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Thermosensitive hydrogel doped with osteoconductive fillers for the 

treatment of periodontitis periapicalis chronica: from synthesis to 

clinical trial 

Monika Dobrzyńska-Mizera,*a Monika Knitter,*a Marta Kamińska,b Daria Szymanowska,c,d Anna 

Sobczyk-Guzenda,b Sylwia Różańska,e Jacek Różański,e Michał Mikulski,f Małgorzata Muzalewska,g 

Marek Wyleżoł,g Małgorzata Smuga-Kogut h, Zofia Modrzejewska i and Maria Laura Di Lorenzo j 

Chitosan-based thermosensitive hydrogel (CH) containing hydroxyapatite (HAp) and poly(lactic acid) (PLDLLA) is proposed 

as an innovative, biomimetic composition with antimicrobial and bone-forming properties for guided bone regeneration. 

Modified hydrogels were synthesized and characterized to verify their suitability for the treatment of periodontitis 

periapicalis chronica. Compared to plain hydrogel, both CH_HAp and CH_PLDLLA revealed improved mechanical properties, 

as evidenced by rotational rheology. FTIR analysis proved no chemical interplays between the components. All the tested 

samples diplayed no cytotoxicity against osteoblast-like cell culture and confirmed antimicrobial features, both crucial from 

an application perspective. The radiation sterilization dosage was tailored for the tested samples, to maintain sterility for 

minimum 8 weeks of storage, and limit partial crosslinking of the samples. Finally, the hydrogel was used in a clinical trial to 

treat a patient with chronic inflammation of periapical tissues in the 26 and 27 teeth area. The medical procedure proved 

safety, nontoxicity, non-allergenicity, and most importantly bone forming properties of the hydrogel formulation. The 

kinetics of new bone formation was analyzed in-depth, using graphical cross-sections of the anatomical structures obtained 

from pre- and post-operative CBCT scans.

Introduction 

Chronic periodontitis is a persisting inflammatory response 

causing degradation in the area of the gingival tissue, periodontal 

ligament, and alveolar bone resorption 1–4. The bone loss proceeds 

as a part of defence reaction against both microbial infection and 

immune response 5–7. This destructive process is induced via 

dysbiosis of the microbial community, which means it is not triggered 

by any specific sort of bacterial species, but is rather a change in their 

functional composition, metabolic activities, etc. 3,8. This condition, if 

left untreated, may lead to tooth loss, affect chewing, cause 

pathological tooth migration and aesthetic deprivation, as well as 

malfunction the stomatognathic system 9,10. Periodontitis is the 

major cause for tooth loss in adults and the sixth most common 

disease worldwide 3,8, making almost 50% of adults being affected by 

mild to severe periodontal disease 11,12. 

The successful therapy starts with anti-infective procedures 

and proceeds until complete regeneration of the periodontal tissue 

is achieved 13. The latter is remarkably challenging, as the clinicians 

need effective and predictable solutions, beneficial for both hard and 

soft tissues. Therefore, the general aims of periodontal therapy are 

to treat infection and inflammation as well as enhance health, 

functioning, quality of life and aesthetics of all supporting structures 

and tissues, i.e. gingivae, periodontal, ligament, cementum and 

alveolar bone. However, the most important goal is to regenerate 

the defective periodontal tissues 13–15. 

Research on guided tissue regeneration (GTR) was launched 

in 1950s in orthopaedics, to be further expanded into dental 

applications, which require usage of different techniques to restore 

defective tissues. Various biomaterials, both non-resorbable and 

resorbable, have been utilized since then. However, the usage of 

non-resorbable materials has been vastly limited due to high risk of 
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inflammation, peripheral recession of tissue, material exposure to 

the oral milieu, as well as necessity for a second, removal procedure 
16. In their place, a wide array of resorbable materials, especially for 

bone replacement, have been employed based on their capability to 

maintain the defective tissue restoration, being osteoneogenetic 

(comprising of ossification cells), osteoconductive (serving as 

scaffolds for bone formation), and osteoinductive (containing 

mineralization bodies) 16. The current state-of-the-art solutions 

include usage of autografts harvested from the patient’s bone 

structures e.g. intraoral cancellous bone 17 , allografts harvested from 

cadavers within 12 hours from their death e.g. frozen iliac bone or 

demineralized freeze-dried cortical bone 18, as well as xenografts of 

animal or plant origin 19,20 – all in a form of powder or small particles 

Since the healing process is three-dimensional, voluminous alloplasts 

are favoured to enhance bone regeneration via infiltration, 

attachment, proliferation, differentiation and in-growth of cells 

essential for reconstruction and prevent from penetration of their 

counterparts in the healing site 21. 

As resorbable materials for bone replacement, some 

research efforts have been devoted to hydrogels, which are three-

dimensional polymer networks widely used in medicine for a variety 

of applications, like drug and dietary supplement production, 

antimicrobial mouthwashes, contact lenses, wound dressings, or 

tissue engineering 22–24. Hydrogels may range from sticky liquids to 

solids, and can be biocompatible, biodegradable, non-toxic, easy 

applicable and injectable 25–32. In biomaterials engineering, chitosan-

based hydrogels are of the greatest interest, because, in addition to 

the above properties, they are also thermosensitive, as they are fluid 

at room temperature, and turn to a highly viscous gels once they are 

exposed to body temperature 33. Combination of injectability and 

thermosensitivity allows to inject chitosan-based hydrogels into 

closed spaces, for instance inside a bone, exploiting their low 

viscosity at room temperature and their further transformation at 

body temperature into high viscous compounds 34. The same 

properties allow to fill in spaces with complex geometries, as often 

occurs in dentistry, and also in the specific medical case presented 

and discussed in this manuscript.  

Chitosan is a natural polysaccharide obtained from chitin, an 

exoskeleton component of the crustaceans and insects, as well as 

fungi cell walls 35. Chitosan can be combined with a crosslinking agent 

to form hydrogel network, most commonly with sodium or calcium 

beta-glycerophosphate (Na-β-GP, Ca-β-GP), glucose-1-phosphate 

(G1-P), glucose-6-phosphate (G6-P), disodium phosphate salt 

(Na2HPO4), polyvinyl alcohol or sodium bicarbonate 36–39. 

Chitosan hydrogels have antimicrobial properties, high-

water content, similarity to extracellular matrix, and porous 3D 

network suitable for cell adhesion and proliferation 22,39. Chitosan 

solutions are often used in wound treatments 39–41, as they are able 

to activate immune system, stimulate biological processes occurring 

in the inflammatory phase of wound healing, and can also prevent 

scar overgrowth 42. When in the form of hydrogel, chitosan is 

currently used in orthopaedic applications 43, but not as a bone graft 

substituent, not only because chitosan hydrogels are not 

osteoconductive, but also because of their poor mechanical 

properties that do not allow this type of material to support load 

bearing bone implants 44. However, chitosan can be easily 

copolymerized or blended with other polymers, and formulated with 

fillers, to improve both mechanical and osteoconductive properties, 

as recently reviewed in 45. Among others, blending with poly(lactic 

acid) PLLA and nano-hydroxyapatite (nHAp) 46,47, appear of peculiar 

interest to develop chitosan-based hydrogels with tailored 

mechanical and osseointegration properties. 

PLLA is a biocompatible/bioresorbable bio-based polymer 

widely used in surgery 48,49, with a glass transition temperature (Tg) 

of 60 °C, i.e. it is rigid at the body temperature, has high mechanical 

strength 50, and has been successfully used to improve mechanical 

resistance of chitosan hydrogels 51,52. The other additive, HAp is a 

functional bioceramic, able to release osteoinductive ions such as 

calcium and phosphate in physiological environment 53,54, which can 

stimulate osteoblast proliferation and bone matrix deposition 55,56. 

This bioceramic has a coefficient of thermal expansion similar to 

bone, and is commonly used in bone regeneration 57–59, also 

including dental applications, where HAp is often used in 

combination with chitosan-based materials 60,61. 

A few papers already report preparation and 

characterization of chitosan-based hydrogels, reinforced with PLLA 

and nHAp, as materials for bone engineering applications 46,62. 

However, the formulations currently developed refer to stiff sponge-

like scaffolds, and are not suitable for injectable applications, as 

those needed for the treatment of bacterial infections of tooth roots, 

addressed in our study. Such infections are very common, and mostly 

appear as consequence of untreated dental conditions. 

As novel attempt to treat periodontitis periapicalis chronica, 

we propose an injectable hydrogel with antimicrobial properties, 

able to mitigate possible inflammatory responses in the treated area, 

and at the same time induce bone tissue formation. Chitosan-based 

hydrogels modified with hydroxyapatite (HAp) and polylactide 

copolymer particles (PLDLLA) have been developed and tested as 

antibacterial matrices with bone forming properties for the 

treatment of periodontitis periapicalis chronica. A polylactide 

copolymer is preferred to PLLA due to its favourable L/DL 

composition that allows to adjust resorption time 49. Since PLLA is 

insusceptible to hydrolysis, its absorption time exceeds 24 months, 

according to in vitro studies 63. Copolymerization allows reducing the 

degradation time to less than two years 64. The greatest innovation 

involves the treatment of periodontitis periapicalis chronica in a 

clinical trial using a thermosensitive hydrogel composition, never 

attempted before, to our knowledge. 

The influence of composition on rheological properties and 

structure of chitosan-based hydrogel is thoroughly investigated 

and discussed. The effect of radiation sterilization process on 

the hydrogel was evaluated, together with its suitability for in 

vivo application via cytotoxicity and microbiological tests. 

Finally, a clinical trial aiming to treat the periodontitis 

periapicalis chronica was performed. The effectiveness of the 

procedure was assessed based on cone-beam computed 

tomography (CBCT) medical imaging, both from the analysis of 

two-dimensional DICOM images and subsequent three-
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dimensional models corresponding to the patient's bone 

structures. Eleven months after the medical procedure, the 

patient was qualified for dental implants installation, during 

which fully rebuilt native bone tissue was discovered enabling 

stable fixation of the screws. 

Materials and methods 

Hydrogel preparation 

The thermosensitive chitosan hydrogels were prepared via 

physical blending following the procedures detailed in 39,65–67. 

Briefly, chitosan (CH) was dissolved in lactic acid (0.1 mol/L) and 

mixed until homogenous solution was obtained. Then, the 

crosslinking agent, sodium β-glycerophosphate, was added 

drop by drop under vigorous mixing. All the substrates were 

purchased from Merck. In order to enhance bone forming 

properties, two types of modifiers were chosen and 

incorporated to the mixtures in an amount of 10 wt%: a 

commercially available hydroxyapatite (HAp) and polylactide 

(PLDLLA) (Purasorb, L-lactide/DL-lactide copolymer, ratio: 

80/20), both kindly supplied by Syntplant sp. z o.o. (Poland). All 

materials and procedures used in the study possess FDA 

certificate or Bioethics Committee agreement of the Greater 

Poland Medical Chamber no. 319/2022 approval. The samples’ 

mass concentrations and symbols are summarized in Table 1. 

Since the hydrogel is used as medical device, the 

sterilization process is required. Therefore, a series of samples 

was sterilized to assess its influence on the hydrogel structure. 

The radiation sterilization with high-energy electrons was 

performed at the Radiation Sterilization Station for Medical 

Devices and Allografts, Institute of Nuclear Chemistry and 

Technology (Warsaw, Poland). The "Elektronika" accelerator 

produced a 10 MeV electron beam with an average power of 10 

kW to fulfil the ISO 13485 standard. The dosage of ionizing 

radiation was 7 kGy. 

Table 1. Symbols and mass concentrations of the samples 

Sample name 
Mass concentration [wt%] 

Hydrogel base HAp PLA 

CH 100 - - 

CH_ HAp  90 10 - 

CH_PLDLLA 90 - 10 

*Sterilized samples are marked with an ‘S’ letter, i.e. CH_S; 

CH_HAp_S; CH_PLDLLA_S. 

Methodology 

Rheological measurements were carried out using a Physica 

MCR 501 rotational rheometer (Anton Paar, Austria) using 

plate-plate geometry (diameter – 50 mm, truncation – 0.8 mm). 

The storage modulus (G') and loss modulus (G") were measured 

at 37°C as a function of time both for non-sterilized and 

sterilized series. The linear viscoelastic range of each sample 

was identified by oscillatory strain sweep test conducted by 

increasing the strain amplitude 0 from 0.0001% to 100% at a 

constant angular frequency of 1 rad/s. The strain sweep test 

was carried out at 4C and 37C after collecting the G' and G'' 

moduli. Basing on the strain sweep results, the amplitude value 

of 0.005% was assumed as a linear viscoelasticity range for all 

tested hydrogels. 

FTIR analysis using the Nicolet iS50 spectrometer was 

carried out in the range between 4000 and 400 cm-1 and a 

resolution of 2 cm-1. A high resolution MCT detector and a DTGS 

KBr beam splitter were used. The measurements were carried 

out in absorbance mode, using a DRIFT type diffusion adapter. 

The incidence angle of the IR beam was set at 45 deg and the 

number of scans per one measurement cycle equaled 128. The 

hydrogels, both non-sterilized and sterilized, were crosslinked 

prior to the measurement at 37C for 24h and then lyophilized 

to obtain dry, loose powder. The powder was additionally 

grinded in an agate mortar prior to the measurement.  

Cytotoxicity test. The biocompatibility assessment of the 

chitosan hydrogels was performed using XTT test (Biotium, 

USA). The human osteoblast-like cell line Saos-2 (ATCC, USA) 

was selected as a biological material for this purpose. Extracts 

from sterile samples of chitosan hydrogels (0.2g sample/ml of 

McCoy's 5A medium) were prepared according to the EN ISO 

10993-5. The test was performed according to the 

manufacturer's protocol. Briefly, cells were seeded into a 96-

well plate with 1 × 104 cells per well and grown under standard 

conditions (37°C, 5% CO2 in humid air). The next day, the 

medium was replaced with extracts. Two controls were 

prepared: negative (K-) - non treated cells, and positive (K+) - 

cells with the addition of DMSO with final concentration of 5% 

in a well.  After 24 h of treatment, XTT reagent was added to 

each well and incubated for 4h. Next, spectrophotometric 

absorbance of the samples was measured and analysed using 

microplate reader Victor X4 Perkin Elmer. Absorbance at 450 

nm was detected (reference at 660 nm). The viability was 

calculated in reference to the negative control (K-). Statistical 

significance was assessed using one-way ANOVA analysis of 

variance. Values for which the value * p<0.001 were considered 

statistically significant.  

 The microbiological purity was studied by the flooding 

method. The nutrient agar medium of 2% glucose, for total 

microbial counts, and Sabouraud medium for mold and yeast 

counts, were utilized. The mesophilic microorganisms were 

incubated at 37°C; whereas the psychrophiles at 18°C. 

The antimicrobial activity was tested using indicator 

microorganisms which were transferred to test tubes 

containing Mueller–Hinton medium and cultured at 37°C for 

24h. Next, the liquefied agar medium was inoculated with 10% 

(v/v) 24h indicator culture and poured into Petri dishes to 

obtain a distinct confluent layer. After solidification of the broth 

medium inoculated with the indicator microorganisms, namely 

Escherichia coli, Pseudomonas aeruginosa, Streptococcus 

mutans, Staphylococcus aureus, Staphylococcus epidermidis, 
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Enterobacter aerogenes, wells were made with a cork borer. 

Each well was supplemented with 100 mg of hydrogel 

formulations. Next, the diameters of the indicator bacteria 

growth inhibition or reduction were measured. The growth 

inhibition was manifested by visible lightening around the wells 

indicating the bactericidal activity. Bacteriostatic properties 

were determined by measuring the diameter of the growth 

inhibition zone (indicator strain growth limitation). 

Medical imaging was performed for a 47-year-old patient 

who underwent CBCT examination using the CS 8200 3D device. 

A slice thickness of 0.15 and KVP of 90 were applied. Computed 

tomography images showing cross-sections of the patient's 

maxilla and mandible were saved in the DICOM (Digital Imaging 

and Communications in Medicine) standard and then exported 

into the specialized medical software Mimics (Materialise).  

Histopathologic preparation was conducted on biopsy 

samples retrieved from the patient’s newly formed bone 

positioned in teeth 26 and 27, collected upon dental implants 

installation one year after the hydrogel implantation. The 

samples were secured in 10% neutral-buffered formalin, 

dehydrated in alcohol and further cleared in xylene. 

Encapsulation of the samples proceeded with the usage of 

polymethyl methacrylate (PMMA), to allow slicing of approx. 40 

µm pieces for further microscopic observations. Additionally, in 

order to determine the degree of angiogenesis in the examined 

samples, immunohistochemical staining was performed using 

human CD31 antibody. 

Results and Discussion 

Rheological properties and structural analysis of the chitosan-

based hydrogels modified with HAp and PLDLLA particles  

The periodontitis periapicalis chronica treatment requires 

usage of the material that possesses features of biocidal 

dressing and reveals osteoconductive properties to ensure 

bone formation for further prosthetic restoration. Therefore, 

the chitosan-based hydrogel, known for its antibacterial 

properties 59, has been modified with hydroxyapatite (HAp) and 

L-lactide/DL-lactide copolymer (PLDLLA) particles, known for 

their bone forming abilities 68. Moreover, a partial jawbone loss 

that needs to be treated in case of periodontitis periapicalis 

chronica has complicated geometrical shape and limited access, 

therefore the dressing material should be injectable and solidify 

upon contact with human body. The thermosensitive nature 

and flowability of the chitosan hydrogel is presented in Fig. 1a-

c. Figure 1a shows an injection process of the hydrogel on a 

silicon wound phantom. The process was conducted using a 

standard 2 ml syringe coupled with 1.2 mm needle. Injection 

was conducted smoothly and the hydrogel filled the form easily 

filling the entire wound expanse. Right after exposition the 

hydrogel was still mobile, hence changing the phantom position 

caused the CH sample movement (Fig. 1b). The curing process 

was conducted in an incubator set at 37°C for 3h. This 

procedure caused a transition of sol phase into gel; therefore, 

the sample became stiff at this point (Fig. 1c). Injectability is 

crucial from an application point of view as it enables relatively 

easy application of the hydrogel whether on wound surface or 

into closed and complex spaces. Moreover, the sol/gel 

transformation allows for an application of liquid product, 

which is further crosslinked in/on the patient’s body ensuring 

long-lasting performance. Although the experiment may 

visualize the gelation process, its nature is much more complex; 

hence, further rheological analysis were conducted.  

 

Figure 1. Photographs of CH hydrogel during application on a 

silicon wound phantom (a), immediately after application (sol 

form) (b), and after incubation at 37°C for 3h (gel form) (c) 

Oscillation measurements performed in the range of linear 

viscoelasticity were used to characterise the rheological 

properties of the chitosan-based hydrogels. Based on the 

sinusoidal changes in stress - strain over time, the storage 

modulus G', characterizing elastic properties of fluids, and loss 

modulus G'', characterizing viscous properties of fluids, were 

calculated. The linear viscoelasticity range was determined 

based on the strain sweep test for samples held for 150 minutes 

at 37C (Fig. 2). The CH_HAp sample was within the linear 

viscoelasticity range at a very low strain amplitude value of 0,c 

= 610-3%, therefore, all rheological experiments were 

performed at a strain amplitude of 510-3 %. For the CH_PLDLLA 

and CH hydrogels, the reported strain amplitude values were 

much higher, being 0.04% and 6%, respectively. The decrease in 

the value with a simultaneous increase in the G' and G'' moduli 

suggests that the hydroxyapatite particles form aggregates. 

According to literature 69, low 0,c value for the CH_HAp may 

result from the hydroxyapatite aggregates forming a network 

which is later disintegrated under very small deformations. 

To simulate the injection procedure of hydrogel into patient's 

body and subsequent crosslinking process, the change in G' and 

G'' moduli at a temperature of 37C was monitored, with results 

shown in Fig. 3. Pure hydrogel (CH) and its modifications with 

HAp and PLDLLA particles (CH_HAp and CH_PLDLLA) were 

tested to determine fillers’ addition on the crosslinking process. 
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Figure 2. G' (empty bullet points) and G'' (solid bullet points) 

moduli as a function of strain amplitude 0 obtained for 

hydrogels kept at 37C for 150 minutes  

 

The values of G' and G'' moduli increased as a function of time, 

with significant differences among the samples. The largest 

change in moduli occurred for the CH_HAp sample, for which 

the G' value increased from 173 to 393,000 Pa, while the highest 

increase occurred within the first 120 minutes of the 

experiment. This indicates the time required to experience a 

noticeable change in polymer viscosity after application into 

human body. In case of the CH_PLDLLA hydrogel, the change in 

G' modulus over time is relatively smaller, from 140 to 

approximately 22,700 Pa in 150 minutes. However, it should be 

noted that the initial value of the G' modulus for CH_PLDLLA is 

much smaller than for the CH and CH_HAp samples. 

Special attention should also be paid to the large 

quantitative differences between the maximum values of G' 

modulus of the samples. The results clearly indicate that the 

addition of HAp modifier enhances mechanical properties of the 

hydrogel. This change can be explained by the aggregation of 

hydroxyapatite particles within the chitosan macromolecules. 

Polymers are able to induce aggregation of solid particles or 

emulsion droplets through two main mechanisms. Non-

adsorbing polymers induce particle aggregation through 

depletion flocculation, while adsorbing polymers via bridging 

flocculation 70. Zhang et al. 71 suggested that, in the case of 

hydroxyapatite suspensions in chitosan solutions, the second 

mechanisms comes into place, where intermolecular bridging 

complexes result from the formation of chitosan–metal 

complex in which the calcium present in HAp coordinates the 

amino groups in chitosan. 

FTIR analyses were conducted to trace possible interactions 

between the modifiers and chitosan-based hydrogel. The 

samples were crosslinked prior to the measurements at 37C for 

24h and further lyophilized to minimize presence of water 

molecules in the samples. The FTIR spectra of chitosan hydrogel 

without and after modification with HAp and PLDLLA particles, 

together with the spectra taken for pure fillers, are shown in 

Figure 4.  

 

 
Figure 3. G' (empty bullet points) and G'' (solid bullet points) 

moduli over time for non-sterilized hydrogels (T = 37C; 0 = 

510-3%;  = 1 rad/s) 

The characteristic bands of pure chitosan hydrogel are 

presented in Fig. 4 a-c. In the range of wavenumbers from 3600 

to 3200 cm-1, the sample revealed a wide and clear band 

corresponding to both stretching vibrations of O-H and N-H 

bonds, as well as vibrations of intermolecular hydrogen bonds 

between these groups. In the range of 3000-2800 cm-1 a wide 

band with two distinct maxima at 2926 and 2867 cm-1 belonging 

to symmetric and asymmetric stretching vibrations of C-H bond 

located in the -CH2 and -CH3 groups was noted. Another 

characteristic band isolated from the CH spectrum occurred at 

a wavenumber of 1667 cm-1 which came from the C=O 

stretching vibrations belonging to the type I amide bond and the 

peak at 1609 cm-1 associated with the NH2 bending vibrations 

for chitosan 72. Presence of these two bands in the spectrum 

indicated chitosan to be a partially deacetylated chitin product. 

On the slope of the previously described peak, another poorly 

defined absorption maximum at a wavenumber of 1558 cm-1, 

associated with a type II amide bond, also characteristic for 

chitosan, was noted. In the range of 1470-1420 cm-1, successive 

peaks characteristic for the vibrations of C-H deformation bonds 

were located. The bands at 1420, 1377 and 1322 cm−1 were 

attributed to the C-N stretching vibrations, with the latter being 

associated with the presence of the type III amide bond. The 

peak at 1260 cm−1 occurred due to O-H bending vibrations. A 

clear absorption band at 1161 cm-1 belonged to asymmetric 

stretching vibrations of the oxide bridge in the glucosamine 

ring. Meanwhile, at 1079 and 1025 cm-1 bands from stretching 

vibrations, characteristic of the glucosamine ring associated 

with the presence of C-O bonds, were detected 65,72,73. Another 

wide band in the wavenumber range of 1100-940 cm-1 disclosed 

vibrations of the C-CH3 groups and vibrations stretching the P-

O-C bonds, coming from the sodium β-glycerophosphate 

crosslinking agent. Peaks at wavenumbers of 1215 and 800 cm-

1 proved the crosslinking procedure to be effective. At 

wavenumber range of 920-900 cm-1 peaks belonging to the C-H 

and C-O stretching vibrations in the saccharide ring were 
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recorded. The presence of β-glycosidic linkage was confirmed 

by a peak presence at 895 cm-1 74. 

The CH hydrogel is a complex structure consisting of 

chitosan, aqueous solution of lactic acid and β-

glycerophosphate crosslinking agent. The peak at 1701-1703 

cm-1 indicated the appearance of a bond between the amino 

group belonging to chitosan and the carboxyl group derived 

from lactic acid, as a result of which some of these groups 

became not accessible to the crosslinking agent (Fig. 4 c). The 

addition of HAp and PLDLLA particles caused slight changes in 

this spectrum area, especially visible for the CH_HAp composite, 

where all peak maxima in the range between 1667 and  

1545 cm-1 shifted towards lower wavenumber values (Fig. 4 d-

e). Additionally, the peak belonging to the vibrations of N-H 

bonds in the -NH2 group increased its intensity compared to the 

peak belonging to amide I, which most likely was due to a 

release of this group and the attachment of the remaining lactic 

acid to the surface of modifiers added to the chitosan matrix. 

Figure 4. FTIR spectra of CH, CH_HAp and CH_PLDLLA samples in the ranges of 4000-400 cm-1 (a), 4000 – 1800 cm-1 (b), and 

1800 – 400 cm-1 in comparison with powder modifiers (c-e); peaks originating from modifiers are marked with arrows 

Commentato [MLDL1]: May
be the reaction should be 
described differently 
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Those two changes might cause a greater deformation of the 

structure in the vicinity of the -NH3+ bond leading to enhanced 

crosslinking of the chitosan structure upon addition of HAp. 

Moreover, the highest intensity of the band originating from 

hydroxyl groups was found in the CH_HAp spectrum and related 

to the additional amount of hydroxyl groups present in the 

modifier (Fig. 4 a-b). Other peaks deriving from the HAp filler at 

3570, 1038 cm-1, from stretching vibrations of the PO4
3- group, 

and its bending mode at 639 cm-1 and 605 cm-1, were also 

detected. No additional C-O-P type peaks were detected, apart 

those deriving from the crosslinking agent, which indicated a 

lack of chemical bonding between the inorganic component and 

chitosan matrix. 

The CH_PLDLLA spectrum also revealed changes, in 

comparison with pure CH, namely an extra peak at a 

wavenumber of 1740 cm-1 belonging to the vibrations of the 

C=O stretching bonds confirming the presence of polylactide in 

the chitosan hydrogel. Another PLDLLA-derived peak was 

observed at wavenumber of 1110 cm-1 and related to C-O 

stretching vibrations. Other characteristic peaks for this 

polymer were probably covered by chitosan absorption bands. 

A chemical interaction between chitosan matrix and PLDLLA 

particles would have been confirmed by an additional peak at 

1540 cm-1; however, no such an interplay was proven to exist. 

Influence of the radiation sterilization process on chitosan-based 

hydrogels 

The rheological test results discussed in the previous 

paragraph were performed for hydrogels prepared at room 

temperature and stored at 4°C for 7 days prior to 

measurements. However, each medical product must be 

subjected to a sterilization procedure, which may affect its 

physicochemical properties. For this reason, additional 

rheological measurements were carried out on radiation-

sterilized samples (7 kGy). The mechanical spectra and tan  

values as a function of oscillation frequency  at a temperature 

of 4°C for the sterilized hydrogel series, namely CH_S, 

CH_HAp_S and CH_PLDLLA_S, are detailed in Fig. 5. In the entire 

range of oscillation frequencies, G' modulus constantly exceeds 

G'', which indicates that partial crosslinking of the hydrogel 

occurred during sterilization and storage of the samples.  The 

loss tangent between stress and strain is a relative measure of 

the viscoelastic properties of fluids (tan  = G''/G'; for solids tan 

 = 0, for fluids tan  = 1). According to the classification adopted 

from the literature 75,76, the value of tan  ≤ 0.1 in the plateau 

range of the storage modulus G' means that gel has already 

been formed (the plateau value of the G0 modulus is the value 

of the storage modulus G' for which the modulus G'' obtains the 

minimum) 77. Thus, the mechanical spectra and the tan  = f(ω) 

relationships shown in Figure 5 also prove that partial 

crosslinking occurs during sterilization of the tested samples. 

Additionally, at   1 rad/s the G'' modulus obtains its minimum 

(plateau) with further increase indicating further progressive 

crosslinking of the hydrogel at a temperature of 37°C (according 

to the equation 𝐺0 = 𝑣𝑅𝑇, where R is the universal gas constant 

and T is the absolute temperature,  there is a relationship 

between the storage modulus G0 plateau and the network 

strand density v) 78. 

 
 

Figure 5. G' and G” moduli and tan  = G''/G' as a function of 
oscillation frequency ω for sterilized hydrogels (CH_S and 
CH_HAp_S) obtained at temperature of 4°C 
 
The variations in G' and G'' moduli were also analysed at 37°C in 

a function of time, with the results presented in Fig. 6. As in the 

case of unsterilized samples, the values of G' and G'' moduli 

increase in time with the G' values greater than G'' throughout 

the entire experiment. This outcome is in line with mechanical 

spectra presented in Fig. 5, with G' > G'' in the entire range of 

oscillation frequencies. The data presented in Fig. 6 also prove 

that the values of G' modulus for all samples are lower than for 

non-sterilized samples, e.g. after 150 minutes at a temperature 

of 37°C, the G' modulus for the CH, CH_HAp and CH_PLDLLS 

were 8774, 393000 and 25560 Pa, respectively, while for the 

sterilized series 5530, 96700 and 23100 Pa. Research presented 

in the literature pointed out that radiation sterilization caused 

a decrease in the average molecular weight of chitosan, here 

also confirmed by FTIR results, which further resulted in lower 

G' values for sterilized hydrogel samples 79–81. It is worth 

emphasizing that initially (upon the first 40 minutes) the 

changes in G' and G'' moduli for the CH_HAp_S sample were 

relatively modest, while after about 120 minutes the moduli 

Commentato [MLDL2]: Whi
ch groups? Why at 1540 cm-1? 
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began to stabilize. This information is essential from an 

application point of view, as the surgeon injecting hydrogel 

would notice first changes in product viscosity approximately 

after 40 minutes after application, and after 120 minutes would 

gain full hydrogel elasticity.  

 

 

Figure 6. G' and G'' moduli over time for sterilized CH_S, 

CH_HAp_S and CH_PLDLLA_S hydrogels (T = 37C; 0 = 510-3%; 

 = 1 rad/s) 

An influence of the sterilization process was also traced via 

FTIR analysis to witness possible structural changes in the 

samples. A comparison of the samples before and after 

sterilization are presented in Figure 7 a-c.  

From the spectral waveforms presented in Figure 7 a-c, it 

can be seen that the sterilization process led to minor changes 

in the intensity of the O-H and N-H vibration bands, especially 

in case of CH_PLDLLA_S. Moreover, a slight decrease in the 

intensity of peaks coming from C-O bonds and the β-1,4-

glycosidic bond was observed upon sterilization. This might 

indicate shortening of polysaccharide chains and reduction of 

chitosan molecular weight in case of all tested samples. 

Additionally, enhanced crosslinking of pure chitosan hydrogel 

during its sterilization was confirmed by sharpening and shifting 

of the peak originating from the amide bond type I and a 

decrease in the intensity of the peak originating from -NH2 

groups. 
 

In vitro cytotoxicity and microbiological tests of chitosan-based 

hydrogels 
 

The cytotoxicity measurements were conducted via XTT 

test to assess safety of the hydrogels, both pure and modified 

with solid particles, in contact with human osteoblasts cell line 

Saos-2. For this purpose, an extract of each tested sample was 

prepared and further utilized to determine metabolic cells’ 

activity. Each test was performed in four replicates with their 

mean values summarized in Figure 8. Pure hydrogel exhibited 

the osteoblast viability of 88%. Worth noting is the fact that the 

modification procedure, regardless of the filler used, did not 

induce significant changes in cytotoxicity of the samples and 

even slightly improved osteoblast viability up to 92%. According 

to ISO 10993-5, viability greater than 70% attests for non-

toxicity; therefore, all hydrogels examined herein are proved to 

be safe for contact with human tissue. These outcomes are in 

line with the literature as thermosensitive chitosan hydrogels 

have already been identified as biocompatible 39,82,83. 

Moreover, the literature reports that the addition of HAp, 

whether in the form of coating or powder, increases cell 

proliferation, alkaline phosphatase (ALP) activity and 

osteogenic gene expression. Both HAp and PLDLLA show the 

ability to biomineralize in simulated body fluid (SBF), which is an 

indicator of the sample's bioactivity 68,84,85.  

The scope of microbiological research included two 

aspects: determination of hydrogels’ purity and microbiological 

stability at various temperatures up to eight weeks (Table 2) as 

well as their antimicrobial activity (Table 3). The storage tests, 

as presented in Table 2, proved that the radiation dose of 7 kGy 

was sufficient to ensure microbiological purity of the samples. 

In addition, eight weeks of storage, for each temperature 

variant, did not affect their purity as no mesophilic or 

psychrophilic microorganisms were found after this period. The 

results indicated that the hydrogels can be stored for minimum 

8 weeks from the production date still maintaining their 

sterility. 

Figure 7.  FTIR spectra in the range of 4000-700 cm-1 for the samples before and after sterilization: CH, CH_S (a), CH_HAp, 

CH_HAp_S (b), and CH_PLDLLA, CH_PLDLLA_S (c) 
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Figure 8. Human osteoblast-like cell line Saos-2 viability in a 

function of the chitosan-based hydrogel formulation 

 

The antimicrobial properties of the hydrogels against six 

microbial species that pose an intraoperative microbiological 

threat, both reference strains and clinical isolates, namely 

Escherichia coli, Pseudomonas aeruginosa, Streptococcus 

mutans, Staphylococcus aureus, Staphylococcus epidermidis 

and Enterobacter aerogenes were evaluated. The results are 

summarized in Table 3.  

Each hydrogel showed moderate antimicrobial activity with 

no significant differences between their modifications or types 

of microorganisms. In case of pure hydrogel (CH_S), the highest 

antimicrobial activity was demonstrated against Pseudomonas 

aeruginosa ATCC27853 and Enterobacter aerogenes ATCC 

51697 for which the inhibition zone growth was 8.0 ± 2.0 mm. 

In the case of hydrogel variant modified with hydroxyapatite 

(CH_HAp_S), the highest activity was demonstrated against 

Escherichia coli ATCC13706, Pseudomonas aeruginosa 

ATCC27853 and Staphylococcus aureus ATCC 6538 equal to 

7.0±2.0 mm. For the CH_PLDLLA_S sample, the highest 

antimicrobial activity was found against Pseudomonas 

aeruginosa ATCC27853 (8.0 ± 2.0 mm). As expected, the 

antimicrobial activity against clinical isolates was lower, 

compared to reference strains, due to their greater resistance 

to antimicrobial substances being a result of their contact with 

hospital environment, including antibiotics and disinfectants. 

Antimicrobial properties of all tested variants are comparable, 

with minor influence of modifiers, which suggests that this 

feature is rather related to chitosan presence in the hydrogel 

matrix. The chitosan structure possesses positively charged 

components, such as N-acetyluramaic acid, sialic acid, and 

neuraminic acid, on the negative charge of the cell surface, 

causing leakage of intracellular bacterial contents, as reported 

in 86,87. Following literature, hydroxyapatite may also exhibit 

antibacterial activity, especially against S. aureus. This activity 

may be associated with its hydrophilic nature favoring 

interactions with cell walls of Gram-positive bacteria 88, a 

production of reactive oxygen species (−OH, H2O2, and O2) 

leading to fatal bacteria damage, or abrasive HAp surface 

ordering (texturing, leading to surface defects and aggregation 

contributing to the bacterial cell membrane damage) 89. 

Eventually, the usability of HAp antimicrobial mechanisms was 

not confirmed to be an asset to the tested samples. 

 Microbiological analysis timetable 

 T0 T2 T4 T6 T8 

Storage temperature (°C)                                          4 4 20 37 40 4 20 37 40 4 20 37 40 4 20 37 40 

Microorganism type CH_S 

Mesophilic (cfu/g) <102  <102  <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Psychrophilic (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Molds and mesophilic yeasts (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Molds and psychrophilic yeasts (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Microorganism type CH _PLDLLA_S 

Mesophilic (cfu/g) <102 <102 <102 <102  <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Psychrophilic (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Molds and mesophilic yeasts (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Molds and psychrophilic yeasts (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Microorganism type CH_HAp_S 

Mesophilic (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Psychrophilic (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Molds and mesophilic yeasts (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Molds and psychrophilic yeasts (cfu/g) <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 <102 

Table 2.  Purity and microbiological stability of hydrogels under different temperature conditions and storage time: T0 – right after 

production, T2 – 2 weeks, T4 – 4 weeks, T6 – 6 weeks, T8 – 8 weeks   
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Nevertheless, the samples exhibited antimicrobial activity 

providing microbiological protection in the surgical field.  

 

Clinical trial with utilization of chitosan-based hydrogel for the 

treatment of periodontitis periapicalis chronica 

A patient with chronic inflammation of periapical tissues in 

the 26 and 27 teeth area was selected to be treated with 

chitosan hydrogel modified with hydroxyapatite and PLDLLA 

particles. In 2012, the patient had undergone endodontic 

treatment, followed by the buccal roots resection in 2017 

during which the inflammatory tissue was replaced with 

xenograft. The palpation conducted in December 2022 revealed 

a presence of prosthetic crowns positioned in teeth 26 and 27 

with no pathological mobility nor purulent exudate coming out 

of the gingival sulcus from the vestibular or palatal side (Fig. 9 

a). Currently pain free with a fistula on the maxilla alveolar 

appearing periodically due to periapical lesions, as confirmed 

via CBCT scans, which led to partial destruction of the vestibular 

lamina. Analysis of the patient current state led to a decision to 

remove teeth and treat the wound with antibacterial and bone 

forming hydrogel to enhance faster healing and further 

reconstruction of the lost teeth. 

The surgical procedure, conducted on 12/17/22, was 

performed under local anesthesia (3 x 1.8 ml citocartin 100) and 

an antibiotic cover of 1 g of amoxicillin. Firstly, the ceramic 

crowns and roots of teeth 26 and 27 were removed by crown-

root separation. The teeth ankylosis eventually necessitated the 

roots dissection. After roots’ removal and sockets’ cleaning, the 

area was rinsed abundantly with physiological saline. 

Additionally, a mobile part of vestibular lamina was removed 

which influenced the expected bone defect topography (Fig. 9 

b). A bone wall defect was temporary stabilized with 400 µm 

thick polylactide foil to restore the vestibular plate shape. The 

foil was pre-shaped to fit the space between gingival tissue and 

remaining bone frames (Fig. 9 c-d). Afterwards, each root site 

within the socket was filled with the thermosensitive hydrogel 

and secured with 6.0 Nylon stitches (Fig. 9 e-g). Additionally, the 

patient was equipped with a removable thermoformed 

polyethylene terephthalate-based splint serving as a protector. 

After 12 days, the sutures and foil were removed. The 

hydrogel was stable and did not require any additional support. 

In the clinical assessment the sockets were filled with 

granulation tissue and healed properly (Fig. 9 h). The patient did 

not report any pain in the postoperative period nor used 

analgesics. Another follow-up visit 28 days after the procedure 

revealed an epithelized and closed sockets (Fig. 9 i). 

The bone tissue reconstruction process was visualized via 

CBCT scans to generate graphical cross-sections of the 

parameters set during scanning as they determine resolution 

and density of generated sections. The higher the radiation 

dose, the better resolution, and the denser the sections, the 

more precise representation of the specific skeleton part. A 

compromise must be found between image quality and the 

amount of X-ray radiation dose the patient receives. Computer 

tomography images are saved in the DICOM standard (Digital 

Imaging and Communications in Medicine) and reflect the 

cross-sections of a given anatomical structure in three planes 

(sagittal, coronal, horizontal). Such files are then loaded into 

specialized medical software, Mimics (Materialise), where 3D 

models are reconstructed based on the cross-sections. 2D 

images are also analysed using the Hounsfield scale, i.e. a 

grayscale where a specific shade of gray is assigned to a 

particular tissue density. Three-dimensional models of 

anatomical structures must be precisely prepared. A special 

 

Microorganisms 

Growth inhibition zone (mm) 

CH_S CH_HAp_S CH_PLDLLA_S 

Escherichia coli ATCC13706 5.0±1.0 7.0±2.0 6.0±2.0 

Escherichia coli – clinical isolate 4.0±1.0 5.0±1.0 5.0±1.0 

Pseudomonas aeruginosa ATCC27853 8.0±2.0 7.0±2.0 8.0±2.0 

Pseudomonas aeruginosa – clinical isolate 5.0±1.0 5.0±1.0 5.0±1.0 

Streptococcus mutans ATCC25175 7.0±2.0 4.0±1.0 5.0±1.0 

Streptococcus mutans – clinical isolate 4.0±1.0 3.0±1.0 4.0±1.0 

Staphylococcus aureus  ATCC 6538 6.0±2.0 7.0±2.0 6.0±2.0 

Staphylococcus aureus – clinical isolate 4.0±1.0 5.0±1.0 5.0±1.0 

Staphylococcus epidermidis  NCTC 11047 7.0±2.0 6.0±1.0 5.0±1.0 

Staphylococcus epidermidis – clinical isolate 5.0±1.0 5.0±1.0 4.0±1.0 

Enterobacter aerogenes  ATCC 51697 8.0±2.0 3.0±1.0 5.0±1.0 

Enterobacter aerogenes – clinical isolate 5.0±1.0 2.0±0.0 3.0±1.0 

Table 3. Antimicrobial activity of hydrogels against reference strains and clinical isolates  
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attention was paid to the analysis of 2D images to ensure that 

critical areas (e.g. tissue differences) are not omitted. 

Additionally, artifacts,  being non-existing bright areas resulting 

from the X-ray radiation reflection from elements such as 

screws, orthodontic appliances, implants, etc., often appear in 

the images and must be eliminated from the models. Well-

prepared anatomical structures’ 3D models can be used for 

further surgical planning or assessing tissue regeneration in 

volumetric, quantitative, and qualitative manner. This study 

utilizes the 3D modelling for visualization of bone tissue re-

growth in the hydrogel-treated area. 

Three-dimensional models of the patient's upper jaw before 

the medical procedure, immediately after and six months later 

are presented in Fig. 10 a-h. Figure 10 a shows the jaw model 

prior to the medical procedure. The patient has never had any 

surgical procedures in this region, so his tissues are not 

traumatized. However, visible narrowness in the jawbone wall 

was detected, which fractured during the teeth extraction. Also, 

artifacts occurring due to a presence of porcelain crowns and 

their metal substructures were detected and eliminated. Figure 

10 b-c depicts a simulation of the teeth 26 and 27 removal. 

Figure 10 d-e illustrates the 3D models taken immediately after 

the procedure. The hydrogel and PLDLLA foil are not visible in 

the radiological images resulting in empty spaces created after 

tooth and bone fragment extraction. During the surgery this 

space was filled with hydrogel while, the contour of the bone 

vestibular plate was restored with PLDLLA film. Next 

radiological follow-up was performed six months later. DICOM 

analysis revealed areas of newly formed bone tissues of 

different densities, marked with light yellow and beige colours, 

as depicted in Figure 10 f-h. This outcome confirms that the 

hydrogel is able to boost bone reconstruction process, i.e. 

reveals osteoconductive properties. 

The density differentiation in the newly formed bone was 

established based on the Hounsfield grayscale values (GV). For 

this scale, each pixel is assigned to a specific value depicted in a 

certain gray shade. Analysing CBCT images requires special 

attention due to technical limitations, such as higher noise and 

lower contrast compared to CT scans. In the literature 90,91, 

Hounsfield unit (HU) values for different tissues vary 

significantly; therefore, the database imported from Materialise 

Figure 9. Initial situation with a visible purulent leakage (a), condition after removing the roots (b), pre-formed PLDLLA-based 

foil (c), positioning of the foil in the post-extraction defect (d), hydrogel application (e-f), sutures placement (g), a follow-up 

visit after 12 days - progressive epithelialization (h), a follow-up visit after 28 days - fully epithelized and closed socket (i) 
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Mimics software was complemented with the results developed 

on the basis of CBCT images of a healthy patient's side.  

The jaw model reconstructed six months after the procedure 

was divided into three regions, as featured in Fig. 11. The main 

area, labelled as region I, represents the main model part 

corresponding to fully integrated and tough tissue, together 

with adjacent teeth, with a density above 600 HU. New bone 

fragment, when compared to Fig. 10 d-e, appeared as a result 

of progressive re-growth of bone tissue stimulated by the 

applied hydrogel. The newly formed tissue is indistinguishable 

from the residual bone in radiological images, i.e. clear and 

distinct boundaries between the area of new bone tissue and 

the residual bone cannot be differentiated. Regions II and III 

represent tissue still undergoing remodelling. Region II is the 

area corresponding to grayscale values of 300-600 HU, 

indicating tissue constantly transforming into tough bone. 

Meanwhile, region III corresponds to tissue with a density of 

100-300 HU, signifying less mineralized tissue. In the cross-

section depicted in Fig. 12 (axial plane), discrepancies and 

overlapping boundaries between individual compartments, 

evident as offsets or intersections of the contour lines, are 

identified. This is primarily due to the nature of image 

acquisition in CBCT scans, but also overlapping of areas with 

different densities which proves high dynamics of the 

remodelling process. A comparison between healthy and 

treated side indicates a greater amount of cortical over 

cancellous bone upon the hydrogel application, which may 

facilitate fixation of screws for dental implants.  

The next follow-up CBCT scan was carried out eight months 

after the procedure and served as a qualification for further 

implantation of dental implants. The tomography proved 

further intense remodelling, i.e. spongy and cortical tissues as 

Figure 10. 3D model of patient's jaw (a) before the procedure, (b-c) simulation of the of teeth 26-27 removal, (d-e) model 

based on CBCT immediately after the procedure, (f-h) bone tissue re-growth 6 months after the procedure 

 

Figure 11. 3D model of patient's jaw 6 months post-surgery 
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well as hydrogel areas were recognized, ensuring the patient’s 

adequacy for dental implants’ fixation (Fig. 13 a). The 

implantation was scheduled 11 months after the initial 

treatment. The pre-operative CBCT scan revealed fully rebuilt 

native bone tissue (Fig. 13 b). The full reconstruction of the bone 

loss was confirmed during the medical treatment during which 

stable fixation of dental implants was gained (Fig. 13 c-f). 

The procedure of titanium dental implants’ placement enabled 

the collection of samples of newly formed bone from regions 26 and 

27 for histopathological examination with the results presented in 

Fig. 14 a-h. Standard hematoxylin and eosin staining, as well as 

immunohistochemical examination using CD31 antigen, were 

employed for the analysis. CD31 is a form of transmembrane protein 

belonging to the PECAM (Platelet Endothelial Cell Adhesion 

Molecule) group, present in endothelial cells lining blood vessels. Its 

staining allows for both qualitative (degree of blood vessel 

differentiation) and quantitative (vascular network density) 

assessment of angiogenesis in the examined area 92. The analysis of 

the biopsy taken from region 26 revealed a predominance of 

osteoblasts responsible for bone apposition (formation) and a 

minority of osteoclasts - bone-resorbing cells. Good tissue tolerance 

was confirmed by minimal inflammatory infiltration of single 

mononuclear cells, primarily lymphocytes, but also neutrophils and 

eosinophils (Fig. 14 a-b). Immunohistochemical analysis of CD31  

confirmed the formation of blood vessel walls, crucial for the 

vascularization of newly formed areas of bone tissue (Fig. 14 c-d). 

Additionally, the study detected the presence of fillers adhering to 

the trabecular bones throughout the volume of the analyzed 

sections, as expected. The chitosan-based hydrogel matrix, 

comprising the majority of the injected material, undergoes rapid 

resorption 93. However, the resorption time of the fillers is longer 

than the interval between the biopsy collection for examination and 

the initial procedure, explaining their presence in the analyzed 

material 49,63,64. The analysis of the biopsy taken from region 27 also 

confirmed the presence of osteoblasts and revealed a slightly greater 

inflammatory infiltrate compared to the biopsy from region 26, 

though still of mild intensity (Fig. 14 e-f). Immunohistochemical 

analysis of CD31 confirmed visible formation of newly developing 

blood vessel walls, with slightly greater intensity compared to region 

26 (Fig. 14 g-h). Furthermore, in the region 27 a small degree of tissue 

fibrosis, promoting the expansion of bone tissue in the regenerated 

area, was noted. 

 

 

 

 

Figure 13. Preoperative planning based on CBCT scan performed 8 months after the initial procedure: the green outline 

represents the planned biopsy/osteotomy contour, red line shows the boundary between hydrogel area and residual bone (a), 

CBCT scan performed 11 months after the treatment - visible spongy and cortical bone tissues representing the planned 

biopsy/osteotomy contour and indistinguishable areas of the hydrogel and patient's bone tissue (b), navigated biopsy 

conducted with bone trephines (c), biopsy sample taken for histological examination (d), implantation procedure – dental 

implants Prime Taper 4.8 x 9 mm installed in the area of 26 and 27 teeth (e), postoperative CBCT scan (f) 

Figure 12. Interpenetration of different density tissue 

suggesting bone remodeling basing on a CBCT scan taken six 

months after the procedure 
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Figure 14. Biopsy specimens taken from regions 26 (a-d) and 27 (e-h). Figures a-b and e-f were prepared via standard hematoxylin 

and eosin staining, while c-d and g-h were obtained via immunohistochemical labelling. 
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Conclusions 

Chitosan-based thermosensitive hydrogel formulations 

modified with hydroxyapatite and poly(lactic acid) particles 

were synthesized using up to 10 wt% of filler amount. The 

compositions were analyzed to determine an influence of the 

fillers on rheological, structural, and antibacterial properties as 

well as cytotoxicity of the chitosan-based hydrogels, along with 

assessment of radiation sterilization dose. The compositions 

revealed elevated mechanical properties upon both 

modifications; however, hydroxyapatite particles caused 

greater changes in G’ and G’’ values. Rheological data also 

proved that the hydrogel, regardless of the composition, 

undergo partial crosslinking procedure upon radiation 

sterilization. FTIR analysis proved no existence of chemical 

interactions between HAp nor PLDLLA particles and chitosan 

matrix. Cytotoxicity experiments proved all the formulations to 

be safe for in vivo experiments, as no signs of adverse effects 

upon contact with human cells were noted. The sterility 

experiment proved the dosage of 7 kGy to be sufficient to 

maintain microbiological purity of the samples stored for 8 

weeks after the preparation. Moreover, the samples exhibited 

antibacterial activity providing microbiological protection in the 

surgical field.  

An in vivo experiment on human patient proved proper 

healing process of the periodontitis periapicalis chronica upon 

hydrogel treatment. No inflammatory responses, side effects 

nor allergic reactions were noted. Three-dimensional models 

taken in the post-operative field as well as six, eight and eleven 

months later proved a progressive and dynamic regrowth of 

bone tissue stimulated by the applied hydrogel. Thanks to this 

innovative bioresorbable and bone-forming chitosan-based 

hydrogel, the properly shaped and healthy bone tissue was 

successfully implanted with dental implants 11 months after the 

treatment to restore patient’s full teething. 
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