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Abstract 

 

Increased inflammation can disturb bone homeostasis leading to increased 

osteoclastogenesis and bone resorption. Studies have demonstrated that specialized pro-resolving 

lipid mediators such as lipoxins, can counteract inflammation and reduce bone loss. Despite the 

promising results, lipoxins may not be very stable and will require a more efficient delivery method 

that allows them to remain at the target site for a sufficient amount of time without disintegration. 

This study aims to develop a gelatin-based injectable hydrogel that will contain lipoxins for the 

treatment of inflammation-mediated bone resorption. 

Gelatin-hydroxyphenylpropionic acid (Gtn-HPA) cross-linked using horseradish 

peroxidase (HRP) and hydrogen peroxide (H2O2) was used as a hydrogel delivery vehicle. Aspirin-

triggered Lipoxin A4 (ATL A4) was incorporated in the hydrogel. The impact of Lipoxin 

incorporation on the cross-linking of the hydrogel was investigated using a tube tilting method. 

The release profile of Lipoxins from the hydrogel was studied by incubating the hydrogel in PBS 

and measuring lipoxin release at predetermined timepoints. Finally, a neonatal rat calvarial organ 

culture model was used to test the impact of Lipoxins released from hydrogel on inflammation-

mediated bone resorption. 

Our results indicate that Lipoxins can be successfully incorporated in the Gtn-HPA 

hydrogel. However, at higher doses this may result in increased gelation time. The incorporated 

Lipoxins can be released from the gelatin matrix and the release rate can be controlled by varying 

the gel weight percentage and degree of cross-linking. Softer gels release more of the original 

lipoxin content compared to stiffer gels. Lastly, the reduction of inflammation-mediated bone 

resorption from a single dose of Lipoxins released from the hydrogel was comparable to multiple 
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doses of Lipoxins added directly to the medium in a neonatal rat calvarial bone organ culture model. 

The promising data from this study provides the foundation for the development of a new 

therapeutic modality for the treatment of conditions characterized by inflammation-mediated bone 

loss.  
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1. Study overview 

1.1 Rationale of study 

Increased inflammation is detrimental to bone homeostasis and is often associated with 

bone loss.(1) In dentistry, this can be seen in cases of periodontitis and peri-implantitis.(2, 3) The 

excessive release of proinflammatory cytokines disrupts bone metabolism leading to increased 

osteoclastogenesis and bone resorption.(1) Lipoxins are specialized pro-resolving lipid mediators 

derived from arachidonic acid that can counteract inflammation and lead to resolution.(4-6) A 

number of studies have demonstrated the ability of lipoxins to downregulate osteclastogenesis, 

reduce bone loss, and decrease inflammatory cell infiltration.(7-9) Despite the promising results, 

lipoxins may not be very stable and will require an efficient delivery method that allows them to 

remain at the target site for a sufficient amount of time without disintegration.(10) Therefore, the 

objective of this study is to develop a gelatin-based injectable hydrogel that will contain lipoxins 

for the treatment of inflammation-mediated bone resorption. 

1.2 Objective of study 

The objective of this study is to develop a gelatin-based injectable hydrogel that can cross-

link within the body for the treatment of inflammation-mediated bone resorption. This injectable 

gel will contain pro-resolving lipoxin that participates in inflammation resolution and tissue 

regeneration. 

1.2 Hypothesis of study 

The hypothesis of this study is that a lipoxin A4 (LXA4) analog could be contained in an 

injectable gelatin matrix comprised of gelatin-hydroxyphenyl propionic acid (Gtn-HPA) and can 

subsequently be released from this matrix for the treatment of inflammation-mediated bone 

resorption. 
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2. Specific aims of study 

 

Specific Aim 1: To determine in vitro the impact of lipoxin incorporation on the gelatin matrix 

gelation rate.  

Specific Aim 2: To determine in vitro the rate of lipoxin release from the gelatin matrix. 
Specific Aim 3: To determine in vitro, using a neonatal rat calvarial organ culture, the impact of 

the lipoxin containing gelatin matrix on inflammation-mediated bone resorption.  
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3. Background and significance 

 

3.1 Inflammation and bone 

Bone is a dynamic organ that undergoes constant remodeling and repair in response to 

specific molecules, hormones, and mechanical stress.(11, 12) Homeostasis is achieved by 

maintaining a balance between bone formation carried out by osteoblast and bone resorption 

carried out by osteoclasts.(11-13) 

The interaction between bone and the immune system is of special interest particularly 

when dealing with chronic inflammatory conditions associated with bone loss.(11, 14) 

Inflammation is a natural response to stressful stimuli and injury and is essential to bone 

formation.(1, 15) In acute injuries such as bone fractures, the damage to local bone and vascular 

tissues initiates the inflammatory cascade.(1) This subsequently promotes angiogenesis and 

induces mesenchymal stem cell proliferation and differentiation into osteoblasts.(1) Despite the 

role inflammation plays in bone repair, it is generally a transient process and the environment 

eventually shifts to anti-inflammation.(1) 

On the other hand, chronic inflammatory conditions such as rheumatoid arthritis, diabetes 

mellitus, and periodontitis disrupt bone homeostasis by promoting osteoclast activation and 

differentiation, resulting in bone loss.(1, 11, 13, 16) Age-related chronic conditions such as 

osteoporosis also impact bone density and turnover particularly in women, and could potentially 

lead to factures.(1, 11) A persistent, low-grade pro-inflammatory status could also develop in aging 

individuals leading to challenges with fracture healing.(1, 14) The aging population also have an 

increased prevalence of osteoarthritis which is another are-related inflammatory condition that 

could lead to substantial joint damage and require total joint replacement (TJR) with orthopedic 
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implants.(1, 11) Despite the success of TJR surgery, inflammatory responses to wear particles and 

metal ions released into the surrounding tissues could lead to bone resorption around orthopedic 

implants.(1, 6) Similarly, bone loss around osseointegrated dental implants could develop from 

exaggerated immune responses, although bacterial causes have also been implicated.(17, 18) 

 

3.2 Pathophysiology of Bone Loss 

Normal bone remodeling is mainly controlled by receptor activator of nuclear factor-kB 

ligand (RANKL)-RANK-Osteoprotegerin (OPG) system.(14, 19) RANKL expressed by a number 

of cells including osteoblast and osteocytes binds to RANK on the surface of osteoclast precursor 

cells which initiates the differentiation, maturation, and activation of osteoclasts.(12, 13, 20) OPG 

on the other hand, is a soluble decoy receptor for RANKL that disrupts the binding of RANKL to 

RANK which suppresses osteclastogenesis.(12, 19) Therefore, the balance between RANKL and 

OPG is a major regulator of resorption and formation.(12, 15, 19) 

In chronic inflammatory conditions, persistent inflammation leads activation of cells from 

both the innate and adaptive immune responses leading to the release of proinflammatory 

cytokines such as interleukin (IL)-1, IL-6, and tumor necrosis factor-a (TNF-a).(1, 11, 13, 19) 

This results in the enhanced expression of RANKL and the stimulation of osteoclast differentiation 

and activation.(1, 13) 

 

3.3 Periodontitis and Peri-implantitis 

Periodontitis is a chronic multifactorial inflammatory disease characterized by loss of 

clinical attachment, periodontal pocketing, gingival bleeding, and radiographic bone loss.(2) The 

overall prevalence of periodontitis in adults aged 30 years or older is estimated to be 42.2%.(21) 
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On the other hand, peri-implantitis is an inflammatory disease affecting the tissues surrounding 

dental implants, and is characterized by progressive loss of supporting bone.(3) The estimated 

prevalence of peri-implantitis is 19.83% at the patient level.(22) However, inconsistencies in 

defining and diagnosing peri-implantitis may impact the estimated prevalence.(22) 

The etiology of periodontal disease is multifactorial and related to the complex interplay 

between the subgingival biofilm and the host immune/inflammatory response.(16, 23) Despite the 

association between periodontitis and periodontal pathogens, emerging evidence suggests that the 

pathogenesis of this disease is inflammatory rather than infectious.(24) A host-mediated 

inflammatory response results in microbial dysbiosis, chronic infection, and unresolved 

inflammation.(16) The increased microbial virulence in the dysbiotic subgingival environment 

sustains the inflammatory response ultimately leading to the breakdown of periodontal tissues.(23, 

24) Similar relationships between inflammation and dysbiosis have also been reported with 

cardiovascular disease, diabetes, and inflammatory bowel syndrome.(16, 24) 

The etiology of peri-implantitis is thought to resemble that of periodontitis, in which the 

imbalance between host response and microbial challenge leads to an inflammatory response and 

tissue breakdown.(25, 26) However, there is evidence suggesting that peri-implant bone loss may 

be an immunological reaction unrelated to bacteria similar to aseptic loosening of orthopedic 

implants.(17) Furthermore, the lack of periodontal ligaments and supracrestal attachment fibers 

around dental implants prevents the peri-implant connective tissues from isolating the 

inflammatory cell infiltrate from the crestal bone.(25) This can explain the accelerated rate of 

progression and the more aggressive pattern of tissue breakdown compared to periodontitis.(25, 

26) 
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Inflammation of the periodontal and peri-implant tissues are characterized by elevated 

proportions of neutrophils, macrophages, and lymphocytes.(23, 27) During the inflammatory 

process, various inflammatory mediators are produced in association with disease onset and 

progression.(23, 28, 29) IL-1b and TNF-a have been reported to be substantially elevated in 

periodontal and peri-implant disease.(29-32) Despite advances in understanding the pathologic 

processes involved in periodontal disease and peri-implant disease, persistent and uncontrolled 

inflammation may lead to failure of therapy.(16, 23, 33) 

 

3.4 Significance 

It is relevant to understand the role of inflammation on bone homeostasis and regeneration. 

This is of particular importance when dealing with inflammatory conditions characterized by bone 

loss.(1, 11, 14) With the rise in skeletal diseases caused by immune system alterations and with a 

growing aging population, treatment challenges will persist.(1, 11, 14) In dentistry, the prolonged 

maintenance of teeth along with the rising number of individuals receiving dental implants, will 

ultimately lead to a rise in incidence and prevalence of periodontal and peri-implant disease.(21, 

34) This points to the eminent need for the development of novel therapeutic strategies and 

modalities that can modulate the inflammatory response to prevent bone loss and regenerate bone. 
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4. Innovation  

 

4.1 Resolution of inflammation 

Distinct from the anti-inflammatory process is the recently defined resolution of 

inflammation.(4, 35) The resolution of inflammation is in fact an active process characterized by 

a switch in the predominant mediators found in the exudates.(4, 5, 36) Deficiency in any 

component of the resolution phase may potentially result in uncontrolled chronic inflammation, 

which can be responsible for the pathogenesis of a number of diseases.(5, 10, 36) 

Initially, classic inflammatory mediators such as prostaglandins and leukotrienes are 

generated to activate the inflammatory process.(4) These mediators eventually induce the 

production of key enzymes that promote the synthesis of pro-resolving mediators such as lipoxins, 

resolvins, protectins, and maresins.(4, 5, 35-37) These pro-resolving molecules activate specific 

mechanisms fundamental to the resolution of inflammation that include the cessation of neutrophil 

and eosinophil infiltration into the afflicted tissues, counter-regulation of cytokines and 

chemokines, induction of apoptosis in expended neutrophils, activation of phagocytosis of 

apoptotic cells and microorganisms by macrophages, clearance of non-apoptotic cells through the 

vasculature and lymphatics, and ultimately initiating the healing process that culminates in a return 

to hemostasis.(4, 5, 36) 

 

4.2 Pro-resolving Lipid Mediators Derived from Arachidonic Acids 

At the start of an inflammatory response, phospholipids induced by phospholipase enzymes 

release polyunsaturated fatty acids (PUFA), which include arachidonic acid (AA), and omega-3 

PUFAs, eicosapentaenoic acid (EPA) and decosahexaenoic acid (DHA).(5) Lipoxygenases and 
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cyclooxygenases are involved in a series of pathways initiated by these fatty acids that ultimately 

produce potent lipid mediators that influence inflammation.(5, 38) Pro-inflammatory leukotrienes 

(LT) and prostaglandins (PG), formed by AA, trigger the expression of inflammatory enzymes, 

cytokines, and chemokines that are involved in the initiation and progression of inflammation.(5) 

Although AA plays a major part in the initiation and progression of inflammation, it is also 

involved in the biosynthesis of anti-inflammatory and pro-resolving lipid mediators, namely 

Lipoxins (LX).(5) 

First reported in 1984 by Serhan, Hamberg, and Samuelsson, lipoxins are now known to 

be produced in humans through multiple biosynthetic pathways.(39-41) The oxygenation of AA 

at 15-carbon (15C) position by the action of 15-lipoxygenase (15-LO) generates 15-

hydroxyeicosatetraenoic acid (15-HPETE).(38, 40, 41) Both 15S-HPETE and the reduced alcohol 

form 15S-HETE can serve as substrates for 5-LO enzyme, which produces a 5S, 6S, 15S-

epoxytetraene intermediate.(38, 40) The epoxytetraene intermediate is rapidly hydrolyzed to either 

5S, 6R, 15S-trihydroxy-7, 9, 13-trans-11-cis-eicosatetraenoic acid, known as lipoxin A4 (LXA4), 

or 5S, 14R, 15S-trihydroxy-6, 10, 12-trans-8-cis-eicosatetraenoic acid, known as lipoxin B4 

(LXB4).(38, 40, 41) 

A second route of LX biosynthesis involves a leukotriene A4 (LTA4)-dependent step that 

occurs with the interaction of human neutrophils with platelets.(38, 40, 41) In this pathway, AA is 

converted to LTA4 by the action of 5-LO.(38, 41) As platelets adhere to neutrophils, platelet 12-

LO reduces hydrogen in the 13C position and inserts oxygen in the 15C position within LTA4.(40, 

41) This process converts LTA4 into a cation intermediate, which can produce LXA4 when reacted 

with water at the C6 position, or LXB4 when reacted with water at the C14 position.(40) 
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A third pathway that leads to the production of aspirin-triggered lipoxins (ATL) or 15-epi-

lipoxins has been discovered.(38) The anti-inflammatory activity of aspirin has long been 

attributed to its nonspecific inhibition of COX pathway, leading to the inhibition of PG 

synthesis.(40, 41) COX-2 acetylated by aspirin in endothelial and epithelial cells is still 

enzymatically active and able to convert AA to 15R-HPETE and 15R-HEPE.(38, 41) Extracellular 

release of 15-HEPE followed by 5-LO oxygenation, transforms 15-HEPE to 15R-epoxy-tetraene 

which in turn forms either 15-epi-LXA4 or 15-epi-LXB4.(38, 41) 

Metabolic inactivation of LX catalyzed by 15-prostaglandin dehydrogenase (15-PGDH) 

suggested that their beneficial actions may be reduced.(5, 38) Furthermore, common metabolic 

pathways between LX, PG, and LT may suggest other mechanisms of inactivation and clearance 

of LX.(38) This led to the design and construction of stable LX analogs that retain the biological 

actions and potency of LX, with the ability to resist rapid metabolic inactivation.(5, 10, 38, 40) 

These analogs allowed for further investigations on the actions of LX, and lead to the development 

of LX-based compounds suitable for clinical trials.(5, 9) 

The unique actions of LX, ATL, and their analogs influence many cell types, and have 

been demonstrated to play an important anti-inflammatory and pro-resolving role.(40) These 

actions include: Inhibition PMN infiltration and adhesion at inflammation sites, stimulation of 

apoptotic PMN clearance by macrophages, influencing the expression of cytokines and 

chemokines, and regulation of leukocyte traffic.(4, 40) In-vitro and in-vivo experimental models 

have produced promising evidence demonstrating the anti-inflammatory and pro-resolving actions 

of LX, ATL, and their analogs with inflammatory diseases and conditions such as: Angiogenesis, 

aseptic loosening, asthma, cystic fibrosis, periodontal disease, peritonitis, and renal disease.(6, 40, 

42) 
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4.3 Lipoxins and bone 

The treatment of osteoclast precursor cells with LXA4 significantly downregulated the 

expression level of osteoclastogenesis marker genes in-vitro.(7) In addition, tartrate-resistant acid 

phosphatase (TRAP) enzymatic activity, often used as a marker for osteoclast activity, was reduced 

in a dose-dependent manner after treatment with LXA4.(8) Ovariectomized mice simulating post-

menopausal women have significant trabecular bone loss.(8) However, when these mice are 

treated with LXA4 they had a visible reduction in bone loss.(8) 

LXA4 can inhibit multiple signaling pathways that impact osteoclastogenesis including 

nuclear factor-kB (NF-kB).(7, 8) This suppresses the expression of pro-inflammatory cytokines 

such as IL-1β, IL-6, and TNF-⍺ necessary for the regulation of osteclastogenesis.(7, 8) 

Furthermore, LXA4 can decrease the RANK/OPG ratio which is a key regulator in osteoclast 

formation.(8) 

 

4.4 Lipoxins and periodontal disease 

When it comes to periodontal disease, a study by Serhan et al demonstrated that transgenic 

rabbits overexpressing 15-LO had a marked decrease in PMN infiltration, inflammation, and 

associated bone loss compared to non-transgenic rabbits.(43) Moreover, transgenic rabbits had 

increased levels of endogenous LXA4, which can activate anti-inflammatory responses.(43) 

Another study by Pouliot et al demonstrated that stable analogs of LX and of ATL were able to 

block P. gingivalis induced PMN infiltration and reduced the levels of PGE2 in exudates.(44) Van 

Dyke et al constructed a nano-proresolving medicine (NPRM) that contains a stable LXA4 analog, 

benzo-lipoxin A4 (bLXA4) and were able to demonstrate, in a large animal model, a dramatic 

decrease in inflammatory cells in chronic periodontitis sites and striking increase in new 
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periodontal bone formation and regeneration.(9) Currently, a bLXA4 mouth rinse is under 

investigation for its efficacy with gingival inflammation in a randomized controlled clinical 

trial.(45) 

 

4.5 Hydrogels 

Hydrogels are biocompatible material that have various applications in tissue engineering 

and regeneration, they can be used alone or in conjunction with other materials, proteins, and 

cells.(46-52) Hydrogels hold the potential to modulate the environment and reestablish the 

structure within cavitated lesions.(48) In injectable form, hydrogels can be introduced into the 

lesion with little disruption to the surrounding tissues and can optimally adapt to the shape of the 

cavity.(48) Hydrogels can also serve as biodegradable drug delivery systems.(46, 53, 54) In 

dentistry, hydrogels have been investigated for use in periodontal therapy, and bone 

healing/regeneration.(50, 51, 54-56) 

Lipoxins have been incorporated in hydrogels for potential use in periodontal therapy.(50, 

51, 57) These injectable hydrogels demonstrated sustained release of lipoxins over time while 

maintaining biological activity.(57-59) Furthermore, the hydrogels demonstrated 

cytocompatibility in-vitro, an no inflammatory responses in-vivo.(57-59) 

 

4.6 Gelatin-hydroxyphenyl propionic acid hydrogel 

A gelatin-hydroxyphenyl propionic acid (Gtn-HPA) based hydrogel is formed by the 

oxidative coupling of the phenol moieties catalyzed by hydrogen peroxide (H2O2) and horseradish 

peroxidase (HRP).(48, 50) This biopolymer can be fine-tuned by controlling the degree of cross-

linking and gelation, which ultimately affects its physical properties and degradation rate, in 
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addition to influencing cell migration and proliferation.(48-50) Various cells, growth factors, and 

peptides have been incorporated in the Gtn-HPA hydrogel for the treatment of different 

conditions.(52, 60, 61) Dromel et al, incorporated human epidermal growth factor (hEGF) in the 

Gtn-HPA hydrogel and verified sustained release over time.(60) Alshihri et al, demonstrated the 

beneficial effects of platelet-derived growth factor (PDGF)-BB incorporated into and released 

from the Gtn-HPA hydrogel on bone marrow-derived mesenchymal stem cells (BM-MSC)s 

proliferation, migration, and differentiation.(61) In-vitro studies by Lim et al on the use of Gtn-

HPA hydrogel for brain lesions showed promising results, and demonstrated that the hydrogel can 

act as a scaffold with compatible structural support, and provided sustained release of incorporated 

proteins, and influenced stem cell differentiation.(48, 49) Furthermore, Wang et al demonstrated 

that varying the degree of stiffness of the Gtn-HPA hydrogel can influence stem cell differentiation 

into specific lineages.(50)  

Gtn-HPA hydrogel may have prospective uses with inflammation-mediated bone lesions. 

Due to its cross-linking capacity, this hydrogel has the potential for providing a maintainable 

scaffold that can conform to the shape of the lesion without the risk of deformation, wash out, or 

dislodgement while promoting cell migration and proliferation. Furthermore, Gtn-HPA hydrogel 

scaffolds can provide sustained release of regenerative or anti-inflammatory substances to resolve 

any ongoing inflammatory processes. 
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5. Research Strategy 

 

Gel Preparation  

• Lyophilized Gelatin-hydroxyphenylpropionic acid (Gtn-HPA) polymer was dissolved in 

PBS at either: 2 wt.% or 8 wt.%. 

• Cross-linking was done using enzyme-catalyzed oxidation, as previously described (50, 

51) The 2 wt.% gel was cross-linked using 0.1U/ml horseradish peroxidase (HRP) as a 

catalyzer and 1.2mM H2O2 as a crosslinker. While the 8 wt.% gel was cross-linked using 

0.1U/ml HRP and 6.8mM H2O2. 

 

Lipoxin 

• Aspirin-triggered lipoxin A4 (ATL A4) dissolved in ethanol at a concentration of 100 

μg/ml. 

• ATL A4 was further diluted in ethanol to 25 μg/ml. 

 

Sample size 

The objective was to determine as significant a difference between the means of the test 

and control values of at least 30%.  Assuming that there would be a 15% standard deviation in the 

mean values for each group and considering that the goal is to have alpha=0.05 and beta=0.20 (i.e., 

a power of 80%), it would be necessary to have n=6. 
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5.1 Specific Aim 1: To determine in vitro the impact of lipoxin incorporation on the gelatin 

matrix gelation rate.  

 

Experimental design: 

Tube Tilting Method (56, 62, 63) 

• 200 μl of hydrogel was cross-linked in Eppendorf tubes. 

• Aspirin-triggered lipoxin (ATL) A4 [15-epi-LXA4] added to each wt.% solution at either 

50ng [=2.84 μM] or 500ng [=28.4 μM] concentration prior to adding the HRP and H2O2 

for hydrogel cross-linking. 

• After uniformly mixing the solutions using pipette, gelation was monitored by tilting the 

tube to observe the flow of the solution (Figure 1).   

• Gelation time was recorded (in seconds) from the moment of mixing to the point at which 

the solution does not tilt or flow with the tube. 

• Gelation of hydrogels containing ATL A4 was compared to lipoxin-free hydrogels 

• Each group contained n=6 samples 

 

Statistical Analysis 

• All data were reported as mean ± standard error mean and analyzed using two-way analysis 

of variance (ANOVA). 

• If statistical significance was found when the degrees of freedom are greater than one, the 

Tukey HSD test was used to determine the statistically significant differences between the 

compared pairs (overall α = 0.05). 

• Statistical software (JMP 16.0.0) was used for the analysis. 
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Figure 1 – (a) Gtn-HPA conjugate dissolved in PBS prior to addition of HRP and H2O2. (b) 
Tilted tube demonstrating flow of Gtn-HPA solution. (c) Tilted tube after gelation demonstrating 

lack of flow of Gtn-HPA solution. 
 

 

 

 

 

 

(a) (b) 

(c) 
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5.2 Specific Aim 2: To determine in vitro the rate of lipoxin release from the gelatin matrix. 

 

Experimental design: 

In Vitro ATL A4 Release 

(All samples of hydrogel containing ATL A4 from Specific Aim 1 were used) 

• 200 μl of hydrogel was cross-linked in Eppendorf tubes. 

• Aspirin-triggered lipoxin (ATL) A4 [15-epi-LXA4] added to each wt.% solution at either 

50ng [=2.84 μM] or 500ng [=28.4 μM] concentration prior to adding the HRP and H2O2 

for hydrogel cross-linking. 

• 1 ml of PBS added to each tube and incubated at 37OC on an orbital shaker at 100 rpm.  

• 500 ml PBS was withdrawn for evaluation of ATL release from the Gtn-HPA gel at the 

end of days 1, 4, 7, and 14. The withdrawn PBS was replaced with fresh PBS.  

• The amount of ATL A4 released in the solution was measured using ELISA. 

 

Statistical Analysis 

• All data were reported as mean ± standard error mean and analyzed using two-way analysis 

of variance (ANOVA). 

• If statistical significance was found when the degrees of freedom are greater than one, the 

Tukey HSD test was used to determine the statistically significant differences between the 

compared pairs (overall α = 0.05). 

• Statistical software (JMP 16.0.0) was used for the analysis. 
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5.3 Specific Aim 3: To determine in vitro, using a neonatal rat calvarial organ culture, the 

impact of the lipoxin containing gelatin matrix on inflammation-mediated bone resorption.  

 

Experimental design: 

Calvarial bone organ culture (64-71) 

• 1-day old Sprague-Dawley rat calvaria. 

• Using scissors, the scalps were excised exposing the calvaria. 

• Calvaria were sectioned as seen in Figure 2.  

 

Figure 2 – (a) Diagram showing cuts for hemi-calvaria preparation. (b) Live sample of prepared 
hemi-calvarium. 

 

 

• Each hemi-calvarium was cultured in a separate well of a 24-well plate with 2 ml culture 

medium.  

(a) 

1 mm 

(b) 
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• Stainless steel mesh was used to fabricate grids to support the hemi-calvaria at the air/liquid 

interface (Figure 3, 4). 

 

 

Figure 3 - Diagram of hemi-calvaria incubated in medium on stainless-steel grids with 
hydrogel (R) and without (L). 

 

 

 

Figure 4 – Cultured hemi-calvaria samples 

 

Hemi-calvaria 

Medium 

Stainless-steel grid 

Hydrogel 
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• Bone organ culture medium: DMEM supplemented with 5 mg/ml bovine serum albumin 

(BSA), fraction V (5 mg/ml, Sigma Co.), 100 U/ml Penicillin, and 100 µg/ml Streptomycin. 

• Resorption medium: To stimulate bone resorption 10 ng/ml IL-1β and 10 ng/ml TNF-⍺ 

were added to the bone organ culture medium 

• Cultured hemi-calvaria were pre-incubated in a humidified atmosphere of 5% CO2 at 37OC 

for 24 hours. 

• Hemi-calvaria were then divided into the following groups, with 6 calvaria per group: 

1. Negative control - Bone organ culture medium only. 

2. Positive control – Resorption medium only. 

3. Vehicle – Resorption medium + 2% Gtn-HPA 

4. Lipoxin 1 – Resorption medium + 50 ng exogenous ATL A4 (added directly to medium) 

5. Lipoxin 2 – Resorption medium + 500 ng exogenous ATL A4 (added directly to medium) 

6. Treatment 1 – Resorption medium + 2% Gtn-HPA containing 50 ng ATL A4  

7. Treatment 2 – Resorption medium + 2% Gtn-HPA containing 500 ng ATL A4  

• All samples containing hydrogel will have the gel cross-linked at base of culture dish. 

• Assay duration: 7-days (Figure 5). 

• Medium was collected on days 3, 5, and 7, and stored in -20O for analysis. 
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Figure 5 – Assay timeline. 

 

Global Visualization of Osteoclastic Activity (67-70) 

• Neutral red (NR) is a vital stain used for global observation of multinucleated osteoclasts 

(MN-OSC) under light microscope. 

• Hemi-calvaria from each group were incubated for 45 minutes at 37O in culture medium 

with 70µg/ml neutral red (NR) stain. 

• Samples were visualized under light microscopy. 

 

Global Histomorphometric Analysis (67-70) 

• Silver nitrate stain is used to reveal gross mineral loss and areas of bone resorption. 

• After NR staining, same 4 samples were fixed in 10% formalin overnight. 

• Samples were counterstained with 2% silver nitrate for 20 minutes. 

• Samples were visualized under low magnification light microscopy.  

Medium collection and 
replacement 

Medium collection 

Medium collection and 
replacement 
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• Digital images will be converted to grayscale (4 distinct values: black and dark grey = no 

resorption, light gray and while = resorption) (Figure 6). 

• Resorption area-to-total area (RA/TA) ratio was calculated. 

 

 

Figure 6 – (a) Grayscale image of hemi-calvarium. (b) 4 distinct values defined (black and dark 
grey = no resorption, light gray and white = resorption). (c) Calculation of RA/TA ratio. 

 

(a) 

(b) 

(c) 
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Calcium Release Assay 

• Used media were stored at -20 for calcium analysis. 

• A colorimetric calcium assay was used according to manufacturer instructions to assess the 

amount of calcium released from the hemi-calvaria into the medium. 

 

Statistical Analysis 

• All data from the silver nitrate staining and calcium release assay were reported as mean 

± standard error mean. 

• Considering the number of variables involved in the groups (type of medium, presence of 

ATL A4, and presence of Gtn-HPA hydrogel) multiple t-tests were used to compare the 

means of different pairs of groups (overall α = 0.05). 

• The negative control group (Group 1) was compared to the positive control (Group 2), the 

positive control group (Group 2) was compared to the vehicle group (Group 3), the positive 

control group (Group 2) was compared to the exogenous lipoxin groups (Groups 4, 5), and 

the lipoxin loaded hydrogel groups (Group 6, 7) were compared to the vehicle group 

(Group 3). 

• Statistical software (JMP 16.0.0) was used for the analysis. 

 

Effects of Gtn-HPA Hydrogel on Medium Calcium Concentration 

• 2 wt.% Gtn-HPA was cross-linked at the base of culture dish as describe in the earlier aims. 

• 2 ml resorption medium added to culture dish and replaced according to Aim 3 protocol: 

day 3, 5, and 7 
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• After day 7, 1 ml of dH2O was added to culture dish. The dish was placed on orbital shaker 

for 30 minutes. 

• After 30 minutes dH2O was collected and another 1 ml of dH2O was added. This process 

was repeated four times. 

• After the final repetition, the culture dish was incubated at 37o overnight.  

• dH2O was collected after each wash. 

• Calcium in the medium and dH2O was measured using the same Calcium Assay used in 

Aim 3. 

• Samples of stock resorption medium were used as control. 
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6. Results 

6.1 Specific Aim 1: 

Data on gelation rate for each group is presented in Figure 7. ANOVA revealed an interaction 

between ATL A4 dose and gel wt.% (p<.0001). The main effect of ATL A4 dose was significant 

(p<.0001), but the main effect of gel wt.% was not significant (p=0.31). 

The addition of 50 ng did not seem to have a significant effect on gelation rate (p=0.72). The 

addition of 500 ng ATL A4 resulted in a significant increase in gelation time (p<.0001). 

Furthermore, when looking at the impact of adding 500 ng of ATL A4 on each gel wt.% we can 

see that the 8wt.% gel had a 109% increase in gelation time whereas the 2wt.% gel had a 51% 

increase in gelation time, the difference was statistically significant (p<.0001).  

 

Figure 7 – Gelation rate (in seconds) for each gel wt.% with different ATL A4 doses. Mean value 
reported at the base of each bar. Error bars = ± standard error mean. 
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6.2 Specific Aim 2: 

The release profile of ATL A4 from the Gtn-HPA hydrogel over the 14-day period is demonstrated 

in Figure 8. As expected with hydrogels, majority of the release occurred in the first 24 hours. The 

main effect for gel wt.% had a significant effect on the release rate (P=.0008). The 2wt.% released 

approximately 25% of the initial ATL A4 content while the 8wt.% gel released 7% of the initial 

ATL A4 content over 14 days. The main effect for ATL A4 dose had no significant of the release 

rate (p=0.89), nor was there a significant interaction between gel wt.% and ATL A4 dose (p=0.92). 

Although the overall percentage of ATL A4 released from the gel varied depending on the gel 

wt.%, the percentage of ATL A4 released remained constant regardless of the initial ATL A4 dose. 

Table 1 presents the specific amount of released ATL A4 (in nanograms) at the different timepoints 

for all groups. 

 
Figure 8 – Sustained release of ATL A4 from Gtn-HPA hydrogel over 14 days. Error bars = ± 

standard error mean. 
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2% Gtn-HPA 8% Gtn-HPA 

50 ng 500 ng 50 ng 500 ng 

Day 1 9.22 ng 103.9 ng 2.54 ng 24.32 ng 

Day 4 9.86 ng 104.7 ng 2.94 ng 28.69 ng 

Day 7 12.46 ng 122.9 ng 3.73 ng 35.56 ng 

Day 14 12.91 ng 125.9 ng 3.82 ng 37.28 ng 

 

Table 1 – Cumulative amount of ATL A4 released (in nanograms) at each specified timepoint for 
each group over the 14-day period. 
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6.3 Specific Aim 3: 

Global Visualization of Osteoclastic Activity 

After NR staining, MN-OSCs were absent in the parietal region of the unstimulated hemi-calvaria 

(negative control) (Figure 9; Panel 1a). In contrast, MN-OSCs were visible when the hemi-calvaria 

were stimulated (positive control) (Figure 9; Panel 1b).  The Gtn-HPA matrix did not seem to have 

an effect on MN-OSCs as they were still visible even in the presence of the blank hydrogel (vehicle 

group) (Figure 9; Panel 1c). 

When the hemi-calvaria were treated with exogenous ATL A4 either dispensed directly in the 

medium or released from the hydrogel, there seemed to be no evidence of MN-OSCs (Figure 9; 

Panel 1d-g). 

 

Global Histomorphometric Analysis 

The mean RA/TA ratios for each group are presented in Figure 10. When comparing unstimulated 

hemi-calvaria (negative control) to stimulated hemi-calvaria (positive control) the mean RA/TA 

ratios were significantly different (p=0.0002) (Figure 9; Panel 2a, b). In the presence of the blank 

hydrogel (vehicle), the mean RA/TA was not different from that of the positive control (p=0.67) 

(Figure 9; Panel 2c). ATL A4 dose did not have an impact on the outcome regardless of whether it 

was added directly to the medium or released from the hydrogel. This was noted by the lack of 

statistically significant differences between groups 4 and 5 (p=0.75) and groups 6 and 7 (p=0.73). 

As such, the data from groups 4 and 5 were pooled together and the data from groups 6 and 7 were 

also pooled together for the statistical analysis. The addition of exogenous ATL A4 directly to the 

medium resulted in a 17.5% decrease in mean RA/TA ratio compared to the positive control, which 

was statistically significant (p=0.0093) (Figure 9; Panel 2d, e) (Figure 11). ATL A4 released from 
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the hydrogel also resulted in a 23.1% decrease in mean RA/TA ratio compared to the blank 

hydrogel (vehicle), which was statistically significant (p=0.039) (Figure 9; Panel 2f, g) (Figure 12).  
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Figure 9 – Sample hemi-calvaria from each group. Panel 1 shows NR stain, and panel 2 shows 
silver nitrate stain. Scale bar 100 µm 
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Figure 10 – Mean RA/TA ratio for each group. Error bars = ± standard error mean. 

 

 

Figure 11 – Mean RA/TA ratio for positive control group and exogenous Lipoxin group. Error 

bars = ± standard error mean. 
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Figure 12 – Mean RA/TA ratio for blank Gtn-HPA (vehicle) group and Lipoxin loaded Gtn-

HPA. Error bars = ± standard error mean. 
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The mean medium calcium concentration for each group is presented in Figure 13. When 
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together and the data from groups 6 and 7 were also pooled together for the statistical analysis. 

The addition of exogenous ATL A4 directly to the medium resulted in a 29.4% decrease in mean 

calcium concentration compared to the positive control, which was statistically significant 

(p=0.0091) (Figure 14). ATL A4 released from the hydrogel resulted in a 29.6% decrease in mean 

calcium concentration compared to the blank hydrogel, which was statistically significant 

(p=0.031) (Figure 15).  

 

 

 

 
Figure 13 – Mean calcium concentration (in µmol/ml) for each group. Error bars = ± standard 

error mean. 
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Figure 14 – Mean calcium concentration (in µmol/ml) for positive control group and exogenous 

Lipoxin group. Error bars = ± standard error mean. 

 
Figure 15 – Mean calcium concentration (in µmol/ml) for blank Gtn-HPA (vehicle) group and 

Lipoxin loaded Gtn-HPA. Error bars = ± standard error mean. 
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Effects of Gtn-HPA Hydrogel on Medium Calcium Concentration 

After the 7-day culture period, it was noted that the Gtn-HPA had changed color from transparent 

to slightly pink as the medium was absorbed in the hydrogel. Medium incubated with Gtn-HPA 

hydrogel had a lower calcium concentration compared to control medium as measured using the 

calcium assay. The Gtn-HPA hydrogel lost the pink tint after washing with distilled water, 

indicating that the medium absorbed was removed from the hydrogel. After measuring the calcium 

content of the wash, it was observed that the calcium concentration in the incubated medium 

combined with the calcium concentration of the wash was comparable to the control medium 

calcium concentration (Figure 16). 

 

Figure 16 – Mean calcium concentration (in µmol/ml) for control medium, incubated medium, 
and H2O wash. Error bars = ± standard error mean. 
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7. Discussion 

The data regarding the gelation rate shows that the addition of 500 ng of ATL A4 to the 

Gtn-HPA matrix can significantly increase the gelation time. Furthermore, there was a significant 

interaction between the gel wt.% and the amount of added lipoxins. This led to a more pronounced 

increase in gelation time for the 8wt.% gel compared to the 2wt.% gel.  

The Gtn-HPA hydrogel gelation process is controlled by the HPR independently from 

H2O2, with an inversely proportional relationship between gelation rate and HRP concentration.(51, 

53) Nevertheless, a rise in gelation rate could occur due to HRP deactivation by excess H2O2.(50, 

51, 53) This may not be the case in this study, as the higher amounts of H202 used to cross-link 

the 8wt.% gel did not appear to have an impact on gelation rate without the addition of 500 ng of 

ATL A4. Previous studies have reported that enzyme activity may be affected by organic 

solvents.(72) Since ATL A4 was supplied by the manufacturer dissolved in ethanol, there was 

concern that the ethanol would interfere with the action of HRP. However, it seems that methanol 

might have a more pronounced effect on HRP activity compared to ethanol.(73) 

Precise rheological measurements including the storage modulus and gel point could be 

obtained using a rheometer.(48, 50, 53) Although this information is useful to understand the 

viscoelastic behavior the hydrogel, a more basic visual approach was preferred as it could more 

accurately resemble the clinical handling of the Gtn-HPA matrix.  

The diffusive release of drugs from hydrogels is largely dependent on mesh size.(46, 47) 

Larger meshes contain more spaces between the cross-linked polymer networks which allow rapid 

diffusion of the incorporated drugs.(46, 47) The cross-link density of Gtn-HPA can be increased 

by using higher concentrations of Gtn-HPA conjugate and H2O2.(50, 51) This slows down the 

degradation of the hydrogel and the diffusive release of the drugs.(46, 47, 50, 51)  
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The high amount of water in hydrogels often results in early burst release of drugs over a 

few hours or days.(47, 60) A recent study by Dromel et al demonstrated that hEGF can be 

incorporated into and subsequently released from different hydrogels including Gtn-HPA, 

hyaluronic acid-tyramine (HA-TYR) hydrogel, and copolymeric networks of both for potential use 

with retinal disease.(60) Varying the copolymeric network affected the free water content and 

stiffness of the hydrogel which, in turn, impacted the diffusion rate suggesting that controlled 

release could be optimized without compromising physical properties.(60)  

Our results agree with previous studies that report higher initial release, as the highest 

amount of ATL A4 released occurred during the first 24 hours. Furthermore, the less dense 2wt.% 

gel had a significantly higher release rate of incorporated ATL A4 compared to the denser 8wt.% 

gel. The percentage of ATL A4 released from each wt.% gel was not significantly different 

regardless of the initial ATL A4 concentrations. Given that a consistent percentage of the added 

ATL A4 diffuses out of the hydrogel, the added amount of ATL A4 could be determined by the 

intended application. In other words, if the inflammation is extensive and a more potent ani-

inflammatory action is needed a higher dose of lipoxin could be incorporated in the gel, and vice 

versa. A limitation to this release kinetics assay is that it does not take into account the degradation 

of the Gtn-HPA matrix. As the hydrogel network degrades the mesh size increases, allowing 

addition drug diffusion out of the hydrogel.(46) Factoring in the hydrogel degradation may result 

in a different ATL A4 release profile. 

A major advantage to bone organ cultures is that they maintain bone cells in their natural 

extracellular matrix which maintains the cellular composition and arrangement, and the native 

tissue architecture.(71) This can be advantageous when investigating the biological processes and 

interactions of bone cells and tissue.(71) In our study, MN-OSCs were clearly visible in the 



 

 39 

positive control samples but were absent in the negative control samples. Furthermore, significant 

differences were found between the negative control and positive control samples in both RA/TA 

ratio and medium calcium concentration, which validates the bone resorption organ culture model.  

Lipoxins have an inhibitory effect on osteoclastogenesis and osteoclast activity in-vitro as 

demonstrated by Ali et al and Liu et al.(7, 8) The addition of exogenous lipoxins to the medium 

resulted in the absence of observable MN-OSCs and a significant reduction in both RA/TA ratio 

and medium calcium concentration compared to the positive control samples, which confirms that 

lipoxins are capable of reducing inflammation-mediated bone resorption. In a similar organ culture 

model, Li et al demonstrated that lipoxins are able to reduce bone resorption especially with higher 

doses.(6) We were unable to find significant differences between 50 ng and 500 ng of ATL A4 and 

this can be due to the short-acting nature of lipoxins as they are rapidly rendered inactive by 

dehydrogenation.(6) Due to the differences in SPMs and animal models, the dosage of SPMs vary 

a lot in the literature with little details on the rationale behind the dose.(10) 

The addition of the blank Gtn-HPA hydrogel to the organ culture did not have a significant 

effect on the RA/TA ratio compared to the positive controls, MN-OSCs were also visible. However, 

the hydrogel significantly reduced the medium calcium concentration. When lipoxins were 

incorporated into the hydrogel the MN-OSCs were not visible and the mean RA/TA ratio was 

significantly reduced compared to the positive control samples. Although the blank hydrogel 

significantly reduced the medium calcium concentration compared to the positive control, the 

incorporation of lipoxins lead to further reduction in mean calcium concentration compared to the 

blank hydrogel. It is worth noting that the single dose of ATL A4 incorporated into the Gtn-HPA 

hydrogel and slowly released over time had similar effects to multiple doses added directly to the 
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medium. Taken together these results confirm the Gtn-HPA hydrogel as a potential carrier for the 

local delivery and release of lipoxins. 

As noted earlier, the presence of the blank Gtn-HPA reduced the calcium concentration in 

the medium compared to the positive control despite no reduction in RA/TA ratio and visible 

osteoclastic activity. Since no active substances that could impact bone resorption were present or 

incorporated in the blank hydrogel, further investigation into this phenomenon was warranted. 

After culturing the medium with the Gtn-HPA hydrogel the mean calcium concentration of the 

culture medium was reduced compared to the control medium. Washing the hydrogel with distilled 

water lead to the release of calcium which we were able to measure in the wash. The combined 

calcium concentration in the cultured medium and the wash was comparable to that of the control 

medium indicating some calcium uptake by the hydrogel. Hydrogels have the capacity to swell by 

absorbing water.(46, 51) For the Gtn-HPA hydrogel swelling is related to stiffness, with softer gels 

absorbing more water than stiffer gels.(51) As the Gtn-HPA hydrogel absorbs water it is possible 

that dissolved calcium is binding to the gel. A similar phenomenon was observed by Alshihri et al, 

when attempting to quantify the calcium content of BM-MSCs seeded in the gel.(61) They noted 

that although the BM-MSCs were undifferentiated and kept in expansion medium, a certain 

amount of calcium was measured in the gel.(61) A likely source of the calcium could be the 

medium. 

The effect of this observation is yet to be determined in a clinical or in-vivo situation. 

Should there be a similar uptake of calcium in-vivo, this calcium will likely be released upon 

degradation of the hydrogel. Calcium may have direct effects on osteoblast and osteoclast 

function.(74, 75) As osteoclast resorb bone, calcium is released into the surrounding which can be 
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sensed by osteoblast via calcium-sensing receptors.(75) This promotes osteoblast differentiation, 

proliferation, and function, and inhibits osteoclast activity.(74, 75) 

There may be some benefits to exogenous calcium or calcium-containing biomaterials in 

bone regeneration.(76) Aquino-Martinez et al, demonstrated that BM-MSCs cultured in a 3D 

gelatin scaffold with added exogenous calcium had upregulated expression of osteogenic markers 

in-vitro.(76) Furthermore, the combination of calcium and BMP-2 lead to an added expression of 

osteogenic markers, and greater bone formation in-vivo.(76) Jo et al, used the same Gtn-HPA 

hydrogel used in this study to develop a novel calcium-accumulating peptide/gelatin hydrogel that 

was capable of increasing osteogenic expression in human periodontal ligament stem cells 

(hPDLSC)s and increasing bone volume and mineral density in calvarial defects in-vivo.(52) 

Intraorally, calcium plays a role in the reduction of dental demineralization particularly 

during a pH drop.(77) This led to the development of restorative materials that release calcium 

particles to aid in the remineralization of tooth lesion.(78) On the other hand, calcium is a major 

constituent of dental calculus.(77, 79) Supersaturation of saliva and plaque fluid with calcium salts 

contributes to dental plaque mineralization and calculus formation.(79) As the Gtn-HPA matrix 

could potentially be used intraorally, the uptake of calcium and subsequent release needs to be 

investigated with regards to calculus formation. 
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8. Conclusions 

• ATL A4 can be successfully incorporated in the Gtn-HPA matrix. However, the addition 

of 500 ng of ATL A4 can increase gelation time. 

• ATL A4 can be released from the Gtn-HPA matrix. The release rate can be controlled by 

varying the gel weight percentage. 

• ATL A4 was capable of reducing inflammation-mediated bone loss. The reduction in 

inflammation-mediated bone resorption by a single dose of ATL A4 released from Gtn-

HPA hydrogel was comparable to multiple doses of ATL A4 added directly to the medium 

in a bone organ culture model. 

 

9. Future direction 

• In-vivo experiments for the preventive and regenerative potential of Gtn-HPA 

incorporating Lipoxins. 

• The incorporation of other SPMs and growth factors such as RvE1 and BMP-2 into the 

Gtn-HPA hydrogel, either alone or in conjunction with ATL A4. 

• Experimental models for the use of Gtn-HPA incorporating Lipoxins for other sites or 

organs. 
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