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Abstract: The goal of this research was the investigation of concentration changes in the blood bone turnover markers during local 
modulation of enzymatic homeostasis by means of targeted delivery of alkaline phosphatase (ALP) with polycaprolactone (PCL) and 
vaterite (VT) scaffolds implanted into the femur defects in white rats.  
Material and Methods ― The tests of PCL/VT/ALP scaffold implantations into the bone defects were performed on 30 white rats, and the 
serum of intact animals was used as the control. ELISA and multiplex assay were used to find inflammatory and bone turnover markers 
including monocyte chemoattractant-1, sclerostin, fibroblast growth factor-23, connective tissue growth factor (CTGF), osteoprotegerin, 
osteocalcin, β-сross laps and the activity of tartrate-resistant acid phosphatase-5b in the blood of experimental animals. The activity of 
serum ALP was tested with the conventional kinetic method. The morphology of the reparative processes was verified by microscopy of 
specimens taken from the implantation areas and stained with hematoxylin or eosin.  
Results ― The PCL/VT/ALP scaffold implantations into the bone defects of white rats caused active osteogenesis along with the steady rise 
in osteocalcin concentration in blood. ALP activity in the blood did not depend on the exogenous enzyme in the scaffold and rose by the 
28th day after the implantations. The targeted ALP delivery into the defect area caused the rise in CTGF concentration as well as the 
decrease in blood sclerostin within a short time after the implantations.  
Conclusion ― The modulation of the local enzyme homeostasis by means of the targeted ALP delivery with PCL/VT scaffolds stimulated 
reparative osteogenesis within a short time after the implantations with no changes to the bloodstream or local inflammatory changes 
suggesting their biocompatibility and the safety in use.  
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Introduction  

The new prospects of solving the tenacious problem of bone 
turnover stimulation are associated with the elaboration of 
scaffolds capable of structural and functional substitution of bone 
intercellular matrix and acceleration of reparative osteogenesis. 
Scaffolds for bone turnover stimulation should possess certain 
osteoconductive mechanical properties, and therefore they are 
often made of synthetic polymers that have a long biodegradation 
time [1]. Polycaprolactone (PCL) is one of the biocompatible 
polymers that feature long biodegradation time and physical 
integrity, it is commonly used in biomedical technologies, and for 
bone turnover stimulating scaffolds in particular [1-3]. Their 
osteoinductive properties are enhanced with mineral components 
– phosphate and carbonate calcium compounds [3, 4]. 
Hydroxyapatite, tricalcium phosphate, and other calcium 
phosphate salts are the most frequent options for this purpose [3, 
5, 6]. The mineralization of scaffold fibers with vaterite (VT) looks 
promising as it stimulates the proliferation of osteoblasts, easily 

transforms into hydroxyapatite during bone tissue mineralization 
and thanks to its porous surface is capable of adsorbing various 
functional substances and releasing them into the body after 
implantation when recrystallized into calcite, providing targeted 
delivery of these compounds locally in the defect area [7, 8]. 

The alkaline phosphatase (ALP) gene is one of the first to be 
expressed during calcification suggesting the pivotal role of this 
enzyme for early stages of mineralization [9]. Therefore, local 
modulation of enzymatic homeostasis in the area of the bone 
defect by means of targeted ALP delivery with scaffolds brings in 
new prospects for stimulation of bone turnover regeneration. In 
this regard, the purpose of this work was the investigation of 
changes in concentrations of bone metabolism markers in blood at 
local modulation of enzymatic homeostasis by means of targeted 
ALP delivery with PCL/VT-scaffolds implanted into femur defects in 
white rats. 
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Table 1. Dynamics of osteoblastogenesis markers after the implantations of scaffolds in the animals of the comparison and the experimental groups 

Indicators 
Controls 
(n=10) 

Comparison group Experimental group 
7 days (n=7) 28 days (n=8) 7 days (n=7) 28 days (n=8) 

СTGF, ng/ml 0 (0, 1.39) 1.95 (1.33, 5.06) 
1.51 (1.26, 3) 

p1=0.045, p2=0.417 
5.9 (3.74, 13) 

p1˂0.001 , p3=0.032 
2.56 (1.07, 8.1) 

p1=0.032, p2=0.127, p3=0.713 

FGF23, pg/ml 248 (172, 403) 
337 (226, 617) 

p1=0.204 
263 (196, 272) 

p1=0.093, p2=0.266381 
465 (379, 507) 

p1=0.056, p3=562 
361 (299, 537) 

p1=0.197, p2=0.318, p3=0.052 

SOST, pg/ml 310 (221, 544) 
527 (411, 649) 

p1=0.097 
318 (184, 425) 

p1=0.722, p2=0.017 
316 (210, 367) 

p1=0.625, p3=0.001 
220 (169, 301) 

p1=0.197, p2=0.270, p3=0.318 

OC, ng/ml 75.6 (47.7, 91) 
267 (220, 320) 

p1=0.005 
255 (224, 300) 

p1=0.002, p2=0.846 
271 (233, 521) 

p1=0.008, p3=0.648 
306 (219, 393) 

p1=0.003 p2=0.871 p3=0.271 

ALP, u/l 191 (139, 222) 
182 (169, 211) 

p1=0.751 
362 (292, 455) 

p1˂0.001 , p2˂0.001  
211 (184, 228) 

p1=0.214, p3=0.099 
322 (285, 365) 

p1˂0.001 , p2˂0.001 , p3˂0.052 

Data presented as median with lower and upper quartiles – Me (LQ, UQ). p1, 2, 3 – statistical significance of differences as compared to the controls, 
parameters of the group on E7 after the implantations and the comparison group within the same time after the surgical interventions. 

 

Table 2. Dynamics of osteoclastogenesis markers after the implantations of scaffolds in the animals of the comparison and the experimental groups 

Indicators 
Controls 
(n=10) 

Comparison group Experimental group 
7 days (n=7) 28 days (n=8) 7 days (n=7) 28 days (n=8) 

МСР-1 ng/ml 
2.2 

(1.9, 28) 
2.5 (2.3, 2.8) 

p1=0.406 
2.6 (2.1, 3.1) 

p1=0.888, p2=0.862 
2.2 (2, 2.4) 

p1=0.858, p3=0.093 
2.1 (0.9, 3.2) 

p1=0.755, p2=0.874, p3=0.462 

OPG, pg/ml 
926 

(426, 1219) 
981 (721, 1118) 

p1=0.883 
603 (423, 891) 

p1=0.450, p2=0.093 
538 (461, 1232) 

p1=0.824, p3=0.271 
643 (499, 1203) 

p1=0.824, p2=0.874, p3=0.636 

TRACP, u/l 
0.4 

(0.21, 0.41) 
1.06 (0.37, 2.04) 

p1=0.028 
0.42 (0.29, 0.81) 

p1=0.182, p2=0.049 
1.06 (0.71, 1.5) 

p1˂0.001, p3=0.999 
0.43 (0.3, 0.72) 

p1=0.182, p2=0.023, p3=0.833 

CTX-I, ng/ml 
9.7 

(6.6, 21.2) 
23.7 (10.9, 26.2) 

p1=0.087 
19.3 (9.5, 29.7) 

p1=0.168, p2=0.907 
9.6 (8.7, 15.8) 

p1=0.088, p3=0.049 
10.57 (7.5, 16.3) 

p1=0.893, p2=0.674, p3=0.189 

p1, 2, 3 – statistical significance of differences as compared to the controls, parameters of the group on E7 after the implantations and the comparison group 
within the same time after the surgical interventions. 

 

Material and Methods 

Animals  

The experiment involved 40 male white rats and was 
conducted in compliance with the Declaration of Helsinki as well 
as the recommendations of the Ethics Committee of the Federal 
State Budgetary Educational Institution of Higher Education ‘V.I. 
Razumovsky Saratov State Medical University’, the Russian 
Federation Ministry of Healthcare (Minutes No. 6 of February 06, 
2018). The rats were anaesthetized with 0.1 ml/kg of Telazol 
(Zoetis Inc., USA) + 0.1 ml/kg of Xylanite (Nita-Farm, Russia) 
intramuscular injections before the procedures. 

The animals were divided into three groups: the control group 
included 10 intact animals, the comparison group included 15 rats 
that had PCL/VT scaffolds implanted into them, and the 
experimental group included 15 rats that had PCL/VT scaffolds 
with the adsorbed ALP implanted into them. The PCL matrixes 
were electrospun and mineralized with vaterite by the procedure 
presented in [7]. ALP (Sigma-Aldrich Chemie, Germany) adsorption 
was performed by scaffold immersion in the 4 mg/ml ALP enzyme 
solution, then rinsed in deionized water and drained in a drying 
oven. The matrixes were implanted into longitudinal defects of 
femur bones shaped like 2 х 5-7 mm long and 2-3 mm deep linear 
notches. Blood samples were collected by means of cardiac 
puncture of the animals of both the comparison and the 
experimental groups on Day 7/E7 (n=7) and Day 28/E28 (n=8) after 
the implantations. The animals were then sacrificed by anesthetic 
overdosage.  

 

Biochemical tests  

The connective tissue growth factor (CTGF), monocyte 
chemoattractant protein-1 (MCP-1), fibroblast growth factor-23 

(FGF23), osteoprotegerin (OPG) and sclerostin (SOST) 
concentrations in blood were measured using a multiplex assay 
with MagPix (Luminex, USA) system, Rat Vascular Injury Panel 1 
and Rat Bone Panel 1 (Merck Millipore, USA) under the 
instructions attached to the reagent kits. ELISA was used to find 
concentrations of osteocalcin (OC) in serum, and C-terminal 
telopeptide of type I collagen (CTX-I), Rat-MIDTM RatTRAPTM, 
RatLAPSTM (IDS, UK) panels, and microplate spectrophotometer 
Anthos 2020 (Biochrom, UK) in conformity with the 
manufacturers’ instructions to find tartrate-resistant acid 
phosphatase-5b (TRACP) activity. ALP serum activity was found 
using Sapphire-400 (Hirose Electronic System, Japan) analyzer, and 
DiaSys (Germany) reagents.  

 

Histology tests  

The morphological verification of the reparative processes was 
carried out on femur bones retrieved from animals of both the 
experimental (n = 8) and the comparison (n=8) groups sacrificed 
on E28. The cross-sections of the femur shafts with scaffold 
implantation sections were obtained by means of standard 
procedure and stained with hematoxylin and eosin (BioVitrum, 
Russia). The microscopy of the specimens was performed with 
AxioImager Z2 (CarlZeiss, Germany). The qualitative assessment of 
trabeculae and vessels in the scaffolds as well as their integration 
with the edges of cortical plate defects was performed at 
microscopy.  

 

Statistical analysis  

Statistica 10.0 software was used for statistical data 
processing. The calculation of the Shapiro-Wilk test showed the 
absence of normal distribution for the findings, and therefore they 
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were represented as a medial value, lower and upper quartiles – 
Me (LQ, UQ). The Mann-Whitney test was used to compare the 
groups. The differences were considered significant at р<0.05. 

 

Results 

It was found that CTGF concentrations in blood of the 
experimental animals with ALP scaffolds implanted into them on 
E7 were significantly higher than those in rats of the comparison 
group (see Table 1). CTGF concentrations in the experimental 
group surpassed the control values on E28 but did not differ from 
those of the comparison group (Table 1). SOST concentrations in 
the comparison group tended to rise regarding the controls on E7, 
but significantly dropped by E28 (Table 1). SOST concentration in 
the serum of the animals with ALP scaffolds implanted into them 
was significantly lower than in the rats of the comparison group on 
E7. OC concentrations in the blood of the experimental and 
comparison animals did not differ and exceeded the control values 
3.3-4-fold on both E7 and E28. In animals of the experimental 
group the trend for the increase in OC level regarding the 
comparison group was observed on E28 (Table 1), which however 
never reached the statistical significance. ALP activity in the serum 
of animals of both the experimental and the comparison groups on 
E7 after scaffold implantations did not differ from that of the 
controls, but by E28 significantly increased by 1.7-1.9-fold (Table 
1).  

No significant changes in the concentration of either MCP-1 or 
OPG was found in the experimental animals (Table 2) while in the 
serum of animals of both the experimental and the comparison 
groups the increase of TRACP activity was found on E7; it returned 
to the norm on E28 (Table 2). CTX-1 level in animals of both the 
experimental and the comparison groups laid within the variability 
limits across all times of observation. However, on E7 this 
parameter was significantly lower in rats that had ALP scaffolds 
implanted into them (Table 2).  

No signs of inflammation were found in animals of both the 
comparison and the experimental groups by E28 in the 
implantation areas though morphological examination. In the 
animals of the experimental group the scaffolds and the edges of 
cortical defects were tightly united with trabeculae, and covered 
the defects totally in 75 percent of the cases, while in the 
comparison group the integrations of two scaffold sides with the 
edges of cortical plate defect was observed in 50 percent of the 
cases. The areas of the implanted PCL/VT and PCL/VT/ALP 
scaffolds were mostly covered with anastomosing trabeculae, and 
fibroblastic cells as well as thin-walled vessels were found in the 
gaps between them.  

Osteointegration with the edges of the cortical plate defects 
and trabeculae formations in PCL/VT and PCL/VT/ALP scaffolds 
proved their colonization with osteoblasts. The revealed changes 
in regulator and activity marker concentrations in blood of the 
animals of both the experimental and the comparison groups are 
therefore associated with osteogenesis proceeding in the 
scaffolds. The absence of local inflammation signs at implantations 
of the tested scaffolds accounted for the normal level of MCP-1 
chemokine in the serum of both the comparison and experimental 
animals.  

 

 

 

Discussion 

The findings of the research suggested that the targeted ALP 
delivery to the defect areas with PCL/VT scaffolds increased CTGF 
serum concentration within a short time after the implantation. 
According to the published studies, CTGF enhances the intensity of 
mineralization and osteoblast proliferation [10], and therefore its 
more pronounced concentration in the blood of the experimental 
animals indicates the stimulating effect of the ALP targeted 
delivery to osteogenesis induction. However the analysis of the 
factors inhibiting osteoblastogenesis and mineralization (SOST and 
FGF23) [11, 12] in the blood of the experimental animals 
suggested the absence of the inhibiting effect on osteoblast 
activity in the tested scaffolds. Since SOST production by 
osteocytes is mostly defined with the mechanical loading [11], its 
decrease in blood of the comparison animals by E28 featured the 
recovery of the extremity supporting function. As the serum SOST 
in the animals that had scaffolds with ALP implanted into them 
was significantly lower than that in the comparison rats on E7, the 
recovery of the extremity biomechanics presumably proceeded 
quicker. The dynamics of osteoblast synthetic activity and 
mineralization markers (OC and ALP) in the controls and the 
comparison animals had no relevant differences and featured the 
increase in osteoblastogenesis activity. The absence of any 
significant increase in serum ALP activity on E7 suggested the 
effect of the enzyme retained in the scaffold being mostly local 
with no pronounced diffusion into systemic blood flow.  

The research revealed no significant changes in concentrations 
of either MCP-1 or OPG that regulated osteoclastogenesis 
according to the published studies [13]. However TRACP activity 
rose in the blood of both the comparison and experimental 
animals on E7 suggesting the increase in the osteoclast activity 
[14]. As CTX-1 (a marker of organic bone matrix turnover) 
concentrations didn’t change [14] after the implantations of 
PCL/VT scaffolds into the femur defects, the increase in osteoclast 
activity within a short time after the implantations featured the 
turnover of the scaffold mineral component rather than the bone 
tissue.  

Osteointegration with the edges of the cortical defect and 
trabeculae formation in both PCL/VT and PCL/VT/ALP scaffolds 
proved their populating with osteoblasts. Therefore, the observed 
changes in concentrations of osteoblast regulators and activity 
markers in the blood of experimental and comparison animals 
were associated with osteogenesis proceeding inside the scaffolds. 
The absence of signs for local inflammation in implantations of the 
tested scaffolds was accounted for by the normal content of MCP-
1 chemokine in the serum of both the comparison and 
experimental animals.  

Therefore, osteogenesis actively proceeded in PCL/VT and 
PCL/VT/ALP scaffolds after their implantations into the femur bone 
defects featuring their osteoinductive effects biochemically 
presented with the increased concentrations of the growth factors 
that stimulated osteoblasts as well as markers of their synthetic 
activity in blood. The activation of osteoclastogenesis within a 
short time after the implantations was mainly aimed at the 
remodeling of the scaffold mineral component without the rise in 
organic component cleavage in the bone tissue.  

 

Conclusion 

The modulation of local fermentative homeostasis by means of 
ALP targeted delivery with PCL/VT scaffolds proceeds without 
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changes in either serum activity of the enzyme or local 
inflammatory changes suggesting their biocompatibility as well as 
safety in use. ALP targeted delivery with PCL/VT scaffolds into the 
femur bone defect area stimulates reparative osteogenesis due to 
the increase in CTGF production as well as the decrease of SOST 
expression within a short time after implantation. 
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