreased, the release of CE15 increased (Fig. 15). For the CE-SA-LAE 

formulation, although only the final formulation at a ratio of 0.125 is shown (Fig. 16), there is still 
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a shift in the release profile due to the LAE coating, demonstrating the tunability of these 

formulations.  

In conjunction with the ability to controllably release CE15, these formulations were also 

able to adhere to hydroxyapatite disks coated in saliva pellicle to mimic actual tooth adhesion 

properties (Fig. 17). Adhesion studies were performed for 24hrs to determine if after a single use, 

the product could continue to adhere until the next day as a maximum test case. Importantly, 

observations at the initial 0hr and at the 24hr timepoints suggest the adhesiveness of these 

formulations even being able to withstand PBS incubation, which mimics saliva in the mouth. 

Therefore, both formulations provide adhesion and biofilm inhibition activity with the CE-SA-

PVP most useful when a biofilm is already present while the CE-SA-LAE formulation provides 

the additional benefit of direct binding to the pellicle/tooth surface. Notably, this is the first report 

(to the best of our knowledge) describing a technique for controlled release of cranberry natural 

extract. 

Moreover, the CE15-SA-PVP and CE15-SA-LAE samples also inhibit human saliva 

biofilm formation equal to or better than cranberry extract alone; a trend that becomes clear even 

at lower concentrations (Fig. 18).  Demonstrably, the literature has already shown cranberry extract 

to have concentration-dependent antibacterial/anti-biofilm properties 84,86,161,166,196 and our data 

supports biofilm formation increasing as the concentration of cranberry extract decreases. 

However, our data further suggests the importance of the PVP and LAE addition (known to prevent 

bacterial attachment and plaque formation) 173 to prevent biofilm. Herein, crystal violet staining 

was used to specifically capture new biofilm formation. When all samples (CE15-SA-PVP, CE15-

SA-LAE and CE15 alone) were made to contain the same concentration of cranberry extract 

(5mg/mL), our CE15-SA-PVP and CE15-SA-LAE samples inhibited biofilm formation 
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comparable to CE15 alone. Furthermore, at the lowest concentration (0.05mg/mL), our CE15-SA-

LAE outperforms both CE15-SA-PVP and CE15 alone. Hence, these biofilm inhibition 

characteristics (equal to or better than CE15 alone) combined with the engineered controlled 

release and adhesion properties highlight the potential use of our formulations for inhibition of 

oral biofilms. 

This simple and facile technique of generating a formulation that utilizes FDA approved 

excipients, allows for easy scale-up for testing in humans and has the potential to be broadly 

applied to generate controlled release formulations of a variety of other multi-component natural 

extracts such as neem, turmeric, and ginger extracts.  
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4.0 Controlled Release of Treg Inducing Microspheres for the Treatment of Periodontal 

Disease 

This chapter is adapted from; Ashlee C. Greene, Mostafa Shehabeldin, Jin Gao, Stephen 

C. Balmert, Michelle Ratay, Charles Sfeir, Steven R. Little. (2021) Local Induction of Regulatory 

T cells Prevents Inflammatory Bone Loss in Ligature-Induced Experimental Periodontitis in Mice. 

Manuscript submitted for publication. 

 

Specific Aim 3: To Develop Controlled Release Drug Delivery Formulations for Immune 

Modulation and Treatment of Periodontal Disease. 

4.1 Introduction 

In the previous aims, treatment strategies targeting bacterial pathogens through the 

encapsulation of an antibiotic API (aim 1) and a natural extract API (aim 2) were investigated.  

However, while an overburden of periodontal pathogens can initiate oral dysbiosis of the 

microbiome, literature suggests the root cause is actually an unbalanced inflammatory response 

that produces the severity of symptoms that leads to both hard and soft tissue destruction 112.  

 

In the healthy steady state, the body employs natural immune regulatory mechanisms that 

restore unbalanced inflammatory responses back to homeostasis. A subset of T lymphocytes, 

regulatory T cells (Tregs), are professional, regulatory immune cells that function through both 
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direct cell-cell contact and secreted signals 126. Our previous studies 129 have suggested that these 

cells can be locally recruited in the local periodontium environment, leading to the reestablishment 

of homeostasis in periodontal disease. Notably, endogenous Tregs exist as a relatively small 

percentage of lymphocyte populations in the periphery (5%-10%)217, and therefore recruitment 

strategies are limited by the number of Treg, and also could be less effective in patients with 

systemic diseases that may alter the prevalence of endogenous Tregs 130–132.  

 

Herein, we build on previous demonstrations that a combination of factors (IL2, TGFβ and 

Rapamycin) can lead to the local induction of a highly prevalent population of CD4+ naïve T cells, 

differentiating them into Tregs at the site of administration 133–135.  Notably, IL2 and TGFβ (in 

small quantities delivered locally) are cytokines known to promote the growth and differentiation 

of naïve T cells into regulatory T cells 136. Rapamycin is a small molecule, mTorr inhibitor capable 

of preventing the differentiation of naïve T cells into other T-cell types 137. Therefore, we 

hypothesize that the local delivery of a formulation with this combination of factors could reduce 

inflammatory bone loss even in the ligature-induced model of periodontal disease. Accordingly, 

we have tested the local delivery of a combination of TGFβ, rapamycin and IL2 encapsulated in 

degradable microspheres (TRI MPs) in a ligature-induced murine model for periodontal disease. 

These formulations (as well as previously explored Treg recruitment strategies) may serve as a 

platform to treat a number of inflammation-based oral diseases. 
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4.2 Materials & Methods 

4.2.1 Microsphere fabrication 

For IL-2 microspheres, a water-oil-water double emulsion was used. Two hundred (200) 

mg of acid terminated Poly (lactic-co-glycolic) acid (PLGA) (RG502H; 50:50 lactide:glycolide, 

MW: 7-17kDa, Sigma Aldrich) was dissolved in 4mL of dichloromethane (DCM). For the 200uL 

inner aqueous phase, 5ug of recombinant mouse IL-2 (R&D Systems, Minneapolis, MN) aliquoted 

in 50uL of phosphate buffered saline without calcium or magnesium (PBS (-)) was added to 150uL 

of PBS (-). The first water-in-oil emulsion was prepared by sonicating the 200uL inner aqueous 

solution of IL-2 in the 4mL of dissolved polymer at 55% amplitude for 10s (Active Motif, 

Carlsbad, CA). The resulting primary emulsion is then poured into 60mL of 2% w/v Poly(vinyl 

alcohol)(PVA, MW ~25 kDa, 98% hydrolyzed, Polysciences, Warrington, PA) with 51.6mM NaCl 

and homogenized at 3,000rpm for 1min (L4RT-1, Silverson, East Longmeadow, MA). The 

resulting double emulsion was then poured into 80mL of 1% w/v PVA with 51.6mM NaCl and 

with a stir bar and stir plate, stirred on ice at 600rpm for 3hrs to allow for the DCM to evaporate. 

For TGF-β microspheres, similarly, 170mg of ester terminated Poly (lactic-co-glycolic) 

acid (PLGA) (RG502; 50:50 lactide:glycolide, MW: 7-17kDa, Sigma Aldrich) and 30mg of 

mPEG-PLGA (50:50 lactide:glycolide, 5-20 kDa, PolySciTech, West Lafayette, IN) were 

dissolved in 4mL of dichloromethane (DCM). For the 200uL inner aqueous phase, 10ug of 

recombinant human TGF-β (Peprotech, Rocky Hill, NJ) aliquoted in 100uL of deionized (DI) 

water was added to 100uL of DI water. The first water-in-oil emulsion was prepared by sonicating 

the 200uL inner aqueous solution of TGF-β in the 4mL of dissolved polymer at 55% amplitude 

for 10s (Active Motif, Carlsbad, CA). The resulting primary emulsion is then poured into 60mL 
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of 2% w/v PVA in DI water and homogenized at 3,000rpm for 1min. The resulting double 

emulsion was then poured into 80mL of 1% w/v PVA in DI water and, with a stir bar and stir plate, 

stirred on ice at 600rpm for 3hrs to allow for the DCM to evaporate. 

For rapamycin microspheres, an oil-water single emulsion was used. Two hundred (200) 

mg of acid terminated Poly (lactic-co-glycolic) acid (PLGA) (RG502H; 50:50 lactide:glycolide, 

MW: 7-17kDa, Sigma Aldrich) was dissolved in 4mL of dichloromethane (DCM). Next, the 

polymer solution was poured into 60mL of 2% w/v Poly(vinyl alcohol)(PVA, MW ~25 kDa, 98% 

hydrolyzed, Polysciences, Warrington, PA) in DI water and homogenized at 3,000rpm for 1min 

(L4RT-1, Silverson, East Longmeadow, MA). The resulting single emulsion was then poured into 

80mL of 1% w/v PVA in DI water and, with a stir bar and stir plate, stirred on ice at room 

temperature for 3hrs to allow for the DCM to evaporate. 

For all microspheres, a polymer only control microsphere (blank) was also prepared. After 

stirring to allow for solvent evaporation, all microspheres were collected by centrifugation (200g, 

5min, 4C) and washed 4 times with DI water. In a final suspension of >5mL DI water, samples 

were then flash frozen by liquid nitrogen and lyophilized for at least 48 hours (Virtis Benchtop K 

freeze dryer, Gardiner, NY; operating at 100mTorr). 

4.2.2 Microsphere characterization 

Sizing- Size distribution of the microspheres was measured by volume impedance method 

performed on a Beckman Coulter Counter (Multisizer-3, Beckman Coulter, Fullerton, CA). 

Approximately 1 mg of particles were suspended in 20mL of Isoton II diluent solution (Beckman 

Coulter) and readings were taken. Samples were diluted as necessary. A particle count of at least 

1,000 was used to obtain number and volume averaged sizes. 
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In vitro release studies were carried out by incubating 10mg of microspheres placed in 1mL 

PBS (without calcium, magnesium) (HyClone, Cytiva, Marlborough, MA) with either 1% w/v 

bovine serum albumin (BSA) (for TGFB and IL2 MPs) or 0.2% Tween-80 (for Rapamycin MPs) 

on an end-over-end rotator at 37°C. At each time point, samples were centrifuged at 22°C at 371rcf 

for 5min and 800uL of supernatant was collected and replaced. Supernatant samples were 

quantified using an enzyme-linked immunosorbent assay (ELISA) (R&D Systems, Minneapolis, 

MN). For rapamycin MPs, cumulative release was quantified by UV-vis spectroscopy on a 

microplate reader (absorbance at 278nm).  

Scanning electron microscopy (SEM) (JEOL, JSM-6330F, Peabody, MA) at 3kV, 8-

8.5mm WD and x2000 magnification was performed to assess the morphology of the 

microspheres. Dry powder samples were mounted onto a stub with copper tape and sputter coated 

with palladium prior to imaging. 

4.2.3 Disease induction Model and Treatment  

Male Balb/c wild type mice aged 6-8weeks old were purchased from Charles River 

(Wilmington, MA). All procedures were performed in accordance with a protocol approved by the 

Institutional Animal Care and Use Committee at the University of Pittsburgh (protocol number: 

20077447). First, mice were randomly assigned to experimental groups; age control, diseased 

untreated (ligature only), vehicle control (ligature + blank MPs) and treated (ligature + TRI MPs). 

Next, for disease induction, mice were anesthetized by I.P. injection of Ketamine/Xylazine. A 6-0 

silk suture (Henry Schein, Melville, NY) was then tied around the left maxillary second molars 

using a stereomicroscope, similar to as previously described218. Following ligature placement, 

microspheres (either Blank MPs or TRI MPs), at 20mg MPs/mL suspended in 2% 
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carboxymethylcellulose in PBS were locally injected. An injection of 30 uL was distributed along 

the palatal side and an additional 20 uL injection was placed on the buccal side of the ligated molar. 

Ligatures were left in place for 7 days before sacrifice (Fig. 19).  

 

Figure 19. Murine Ligature-Induced Periodontal Disease. Experimental design where male Balb/c mice (6-8 

weeks old) on Day 0 are either in; Group A-ligatures applied with a TRI microsphere injection, Group B- 

ligatures applied with blank PLGA (vehicle only) microsphere injection, Group C- ligatures applied only or 

Group D- no ligatures applied (age control). On Day 7, samples were collected to quantify bone loss by micro-

CT (uCT), qPCR and histology as endpoint analyses. 
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4.2.4 Alveolar Bone loss analysis 

Micro-computed tomography (uCT) was used to assess bone loss. Mice maxillae were first 

harvested and fixed in 10% buffered formalin overnight prior to being transferred to 70% ethanol 

for uCT scanning with a resolution of 10um voxel size (Scanco uCT 50, Scanco Medical, 

Switzerland). Scans were then reoriented using DataViewer software (GE Healthcare) to a 

standardized orientation. CTAN software (Bruker, Massachusetts) was then used to perform 

blinded measurements of the distance between the cementoenamel junction (CEJ) of the maxillary 

second molar and the alveolar bone crest (ABC) at mesial and distal aspects. A total of 8 

measurement slices with 40um in between were used for each sample. Results of the distances 

from the ligated side were normalized to the corresponding average from the healthy, right side of 

the same maxillae. 

4.2.5 Histological Analysis 

To prepare for histological analysis, mice maxillae were demineralized in 10% EDTA 

solution for 2 weeks. Samples were then embedded in paraffin and cut into sagittal sections 5um 

thick for immunohistochemistry and immunofluorescence staining. For tissue and bone contrast, 

tissue sections were stained with Masson-Goldner according to the manufacturer instructions. 

Samples we qualitatively assessed for bone loss and changes in gingiva and periodontal ligament 

for comparison. To determine changes in total T cells and FOXP3 T cells after TRI administration, 

samples were first deparaffinized followed by an antigen retrieval step using 10mM pH 6 Na 

Citrate with 0.05% Tween 20. Next, an autofluorescence reduction step was performed using 

10mM Copper Sulfate and 50mM NH4 Acetate. Sections were then blocked with PBS containing 
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5% donkey serum and 1% Tween20 and treated with a streptavidin/biotin blocking kit (Vector 

Labs, Burlingame, CA). The blocked sections were then incubated overnight at 4°C with primary 

antibodies; biotin-FoxP3 (FJK-16s; eBio) and CD3 (SP7, monoclonal rabbit IgG; Thermo 

Scientific, Waltham, MA). Sections were then incubated with secondary antibodies Cy3-

streptavidin (Jackson ImmunoResearch Laboratories, West Grove PA) and Alexa Fluor 555 

donkey anti-rabbit IgG (Thermo Scientific) for 1 hr at room temperature, counter stained with 

DAPI and fixed with 2% paraformaldehyde, similar to as previously described135. Samples were 

imaged with a fluorescent microscope (Eclipse TE200-E; Nikon Instruments) and a blinded 

quantification was performed of the ratio of FOXP3 positive cells (Tregs) to CD3 positive cells 

(total T cells). 

4.2.6 Quantitative Polymerase Chain Reaction (qPCR) 

To analyze gene expression, maxillae were flash frozen in liquid nitrogen for storage at -

80C until RNA extraction. The day before RNA extraction, each sample was thawed in RNA later 

solution at 4°C overnight. Then, gingival tissue was resected from the ligated side of the maxilla 

under a dissection microscope and Trizol reagent (Life Technologies) was used to extract total 

RNA from the gingiva samples. Purification was performed using RNeasy Mini Kit (Qiagen). For 

each reverse transcription reaction, 450ng of RNA was converted to cDNA using a High-Capacity 

RNA-to-cDNA Kit (Applied Biosystems). Quantitative polymerase chain reaction was then 

performed using TaqMan Gene Expression Master Mix and markers specific for RANKL 

(Mm00441906_m1; FAM-MGB), NCF1 (Mm00447921_m1; FAM-MGB), IFNG 

(Mm01168134_m1; FAM-MGB), IL4 (Mm00432102_m1; FAM-MGB), TGFβ 

(Mm01178820_m1; FAM-MGB), IL10 (Mm01288386_m1; FAM-MGB), 
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COL1A1(Mm00801666_g1; FAM-MGB), TIMP1(Mm01341361_m1; FAM-MGB) and GAPDH 

as the endogenous control (Mm99999915_g1; FAM-MGB). Reactions were run on a QuantStudio 

6 Flex Real-Time PCR system (Thermo Fisher Scientific) and the delta-delta Ct method was used 

for analysis.  

4.2.7 Statistics 

Statistical analyses were performed using GraphPad Prism Software v9.  A One-way 

ANOVA with a Tukey post-hoc test was used to compare the mean of each experimental group 

with the mean of every other group. A ROUT outlier test with a threshold for outlier removal (Q 

= 0.1%) was used to remove outliers from the graph of average interdental bone loss. Data are 

expressed as a scatter plot with the mean or bar graph with the mean ± standard deviation. The 

following cutoffs were used for statistical significance; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, 

**** p ≤ 0.0001. 

4.3 Results 

4.3.1 TRI MPs demonstrate morphology consistent with their 1-week release profiles 

Microspheres were first measured for size by volume-impedance method with a Coulter 

counter. Volume-average diameters were: TGFβ MPs (21.5um ± 6.8um), Rapamycin MPs 

(14.6um ± 6.8um), and IL2 MPs (20.8um ± 6.1um) (Fig. 20A). After sizing, release was assessed 

for 7 days to span the length of the ligature model timeline. For TGFβ MPs, approximately 5.5ng 
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were released before the profile reaches a plateau as compared to IL2 MPs with a burst release of 

approximately 28ng before plateauing. Rapamycin MPs have a steadier, more linear release 

profile, reaching approximately 3,500ng by day 7 (Fig. 20B). Lastly, surface morphology was 

detected with scanning electron microscopy (SEM). As demonstrated in the representative SEM 

images, TGFβ MPs with the addition of poly (ethylene glycol) (PEG)-PLGA di-block copolymer, 

are spherical with an uneven or bumpy surface. Rapamycin MPs have a smooth and spherical 

appearance. IL2 MPs have a porous surface morphology (Fig. 20C). 
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Figure 20. Characterization of the TRI (TGFβ, Rapamycin and IL-2) MPs. (A) Size distributions of 

microspheres (MPs) as measured by volume-impedance method with a Coulter Counter as mean ± standard 

deviation for TGFβ MPs (21.5um ± 6.8um), Rapamycin MPs (14.6um ± 6.8um), and IL-2 MPs (20.8um ± 

6.1um). All Coulter Counter sigma counts were greater than 1000. (B) In-vitro release kinetics at 37°C (n=3) 

presented as the mean ± standard error of the mean for TGFβ MPs in PBS + 1%BSA , Rapamycin MPs in 

PBS + 0.2% Tween80 , and IL-2 MPs in PBS + 1%BSA . (C) Representative scanning electron microscopy 

(SEM) images to observe surface morphology of TGFβ MPs, Rapamycin MPs, and IL-2 MPs at 2000x (scale 

bar = 10um). 
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4.3.2 TRI MPs reduce alveolar bone resorption in an aggressive periodontitis model 

Next, local treatment with TRI MPs was evaluated in regard to the impact on alveolar bone 

resorption in an aggressive, ligature-induced periodontitis model. Interdental bone loss was 

assessed for age control, diseased untreated (ligature only), vehicle control (ligature + blank MPs) 

and treated (ligature + TRI MPs) groups. Representative 3D reconstructed images reveal a visual 

difference in the bone level between the groups (Fig. 21A).  Blinded analysis of the interdental 

measurements show our TRI MPs successfully reduced interdental alveolar bone loss by 

approximately ~30-40% when compared to the ligature only group and ~10-20% when compared 

to the vehicle control (Fig. 21B). This is further validated with Masson-Goldner trichrome 

immunohistochemical staining. In performing tissue morphological identification, differences in 

the periodontal ligament, gingiva tissue and alveolar bone can be observed (Fig. 22A,B). 
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Figure 21. TRI MPs reduce ligature-induced alveolar bone resorption. An injection of MPs was administered 

to male Balb/c mice (6-8 weeks old) at the same time as ligature placement around the maxillary second 

molar. After 7 days, bone loss was assessed by micro-CT. (A) Representative 3D reconstructed micro-CT 

scans of the age control, ligature (diseased untreated), blank MPs (PLGA vehicle-only control) and TRI MPs 

experimental groups (scale bar = 1nm). (B) Average bone loss quantified by linear interdental measurements 

between the cementoenamel junction and alveolar bone crest (CEJ-ABC) of the ligated maxillary second 

molar for each experimental group (n=5-7 mice). A One-way ANOVA was performed followed by Tukey 

post-hoc analysis to compare the mean of every group with the mean of every other group to determine 

statistical significance where; ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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Figure 22. Representative immunohistochemistry of tissue sections near the ligated second maxillary molar. 

Maxilla from each group were paraffin embedded, cut into sagittal sections and stained. A) Masson-Goldner 

trichrome immunohistochemical staining. Scale bars are 100um. B) Representative labeled Masson-Goldner 

stained sagittal section where G; gingiva, L; ligature demarcation, D; dentin, P; periodontal ligament, B; 

alveolar bone and R; root. 

 

4.3.3 Immunofluorescence supports Treg induction capability of TRI treatment 

In order to determine the Treg induction capability of the TRI MPs, total T cells (CD3 

positive cells) and Tregs (FOXP3 positive cells) were stained by immunofluorescence. A blinded 

quantification of the percent FOXP3 positive cells of total T cells (CD3 positive cells) 

(representative images Fig. 23A) reveals an increase in this ratio when TRI MPs are administered 

(Fig. 23B). While there is only (on average) approximately 23.1% Tregs for the age control, there 

is 37.0% and 37.8% Tregs for the ligature and blank groups. However, the average percentage of 

Tregs for the TRI group was 48%.  
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Figure 23. TRI MPs increase the ratio of Tregs to effector T cells. A) Representative immunofluorescence 

staining for CD3 (total T cells), FOXP3 (Tregs), and DAPI (nuclei). Scale bars are 100um. B) Blinded 

quantification of the %FOXP3 of CD3 total T cells (n= 4-5 per group) where a One-way ANOVA was 

performed followed by Tukey post-hoc analysis ; * p ≤ 0.05. 

 

4.3.4 Expression of pro-inflammatory vs. pro-regenerative markers varied following 

treatment 

Changes in gene expression of local markers in response to ligature administration and TRI 

MP treatment were also assessed. The expression of RANKL, NCF1, IFNγ, and IL4 was examined 

to capture the local pro-inflammatory context (Fig. 24A). Concurrently, the expression of TGFβ, 

IL10, COL1A1 and TIMP1 was examined to capture the local pro-regenerative context (Fig. 24B). 

An upregulation in expression of pro-inflammatory markers was observed with the ligature group, 

blank group or both for IFNγ, NCF1 and RANKL, respectively. There was also a trend toward an 

increase in pro-inflammatory IL4 for the ligature group although not significant. For the anti-

inflammatory markers, TGFβ and IL10 expression was upregulated for all groups that had received 
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ligatures regardless of the treatment. Furthermore, while there was more of a bias towards 

upregulation of COL1A1 and TIMP1 in the blank MP and TRI MP treatment groups, the difference 

between these two groups appeared to be minimal.  

 

Figure 24. Expression of pro-inflammatory vs. pro-regenerative markers following treatment. Balb/c mice 

from Group A-ligatures applied with a TRI microsphere injection (TRI), Group B- ligatures applied with 

blank PLGA (vehicle only) microsphere injection (BLK), Group C- ligatures applied only (LIG) or Group D- 

no ligatures applied (age control) were sacrificed after 7 days. Periodontal gingival tissues were resected and 

mRNA expression was assed by qPCR for (A) markers indicative of a pro-inflammatory environment 

(RANKL, NCF1, IFNG and IL4) vs. (B) anti-inflammatory and pro-regenerative markers 

(TGFB,IL10,COL1A1 and TIMP1). mRNA expression levels were compared by the value of 2(-ΔΔCt) with 

GAPDH as the endogenous control. A One-way ANOVA was performed followed by Tukey post-hoc analysis 

to compare the mean of every group with the mean of every other group to determine statistical significance 

where; ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001. 
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4.4 Discussion 

Periodontitis is a common but complex oral disease that has historically been characterized 

by the presence of a bacterial assault 219,220. Yet, in recent years, literature has elucidated a more 

nuanced but critical interplay between oral bacteria and the host response. Specifically, it is not 

just the microbial dysbiosis but an underlying unbalanced host immune response that is ultimately 

responsible for the inflammatory destruction and disease progression of periodontitis 221,222. This 

renewed understanding has made way for a multitude of new immunomodulatory approaches as 

potential treatments; from the use of pro-resolving molecules like lipoxins and resolvins 116 to 

strategies of modulating innate immune cells such as macrophages 223 and cytokine signaling such 

as Del-1 or anti-IL17 224,225. Therefore, in this study, we evaluated the effect of re-balancing the 

host immune response through an immune cell modulation strategy of locally inducing regulatory 

T cells (Tregs) for its impact on inflammatory bone loss in periodontitis. 

Regulatory T cells (Tregs) are naturally positioned to counteract immune imbalance and 

inflammatory destruction 127. Previously, we demonstrated the modulatory potential of Tregs in 

periodontitis through the local enrichment of Tregs using a recruitment strategy in a murine oral 

gavage model 129. When Tregs were locally recruited and enriched such that the ratio of Treg to 

effector T cells favored resolution of inflammation, bone loss was reduced and there was a 

microenvironment shift towards regeneration. Furthermore, this strategy of harnessing the 

immunomodulatory power of Tregs did not have a negative pathogenic effect; it did not lead to an 

increase in total bacterial counts. Additionally, several mechanistic studies have also shown 

disease improvement could be disabled upon Treg inhibition. A reduction in Treg to effector T 

cell ratios due to the depletion of Tregs instead enabled further disease progression 129,200,226. 

Therefore, while the potent ability of Tregs to counteract inflammation in periodontitis has been 



 87 

established, the efficacy of a Treg recruitment strategy is ultimately constrained by the pre-

existence of local Tregs in sufficient numbers for recruitment.   

A Treg induction strategy was developed to serve as an alternative (or potentially even an 

option to accompany) the Treg recruitment strategy. This induction strategy enables flexibility to 

increase the abundance of local Tregs through the induced differentiation of naïve T cells. As 

demonstrated previously, a combination of TGFβ, rapamycin and IL2 encapsulated microspheres 

(TRI MPs) were utilized; known for their roles in the development and differentiation of Tregs, 

ability to decrease effector T cell populations and as a T cell proliferative agent, respectively.  

Although we have previously shown the ability of these factors (combined but not the factors 

individually) to induce Tregs from naïve T cells in-vitro 133 and in the context other disease models 

134,135,227,228, this is the first time that this induction strategy has been used in the context of 

periodontitis.  

Accordingly, we investigated the effect of this induction strategy (with TRI MP treatment) 

on alveolar bone resorption. While there is no singular, ideal in-vivo animal model for murine 

induction of periodontitis and bone resorption, for this study, we utilized the ligature-induced 

murine model.  Unlike the oral gavage model that has a long timeline for disease establishment 

and is based on the initial bacterial inoculation’s ability to take hold and locally colonize, the 

ligature-induced periodontitis model is advantageous in that disease can be initiated at a known 

time with a predictable, albeit more aggressive, disease propagation time course (when compared 

to the oral gavage model) of just a few days 218. Therefore, the benefits of the ligature-induced 

model provide an optimal yet aggressive testing condition to rigorously evaluate the upper limits 

of the immunomodulatory capabilities of TRI MP treatment on periodontitis disease symptoms. 

On Day 0 (Figure 19), mice either received no ligatures (age control), or received ligatures without 
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treatment (ligature only), received ligatures with blank MPs injection (vehicle control) or received 

ligatures with a TRI injection (consisting of TGFβ, Rapamycin and IL2 microspheres delivered 

together) since previous studies utilizing TRI MPs demonstrated the effect with all three factors 

was greater than any single factor or double factor combination. The ‘TRI’ formulation was 

adapted for use in the 7-day ligature-induced periodontitis murine model and the in-vitro results 

were consistent with our previous findings of characterization profiles that have demonstrated 

successful Treg induction (Fig. 20) 134,135,227,228. Importantly, TRI MPs were able to demonstrate 

significant bone loss reduction when compared to the ligature group by approximately 30% (Fig. 

21B). Unexpectedly, there was also a reduction in bone loss with Blank MPs (albeit to a lesser 

degree) when compared to the ligature group, by about 10-20%. Although this seemingly 

protective effect from the Blank MPs may not have been anticipated, this effect has actually been 

reported in other disease model applications of TRI MPs in the past 134,228 and by others in the 

literature 229–231. These findings may be due to PLGA-derived lactic acid and it’s latent 

immunomodulatory properties at the local site of administration 232. Nevertheless, our studies show 

that TRI MP treatment produced a significant reduction in bone loss in an extremely acute model 

of periodontitis. 

However, even with substantiated bone loss indicative of the benefit of an increased Treg 

presence, the immunomodulatory ability of Tregs ultimately depends upon the ratio of Tregs to 

effector T cells in the local environment, as observed in other disease models (allergic contact 

dermatitis, dry eye disease, transplant) with TRI MP treatment 134,135,227. For this reason, we 

quantitatively assessed the ratio of Tregs to effector T cells after TRI MP administration in the 

ligature-induced periodontitis model. In the blinded quantification of immunofluorescence 

staining for FOXP3 (Tregs) and CD3 (total T cells), there was an increase in the ratio of Tregs to 
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CD3 cells (Fig. 23B). This effect could be driven in part by the model itself; the presence of 

ligatures is supposed to increases inflammation as compared to the age control group , and this 

general increase in inflammation can increase the overall presence of responding lymphocytes 

(including Tregs) in the local area 233. Nevertheless, the TRI MP group demonstrates the highest 

ratio of all measured groups, on average ~48%. This promising Treg induction by TRI MP lays 

the groundwork for future studies where we can even further bolster this ratio and explore its 

effects. 

In previous findings, the immunomodulatory impact of TRI MP-induced Tregs was not 

only a reduction in key signs of disease but also a decrease in pro-inflammatory cytokine 

expression and increase pro-regenerative cytokine expression in the local microenvironment 

134,135,227.  An inspection of sample sagittal sections that were stained using Masson-Goldner (Fig. 

22) qualitatively supports some preservation of the periodontal ligament space for all groups with 

a mix of tissue necrosis and regeneration of the gingiva tissues where ligatures were applied 

specifically for Blank and TRI MP groups. Importantly, upon further quantitative assessment of 

local cytokines and cell markers there was a trend of a decrease in pro-inflammatory cytokines 

(Fig. 24A) and an increase of pro-regenerative factors upon TRI MP treatment, notably with some 

variability (Fig. 24B). While there were some inconsistent fluctuations in marker expression 

outside of these trends, it may again be due to the inherent acute nature of the ligature-induced 

model. As noted in the literature, the ligature-induced periodontitis model expedites disease 

progression and enables visible bone loss in as little as a few days 218. Such acute inflammation 

aggressively expedites and increases the natural influx of lymphocytes to that site. This change in 

an already immunologically complex microenvironment, also influences the process of 

differentiation for that influx and local accumulation of lymphocytes (including T cells)234. 
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Therefore, administering a preventative treatment on the same day an acutely inflamed 

microenvironment is developing, may detract from the effectiveness of the treatment. Instead, 

based on the data we have presented here, a stronger Treg induction response may be necessary 

(to counteract the inherent acute nature of the model and its effects) to yield more consistent trends 

in pro-inflammatory and pro-regenerative markers. Future studies would be needed to investigate 

how to further bolster the Treg induction response whether through dose escalation studies or 

increased dendritic cell (antigen-presenting cell) stimulation time to aid in a more robust Treg 

induction etc. Nevertheless, it is promising that in such complex conditions, TRI MP treatment is 

still able to have a detectable impact, indicating the feasibility of this approach.    

Overall, findings of reduced bone loss, increase in Treg to T effector ratio and trends of 

decreasing pro-inflammatory factors and increasing pro-regenerative factors with TRI MP 

treatment, suggest that there could be potential for a Treg induction strategy for 

immunomodulation in the context of periodontitis. This strategy to increase the local concentration 

of Tregs for the regulation of inflammation-based destruction could be used as the basis for 

treatment of other inflammation driven diseases.  
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5.0 Conclusions and Future Work 

The overarching goal of this thesis was to engineer three types of extended release, 

bioerodible microsphere formulations. Each of these formulations were centered around a different 

active ingredient (antibiotic, natural extract, proteins) but all were successful in addressing some 

of the unmet needs of currently available treatments while also providing translational value for 

patients with varying forms of periodontitis.  

5.1 Specific Aim 1: To Engineer Arestin® Comparator Products for Biorelevant 

Dissolution Testing Mimicking the Periodontal Pocket for the FDA. 

In aim 1, in anticipation of FDA generic drug applications to replace a common periodontal 

adjunct antibiotic therapy (Arestin®), we used reverse engineering to determine critical 

microsphere design parameters. We then used an emulsion fabrication technique to generate a 

direct comparator (direct mimic of Arestin®) along with alternative comparator panels meant to 

simulate generic formulations of Arestin® the FDA may see in future ANDA applications. These 

comparator panels were then tested for bioequivalence (qualitative (Q1) and quantitative (Q2) 

sameness and change) to Arestin®. As a final measure, the comparator panels were used to validate 

and determine the discriminatory power of a novel biorelevant dissolution device that better 

simulates the periodontal pocket than traditional methods.   

The significance of the generation of these comparator panels is two-fold. First, these 

panels demonstrated which variations in process parameters vs physiochemical parameters 
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(qualitative (Q1) and quantitative (Q2) sameness and change) could predictably change 

formulation characteristics (size, drug loading, morphology, release/dissolution kinetics). Process 

parameters like the homogenization and solvent type were found to be the most influential on 

particle size (increase in homogenization rate decreased particle size) and drug content (ethyl 

acetate resulted in lower loading as compared to DCM). However, the second significance of the 

generation of these panels comes from our elucidation that physiochemical parameters most 

strongly influence release/dissolution kinetics. Intriguingly, our dissolution kinetics trends were 

unexpected. Opposite to what has been reported in the literature, at each LA:GA ratio, we observed 

an increase in molecular weight led to a faster release profile. While we hypothesized this 

phenomenon was due to ionic interactions between our API-minocycline and the PLGA, future 

work would be needed for better understanding of this trend. Incorporating more molecular weight 

polymers within each LA:GA ratio in addition to looking at other APIs with different potentials of 

ionic interaction with PLGA would be impactful to better understand the underlying mechanism 

and better predict in-vitro outcomes. Additionally, quality control measures should also be 

incorporated into the fabrication process to ensure the variability that has been observed is not a 

result of process changes or operator changes. This would help to eliminate any man-made 

interference in observed trends for more predictable formulation outcomes. 

Overall, our increased understanding of how to predictably change formulation 

characteristics- especially dissolution kinetics-has the potential for tremendous applications in the 

development of better translational in-vitro/in-vivo correlations. With a better simulation of the 

periodontal pocket using our novel small volume dissolution device and as a result, more accurate 

in-vitro data, theoretically, better correlations between in-vitro release and in-vivo bioavailability 

can be made. However, these correlation studies in addition to further validation of the small 
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volume dissolution device with other oral periodontal drugs also remain to be performed in future 

work. Additionally, several parameters such as flow rates, dissolution media and membrane 

permeance of the device could be modified to make this dissolution device more applicable to 

other desired and difficult to replicate physiological milieus. 

5.2 Specific Aim 2:  To Develop Cranberry extracts-based Formulations for the Prevention 

of Oral Bacterial Biofilms and Periodontal Disease. 

In aim 2, as an alternative approach to bacterial biofilm treatment with antibiotics/ 

antimicrobials or harsh antiseptic mouthwashes prescribed to mild/moderate periodontitis patients, 

we developed oral delivery formulations with natural biofilm prevention properties by 

encapsulating cranberry extract. We determined an optimal fabrication method that resulted in 

high loading and coated our selected formulations with stearic acid (SA) and a bioadhesive 

(polyvinylpyrrolidone (PVP) or ethyl lauroyl arginate (LAE)). We then characterized our 

formulations for in-vitro controlled release, followed by bioactivity and adhesion to oral 

pellicle/biofilm using a saliva-based assay and crystal violet staining for quantification of new 

biofilms.  

One of the most pivotal findings in this work was the multi-component, 

hydrophilic/hydrophobic nature of the cranberry extract that was also surprisingly already 

spherical in shape, which all strongly influenced the fabrication method. Our initial attempts with 

a traditional technique of PLGA encapsulation resulted in extremely low loading with most of the 

extract settling out or leaching out of the formulation throughout the fabrication process. 

Therefore, we adapted our approach to take advantage of the already spherical nature of the 
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cranberry extract and used a one pot fabrication process with coatings to tune the release kinetics 

and the adhesion properties.  

The one pot fabrication approach enabled us to fully capture all the 

hydrophilic/hydrophobic components of the cranberry extract but there will need to be future 

studies to determine the final use/packaging and its impact on activity. These formulations were 

originally intended as a consumer oral health care product with varied potential applications like 

mouth wash, floss or a chewable gum. Each of these final product formats have different benefits 

but it is unknown how these formats and their corresponding additional excipients would impact 

release rate and activity. Nevertheless, this one pot fabrication process is highly attractive due to 

its high yield especially for multi-component APIs of interest. This fabrication method also could 

be used as a strategy to encapsulate other hard to formulate natural extracts.  

5.3 Specific Aim 3: To Develop Controlled Release Drug Delivery Formulations for 

Immune Modulation and Treatment of Periodontal Disease. 

Lastly, in aim 3, we took an immunomodulation approach to address the root cause of 

periodontitis, an underlying immune imbalance. Here, we hypothesized that enrichment of the 

local presence of regulatory lymphocytes (Tregs) could restore local, immunological homeostasis. 

This approach has been attempted with other inflammation driven diseases, but we had not yet 

studied this approach in periodontitis. Accordingly, we locally delivered a combination of TGFβ 

(cytokine- growth factor essential for Treg differentiation), Rapamycin (small molecule- mTorr 

inhibitor to prevent differentiation into effector T-cell types) and IL2 (cytokine- promotes the 

differentiation of immature T cells into regulatory T cells) microspheres to increase the local 
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number and ratio of Tregs in the periodontium. Using a ligature-induced murine periodontitis 

model, we demonstrated that this combination of factors significantly decreased alveolar bone loss 

in mice. A shift in the local ratio of Tregs to T effector cells and a microenvironment change of 

pro-inflammatory and anti-inflammatory markers, was also demonstrated. However, we also 

stumbled upon some unexpected findings that merit more understanding through future work. 

We believe many of the unexpected findings in this work may be attributed back to our 

selected murine ligature induced periodontitis model. While we initially attempted to use the 

bacterial gavage model as had been performed in previous studies, after several years of attempting 

to replicate the model, it only worked moderately at best. We have since determined that there 

were some environment-based (and possibly even genetic) differences in mouse strain and 

bacterial susceptibility between here in the US and in Brazil where the previous successful studies 

were performed. Therefore, to perform the studies here in aim 3, we switched to the murine ligature 

induce periodontitis model which is more aggressive (in comparison to the gavage model) with a 

very short 1-week timeline for disease induction that was more easily reproducible. However, this 

model is not without its disadvantages. An unintended consequence of the rapid escalation in 

disease progression for this model, is the increased influx of key inflammatory players present, 

their influence/signaling changes on the local microenvironment and Treg induction. However, it 

remains to be seen through future studies, if this is just a temporary effect that could be both better 

understood and better separated from Treg induction events by making the experimental 

timepoints earlier or later. Future studies should also monitor the other key cellular players like 

dendritic cell stimulation that would directly impact the resulting Treg induction for any time-

dependent changes as well. Nevertheless, the use of these Treg-inducing microspheres appears to 
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significantly improve periodontitis outcomes and may be able to serve as another platform delivery 

system to treat other inflammatory diseases.  
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