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Tissue engineering scaffolds made of conventional aliphatic polyesters are inherently non-fluorescent, which
results in their in vivo degradation hard to be visualized. Photoluminescent biodegradable polyorganopho-
sphazenes (PPOPs) are synthesized by introducing fluorophores onto the polyphosphazene backbone via nu-
cleophilic substitution reaction. In this study, a fluorophore (termed as TPCA), derived from citric acid and 2-
aminoethanethiol, was co-substituted with alanine ethyl ester onto the polyphosphazene backbone to obtain a

photoluminescent biodegradable POPP (termed as PTA). The scaffolds made of PTA demonstrated non-cyto-
toxicity and cell affinity, particularly, capacity in promoting osteogenic differentiation of bone marrow me-
senchymal stromal cells (BMSCs). In vivo evaluations using the rat calvarial defect model confirmed its strong
potential in enhancing osteogenesis, more importantly, the in vivo degradation of the PTA scaffold could be
monitored via its fluorescence intensity alongside implantation time.

1. Introduction

In the field of tissue engineering, the important roles of biode-
gradable scaffolds have been well-known, that their high porosity and
proper morphology should endow favorable micro-environments for
cell attachment, migration, proliferation and differentiation, and finally
tissue regeneration [1]. Scaffolding materials are among the indis-
pensable requirements to facilitate the clinical application of tissue
engineering strategy [2-4]. Aliphatic polyesters such as polylactide
(PLA), polyglycolide (PGA), polycaprolactone (PCL) and their copoly-
mers are the most widely used biodegradable biomaterials in fabri-
cating scaffolds with different designs [5-8]. When these materials are
implanted in vivo, however, they are invisible because these conven-
tional aliphatic polyesters lack functional groups that can be visualized
using techniques like magnetic resonance imaging (MRI) or fluores-
cence imaging. Thus, it is difficult to reveal their degradation in-situ
alongside new tissue formation [9,10]. Pushed by this concern, diverse
attempts have been made to develop biodegradable biomaterials with
bio-imaging potentials to achieve the goal.

Among the available bio-imaging systems, such as aggregation-in-
duced emission (AIE) [11,12], photoacoustics (PA) [13,14], MRI
[15,16] and photoluminescence excitation (PLE) [17], PLE is con-
sidered as a comparatively convenient and simple way to monitor the in
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vivo degradation of implanted materials [18]. The aforementioned ali-
phatic polyesters, however, additional modifications are necessary to
endow them with photoluminescent performance because they are not
inherently photoluminescent [19]. In reports, quantum dots (Qdots)
like CdSe were incorporated for bio-imaging, which were not detri-
mental to cells within short time, however, they turned to be cytotoxic
in the long period as the free Cd>* ion being released [20]. Though the
high fluorescent intensities of Qdots can satisfy the bio-imaging re-
quirements for implantation, the potential toxicity from the heavy
metal cores of Qdots are actually not welcomed for in vivo applications,
which might cause biocompatibility concerns [21]. In our previous
study, a fluorescent perylenediimide-cored dendritic star macro-
molecule was blended into poly(i-lactide) (PLLA) and poly(lactide-co-
glycolide) (PLGA) to visualize their in vivo degradation [22]. Though
the results were promising, a concern alongside the polymer degrada-
tion was the gradual release of the incorporated fluorescent component,
which might provide misleading results. Yang et al. developed a series
of photoluminescent polyesters as alternatives for lactide-based polye-
sters by condensation polymerization, in which, 1,8-octylene glycol,
citric acid and cysteine were usually used as the starting monomers
[23]. This is a valuable try to synthesize biodegradable polyesters for
biomedical applications via molecular structural design to endow them
with inherent photoluminescent performance.
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Inspired by this idea, we have synthesized a kind of biodegradable
photoluminescent polyorganophosphazene (POPP) via nucleophilic
substitution reaction by grafting an organic fluorophore onto the
polyphosphazene backbone [24]. The fluorescent molecule (termed as
TPCA) was derived from citric acid and 2-aminoethanethiol, and could
react with polydichlorophosphazene (PDCP) easily. Amino acid ester
(e.g. alanine ethyl ester) was selected as the co-substituted group, and
the degradation rates of resulting POPPs could be controlled by ad-
justing the grafting ratios of substituted groups. In comparison with
polyesters, amino acid ester substituted POPPs demonstrate remarkable
advantages as scaffolding materials. The flexibility in the chemical
synthesis of POPPs makes the polymers easy to be functionalized with
various substituted groups, including the organic fluorophores. The
degradation products of biodegradable POPPs are amine, phosphate
and corresponding pendant compounds (e.g. amino acid), which are
pH-buffered. They would not cause the possible problem resulting from
the accumulation of acidic byproducts derived from biodegradable
polyesters [25-28]. Particularly, biodegradable POPPs are proven as
good scaffolding materials for bone regeneration, showing significant
osteoinductivity due to their richness of phosphorus and nitrogen ele-
ments [29,30].

In this study, the biodegradable photoluminescent poly[(TPCA)
(ethylalanato)phosphazene] (PTA) was synthesized following our pre-
vious study [24], and its potential in inducing bone regeneration was
investigated by implanting porous scaffolds into critical-sized rat cal-
varial defects (¢ = 8 mm). More importantly, the in vivo degradation of
the PTA polymeric scaffold was evaluated by taking advantage of its
photoluminescent performance. In vitro cell culture using bone marrow
mesenchymal stromal cells (BMSCs) was also conducted on both PTA
and PLLA scaffolds to identify the superior osteoinductivity of POPPs to
conventional polyesters.

2. Materials and methods
2.1. Materials

Compounds for the synthesis of POPPs, including hexa-
chlorocyclotriphosphazene (HCCP), alanine ethyl ester hydrochloride
and glycine ethyl ester hydrochloride, were purchased from Aladdin
(China). HCCP was purified by recrystallization and sublimation (50 °C,
10 mbar). 2-Aminoethanethiol was purchased from Tokyo Chemical
Industry (Japan). PLLA (M,, = 100,000) was purchased from Shandong
Pharmaceutical Sciences Pilot Plant (China). All other reagents and
solvents used in the study were analytical grade and supplied by Beijing
Chemical Reagent Co., Ltd. (China).

2.2. POPP synthesis and characterization

Two kinds of POPPs, including PTA and poly[(ethylalanato)(ethyl-
glycinato)]phosphazene (PAGP), were synthesized according to our
previous studies [24,31]. Briefly, TPCA was synthesized by the reaction
of citric acid and 2-aminoethanethiol, then it reacted with PDCP in the
presence of triethylamine, followed by reacting with alanine ethyl ester
to obtain PTA. PAGP was obtained by reacting alanine ethyl ester and
glycine ethyl ester with PDCP in sequence. The PDCP was prepared by
bulk ring-opening polymerization of HCCP.

The two polymers were characterized by 'H nuclear magnetic re-
sonance (NMR, Bruker AV600) spectra and intrinsic viscosity ([n])
measurement (30 °C, in tetrahydrofuran). The PTA polymer was de-
termined ~10 mol.% TPCA and ~90 mol.% alanine ethyl ester side
groups, showing [n] ~ 50 dL/g and quantum yield ~25% [24]. The
PAGP polymer was determined ~70 mol.% alanine ethyl ester and
~30 mol.% glycine ethyl ester, showing [n] ~ 90 dL/g [31].
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2.3. Scaffold preparation and characterization

Thermal-induced phase separation technique was applied to prepare
3D porous scaffolds. The desired polymer (PTA, PAGP, or PLLA) was
dissolved in 1, 4-dioxane to get a clear solution at the concentration of
15 wt%. Then the solution was transferred into Teflon molds and stored
at —20 °C for 24 h. Subsequently, the molds were moved to a lyo-
philizer (—40 °C, 10 mbar) and freeze-dried for 48 h until constant
weight.

Cross-sections of the prepared scaffolds were observed with scan-
ning electron microscope (SEM, JEOLJSM-7500F, Japan) after being
sputter-coated with gold. The mean pore diameter of scaffold was es-
timated by Nanomeasurer® software based on multiple SEM images. For
compression study, disc-like scaffolds (7.8 mm in diameter, 1.5 mm in
thickness) were tested on a mechanical test device (Instron 5848) at the
compression rate of 2 mm/min at room temperature to an ultimate
strain of 80%. To exam the photoluminescent feature of the PTA scaf-
fold, the samples were exposed to visible light or ultraviolet light
(365 nm), and photos were taken.

2.4. Cytocompatibility assay

Sprague Dawley (SD) rat BMSCs were purchased from Cyagen
Bioscience (China) and cultured in a-modified eagle medium (a-MEM,
Hyclone, USA) supplemented with 10% fetal bovine serum (FBS, Gibco,
USA) and 1% (v/v) penicillin/streptomycin (Gibco, USA). Before cell
seeding, scaffolds (7.8 mm in diameter, 1.5 mm in thickness) were
exposed to ultraviolet light overnight, followed by rinsing with PBS and
culture medium several times. Each scaffold was fitted into one well of
24-well plates, with BMSCs being seeded onto the scaffolds at a density
of 2 x 103 cells/scaffold. BMISCs cultured on tissue culture polystyrene
(TCPs) were set as the control. At pre-determined intervals (1, 3, 5 and
7 days), 10% CCK-8 (Dojindo, Japan) solution was added into the well,
followed by keeping the system at 37 °C for 2 h. Then optical density
(OD) values were recorded at 450 nm with a microplate reader (Bio-
Rad 680, USA), which were positively related to cell numbers. For easy
comparison, the OD value measured in each group at the first day was
set as 1, and the OD values of other time points were all normalized to it
in corresponding groups.

2.5. Osteogenic differentiation assay

The scaffolds were fitted into 24-plates and BMSCs were seeded
onto each scaffold at a density of 5 x 10* cells/scaffold, using cells
cultured on TCPs as the control. Twenty-four hours later, the culture
medium was replaced by osteoinductive medium, which was made by
adding 50 uM ascorbic acid, 10 mM [-glycerophosphate and 100 nM
dexanethasone into the culture medium. The inductive culture con-
tinued for 21 days with the medium being refreshed every 2 days. At 3,
7, 14 and 21 days of the culture, the medium in each well was discarded
and cell lysates for quantitative analysis were prepared. Briefly, to each
well, 200 pL cell lysis buffer containing 1% Triton X-100, 200 mM Tris
and 150 mM NaCl were added, then cell lysates were ready for use after
freezing-thawing the systems for three times and centrifugation.
Evaluations on alkaline phosphatase (ALP, Nanjing Jiancheng, China),
collagen I (Col-I, BlueGene, China) and calcium deposition (Sigma,
USA) were conducted by corresponding kits based on the manu-
facturers’ protocols. The data of ALP activity and Col-I secretion were
normalized to the total protein content that was determined by BCA
protein assay kit (Thermofisher, USA), using bovine serum albumin
(BSA) as the standard. For the cells having cultured on different scaf-
folds for 14 days, the cell/scaffold complexes were retrieved, rinsed
with PBS, fixed with paraformaldehyde (4%, PFA, Solarbio, China) for
4 h under room temperature, and then stained with alizarin red
(Solarbio, China) to visualize the calcium depositions in different cases.
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2.6. Rat calvarial defect creation and scaffold implantation

Care and use of laboratory animals followed the protocol that was
approved by the Animal Care and Use Committee of Tianjin Medical
University (China) with international standards on animal welfare.
Thirty-six male SD rats (5-6 weeks old, 200-250 g) were used to create
the critical-sized calvarial defect (8 mm in diameter) for bone re-
generation study. The rats were randomly divided into 3 groups and
treated as follows: 1) defects filled with PTA scaffolds (PTA group); 2)
defects filled with BMSCs pre-loaded PTA scaffolds (PTA-BMSC group);
3) defects left unfilled (control group). Briefly, rats were anesthesized
with chloral hydrate (0.5 mL/250 g). After shaving, the 8 mm circular
defects were drilled at the central region of the calvaria with a trephine
bur. The periosteum was completely removed while the underlying
dura mater was kept intact according to an established protocol [32].
After corresponding scaffolds (7.8 mm in diameter, 1.5 mm in thick-
ness) were filled into the defects, the overlying tissue was closed with
surgical staples. The PTA scaffolds with pre-loaded BMSCs were pre-
pared by seeding the cells at a density of 1 x 10° cells/scaffold, and in
vitro cultured for 3 days before the implantation. After surgery, all rats
were allowed to move with food and water ad libitum. At 4, 8 and 16
weeks post-surgery, 4 rats were sacrificed for each group. The retrieved
skulls were fixed 48 h in neutral buffered formalin (10%) for further
analysis.

2.7. Bone regeneration evaluation

The harvested skulls were examined with micro-CT (Skyscan 1176,
Bruker, Belgium). The 1.6 version of NR econ® software was used for 3D
reconstruction and image viewing. An 8 mm diameter circular region
was selected in the center of calvarial defect area to perpendicularly
locate the cylindrical volume of interest for analysis. New bone volume
fraction (BV/TV) and bone mineral density (BMD) were obtained using
CT AN software version 1.14 (Bruker micro-CT, Kontich, Belgium).

For histological analysis, sections in 5 pm thickness were cut after
skulls were decalcified in a rapid decalcifier (RapidCal, Immuno, ZS-
Bio, China) for 48 h under room temperature, dehydrated by 70%
ethanol and embedded in paraffin. Hematoxylin-eosin (H&E, Senbeijia,
China) and Masson's trichrome (Senbeijia, China) staining were per-
formed separately, and images were captured with digital slice scan-
ning equipment (Nanozoomer, Hamamatsu, Japan).

104

Bioactive Materials 5 (2020) 102-109

Fig. 1. (A) Gross appearance and (B) cross-section of
the PTA scaffold prepared by thermal-induced phase
separation technique. Photoluminescent perfor-
mance evaluated by exposing the PTA scaffold to (C)
ultraviolet (365 nm) and (D) visible light. (E) The
created 8 mm defect in SD rat calvaria and (F) the
implanted PTA scaffold.

2.8. Visualizing the in vivo degradation of PTA scaffold

At 4, 8 and 16 weeks post-surgery, one skull retrieved from the PTA
group was embedded directly in photocured acrylate resin without
decalcification. Sections in 5 pm thickness were prepared and the sec-
tions were observed by confocal laser scanning microscope (CLSM, TCS
SP8, Leica) to illustrate the in vivo degradation of the implanted PTA
scaffold. The fluorescent intensities were estimated by an image pro
plus® (IPP) software. Briefly, four square regions (1 X 1 cm?) were
randomly selected on each skull section, and the fluorescent intensity of
each sample was averaged from the assessed values of the four random
areas following the IPP software specification. Meanwhile, these sec-
tions were also observed by optical microscope.

2.9. Statistical analysis

All quantitative data was represented as mean = SD (standard
deviation) for n = 3. Statistical analysis was carried out by one way
analysis of variance (ANOVA) with Turkey's test. Differences between
groups of *p < 0.05 were considered statistically significant,
**p < 0.01 were considered highly significant.

3. Results
3.1. The PTA scaffold prepared for in vivo implantation

PTA was dissolved in 1,4-dioxane and PTA scaffold was prepared by
the thermal-induced phase separation technique (Fig. 1A). From
Fig. 1B, the interconnected porous structure of the scaffold was clearly
presented. The mean pore diameter was estimated approximate
110 um. The PTA is a photoluminescent polymer, therefore, the PTA
scaffold displayed strong fluorescence when it was exposed to ultra-
violet light, emitting intense blue fluorescence (Fig. 1C). No such
phenomenon could be observed when the scaffold was exposed to
visible light (Fig. 1D). The photos shown in Fig. 1E, F revealed the
success in creating the rat calvarial defect model and the perfect fitting
of the PTA scaffold in site.

PAGP and PLLA scaffolds were prepared similarly for comparison,
and their porous structures were similar to that of PTA scaffold under
SEM observation (images not shown). The three kinds of scaffolds were
submitted to compression test and the obtained stress-strain curves are
presented in Fig. 2. It was identified that the PLLA scaffold displayed
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Fig. 2. Stress-strain curves obtained for PTA, PAGP and PLLA scaffolds via
compression test.

much stronger compression strength than both the POPP (PTA and
PAGP) scaffolds. It was suggested that the semi-crystalline feature of
PLLA and the flexible polyphosphazene backbone caused the difference.
The PTA and PAGP scaffolds shared comparable compression perfor-
mance due to the similarity in their chemical structures.
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3.2. PTA scaffold favoring cell proliferation and differentiation in vitro

PTA, PAGP and PLLA all were determined non-cytotoxic for cell
seeding and proliferation. As shown in Fig. 3A, the BMSCs seeded on
different scaffolds proliferated continuously from 1 day to 7 days. The
cells on PLLA scaffolds shared similar growth rate with those cells on
the TCPs control, and the two POPP scaffolds displayed similar cell
growth rates. It was noted that both the PTA and the PAGP scaffolds
could significantly promote the proliferation of BMSCs in comparison
with the PLLA scaffolds. The results of osteogenic differentiation re-
vealed a similar trend for cells cultured on the three kinds of scaffolds
and the TCPs control. The highest expression levels of the osteogenic
markers, i.e., the ALP expression, the Col-I secretion and the Ca de-
position, were found in the two POPP groups, followed by the PLLA
group and the control group, showing significant difference between
the former and the latter cases (Fig. 3B-D). The images of alizarin red
staining apparently confirmed the previous findings (Fig. 3E). It could
be seen that the BMSCs cultured on both the PTA and the PAGP scaf-
folds displayed much deeper red color than those on the PLLA scaffold,
revealing the significant formation of calcium nodules on the two POPP
scaffolds. These in vitro results confirmed that PTA and PAGP scaffolds
were superior in inducing osteogenic differentiation of BMSCs in
comparison with the polyester-type scaffold. At meantime, the photo-
luminescent PTA scaffold could regulate cell activities in a similar way
to the PAGP scaffold, which suggested the introduction of the fluor-
escent TPCA side group did not cause adverse effect. Therefore, the PTA
scaffolds were expected to promote osteogenesis by implanting them
into the rat calvarial defects.
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Fig. 4. Evaluating the bone regeneration
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3.3. PTA scaffold favoring bone regeneration in vivo

To regenerate the rat calvarial defect, PTA scaffolds were implanted
with or without BMSCs being pre-seeded. The bone regeneration effi-
ciency was evaluated by micro-CT analysis and histological staining.
From the reconstructed micro-CT images (Fig. 4A), it was observed that
new bone barely formed in the control group even at 16 weeks post-
surgery, indicating the critical-sized bone defect was hard to be self-
repaired. On the contrary, distinguishable new bone formation could be
detected for the defects filled with the PTA or the PTA-BMSCs scaffolds.
At 16 weeks post-surgery, the group with implanted BMSCs demon-
strated the most effective osteogenesis. Confirmed by the quantitative
analysis on BV/TV and BMD values, as shown in Fig. 4B, C, the values
reached 45.1 + 7.1% and 462.4 + 27.1 mg/cm?, respectively, in the
PTA-BMSCs group, followed by the 33.4 + 4.2% and 353.5 + 24.2 mg/
cm?® of the PTA group, and both them displayed significantly higher
levels than those in the control group.

From the H&E stained images shown in Fig. 5, both the PTA and the
PTA-BMSCs scaffolds displayed excellent biocompatibility with no hint
of inflammation. In combining those Masson's trichrome stained images
shown in Fig. 6, it was determined that the defect area in the control
group was mainly filled with fibrous connective tissues. The defects
filled with PTA or PTA-BMSCs were seen rich collagen components and
obvious new bone formation. Particularly, the involvement of BMSCs
could promote osteogenesis more significantly, further indicating the
implanted PTA scaffold being non-cytotoxic, favoring cell proliferation
and differentiation, which led to faster new bone formation.

3.4. The in vivo degradation of PTA scaffold visualized via fluorescence

Without decalcification, slices were cut from the retrieved skulls
from both the PTA and the PTA-BMSCs groups, and submitted to ob-
servation under CLSM (Fig. 7). At 4 weeks post-implantation, the PTA
scaffolds still displayed strong blue fluorescence when the slices were
excited by ultraviolet light (365 nm), and porous structure was clearly
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PTA
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Fig. 5. H&E analysis to evaluate the new bone formation in defects being dif-
ferently treated at 4, 8 and 16 weeks post surgery. NB indicates newly formed
bone, HB indicates host bone and FCT indicates fibrous connective tissues.

seen. At 8 weeks post-implantation, the fluorescent intensities of the
scaffolds faded and the porous structure became indistinct. Until the 16
weeks post-implantation, the fluorescence of the PTA scaffold almost
could not be detected. Basing on these images, the fluorescent in-
tensities of the residual PTA scaffolds were quantified using a IPP
software and plotted as Fig. 8. From the figure, the gradual decreases in
fluorescent intensities were identified for both the PTA and the PTA-
BMSCs cases from 4 to 16 weeks post-implantation. These changes
observed in the fluorescent intensities of the photoluminescent PTA
scaffolds clearly illustrated their in vivo degradation alongside longer
implantation time, and the presence of BMSCs or not barely influenced
their degradation rates. From the images taken under optical
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Fig. 6. Masson's trichrome staining analysis to evaluate the new bone formation
in defects being differently treated at 4, 8 and 16 weeks post surgery. NB in-
dicates newly formed bone, HB indicates host bone and FCT indicates fibrous
connective tissues.
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Fig. 7. The in vivo degradation of PTA scaffold visualized via its photo-
luminescent feature with the aid of CLSM on skull slices retrieved from both the
PTA and the PTA-BMSCs groups (arrows indicating the edge of the defect re-
gion).
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microscope, it was not possible to judge the degradation of the im-
planted materials, while new bone formation sprouting from the defect
edge could be identified alongside the scaffold degradation. As time
went on, the newly formed bone tissue extended into the defect center,
and the pre-seeded BMSCs could accelerate this procedure remarkably.

4. Discussion

To regenerate injured tissue in vivo, a key operation is the im-
plantation of a scaffold with a proper biodegradation behavior, which
provides support and space for cell locating, proliferating and differ-
entiating into the newly formed tissue [33]. Thus, it is quite attractive if
the degradation of the implanted scaffold can be visualized in-situ.
Conventional lactone-based homopolymers and copolymers like PLA,
PCL and PLGA are invisible in-situ via the bio-imaging mechanisms such
as AIE, PA, MRI and/or PLE, because these polymers lack functional
groups. And they are hard to be endowed with the photoluminescent
capacity by incorporating fluorescent groups for their chemical struc-
tures [34,35]. To avoid the use of imaging materials with potential
cytotoxicity, e.g. the Qdots, biodegradable scaffolding materials with
intrinsic photoluminescent feature for in vivo applications were strongly
proposed [30]. Promisingly, it was reported that the reaction product
(e.g. TPCA) from citric acid and compounds containing the cysteamine
structure could generate strong fluorescence as being excited by ultra-
violet light [24,36]. Researchers had taken advantage of this feature in
synthesizing degradable photoluminescent polyesters via condensation
polymerization for biomedical applications [37]. And in our lab, a kind
of degradable photoluminescent POPP was also developed by grafting
the TPCA fluorophore onto the polyphosphazene backbone, i.e., the
PTA polymer in the present study, which used the alanine ethyl ester as
the co-substitution side group and its quantum yield was estimated
~25% [24]. The porous scaffold made of the PTA polymer displayed
strong fluorescence under ultraviolet light, while not under the visible
light (Fig. 1).

The PTA polymer was designed to target bone regeneration, due to
the well-known facts that amino acid ester substituted POPPs are bio-
compatible and degradable, as well as, osteocompatible, benefiting
from their richness in phosphorus element, which is pivotal in osteo-
genesis [38,39]. By implanting the PTA scaffolds into the calvarial
defects created in rat model for 4, 8 and 16 weeks, the skulls were
retrieved for CLSM examination. As shown in Fig. 7, the presence of the
scaffolds could be clearly illustrated when being excited with ultra-
violet light. The changes in scaffold morphology and fluorescent in-
tensity were distinguishable alongside the longer implantation time,
indicating the in vivo degradation of the scaffold. It was noted that the
fluorescence of the PTA polymer was quite stable during the im-
plantation, without significant fluorescence quenching phenomenon.
The fluorescence of small molecular fluorophores are likely to be
quenched, due to their high mobility and molecular collision [40]. It
was different in the PTA case, in which, the fluorophore was grafted as
the side group onto the polyphosphazene backbone, and the alternate
-P=N- unit in the backbone did not form a conjugated structure [26].
Thus, the collision between TPCA side groups was inhibited and the
electron transportation along the backbone was also inhibited, which
resulted in the excellent photoluminescent feature of the PTA polymer
[24]. This advantage made the PTA scaffold to be a competitive can-
didate for in vivo application, particularly, for bone tissue engineering.

The non-cytotoxicity and the osteocompatibility of the PTA scaffold
was confirmed by in vitro culture using BMSCs via cell proliferation and
osteogenic differentiation, demonstrating superiority over the conven-
tional PLLA scaffold (Fig. 3). These findings were in accordance with
other reports on biodegradable POPPs (e.g. PAGP) for biomedical ap-
plications [31]. In literature, in vivo evaluations on biodegradable
POPPs to regenerate bone tissue were not so common [27]. One pos-
sible reason for this phenomenon might be the weaker mechanical
property of POPPs in comparison with polyesters, as being reflected by
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Fig. 2. In this study, though the PTA scaffold presented lower me-
chanical strength than the PLLA, the in vivo evaluations revealed that
the PTA scaffold was robust enough to perform the implantation
(Fig. 1F), and its porous structure could maintain for a long time during
the implantation (Fig. 7). Therefore, cells had migrated into the scaffold
to form new bone tissue sprouting from the defect edge in the PTA
group (Figs. 4-6). If BMSCs were pre-loaded onto the PTA scaffold as
seed cells, the osteogenesis could be further remarkably promoted in
the PTA-BMSCs group, showing the highest BV/TV and BMD values
among all the groups (Fig. 4B, C). Alongside the degradation of PTA
scaffolds in both the groups, more newly formed bone tissues had been
identified at a longer time post-implantation. On the contrary, the un-
filled control group displayed inferior bone regeneration and fibrous
connective tissue ingrowth (Figs. 5-6).

With all these findings and discussions, it was suggested that bio-
degradable photoluminescent POPPs (e.g. the PTA polymer) demon-
strated strong potentials as scaffolding materials for their capacities of
in-situ bio-imaging, cyto- and tissue-compatibility. They could be im-
planted directly to induce bone regeneration, or be implanted applying
the traditional tissue engineering strategy that cells like BMSCs were
pre-seeded to accelerate the osteogenesis [41,42].

5. Conclusions

Benefiting from the flexibility of the phosphazene chemistry, it is
readily to design and to synthesize POPPs with desirable performances.
Targeting tissue engineering, biodegradable POPPs were able to be
modified with fluorophore side groups (e.g. the TPCA) to endow the
polymers with photoluminescent performance, which highlighted them
(e.g. the PTA) as scaffolding materials. The photoluminescent perfor-
mance would be a great help to evaluate the in-situ degradation of
implanted scaffolds via the fluorescent bio-imaging system. Due to their
richness of phosphorus and nitrogen elements, particularly, biode-
gradable photoluminescent POPPs are expected to promote effective
and efficient bone regeneration as proved in the present study, showing
promising future in bone tissue engineering.
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