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Abstract

The structure and handling properties of a P407 hydrogel-based bone substitute

material (BSM) might be affected by different poloxamer P407 and silicon dioxide

(SiO2) concentrations. The study aimed to compare the mechanical properties and

biological parameters (bone remodeling, BSM degradation) of a hydroxyapatite: silica

(HA)-based BSM with various P407 hydrogels in vitro and in an in vivo rat model.

Rheological analyses for mechanical properties were performed on one BSM with an

SiO2-enriched hydrogel (SPH25) as well on two BSMs with unaltered hydrogels in

different gel concentrations (PH25 and PH30). Furthermore, the solubility of all

BSMs were tested. In addition, 30 male Wistar rats underwent surgical creation of a

well-defined bone defect in the tibia. Defects were filled randomly with PH30

(n = 15) or SPH25 (n = 15). Animals were sacrificed after 12 (n = 5 each), 21 (n = 5

each), and 63 days (n = 5 each). Histological evaluation and histomorphometrical

quantification of new bone formation (NB;%), residual BSM (rBSM;%), and soft tissue

(ST;%) was conducted. Rheological tests showed an increased viscosity and lower sol-

ubility of SPH when compared with the other hydrogels. Histomorphometric ana-

lyses in cancellous bone showed a decrease of ST in PH30 (p = .003) and an increase

of NB (PH30: p = .001; SPH: p = .014) over time. A comparison of both BSMs

revealed no significant differences. The addition of SiO2 to a P407 hydrogel-based

hydroxyapatite BSM improves its mechanical stability (viscosity, solubility) while

showing similar in vivo healing properties compared to PH30. Additionally, the SiO2-

enrichment allows a reduction of poloxamer ratio in the hydrogel without impairing

the material properties.
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1 | INTRODUCTION

Bone defects may occur in different regions of the human skeleton

due to trauma, surgery, inflammation, cancer, or even physiological

bone loss. Defects that will not heal spontaneously despite surgical

stabilization and require further intervention are defined as critical-

size defects. While the use of autologous bone grafts—based on their

osteoconductive, osteoinductive, and osteogenic properties—is still

the first choice for augmentation of critical-size bone defects, the clin-

ical use of those grafts is limited by donor-site morbidity and the

amount of available material.1–3 Accordingly, bone substitute mate-

rials (BSMs) may be an appropriate alternative to support bone

regrowth.4 Even so, no BSM meets all requirements for bone regener-

ation as obtained with autologous bone.5

Besides biocompatibility and promoting bone regeneration, good

handling properties of BSM are important factors for clinical success.

Most BSM is provided in granular form, but—from a clinical point of

view—this application form is rather disadvantageous. Granular BSM

is not easy to apply and contour into desired shapes. While a strong

condensation of the granular BSM during application might slow

down the degradation and, therefore, the bone remodeling, a loos-

ened BSM can increase neovascularization and bone remodeling.6 An

approach for improving the respective handling properties might be

using additional carrier materials.

The combination of BSM and bioactive components became

increasingly popular. Those molecules, drugs, and cells that can acti-

vate intracellular and extracellular signaling pathways enhance tissue

healing, promote osteogenesis, and accelerate regeneration.7 Hyaluro-

nic acid, for example, is a linear polyanionic glycosaminoglycan and a

main component of the human body's extracellular matrix.8 Studies

have shown that it enhances osteogenesis, promotes bone

regeneration,9 and enables even distribution and a higher density of

the newly regenerated bone.8 In preclinical studies, hyaluronic acid

has been shown to promote the osteoconductive potential of syn-

thetic and xenogeneic bone substitutes.10,11 Only a few prospective

clinical studies examine the effect of hyaluronic acid on maxillofacial

bone regeneration.12,13 Even if the results of case series, preclinical,

and in vitro studies are promising, clinical studies still lack evidence

for a significant effect.

Therefore, a combined product consisting of a BSM, and a carrier

material would be desirable. Attempts have been made to generate

fixed combinations to enhance handling properties and bone

formation.10

Poloxamers are copolymers with amphiphilic properties consisting

of a central hydrophobic block of polypropylene oxide flanked by two

hydrophilic blocks of polyethylene oxide. Poloxamer can form micelles

in water or other solvents.14,15 With increasing polymer concentra-

tion, the micelles can self-assemble and form a gel structure for

embedding compact substances like drugs.16 The American Food and

Drug Administration listed Poloxamer 407 (P407) to be an inactive

and pharmaceutical excipient.17 P407 is nontoxic and biocompatible

when in contact with vital tissue such as cells and body fluids.18 In an

animal experiment, P407, combined with hydroxyapatite- and biphasic

calcium phosphate-based BSM, showed similar bone healing effects

compared to the BSM without P407.19

The major inorganic component of natural bone is hydroxyapa-

tite, which contains elements such as magnesium, silicon, and other

metal ions.20 Based on the assumed function of silicon in bone

formation,21–24 combinations of P407 with silicon dioxide (SiO2)

nanoparticles might be a promising approach to increase BSM func-

tion further. In tissue engineering, silicates are preferred over phos-

phate due to their superior physicochemical and biological

properties. Silicon has been reported to stimulate osteogenic differ-

entiation by releasing silicate-containing ionic products and enhanc-

ing bone regeneration.25 But while the effects of a SiO2-enriched

hydroxyapatite BSM on bone remodeling are well researched,24,26,27

it is unknown if there is any biologically relevant effect of SiO2 in a

poloxamer gel serving as an admixture of a hydroxyapatite BSM.

SiO2 binds polymer chains—like in P407—on the silica surface28 and

forms micelles.29

The primary aim of this study was to test the mechanical proper-

ties of various poloxamer P407 hydrogel-based hydroxyapatite BSMs

by rheological measurements and solubility analyses. Following the

results from material characterization, the second part of the study at

hand focused on the comparison of the two BSMs (PH30 vs. SPH25)

regarding new bone formation and degradation in an in vivo animal

rat model.

2 | MATERIALS AND METHODS

2.1 | Study materials

The basis for the tested BSMs was a synthetic non-sintered low crys-

talline hydroxyapatite material (NanoBone® S39, Artoss GmbH, Ros-

tock, Germany) embedded in a highly porous silica matrix (ratio

61:39 wt %). The bone substitute granule is comprised of hydroxyapa-

tite (HA) crystallites with platelet dimensions of 3-nm thickness,

30-nm width, and 50-nm length ensconced within a silica gel matrix

with an interconnection nanopore structure.30 Its synthesis is

achieved through a sol–gel method executed at temperatures not

exceeding 700�C, thereby circumventing the sintering of low crystal-

line hydroxyapatite.31 The biomaterial is distinguished by numerous

accessible bonds, yielding an internal surface area of up to 84 m2g�1.

The pore size distribution within the silica gel matrix ranges from

10 to 20 nm in diameter. Macroscopically, the granules exhibit a coni-

cal morphology akin to fir cones, possessing an average length and

diameter of 2 mm and 0.6 mm, respectively, coupled with a porosity

within the range of 60%–80%.32

This material was combined with a poloxamer P407 hydrogel

(Kolliphor® P407, Sigma Aldrich, St. Louis, Missouri, USA) in three

compositions. While two hydrogels were composed of poloxamer

P407 at different concentrations (PH25: 25 wt % poloxamer P407;

PH30: 30 wt % poloxamer P407), the third hydrogel (SPH25) com-

prised poloxamer P407 and weakly crosslinked silica nanoaggregates

in an aqueous solution.
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The resulting and studied BSM groups (Table 1) were as follows:

1. Hydroxyapatite: silica mixture with 25 wt % P407 hydro-

gel (PH25).

2. Hydroxyapatite: silica mixture with 30 wt % P407 hydro-

gel (PH30).

3. Hydroxyapatite: silica mixture with 25 wt % P407 hydrogel con-

taining 3 wt % SiO2 (SPH25).

Even as all used hydroxyapatite mixture contained silica, only

SPH25 has silica in the P407 hydrogel.

After manufacture, all materials were sterilized by gamma irradiation

via a Cobalt60 source (Synergy Health Radeberg GmbH, Applied Steriliza-

tion Technologies, Radeberg, Germany) at a 25–40 kGy dose rate.

2.2 | Rheological studies

Rheological analyses were performed using an oscillation rheometer

(ARES, T. A. Instruments, New Castle, USA) with cone-plate geometry.

Viscosities of PH25, PH30, and SPH25 were described as a function

of the shear rate at a constant frequency: 1 Hz frequency and in the

range of shear rates between 0.1 and 1000 s�1. The sample volume

measurements (about 2.5 mL) were conducted at 22�C, respectively

37�C. All tests were made in triplicate.

Based on the results of the conducted rheological analyses, fur-

ther analyses focused on PH30 and SPH25 only.

2.3 | Solubility tests

The adhesive properties of PH30 and SPH25 were measured in a sol-

ubility test with simulated body fluid (SBF) to describe the resistance

of the carrier material in typical SBF-influenced defects. Each 1.00 g

synthetic non-sintered low crystalline hydroxyapatite material

(HA) and 0.05 g of the respective hydrogels were incubated in 7-mL

SBF at 37�C. Over 90 min, the mass of the remaining coherent parts

was measured at seven different points (after 1, 10, 15, 30, 45, 60,

and 90 min). All values were expressed as relative mass (each time) to

starting mass (baseline). All tests were made in triplicate.

2.4 | Animal model and procedures

The present study used an established animal rat tibia model.26 The

experiment was approved by the State Office of Agriculture, Food

Safety and Fishery Mecklenburg-Vorpommern, Germany (LVL M-V/

TSD/7221.3-1.1-101/11) and followed the National Institutes of

Health guidelines for the care and use of laboratory animals as well

the ARRIVE Guidelines for Reporting Animal Research.33

Thirty male adult Wistar rats (average mean body weight:

465 ± 33 g) were included in the study. The animals were kept in a

room with a 12/12 h dark–light cycle with food and water ad libitum.

After the operation, the animals were kept separate in type III cages,

and enrichment was provided by paper roll and rodent wood.

All performed surgical interventions were conducted under gen-

eral anesthesia with an intraperitoneally injected mixture of 40-mg

ketamine hydrochloride (Ketamin® 10%, Belapharm, Vercha,

Germany) and 3.5 mg xylazine hydrochloride (Rompun® 2%, Bayer

HealthCare Animal Health, Leverkusen, Germany) per 400 mg animal

bodyweight. Following anesthesia, the median aspect of the tibia was

exposed via longitudinal incisions. One predefined 3.5 mm diameter

mono-cortical and medullar defect was created on the proximal area

of the tibia in each animal (n = 15) (Figure 1) using a dental drill bur

F3004 (Meisinger, Neuss, Germany). The cavities were randomly

F IGURE 1 Micro CT scan of the proximal tibia defect filled with
bone substitute material.

TABLE 1 Composition of tested bone substitute materials.

Group
Granular bone substitute
material Hydrogel

PH25 synthetic unsintered

nanocrystalline hydroxyapatite

material: porous silica matrix

(ratio 61:39 wt %).

poloxamer P407:

water (ratio

25:75 wt %)

PH30 synthetic unsintered

nanocrystalline hydroxyapatite

material: porous silica matrix

(ratio 61:39 wt %)

poloxamer P407:

water (ratio

30:70 wt %)

SPH25 synthetic unsintered

nanocrystalline hydroxyapatite

material: porous silica matrix

(ratio 61:39 wt %)

poloxamer P407:

silica:water (ratio

25:3:72 wt %)

Note: Group allocation with respective composition of tested composite

bone substitute material.

Abbreviation: wt %, weight percent.
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(achieved using a computer-generated list) filled with PH30 respec-

tively SPH25. After closing the periosteum, muscle, and skin in layers

using absorbable suture material (Vicryl®, Ethicon, Norderstedt,

Germany), the animals received intramuscular analgesia via 0.5 mg

carprofen (Rimadyl®, Zoetis Germany GmbH, Berlin, Germany). Meta-

mizole (Novaminsulfon-ratiopharm®, ratio-pharm GmbH, Ulm,

Germany) was also applied to the drinking water postoperatively for

the first 5 days.

The animals were sacrificed after 12, 21, and 63 days (n = 5 each

per time point) by an intraperitoneal injection of 55-mg pentobarbital

hydrochloride (Narcoren®, Merial GmbH, Hallbergmoos, Germany)

per 1000 mg of animal bodyweight and the tibiae were harvested for

the further histological examination. The bones were fixed in 4%

phosphate-buffered formalin for 7 days and decalcified in 20% EDTA

(pH 7.2–7.4) over 2 weeks. Decalcified specimens were embedded in

paraffin, and 3-μm sections were cut and stained with hematoxylin–

eosin (HE) and Goldner's trichrome staining for standard histological

analysis.

2.5 | Histomorphometric qualitative analysis

All histological analyses were performed in HE staining using a Zeiss

light microscope (Axio Imager.M2 microscope, Zeiss, Oberkochen,

Germany). All histological figures were captured with a microscope

camera (AxioCam MRc5 camera, Zeiss, Oberkochen, Germany) that

was connected to an automatic scanning table (M-686K011, Wie-

necke & Sinske GmbH, Gleichen, Germany). Additional analyses were

made in Goldner's trichrome staining.

The analysis focused on visualizing the integration and degradation

of the bone substitute material, the bone formation, and the remodeling

process by measuring newly formed bone (NB), soft tissue (ST), and

residual graft at different time points. The qualitative histological evalua-

tion included observation of multinuclear cells, osteoblasts, and blood

vessels participating in biomaterial integration and degradation.

2.6 | Histomorphometric quantitative analysis

For a standardized analysis, regions of interest were predefined as

described before.26 The total defect area was separated into a cancellous

(CD) and a medullary defect area (MD; Figure 2). The primary defect lines

in the cortical bone were defined as lateral borders of the CD. In con-

trast, primary defect lines in the cancellous, MD were defined as lateral

borders of the respective area. Double the width of the cancellous bone

height set the inner border of the MD. The combination of both areas

described the total defect area (TD). To determine values for the NB,

residual bone substitute material (rBSM), and ST, the areas were marked

and measured as pixels using Adobe Photoshop CS6 (Adobe Systems

Inc., San Jose, CA). The pixel number of each marked area (NB, rBSM,

respectively ST) was set in relation to the pixel number of the selected

area (cancellous defect area, medullary defect area, and total defect area)

and expressed as a percentage rate (%).

2.7 | Statistics

Statistics were performed using the software package SPSS version 20.0

(SPSS Inc., Chicago, IL, USA). All results in the presented study were

expressed as arithmetic means ± standard error of the mean (SEM) and

rounded to one decimal digit. Before testing for statistical significance, all

variables were evaluated for normal distribution by applying the

Shapiro–Wilk test. Two-way analysis of variance for BSM (first way) and

time (second way) followed by subsequent repeated measures within

one group and analyses between the groups at each time point were

made by using an ANOVA (parametric data) respectively a Kruskal–

Wallis rank sum test (nonparametric data). Depending on the presence

or absence of normal distribution, the Student's T and Mann–Whitney

tests for continuous variables were used for pairwise comparison at each

time point. Because of multiple testing for comparison of histological cal-

culations (NB, soft tissue, and rBSM), Bonferroni corrections were

applied. The p-values of ≤.0166 were accepted as significant. Bar and line

charts with error bars (SEM) were used for data illustration.

3 | RESULTS

3.1 | Rheological measurements and solubility
testing

In contrast to values found at 37�C, viscosity at 22�C was decreased

in all groups (PH25, PH30, and SPH25), and the shear rates were

increased. Additionally, the increased poloxamer concentration in the

pure poloxamer hydrogel (PH25 vs. PH30) was associated with

increased viscosity. Adding silica particles (3 wt %) to the lower-dosed

poloxamer hydrogel (SPH25) also increased viscosity. These effects

were observed at 22�C (Figure 3A) and 37�C (Figure 3B).

F IGURE 2 Defined areas of interest; total defect area separated
into cancellous defect area (A) and medullary defect area (B);
magnification �526; biomaterial.
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Solubility of PH30 and SPH25 at SBF at 37�C showed similar

values at 1 min. Still, at later points (starting at 10 min), a lower solu-

bility of SPH25 compared with PH30 was observed (Figure 4).

3.2 | In vivo experiments

For all animals, postoperative healing was uneventful, and no postop-

erative complications were observed. In total, 30 samples at the three

different time points (12, 21, and 63 days) were evaluated

(n = 5 each).

3.3 | Histomorphometric qualitative analysis

Light microscopic analyzes showed that both tested bone grafts were

well tolerated. Osteoblasts, multinuclear cells, new blood vessels, and

new bone formation were observed in both groups. After 12 days, oste-

oblasts and multinuclear cells were found on the surface of the bone

graft granules in PH30 and SPH25 (Figure 5). Additionally, bone forma-

tion, blood vessels, and ST were detected in both groups (Figure 5). The

defect area remained visible in PH30 and SPH25 63 days after implanta-

tion. Residues of bone graft substitute material (rBSM) were found even

after 63 days in both groups (PH30 and SPH25; Figure 6).

Optical microscopy analyses could not detect the P407-based

hydrogel at any time, neither in PH30 nor SPH25. Analyzes of Gold-

ner's trichrome staining revealed no additional information.

3.4 | Histomorphometric quantitative analysis

In total, an increase in the NB and a decrease in rBSM was observed

within the CD in both groups over time (Table 2). A similar decrease

of rBSM was also detected in the MD in PH30 and SPH25 (Table 2).

In contrast to these results, the amount of NB remained unchanged in

both BSM over time. Histomorphometric analyses regarding NB,

rBSM, and ST in sections of TD did not reveal any further information.

3.5 | 12 days

A slightly nonsignificant higher amount of NB (PH30: 20.6 ± 4.5%

vs. SPH25: 31.2 ± 2.6%; p = .078) and nonsignificant lower values of rBSM

(PH30: 38.1 ± 3.5% vs. SPH25: 23.9 ± 5.4%; p = .058) were detected for

SPH25 in the CD. Analyses in MD regarding NB, rBSM, and ST showed no

differences between PH30 and SPH25 (p > .4 each) (Table 2).

3.6 | 21 days

After 21 days, a nonsignificant increase of NB and a decrease in rBSM

in the CD was observed in PH30 and SPH25 compared with values at

F IGURE 3 Line chart of poloxamer P407 hydrogel viscosity at 22�C (A) and 37�C (B) as a function of shear rate; PH25 ( ) and PH30 ( ) in
comparison to SPH25 ( ).

F IGURE 4 Line charts of solubility for PH30 and SPH25 in
simulated body fluid at 37�C.
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F IGURE 5 Histological figure at
12 days postoperatively. (A) residual bone
substitute material and newly-formed
bone in SPH25 (HE staining); (B) residual
bone substitute material and newly-
formed bone in PH30 (HE staining); scale

bars: 200 μm. biomaterial; newly

formed bone; multinuclear cells;

blood vessel; soft tissue; and ‡ bone

marrow.

F IGURE 6 Histological figure at
63 days postoperatively. (A) residual bone
substitute material and newly-formed

bone in PH30 (HE staining); (B) residual
bone substitute material and newly-
formed bone in SPH25 (HE staining); scale
bars: 200 μm. biomaterial; newly
formed bone; soft tissue; and ‡ bone
marrow.

TABLE 2 Histomorphometrical quantitative analyses after 12, 21, and 63 days in PH30 versus SPH25 (mean ± SEM).

Cancellous defect area (CD) Medullary defect area (MD)

PH30 SPH25 p-value PH30 SPH25 p-value

12 days n = 5 n = 5 n = 5 n = 5

Residual BSM (%) 38.1 (±3.5) 23.9 (±5.4) .058 ◆ 38.9 (±3.5) 33.7 (±8.1) .578 ◆

Soft tissue (%) 41.2 (±3.8) 44.9 (±3.3) .488 ◆ 39.1 (±2.9) 45.2 (±6.7) .436 ◆

Newly-formed bone (%) 20.6 (±4.5) 31.2 (±2.6) .078 ◆ 22.0 (±3.1) 21.1 (±1.9) .811 ◆

21 days n = 5 n = 5 n = 5 n = 5

Residual BSM (%) 25.2 (±5.5) 19.1 (±4.8) .432 ◆ 37.5 (±3.6) 27.6 (±1.1) .050 ◆

Soft tissue (%) 40.1 (±6.9) 42.6 (±6.2) .799 ◆ 44.0 (±5.1) 54.6 (±3.0) .110 ◆

Newly-formed bone (%) 34.7 (±5.8) 38.3 (±4.7) .643 ◆ 18.4 (±2.4) 17.7 (±2.5) .844 ◆

63 days n = 5 n = 5 n = 5 n = 5

Residual BSM (%) 25.9 (±4.5) 13.3 (±4.4) .081 ◆ 27.9 (±3.8) 26.4 (±4.2) .805 ◆

Soft tissue (%) 15.0 (±5.1) 26.7 (±8.5) .076 48.8 (±6.4) 51.2 (±2.9) .602

Newly-formed bone (%) 59.1 (±5.2) 60.0 (±8.8) .936 ◆ 23.3 (±3.8) 22.3 (±2.0) .823 ◆

Note: Histomorphometrical measurement after 12, 21, and 63 days for PH25 versus SPH25 (mean ± standard error of the mean)￼; ◆ Student's T test

respectively Mann–Whitney test; accepted significant level with Bonferoni-correction p < .0166.

Abbreviations: BSM, bone substitute material; PH30, hydroxyapatite bone substitute material with 30 wt % poloxamer P407 hydrogel; SPH,

hydroxyapatite bone substitute material with SiO2-enriched 25 wt % P407 hydrogel.
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day 12. In contrast to changes in CD, the observed values of NB,

rBSM, and ST for PH30 and SPH25 in MD stayed stable over time.

Comparing measured values at 21 days one by one between the

groups showed no differences regarding the amount of NB, ST, and

rBSM (p > .05 each) (Table 2).

3.7 | 63 days

While the values of rBSM, ST, and NB in CD showed a strong change

over time for both groups (Figure 7), the amount of NB in MD

remained stable (Table 2). Generally, higher values of NB (PH30:

p = .001; SPH25: p = .003) and ST (PH: p = .003; SPH25: p = .076)

were detected in CD compared with MD values. While rBSM in PH30

had similar values in CD and MD, the rBSM in SPH25 in CD was

about 0.5-fold the value in MD (p = .003). The direct comparison of

PH30 and SPH25 for each parameter (NB, ST, and rBSM) showed no

differences between the tested BSMs in the respective defect areas.

4 | DISCUSSION

The study aimed to examine a poloxamer P407 hydrogel-based

hydroxyapatite bone substitute with the addition of SiO2 regarding its

in vitro and in vivo characteristics and handling properties. The SiO2-

enriched hydrogel (SPH25) improved its mechanical stability through

an increased viscosity and a lower solubility when compared with the

hydrogels without adding silica. Besides, similar biological properties

of the tested BSMs—SPH25 (SiO2-enriched) and PH25/PH30 (non-

SiO2-enriched)—were detected in vivo.

Previous studies have shown that non-sintered BSM exhibits an

increased formation of new bone compared with sintered BSM.34 This

might be explained by the higher percentage of pores facilitating the

ingrowth of new bone and blood vessels.35,36 The BSM used in

the present study is known to have a chiseled-ruffled, large surface

with a mean pore size distribution of 330–530 μm representing the

optimal pore size for osteoconduction.35,37 The material has further

been supposed to activate platelets, to store and release platelet-

derived cytokines,38 and therefore combine the advantages of a slow

degradable material and the regenerative action of human blood. In a

rabbit model, Dau et al. found faster resorption kinetics of non-

sintered BSM, which was accelerated polymer. The group explained

this effect by decreasing compression forces, allowing faster

degradation.34

SiO2 is an integral part of natural bone. It can also promote osteo-

genic differentiation by recruiting bone marrow stem cells in the early

stage of healing and mineralization in the midterm phase; it further-

more improves the adhesion and proliferation of osteoblasts.20,39,40 A

combination of β-tricalcium phosphate with silicon has been shown to

exhibit enhanced bioactivity and promote osteogenesis by modulating

type I collagen production and osteocalcin. The amount of SiO2 has

even been correlated with an immunomodulating effect—the silicate

ions may promote the macrophage transition and inhibit the expres-

sion of M1 biomarkers in the early phase of inflammation, which

would suggest a positive effect on neovascularization by promoting

macrophage polarization into the M2 phenotype and an anti-

inflammatory effect via the secretion of IL-10.39

While SiO2 is important in bone development, repair,21 and

increasing the metabolic activity and proliferation of osteoblasts,41,42

little is known about the effect of SiO2 on P407 hydrogel. Based on

the missing detection of the P407 hydrogel material (PH respectively

SPH) after 12 days and later, complete degradation of the used P407

hydrogels might be imaginable. This theory is supported by other

studies lacking the ability to detect any poloxamer after 4 weeks in an

in vivo rabbit model.34 On the other hand, the P407 hydrogel might

be dissolved by the histological processing of the sample before the

histomorphometry analysis. Contrarily to the observed nondetection

of the P407 hydrogel in the study at hand, others—using different

F IGURE 7 Bar charts of histomorphometry
analyses regarding newly formed bone, residual
bone substitute material, soft tissue in cancellous
defect area over time. (A) mean values of newly-
formed bone, residual bone substitute material,
soft tissue (%) in PH30 over different points in
time; (B) mean values of newly-formed bone,
residual bone substitute material, soft tissue (%)
in SPH25 over different points in time; #

p < .001, § p = .014, and ‡ p = .003.
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histological processing methods—reported varying amounts of baso-

philic remnants of the poloxamer gel throughout the entire augmenta-

tion area after 14 weeks in a dog model43 and even after 3 weeks

postoperatively in a rabbit model.44

In the present study, similar values of rBSM, ST, and NB were

found in both groups (PH, SPH), suggesting an equal biological behav-

ior regarding degradation and bone remodeling rate. These findings

are supported by animal experiments in dogs43 and in rabbits,19 using

a pure P407 hydrogel in combination with hydroxyapatite (100% HA,

HA/b-TCP 20/80, HA/b-TCP 40/60 and HA/b-TCP 15/85), showing

no negative effect of P407 regarding bone remodeling.

Rheological measurements showed a temperature-based shift in

viscosity and shear rates in P407 hydrogels. Other researchers sup-

port the correlation between increasing temperature and viscosity in

P407 hydrogels.15,45 Viscosity is also affected by increased poloxamer

concentration or by adding molecules like hydroxypropyl beta-cyclo-

dextrin.14 The present study shows that the admixture of SiO2 parti-

cles to P407 hydrogels (3 wt % SiO2, 25 wt % P407, and 72 wt %

water) also increases the viscosity. These findings support the theo-

retical model of changing material characteristics of poly(ethylene

oxide)–poly(propylene oxide)–poly(ethylene oxide) block copolymer

by adsorbing silica.28 Combining a hydroxyapatite BSM with the mod-

ified hydrogel (3 wt % SiO2, 25 wt % P407, and 72 wt % water) also

affects the solubility in SBF. Since this study aimed to compare rheo-

logical similar BSM composites, PH30 and SPH25 were chosen for

further solubility and in vivo analyses. Here, a lower solubility of

SPH25 was observed which could either be attributed to the SiO2

content or the lower hydrogel proportion.

Nevertheless, the observed lower solubility suggests a higher

structural consistency of the BSM. It should be noted that such

in vitro experiments only determine a static approach and can only

represent the multidimensional effects in vivo to a limited extent.

Because of the different amounts of liquid in the defect, the surface

interaction areas, and the biological variability of individual biological

systems, the in vitro and in vivo experiments are not comparable.

However, following the idea of BSMs serving as a stable scaffold for

bone healing, the higher structural consistency obtained by SiO2-

enrichment might be advantageous in more advanced bone defects.43

Because of the simple bone defect in the in vivo experiment, further

trials with more demanding bone defects (lacking three-dimensional

stability) are needed to support the clinical benefit of higher structural

consistency.

There has been growing interest in an injectable gel-forming poly-

meric hydrogel system for tissue engineering, which is desirable due

to its minimally invasive delivery and reduced surgical risks. The ideal

injectable polymer scaffold would be pliable at room temperature to

allow incorporation of substances and cells for tissue engineering,

facilitate minimally invasive application with good stability after

implantation, be nontoxic, and be capable of interacting with the host

tissue and biological environment.45 Combining synthetic non-

sintered low crystalline hydroxyapatite BSM with SiO2-enriched P407

hydrogels improves the mechanical properties of the BSM and shows

no negative effects on degradation or bone remodeling. Furthermore,

the mix might enhance the handling properties. Future studies may

focus on the hydrogel as a carrier for substances in tissue engineering,

which could further enhance the biological response. Here, it has been

shown that the release behavior of drug molecules from the hydrogel

can be controlled by the hydrogel's composition and the drug ionic

properties.45 Future directions may focus on adding stem cells,46 bio-

active molecules like BMP,47,48 or bioactive ions to enhance bone

regeneration further.

5 | CONCLUSION

Based on the increased viscosity and the lower solubility of the SiO2

hydrogel (SPH25), as well as the similar in vivo healing properties of

PH30 and SPH25, adding SiO2 to a P407 hydrogel-based hydroxyapa-

tite BSM improves its mechanical stability. Additionally, the SiO2-

enrichment allows a reduction of the poloxamer proportion in the

hydrogel simultaneously without impairing the material properties.
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