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A B S T R A C T   

Thermosensitive nanoparticles with phase transition abilities have been considered as suitable materials in 
biomedical fields, especially drug delivery systems. Moreover, electroactive injectable hydrogels supporting bone 
regeneration of the elderly will highly be desired in bone tissue engineering applications. Herein, thermo
sensitive nanoparticles were fabricated using chitosan/poly(N-isopropyl acrylamide) for simvastatin acid de
livery. The nanoparticles were incorporated into electroactive injectable hydrogels based on aniline pentamer/ 
silk fibroin/polyacrylamide containing vitamin C. The nanoparticles had thermosensitive properties as simva
statin acid had higher release rates at 37 than 23 ◦C without significant burst release. The hydrogels also revealed 
an appropriate gelation time, stable mechanical and rheological characteristics, high water absorbency, and 
proper biodegradability. In vitro studies indicated that the hydrogel was biocompatible and nontoxic, especially 
those containing drugs. Implantation of the hydrogels containing both simvastatin acid and vitamin C into the 
critical calvarial bone defect of the aged rat also demonstrated significant enhancement of bone healing after 4 
and 8 weeks post-implantation. We found that the electroactive injectable hydrogels containing thermosensitive 
nanoparticles exhibited great potential for treating bone defects in the elderly rats   

1. Introduction 

Bone fracture healing is a complex process, which decreases with 
age. In the United States, elderly population are increasing, the people 
aged 65 years and older will comprise 17% of the people by 2030 [1,2]. 
In aged people, diseases such as osteoporosis and osteoarthritis are 
prevalent due to physiologic changes in the bone tissues. Many elderlies 
are susceptible to non-healing bone fractures, resulting in more 
complicated and systemic consequences [2]. Therefore, it is crucial to 
design an appropriate strategy based on modern technologies to pro
mote bone regeneration in this population. 

The progress in nanotechnology leads to the introduction of many 
nanostructures for different applications. Designing multifunctional 

nanomaterials, especially in biomedical applications, is necessary to 
gain better therapeutic yields. This requirement for adaptation has 
resulted in the development of stimuli-responsive nanomaterials, also 
known as smart nanomaterials. These nanomaterials sense various 
stimuli, including temperature, light, magnetic and electric fields, 
pressure, stress, and different pH via adapting their characteristics, 
including surface area, shape, size, solubility, permeability, and others 
[3]. These amazing abilities open a new avenue for using them in 
numerous applications, including drug delivery, tissue engineering, 
biosensors, and the treatment of several diseases. Among various stim
uli, temperature-responsive (or thermoresponsive) materials have been 
well-studied in the biomedical fields. Temperature-responsive polymers 
mostly have hydrophobic functional groups such as propyl, methyl, and 
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ethyl. The solubility of these materials changes with a small temperature 
change. Hydrophobic and intra/intermolecular electrostatic in
teractions break when these polymers face cooling or warming over a 
critical transition point, resulting in phase transition in the volume 
[4,5]. Two possible classifications have been introduced based on their 
temperature-responsive behavior: lower critical solution temperature 
(LCST) and upper critical solution temperature (UCST). Temperature- 
responsive polymers with LCST behavior dissolve at temperatures 
lower than the LCST. Above that, they become hydrophobic because of 
the formation of polymeric intra- and intermolecular hydrophobic in
teractions. On the contrary, UCST polymers dissolve above the UCST, 
and they become insoluble below this temperature due to electrostatic 
interactions and hydrogen bonding [6,7]. Designing appropriate ther
mosensitive nanoparticles (NPs) to respond to thermal variability is 
suitable for delivering various pharmaceutical molecules. One of the 
reputed smart LCST polymers that have been well-studied is the poly(N- 
isopropyl acrylamide), or PNIPAM. The current study modified chitosan 
(CS) NPs by using PNIPAM polymer to fabricate thermosensitive CS/ 
PNIPAM NPs. CS is a biocompatible and biodegradable natural polymer 
that has been applied as drug nanocarriers for treating various cancers, 
gastrointestinal diseases, pulmonary, and brain diseases [8]. Jung et al. 
synthesized and characterized thermosensitive NPs comprising PNIPAM 
in the core and CS in the shell. The NPs exhibited thermosensitive 
manners such as LCST and size shrinkage affected by the PNIPAM core 
and prompted some degrees of particle aggregation around LCST [9]. 
We also used CS/PNIPAM NPs for delivering simvastatin to treat bone 
defects. The simvastatin belongs to the statin groups. It is established to 
have some osteoconductive properties due to enhancing the expression 
of the bone morphogenetic protein 2 (BMP-2) gene that promotes bone 
regeneration in vivo [10,11]. However, simvastatin absorption is not 
well. It is necessary to be modified into a metabolically active simva
statin acid (SVA) through the hydrolysis of the ester bond [12]. Herein, 
CS/PNIPAM NPs containing SVA are known as CS/PNIPAM NPs SVA. 
After fabrication of CS/PNIPAM NPs, the NPs were embedded in an 
injectable hydrogel comprised of silk fibroin (SF)/polyacrylamide 
(PAAm). SF hydrogels are considered effective candidates for numerous 
applications owing to their unique biocompatibility and biodegrad
ability [13]. Several methods have been used for fabricating SF hydro
gel, for example, ultrasonication, shear action, self-assembly, electric 
field effect, temperature and pH changes, and others [14]. In the current 
study, the combination of SF and PAAm was used to prepare an inject
able hydrogel as a bone-tissue scaffold. PAAm based hydrogels have 
been extensively investigated due to their biocompatibility, excellent 
swelling properties, biological inertness, and thermal stability [15]. 
Recently, the use of electroactive hydrogels to regenerate and stimulate 
the repair of electrically active tissues such as bone, skin, muscle, and 
nerve has received much attention. [16]. Various conductive materials 
such as graphene and graphene oxide, single- or multi-walled- carbon 
nanotubes, and poly (3,4-ethylene dioxythiophene) (PEDOT) have been 
introduced to improve the electrical conductivity of the scaffolds. 
Nonetheless, non-biodegradability, poor solubility, and induction of 
chronic inflammation are reported using these materials [17,18]. 
Conversely, it is possible to use electroactive materials based on oligo 
conductive and biodegradable parts such as aniline pentamer (AP) due 
to its high stability, cost-effectiveness, and biodegradability. AP has 
ability to shift between resistive and conductive statuses by doping/ 
dedoping [19,20]. In our previous work, we fabricated an electroactive 
injectable hydrogel by inserting AP in pluronic-chitosan polymers. The 
data confirmed that the fabricated injectable hydrogel was proper for 
treating ischemic brain defects [21]. Herein, we prepared an injectable 
hydrogel based on AP-SF/PAAM containing vitamin C (VitC). AP-SF/ 
PAAM hydrogel containing VitC is known as AP-SF/PAAM VitC. It is 
confirmed that VitC has a positive role in trabecular bone formation by 
induction in the expression of bone-specific matrix genes such as alka
line phosphatase (ALP), osteocalcin, osteopontin, osteonectin, and 
RUNX2 in osteoblasts [22]. Considering the preceding, the aim of the 

current study was fabricating thermosensitive CS/PNIPAM NPs SVA 

incorporating in an electroactive injectable hydrogel based on AP-SF/ 
PAAM VitC with the ability to promote bone regeneration in the aging 
rat model. The structure's full name is called CS/PNIPAM NPs SVA&AP- 
SF/PAAM VitC hydrogel. 

2. Materials and methods 

2.1. Materials 

Most of the materials including sodium carbonate, lithium bromide 
(LiBr), dialysis tubing (12,000 Da cut-off), culture media, fetal bovine 
serum (FBS), ketamine/xylazine, chitosan (CS), low molecular weight 
(50,000–190,000 Da), Tripolyphosphate (TPP), N-Isopropylacrylamide 
(NIPAM) (97%), N,N′- Methylenebis(acrylamide) (Bis), ammonium 
persulfate (APS), N,N′-Methylenebisacrylamide (NNMBA), N, N-Dime
thyle formamide (DMF), N,N′-Diphenyl-1,4-phenylenediamine, succinic 
anhydride, 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro
chloride (EDC), n-hydroxysuccinimide (NHS) were purchased from 
Sigma-Aldrich. 

2.2. Preparation of CS/PNIPAM NPs 

Firstly, the PNIPAM solution was prepared as follows: NIPAM 
monomers (30 mg) were dissolved in 250 mL deionized water (DI 
water), then NNMBA (0.6 mg) as a crosslinking agent and 250 mL APS 
(24 mg/mL) as an initiator were added to the solution. In order to 
prepare CS/PNIPAM NPs, 500 μL PNIPAM solution was blended with 
500 μL TPP (1% w/v). Afterwards, PNIPAM/TPP solution were slowly 
added to 3 mL CS solution (1% w/v) dissolved in 1% (v/v) acetic acid at 
pH 3.5 on magnetic stirrers at 40 ◦C. Finally, the NPs were collected 
using centrifugation at 12000 × rpm for 10 min (Sigma high-speed 
centrifuge, USA). The NPs were finally lyophilized by a freeze dryer 
(Christ alpha, UK) for further use. Furthermore, CS NPs were also pre
pared using the routine ionic gelation method [23] as a control group. 

2.2.1. Characterization of CS/PNIPAM NPs 
Dynamic light scattering (DLS; 3000, HS, Malvern, UK) was used to 

analyse the size, charge, and polydispersity index (PDI) of the NPs. 
Uniform dispersion of the NPs was achieved by sonication of lyophilized 
CS/PNIPAM NPs at 70% amplitude for 10 min in filtered DI water. 
Further, the field emission scanning electron microscopy (FESEM; 
TESCAN MIRA3 LMU, Czech Republic) at an accelerating voltage of 15 
kV was applied to evaluate the morphology of NPs. About 20 μL of the 
sonicated NPs suspension was placed on clean laboratory microscope 
glass slides and then coated with gold under vacuum. It should be noted 
that all the quantitative experiments were repeated at least three times. 

2.3. Preparation of SVA loaded on CS/PNIPAM NPs (CS/PNIPAM NPs 
SVA) 

Firstly, simvastatin was converted to SVA using the following pro
cedure [12]. Compared with unmodified simvastatin, SVA has carbox
ylic groups that can be activated with EDC/NHS for interaction with 
amine groups of CS. For this, 42 mg simvastatin was dissolved in 1 mL 
ethanol (96%), and then 1.5 mL of NaOH (0.1 M) was added to the so
lution. The resulting solution was stirred for two h at 50 ◦C. The pH of 
the mixture was adjusted to 7.4 by using hydrochloric acid (1 M). The 
total volume of the resulting solution was increased to 10 mL by using DI 
water. To activate the carboxylic groups of SVA, 1.19 and 5.53 mg of 
EDC and NHS were added to SVA solution, respectively. The solution 
was stirred for one h at dark. Finally, the pH of the mixture was adjusted 
to about 6. To load SVA on CS/PNIPAM NPs, the NPs were dispersed in 
SVA solution and then sonicated at 50% amplitude for 1 min. Eventu
ally, the sample was stirred for 36 h to complete the interaction. CS/ 
PNIPAM NPs SVA were recovered by centrifugation at 12000 × rpm for 
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10 min for further use. 

2.4. Loading efficiency and release profile of SVA from CS/PNIPAM NPs 

For loading assessment, the supernatant of unbounded SVA was 
taken and measured by spectrophotometer (Epoch-2 microplate spec
trophotometer, United States) at 238 nm using the following 
formulations: 

Encapsulation efficiency(%)=
Total amount of drug − unbounded drug

The total amount of drug
×100  

Loading capacity(%) =
The total amount of drug − unbounded drug

Wight of Nanoparticles
× 100 

To determine the release of SVA from thermosensitive CS/PNIPAM 
NPs, about 5 mg of NPs were dispersed in phosphate-buffered saline 
(PBS) and poured into dialysis tubing and then dialyzed against 2 mL 
PBS in a shaker incubator (shaking at 100 rpm) over 30 days. Further, 
about 5 mg of NPs were also incorporated in hydrogel to determine the 
effect of hydrogel on the release rate of the drug. To determine the effect 
impact of the thermosensitive properties of CS/PNIPAM NPs on the 
release of SVA, the release of the drug was evaluated at room and body 
temperatures, 23 and 37 ◦C, respectively. At the given time, 2 mL of PBS 
was withdrawn and replaced with identical amounts of fresh PBS. The 
supernatant was evaluated at 238 nm by using the spectrophotometer. 
Moreover, Fourier transform infrared spectrophotometry (FTIR; Shi
madzu 8400 s; Japan) in transmittance mode was used to analyse the 
interaction of SVA and CS/PNIPAM NPs in the spectral regions of 
400–4000 cm− 1. 

2.5. Synthesis of aniline pentamer (AP) 

According to the previous references [24–26], succinic anhydride 
(0.05 M) in DMF was added to N, N′-Diphenyl-1,4-phenylenediamine 
(0.05 M) dissolved in DMF. The resultant solution was stirred for 48 h in 
the dark at 37 ◦C. Subsequently, phenylene diamine (0.025 M) dissolved 
in DMF was added to the mixture. Then, APS dissolved in hydrochloric 
acid (1 M) was added to the resultant solution. The mixture was left for 
60 min at 37 ◦C on the stirrer and AP was collected by centrifugation at 
3000 × rpm for 10 min. AP powders were characterized by using FTIR 
analysis. 

2.6. Fabrication of electroactive injectable AP-SF/PAAm 

Firstly, Bombyx mori SF fibers were degummed by boiling them in 
0.02 M Na2CO3 for 30 min to remove the glue-like sericin. After 
washing the degummed SF fibers, they were dissolved in LiBr (9.3 M) at 
60 ◦C for 4 h. Then the yellowish solution was dialyzed against DI water 
by dialysis tubes (12,000 Da cut-off) for 72 h at 4 ◦C to remove the re
sidual LiBr salt. The solution was also centrifuged at 5000 rpm for 10 
min to remove the impurities. The concentrated SF solution was used for 
hydrogel preparation as follows. The electroactive injectable hydrogel 
was prepared by gentle blending of AAm (100 mg), NNMBA (0.5 mg) as 
cross-linker, APS (50 mg) as thermal initiator, and AP (0.5 mg) as an 
electro-conductive agent in 500 μL DI water. Simultaneously, SF (20% 
w/v) was added to the resulting solution. Then the solution was left on 
the stirrer at 50 ◦C to a sol-gel transition. A similar procedure was 
applied to prepare CS/PNIPAM NPs SVA injectable hydrogel, except that 
the NPs (5 mg) were added to the PAAm solution. Moreover, the 
injectable hydrogel without AP and NPs was considered as a control 
group. 

2.7. Characterization of AP-SF/PAAm electroactive injectable hydrogel 

2.7.1. Injectability and inversion evaluation 
The injectability of the hydrogels was carried out by pouring them 

into 1 mL syringe and subjecting them to manual shear forces. The 
extrusion from the 20-gauge needle was examined visually. The inver
sion test was also implemented to assess the effect of gravity on the 
hydrogel's flow/stability. In this context, equal volumes of the hydrogels 
were poured into the glass beakers. The beakers were tilted and then 
inverted and left undisturbed. 

2.7.2. Assessment of hydrogel conductivity 
The four-probe method was used to measure the conductivity of the 

hydrogel. The electrodes were inserted in hydrogels with plate shapes 
and the conductivity was determined using the following equation: 

ơ = 1d/RS  

Where σ, d, R, and S are conductivity, thickness, resistance, and area of 
the sample, respectively. Three groups, including SF/PAAm, AP-SF/ 
PAAm, and CS/PNIPAM NPs SVA&AP-SF/PAAM VitC hydrogels, were 
considered for all characterization tests. 

2.7.3. Rheology 
The gelation temperature, gelation time, and the viscoelasticity of 

electroactive injectable hydrogels were conducted using a rheological 
study by a rotational rheometer (Rheometer MCR 302). The temperature 
sweep evaluation was conducted at various temperatures between 25 
and 110 ◦C. Gelation time was measured at different time points 
(0–1200 s). Moreover, the frequency sweep test was applied at 1% strain 
(linear viscoelastic range) at a 1–10 Hz frequency at room temperature. 

2.7.4. Mechanical properties 
The mechanical properties of electroactive injectable hydrogels were 

conducted by a mechanical tester (H10KS, Hounsfield, England). The 
dimensions of the hydrogels were 5.8 mm (diameter) × 11 mm (height). 
At first, the samples were soaked in DI water and kept at 37 ◦C. 
Compression and cyclic compression of the hydrogels were carried out 
at a crosshead speed of 0.5 mm.min− 1 under compression mode. 

2.7.5. Swelling and degradation ratio 
For swelling, the freeze-dried electroactive injectable hydrogels were 

soaked in PBS for 24 h. The swelling ratio of hydrogels was calculated 
using the following equation until reaching the plateau. 

Swelling ratio(%) =
W1 − W0

W0
× 100  

Where W0 displays the initial weight (dry weight) of the hydrogel (mg) 
and W1 shows the final weight of the hydrogel after hydration. 

For in vitro degradation test, the hydrogels were immersed in PBS 
(pH 7.4) at 37 ◦C. After various time intervals (every five days), the 
percentage of weight loss of hydrogels was measured using the equation. 

Degradation ratio(%) =
W0 − W1

W0
× 100  

Where W0 displays the initial weight (dry weight) of the hydrogel (mg) 
and W1 indicates the weight loss of hydrogel at various time points. 

The surface morphology of hydrogels was also characterized using 
FESEM. 

2.7.6. Biocompatibility and cell behaviors assessment 
Briefly, the extraction solution of the hydrogels was obtained at 

different time points (1, 5, and 10 days) according to ISO 10993-5 and 
used for MTT, alkaline phosphatase assay (ALP), and Alizarin red 
staining analysis studies. For all tests, rabbit osteoblast cells were used 
that were isolated and characterized, previously [27]. For the MTT 
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Fig. 1. (I) Size distribution and zeta potential of NPs. The size distribution of: a) CS NPs, b) CS/PNIPAM NPs, and c) CS/PNIPAM NPs loaded SVA. The PDI value of about 0.2 was obtained for all NPs. (II) Zeta potential 
of: d) CS NPs, e) CS/PNIPAM NPs, and f) CS/PNIPAM NPs loaded SVA. (III) FESEM of: a) CS NPs, b) CS/PNIPAM NPs, and c) CS/PNIPAM NPs loaded SVA. All NPs had nearly spherical morphology, and the size of NPs 
was increased after drug loading. The data were average values (±SD) of the thrice-repeated measurements. Magnification: 80.0 KX. Scale bar: 500 nm. 
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assay, about 10 × 104 cells/well in 96-well plates were seeded over
night, and then the culture media was exchanged with the extraction 
solutions. After 24 h incubation, the extraction solutions were with
drawn and 100 μL of MTT solution (0.5 mg/mL in PBS at pH 7.4) was 
added to each well for 4 h. Subsequently, the precipitated formazan was 
dissolved using isopropanol for 30 min. Then the absorbance of each 
well was read using the spectrophotometer at 570 nm. For all cell 
analysis studies, the study groups are as follows: tissue culture plate 
(TCP) as a negative control group, SF/PAAm, AP-SF/PAAm, and CS/ 
PNIPAM NPs SVA&AP-SF/PAAM VitC hydrogels. 

2.7.7. Lactate dehydrogenase (LDH) assay 
LDH is a cytosolic soluble enzyme that is applicable for cell cyto

toxicity assessment. About 10 × 105 rabbit osteoblast cells were cultured 
in the extraction solutions in an incubator for 24 h. The supernatants 
were used for the analysis of LDH according to the commercial kit. The 
absorbance was read at 490 nm. The study groups were similar to the 
MTT assay. 

2.7.8. Apoptosis assay 
Flow cytometry using Annexin V-FITC/propidium iodide (PI) stain

ing was applied to detect apoptotic cells after incubation in extraction 
solution obtained from day 10. Based on the manufacturer's protocol, 2 
× 105 rabbit osteoblast cells were seeded on 6-well plates overnight. The 
next day, 1 mL of extraction solution was added and the cells were left 
for 24 h. Afterwards, the cells were detached and washed twice with PBS 
and then stained with Annexin V-FITC (5 μL) and PI (5 μL) in dark 
conditions for 15 min at 23 ◦C and evaluated by flow cytometry 
(Beckman coulter FC500). 

2.7.9. Alkaline phosphatase activity 
For this, about 10 × 104 rabbit osteoblast cells were seeded on 24- 

well plates overnight and then the culture medium was exchanged 
with the extraction solutions obtained from 1, 5, and 10 days. The cells 
were cultured in extraction solutions for 3 days and the ALP activity was 
assessed using ALP's kit based on the manufacturer's protocol. Finally, 
the absorbance was read at 405 nm. 

2.7.10. Alizarin-Red staining 
Cell seeding was similar to the ALP assay. After removing the 

extraction solutions, the cells were washed twice with NaCl solution and 
then fixed with 2% paraformaldehyde solution. The Alizarin-Red stain 
(pH 4.1–4.3) was added for 1 h. Afterwards, the cells were washed with 
DI water and observed under an optical microscope. For semi- 
quantitative assessment of calcium deposition, the cells were firstly 
fixed using methanol and stained with Alizarin-Red stain for 10 min and 
then washed with PBS. Subsequently, 400 mL of sulfuric acid (10%) was 
added to each well and left for 30 min. After removing the cellular 
layers, they were transferred to microtubes and heated at 85 ◦C for 10 
min in a bain-marie bath. Microtubes were centrifuged at 5000 × rpm 
for 15 min at 4 ◦C. About 80 μL of the extracts were poured into a 96-well 
plate and neutralized by 30 μL ammonium hydroxide solution (10%). 
The absorbance was read at 405 nm. 

2.7.11. Cell attachment and morphology study on hydrogels 
After hydrogel sterilization, about 10 × 104 rabbit osteoblast cells 

were seeded on the hydrogels and incubated for 24 h in an incubator. 
Then, the hydrogels were fixed by glutaraldehyde (2.5%) for 1 h. Serial 
dilution of ethanol solution (10, 30, 50, 70, 80, 85, 90, 95, and 100%) 
was used to dehydrate cells. The attached cells on hydrogels were 
observed under FESEM after gold sputtering. 

2.8. In vivo animal studies 

Adult 12 months old male Wistar rats were obtained from the Pasteur 
Institute of Iran. The animals were habituated for at least six days in the 

animal facility before the surgical process. The animal studies were 
accomplished based on the Review Board and Ethics Committee of the 
National Institute for Medical Research Development (IR.NIMAD. 
REC.1398.048). Briefly, the aged rats were anesthetized using Ketamine 
(60 mg/kg) and Xylazine (6 mg/kg). After shaving, a longitudinal 
incision was made in the skull. Then, the skin and periosteum were re
flected to expose the calvarial bone. A critical-sized calvarial defect with 
a 10 mm diameter was made by dental drill micromotor and implanted 
with the sterile hydrogels. Then, the skin and periosteum were sutured 
and sterilized using a betadine solution. For sedation of pain after sur
gery, the animals received painkillers, daily. All groups contain five rats. 
The study groups are as follows: group 1: bone sockets without hydrogel 
as the negative control group, group 2: SF/PAAm, group 3: AP-SF/ 
PAAm, and group 4: CS/PNIPAM NPs SVA&AP-SF/PAAM VitC hydrogels. 

2.8.1. Analysis of bone regeneration using micro-computed tomography 
(micro-CT) 

After implantation for 4 and 8 weeks, the harvested specimens were 
fixed in a formaldehyde (10%) solution. Micro-CT (LOTUS in vivo, Behin 
Negareh Co., Tehran, Iran) was conducted to analyse bone regeneration 
in the calvarial defect. The X-ray tube voltage and its current were set to 
70 kV and 110 μA, respectively, to achieve the best image quality. The 
frame exposure time was set to 2 s by 1.4 magnification. Slice thick
nesses of reconstructed images were selected to 30 μm. Moreover, 
LOTUS NDT-3D was applied to render reconstructed images and by 
addition of the Bone Analysis Plugin (BAP) inside the software, we re
ported Bone Volume Fraction (BV%). 

2.8.2. Histological staining 
Four and eight weeks after surgery, the bones were fixed in formalin 

solution (10%), decalcified in EDTA (10%) for two weeks and then 
embedded in paraffin. The tissue blocks with 5 μm thicknesses were 
stained with hematoxylin and eosin (H&E) and Masson's trichrome to 
evaluate bone repair. 

2.9. Statistical analysis 

Statistical analyses were conducted using one-way variance 
(ANOVA) analysis with SPSS 16.0 (SPSS, USA). P values of less than 0.05 
were regarded as statistically significant. 

3. Results and discussion 

3.1. Synthesis and characterization of CS/PNIPAM NPs 

Thermosensitive biocompatible NPs with the ability to release the 
drugs upon sensing the body tempreture, is an exciting area in cancer 
treatment and tissue engineering fields. Recently, numerous researchers 
have used bulk [28,29] or blended CS polymer [30,31] to fabricate 
thermosensitive hydrogels to deliver various biomolecules. However, 
few studies have focused on the perpetration of thermosensitive CS NPs. 
For example, a thermoresponsive nanoconstruct based on CS-g-poly (N- 
isopropylacrylamide) co-polymeric NPs as a cancer career was fabri
cated for curcumin delivery [32]. Other thermosensitive CS-g-poly(N- 
vinyl caprolactam) NPs have also been prepared as a 5-fluorouracil 
carrier for cancer drug delivery applications [33]. Herein, CS/PNIPAM 
NPs were successfully synthesized and characterized for delivery of SVA. 
Compared with CS NPs, the CS/PNIPAM NPs had mono-peak particle 
size distribution with PDI of about 0.2 based on DLS analysis. PDI values 
of 0.2 and below are accepted for polymeric-based NPs [34]. The 
average hydrodynamic diameters of CS NPs, CS/PNIPAM NPs, and CS/ 
PNIPAM NPs SVA were about 200 ± 3.04, 350 ± 3.08, and 375 ± 4.01, 
respectively (Fig. 1 (I) a-c). The data revealed that the size of CS NPs was 
increased after adding PNIPAM. The charge of CS NPs, CS/PNIPAM NPs, 
and CS/PNIPAM NPs SVA were about +41 ± 0.34, +35 ± 0.23, and +34 
± 0.31 mV, respectively. Blending PNIPAM with CS had no significant 
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change in the zeta potential of CSNPs (Fig. 1 (II) a-c). This result was 
expected because the amine groups are responsible for the positive 
charge of CS. Structurally, PNIPAM is neutral, but depending on the 
method of fabrication, the persistence of some reactants can induce 
slightly (negative) charge. FESEM analysis was carried to further clarify 
the size and morphology of NPs (Fig. 1 (III) a-c). FESEM showed that CS 
NPs were nearly spherical in shape with an average diameter of 178 ±
2.03 nm. The diameters of CS/PNIPAM NPs were about 210 ± 8 nm, 
whereas it was 230 ± 9 nm for NPs containing drug. No noticeable ag
gregation occurred for any NPs groups. The increase in diameter of the 
loaded NPs rather than other groups may be attributed to the successful 
drug loading on NPs. According to data, the size of NPs obtained from 
DLS was larger than those observed by FESEM. There are several reasons 
for this observation. By using DLS technique, it is possible to measure the 
hydrodynamic radii of the particles. It means that this technique not 
only measure the diameter of the particle itself but also measure the 
solvent and ionic layers associated with it in the solution. Further, DLS is 
a dynamic measurement that is highly sensitive to the aggregation or 
dispersion of NPs in solution; however, SEM analysis carries out on the 
dried particles [35]. 

3.2. Drug delivery assessment 

The encapsulation efficiencies of SVA were about 77 and 79%, 
whereas the loading capacities were about 1.46 and 7.14% for CS NPs 
and CS/PNIPAM, respectively. The high entrapment of the drug within 

the NPs may be attributed to the positive charge of CS due to the exis
tence of amine groups in its structure that induced electrostatic binding 
with the negatively charged SVA [36]. A similar study showed that high 
loading of simvastatin (more than 90%) was achieved by using CS NPs 
due to the ionic interaction of the drug with CS [37]. Release kinetics of 
the drug from the NPs was studied by soaking the NPs in PBS. At pre- 
determined intervals, a given amount of release medium was with
drawn and the amount of SVA was detected using the spectrophotom
eter. At first, the SVA had a constant release rate without significant 
burst release from both NPs at room temperature, confirming the suc
cessful interactions between the drug and the nanocarriers. The release 
kinetic showed a biphasic release profile. An initial fast release was 
observed by the peripherally loaded SVA located in the surface of NPs 
(<10%) for both CS NPs and CS/PNIPAM NPs after 24 h post-incubation. 
Afterwards, the SVA was released from the NPs steady-state (Fig. 2a). 
The release of SVA from CS NPs and CS/PNIPAM NPs was about 19 and 
23% over 31 days at room temperature. Subsequently, we investigated 
the effect of the thermosensitive behavior of CS/PNIPAM NPs on the 
release kinetics of the drug by evaluating the release profile of SVA at 
body temperature. The data showed that temperature could affect the 
drug release. The amount of the released drug from the thermosensitive 
nanocarriers at 37 ◦C was more (21%) than those immersed at 23 ◦C 
(15%) after 31 days (Fig. 2b). It was also shown that the release of SVA 
from thermosensitive nanocarriers embedded in the hydrogel was about 
18.1 and 11.5% at 37 ◦C and room temperature, respectively (Fig. 2c). 
Although embedding thermosensitive NPs in hydrogel decreased SVA's 

Fig. 2. Release kinetics of the drug from the NPs in PBS solution after 31 days. a) Comparison of the release profile of SVA from CS NPs and CS/PNIPAM NPs at room 
temperature. b) Comparison of the release profile of SVA from CS/PNIPAM NPs at room and 37 ◦C temperatures, confirming temperature sensitivity of CS/PNIPAM 
NPs. C) The release profile of SVA from CS/PNIPAM NPs embedded in hydrogel at room and 37 ◦C temperatures d) The cumulative release profile of VitC from 
electroactive injectable AP-SF/PAAm hydrogels after 31 days of incubations. The data were average values (±SD) of thrice-repeated measurements. 
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release rate, it was not significant compared with the release rate of the 
drug without hydrogel. The slow release rate of SVA from hydrogel 
containing thermosensitive NPs may be related to the barrier effect of 
hydrogel that restricts the release of the drug. In a study, only 5% of the 
drug was released from thermosensitive CS-g-poly (N-isopropyl acryl
amide) co-polymeric NPs under LCST, but more drugs were released 
above LCST. The LCST was the primary mechanism for the drug release, 
at which the high polymer-polymer interaction may be higher than the 
polymer-drug interaction. In this condition, the loaded drug can release 
from the polymeric carriers due to expelling water and weakening the 
hydrogen and electrostatic bonds [32]. Another thermosensitive 
hydrogel composed of NIPAAm and N, N′-dimethyl aminopropyl 
methacrylamide was applied to deliver insulin. This study also showed 
that the temperature cycling operations could significantly influence the 
release rate of insulin [38]. 

As previously mentioned, AP-SF/PAAm hydrogel was loaded with 
VitC to improve its biological activity. The cumulative release profile of 
VitC from the hydrogel showed that about 15% of the drug was released 
after 24 h, possibly due to the high hydrophilicity of VitC. Moreover, the 
release profile was controlled, and about 40% of the drug was released 
from the hydrogel after 31 days, indicating suitable delivery of the 
vitamin via the prepared carrier (Fig. 2d). Generally, VitC has a low 
molecular weight with high water solubility. Consequently, it cannot 
make strong interactions with polymeric networks, resulting in fast 
diffusion in an aqueous environment [39]. Recently, it was reported that 
the release rate of VitC from 3D printed hydrogel based on poly(ethylene 
glycol) dimethacrylate (PEGDMA) within the first 15 min was about 
15%. The release profile was gradually increased and reached equilib
rium at six h, which was the total experiment duration [40]. Further
more, it was shown that the microstructure, such as larger pores and 
high porosity of composite scaffolds of carboxymethyl CS-SF, could 
affect the release rate of VitC by increasing the water penetration rate 
into the scaffolds, which facilitates the release of the water-soluble drug 
[41]. However, in the current study, the 3D fabricated hydrogels could 
control the release of VitC for a longer time due to their compact 
structure that acted as a barrier to the fast release of VitC. 

3.3. Characterizing the chemical structure of CS/PNIPAM NPs 

FTIR spectra of CS showed the peaks at 3352, 2932, and 2890 cm− 1 

related to OH, –CH2, and –CH3 aliphatic groups, respectively (Fig. 3a). 
The characteristic absorption bands at 1563 and 1414 cm− 1 were 
attributed to NH-group bending vibration and vibrations of the –OH 
group of the primary alcoholic group, respectively. The peaks in the 

range of 3400 to 3500 cm− 1 belonged to the CS amino group that can be 
masked by the broad absorption peak from the –OH group. The peak at 
1648 cm− 1 may be related to C––O groups [42]. FTIR spectra of NIPAM 
represented a typical absorption band at 3297 cm− 1corresponding to 
N–H stretching. The vibration bands at 1645 and 1555 cm− 1 were 
related to the amide group [O=C–NH]. Further, the band at 1380 cm− 1 

was attributed to the C–H vibrations of the isopropyl group [–CH 
(CH3)2] (Fig. 3a) [43]. 

The bands at 1657 and 1556 cm− 1 were also observed in the spectra 
of CS/PNIPAM NPs composite. The peak at 1657 cm− 1 may be related to 
the shift of the 1648 cm− 1 band of CS. Moreover, the peak at 1556 cm− 1 

has corresponded to the amide groups of NIPAM polymer. The results 
confirmed the presence of CS and PNIPAM within the NPs [44]. Pure 
simvastatin showed characteristic peaks at 3550, 2969, and 1707 cm− 1 

assigned to the O–H stretch, C–H stretch (alkane), and C––O stretch, 
respectively. FTIR studies were also conducted to find the possible in
teractions between the SVA and NPs. The data showed that the CS/ 
PNIPAM NPs SAV group spectra had similar peaks to CS/PNIPAM NPs 
without drug. In other words, no new peaks were observed after adding 
SAV to the NPs (Fig. 3a). This finding indicated that the characteristic 
bands of SAV were probably masked by the peaks of CS and PNIPAM. 

Furthermore, AP powders were also characterized by using FTIR 
analysis (Fig. 3b). The absorption of AP exhibited bands at 1597 and 
1495 cm− 1 corresponding to the absorption of a benzene ring and the 
quinoid ring. The 1305 cm− 1 peak was assigned to C–N stretching in the 
proximity of quinoid rings [45]. 

3.4. Characterization of injectable electroactive AP-SF/PAAm hydrogels: 
injectability and conductivity 

Most of the bone defects have irregular shapes, and 3D injectable 
hydrogels with good molding ability have been considered excellent 
scaffolding material due to their soft structure similar to extracellular 
matrix (ECM), tunable physical and chemical structures, and the capa
bility of filling any irregularly shaped bone defects [46]. Especially, 
injectable conductive hydrogels have become a promising candidate for 
bone tissue engineering. Injectable hydrogels can be injected from a 
syringe through a fine needle, so the injectability of the hydrogel can be 
adjusted by simple extrusion of the hydrogel from the needle. In the 
current study, the flow-ability of the solutions was excellent, and the 
composite hydrogels were formed after mixing and heating. Macro
scopically, the phase transition was observed by changing the trans
parency appearance of the hydrogel solution into a turbid appearance 
(Fig. 4 (I) a and b). Moreover, the hydrogel was constantly injected 

Fig. 3. a) FTIR analysis of NIPAM, CS, CS/PNIPAM NPs, simvastatin, CS/PNIPAM NPs containing SVA (CS/PNIPAM NPs SAV) powders. b) FTIR analysis of aniline 
pentamer powder. 
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through the syringe, confirming the injectability of the prepared 
hydrogel. Furthermore, the hydrogels were injected into a glass beaker 
containing PBS to verify the fact that they are injectable while preser
ving their shape and integrity in the solution (Fig. 4 (II) and (III)). 

Recently, conductive materials are growing interest for osteogenesis 
induction because bone tissue is inherently conductive. Conductive 
materials promote bone regeneration by activating Ca2+-sensitive re
ceptors on the cell membranes that increase the intracellular level of 

Fig. 4. (I) Phase transition and gel formation of electroactive injectable SF/PAAm hydrogels. a) before and b) after adding AP powder by using APS and continues 
stirring at 50 ◦C. (II) Injectability of the hydrogels without AP and the hydrogel injected into PBS solution. (III) Injectability of the hydrogel containing AP and the 
hydrogel injected into PBS solution. 
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Fig. 5. (I) a) Typical temperature-dependence functions of G′ values for SF/PAAm, AP-SF/PAAm, and AP-SF/PAAm containing CS/PNIPAM NPs hydrogels at various 
temperatures between 25 and 110 ◦C. b) gelation time of SF/PAAm, AP-SF/PAAm, and AP-SF/PAAm containing CS/PNIPAM NPs hydrogels at different time points 
(0–1200 s). c) Frequency-dependent changes of G′ and G′ ′ values for SF/PAAm, AP-SF/PAAm, and AP-SF/PAAm containing CS/PNIPAM NPs hydrogels at 1% strain 
(linear viscoelastic range) in range at a frequency of 1–10 Hz at room temperature. (II) Mechanical properties of hydrogels: a) Stress-strain curve of SF/PAAm, AP-SF/ 
PAAm, and AP-SF/PAAm containing CS/PNIPAM NPs hydrogels by compression, b) The cycling profiles of stress-strain for the SF/PAAm, c) AP-SF/PAAm, and d) AP- 
SF/PAAm containing CS/PNIPAM NPs hydrogels at various strain under compression mode. (III) The swelling ratio of SF/PAAm, AP-SF/PAAm, and AP-SF/PAAm 
containing CS/PNIPAM NPs hydrogels at 37 ◦C after 24 h. (IV) The degradation of SF/PAAm, AP-SF/PAAm, and AP-SF/PAAm containing CS/PNIPAM NPs hydrogels 
at 37 ◦C after 30 days. (V) The FESEM of a) SF/PAAm, b) AP-SF/PAAm, and c) AP-SF/PAAm containing CS/PNIPAM NPs hydrogels with 2.00 KX magnification. 
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Ca2+ [47,48]. In addition, conductive materials can scavenge reactive 
oxygen species (ROS), which protect the tissues from injuries [49]. 
Among different conductive materials, polyaniline is a famous material 
due to its broad applications, unique structure and easy doping process, 
and good thermal and chemical stability [17,18]. However, its hydro
phobicity and low degradation rate are two main disadvantages that 
limit its applications, especially in biomedical and tissue engineering 
fields. For this, AP with better solubility, biodegradability, and con
ductivity can be used as a potential alternative to polyaniline. In this 
work, the conductivity of SF/PAAm hydrogel at their swollen state 
without AP was 8.326 × 10− 9 S/cm, and it reached 4.6 × 10− 7 S/cm 
after adding AP. Significant conductivity was observed by adding AP; 
however, it still did not significantly increase the conductivity because 
low amounts of AP (0.5 mg) were used in the hydrogel. It should be 
noticed that before the addition of AP to the hydrogel, we conducted an 
MTT assay to find out the cytotoxicity of the AP in a determined con
centration. The results showed that AP with concentrations above 0.5 
mg had some cell cytotoxicity degrees (data reported in the MTT sec
tion). Therefore, the maximum concentration of AP with proper 
biocompatibility was used in the current study. However, many studies 
reported that high AP concentrations were needed to achieve suitable 
electro conductivity for bioelectrical signalling induction [45,50,51]. 
We also previously showed that by using 0.1 g AP, the conductivity of 
the hydrogel was about 10− 4 S/cm, which was suitable for repairing 
hippocampus defects [21]. However, it is necessary to use optimum 
concentrations of AP to reach appropriate conductivity because high 
concentrations of aniline could decrease the conductivity due to the 
hindrance effect against water molecule diffusion [52]. 

3.5. Rheological, mechanical, swelling, degradation, and surface 
morphology of electroactive injectable AP-SF/PAAm hydrogels 

Although the biological properties of the materials are essential for 
biomaterial applications, the mechanical and viscoelastic characteristics 
of the hydrogels are critical features to precisely assess the hydrogel 
characteristics. Rheology is one of the most famous experimental 
methods to discover the hydrogel's gelation temperature, time, and 
viscoelastic properties. Firstly, the AP-SF/PAAm hydrogel's rheological 
properties were evaluated to determine the gelation temperature. At 
temperatures under 65 ◦C, all the hydrogel solutions, including SF/ 
PAAm, AP-SF/PAAm, and AP-SF/PAAm containing CS/PNIPAM NPs, 
were in the solution phase and no gelation phase was observed. At this 
temperature, G′ values were plateaued and then sharply increased at 
over 65 ◦C. The phase transitions were observed at about 65, 80, and 
83 ◦C for SF/PAAm, AP-SF/PAAm, and AP-SF/PAAm containing CS/ 
PNIPAM NPs groups, respectively (Fig. 5 (I) a). As it is clear, by intro
ducing both AP and NPs in the hydrogels, the gelation temperature was 
significantly increased compared with SF/PAAm. By increasing the 
temperature, the hydrophobic interactions occurred between the poly
mer chains, and then the polymer transformed into globular and gela
tion phases. 

Similarly, it was reported that the gelation temperature of Poloxamer 
407 containing solid lipid NPs was higher (29 ± 0.7 ◦C) than those 
without NPs (26 ± 0.8 ◦C) due to disturbed micellar packing and en
tanglements of the polymeric network [53]. After blending SF with 
PAAm, the gelling time for SF/PAAm, AP-SF/PAAm, and AP-SF/PAAm 
containing CS/PNIPAM NPs were observed for about 3, 6, and 5 min, 
respectively (Fig. 5 (I) b). Accordingly, by adding AP and NPs to the 
hydrogels, the gelling time was increased nearly two-fold more than 
bare SF/PAAm hydrogel. Ravanbakhsh et al. reported that adding high 
carbon nanotube concentrations into glycol CS hydrogel could increase 
the gelation time due to slow and inadequate crosslinking of the 
hydrogel network [54]. Furthermore, an oscillatory rheology test was 
further carried out to assess the viscoelastic properties of the hydrogels 
before and after the addition of NPs. Both G′ and G′ ′ values of all 
hydrogels had a nearly ascending trend by increasing the frequency. 

Compared with the G′ ′ value, the value of G′ was higher over the entire 
frequency range, indicating the elastic and stable properties of the 
hydrogels (Fig. 5 (I) c). So to speak, lower G′ ′ than G′ indicates that the 
elasticity properties of the hydrogels were prominent than the viscosity 
of the hydrogels [55]. The G′ of the hydrogels was almost linearly within 
the sweeping frequency interval. By insertion of AP and NPs into the 
hydrogels, the G′ values decreased, attributed to the weak interfacial 
interactions between the polymeric hydrogels with powders. Generally, 
the G′ parameter and the ratio of G′ to G′ ′ have been considered to 
examine the mechanical properties. Typically, the hydrogels with high 
mechanical characteristics have high G′ with their G′/G′ ′ balance more 
significant than ten or higher [56]. The stiffness of the hydrogels also 
correlates to the G′/G′ ′ ratio. The hydrogels with higher stiffness are 
more suitable for bone regenerations. Based on the rheology analysis, it 
was found that all three types of the hydrogels had suitable mechanical 
properties; however, they were reduced by introducing powder phases. 

Compression stress-strain measurements were conducted to assess 
the mechanical behavior of the hydrogels. As shown in Fig. 5(II), the 
mechanical properties were increased effectively by incorporating par
ticles such as AP powder or CS/PNIPAM NPs into the hydrogels. For 
example, the Young's modulus was 36.69, 63.67, and 59.34 KPa for SF/ 
PAAm, AP-SF/PAAm, and AP-SF/PAAm containing CS/PNIPAM NPs 
groups, respectively. Moreover, successive loading-unloading cycles 
were carried out to know the recovery and robustness of the hydrogels. 
After the loading-unloading test, only a slight decrease in stress-strain 
curves was observed for all the recovered hydrogels compared with 
the original ones (Fig. 5 (II) b-d), indicating the fatigue-resistant prop
erty of the hydrogels [57]. 

Using hydrophilic polymers for hydrogel formation is limited 
because they can absorb high amounts of water and make 3D structures 
in the swollen state that can entrap the drugs and influence their release 
rates by controlling the speed of diffusions throughout the hydrogel 
layer of the swollen matrix [58]. The swelling capacity of the hydrogels 
depends on the composition of the polymers, the pH of the aqueous 
media, the degree of crosslinking, and the porosity percentage of the 
hydrogels [59]. This study observed that the maximum swelling ratio 
was exhibited for plain SF/PAAm hydrogel (266%). Water absorption of 
AP-SF/PAAm and AP-SF/PAAm containing CS/PNIPAM NPs groups 
were about 250 and 258%, respectively, indicating that the swelling 
ratio did not significantly change with the addition of the powders 
(Fig. 5(III)). In previous studies, we and others found out that the 
addition of AP could reduce the swelling ratio of the hydrogels due to 
their hydrophobic nature [21,26]. High swelling degrees of the hydro
gels were expected because both SF and PAAm have hydrophilic func
tional groups (NH2 and OH groups) that are responsible for absorbing 
high amounts of water. It was reported that a high swelling ratio could 
be suitable for surgical removal after drug release from non- 
biodegradable hydrogels or microfluidic-based hydrogels [60,61]. 

Designing hydrogels with tunable degradation rates is essential to 
achieve proper clinical outcomes. Gradual degradation of the implanted 
scaffolds creates an opportunity for the injured tissues to reach suitable 
regeneration in a specific therapeutic window. The ratio of degradation 
of all the hydrogels was under ~40% of the total weight of maximally 
swollen hydrogels after 30 days. The degradation rate was ~15 and 32% 
for the hydrogels without NPs, SF/PAAm and AP-SF/PAAm groups. It 
was clear that with the addition of AP, the degradation of the hydrogel 
was increaseed significantly (P ≤ 0.05). However, insertion of NPs 
showed that the degradation rate was decreased to 18% for AP-SF/ 
PAAm containing CS/PNIPAM NPs (Fig. 5(IV)). This observation may 
be related to the hydrophilicity of PNIPAM, which can absorb high 
amount of water, resulting in hydrolytic degradation. FESEM also 
showed that all the hydrogels had smooth and bumpy morphology, and 
the addition of powders did not affect the morphology of the hydrogels 
(Fig. 5(V)). 
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Fig. 6. In vitro biocompatibility studies using rabbit osteoblast cells. (I) Biocompatibility of AP powder alone at a dose of 100 to 1000 μg after 24 h. (II) biocompatibility of SF/PAAM, AP-SF/PAAM, and CS/PNIPAM NPs 
SVA&AP-SF/PAAM VitC hydrogels compared with TCP (as control group) at 1, 5, and 10 days. (III) LDH release from rabbit osteoblast cells after incubation in extract solutions of SF/PAAM, AP-SF/PAAM, and CS/PNIPAM 
NPs SVA&AP-SF/PAAM VitC hydrogels compared with TCP (as the control group) at 1, 5, and 10 days. (IV) Apoptosis analysis by using Annexin V-FITC staining that was monitored rabbit osteoblast cells after 24 h 
treatment in extraction solutions obtained from 10th day of a) TCP (as a control group), b) SF/PAAM, c) AP-SF/PAAM, and d) CS/PNIPAM NPs SVA&AP-SF/PAAM VitC hydrogels. 
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Fig. 7. (I) Expression of ALP by rabbit osteoblast cells after incubation in extract solutions of SF/PAAM, AP-SF/PAAM, and CS/PNIPAM NPs SVA&AP-SF/PAAM VitC 

hydrogels compared with TCP (as the control group) at 1, 5, and 10 days. (II) Quantitative and (III) Qualitative matrix mineral deposition assays by using Alizarin- 
Red staining of rabbit osteoblast cells after incubation in extract solutions of a) TCP (as a control group), b) SF/PAAm, c) AP-SF/PAAM, and d) CS/PNIPAM NPs 
SVA&AP-SF/PAAM VitC hydrogels at 1, 5, and 10 days. (IV) FESEM image of rabbit osteoblast cells after seeding on: a) SF/PAAm, b) AP-SF/PAAM, and c) CS/PNIPAM 
NPs SVA&AP-SF/PAAM VitC hydrogels after 24 h. *P ≤ 0.05 (compared with TCP as control groups). Magnification for Alizarin-Red staining: 0.4 KX. Scale bar: 40 μm. 
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3.6. Biocompatibility of the electroactive injectable AP-SF/PAAm 
hydrogels 

Biocompatibility of tissue engineering scaffolds is the first essential 
criterion for tissue engineering applications. Cells must adhere to the 
surface of scaffolds, function normally, migrate into scaffolds, and pro
duce ECM [62]. Herein, the biocompatibility of AP at various concen
trations was evaluated first to determine the optimum dose of AP. Many 
studies reported that composite scaffolds containing different concen
trations of AP had acceptable biocompatibility [63,64]. However, it is 
hard to find studies evaluating the biocompatibility of AP powder alone. 
The data showed that by increasing the concentration of AP powder 
from 100 to 1000 μg, the biocompatibility reduced significantly in 
comparison to the negative control group (TCP) (Fig. 6 (I)). More 
cytotoxicity against rabbit osteoblast cells was observed at 800 and 
1000 μg AP. It was reported that polyaniline-based powder exhibited 
toxicity [65] due to the presence of low-molecular-weight impurities 
[66]. In light of this result, we selected 500 μg AP to induce the hydrogel 
conductivity while having appropriate biocompatibility. Afterwards, the 
biocompatibility of the hydrogels was evaluated. The results showed 
that all the groups, including SF/PAAM, AP-SF/PAAM, and CS/PNIPAM 
NPs SVA&AP-SF/PAAM VitC hydrogels, had better biocompatibility 
compared with TCP in all time points. The best results were obtained for 
the group containing drugs, CS/PNIPAM NPs SVA&AP-SF/PAAM VitC 

hydrogels, at 5 and 10 days post-incubation due to the positive effect of 
SVA and VitC on the cellular proliferation (Fig. 6 (II)). It was shown that 
simvastatin could stimulate the human osteoblasts' proliferation 
through up-regulating mitochondrial function and subsequently 
expression of cyclin D2 and Bcl-2/Bax [67]. Further, simvastatin can 
suppress the TNF-α-to-Ras/Rho/MAPK pathway and stimulate the 
expression of ALP, BMP-2, osteopontin (OPN), and osteocalcin (OCN) 
during osteogenesis [68,69]. Conversely, another study showed that 
simvastatin decreased the cell viability and proliferation of human os
teoblasts but enhanced the mineralization due to the pleiotropic effect 
[70]. Regarding VitC, Bose et al. observed that the addition of VitC to the 
β-tricalcium phosphate (β-TCP) scaffold could improve the attachment, 
proliferation, and viability of human osteoblast cells [71]. A similar 
study exhibited that using high doses of VitC had no cytotoxicity against 
osteoblast cell-line [72]. In addition to the MTT assay, the LDH assay 
was also carried out to further analyse the hydrogels. LDH has been 
considered a stable cytoplasmic enzyme found in various cells. 
Following cell damage, the cell membrane disturbs, which induces the 
rapid release of LDH into the cell culture supernatant. LDH results were 
consistent with the MTT assay. There was no significant difference be
tween the LDH released from the hydrogels and control hydrogel groups 
(plain SF/PAAM), suggesting less cell membrane disruption. Although 
LDH synthesis increased gradually from day 1 to day 5 of culture; 
however, it was not significant than the control group (Fig. 6 (III)). 

Apoptosis assay was further conducted to find any harmful effect of 
the hydrogels against rabbit osteoblast cells. This test makes it possible 
to detect and quantify the cellular events related to programmed cell 
death. Fig. 6 (IV), a-d, Q1, Q2, Q3, and Q4 indicate the cell necrosis, late 
apoptosis, early apoptosis, and live cells, respectively. The cells above 
about 90% were viable in all the groups. Late apoptosis was 1.2, 1, 0.7, 
and 0.9% for TCP, SF/PAAM, AP-SF/PAAM, and CS/PNIPAM NPs SVA

&AP-SF/PAAM VitC hydrogels, respectively. This finding represented 
that the hydrogels did not stimulate the programmed cell death, con
firming the results obtained from MTT and LDH assays. Generally, our 
results revealed no sign of cytotoxicity towards osteoblast cells by using 
an optimum concentration of AP in the hydrogels. Although the 
conductive hydrogels had better biocompatibility than plain SF/PAAM; 
however, it was not significant to affect the cell proliferation due to the 
presence of low amounts of AP in the hydrogels. Moreover, concomitant 
use of SVA and VitC had positive effects on the biocompatibility of the 
conductive hydrogels. 

ALP production, matrix mineral deposition, and cells attachment on 

hydrogels were further carried out to assess the biological feature of the 
hydrogels. A similar trend to biocompatibility assays was observed for 
ALP production (Fig. 7 (I)) and quantities & qualities matrix mineral 
deposition (Fig. 7 (II) and (III)). More ALP and matrix mineral produc
tion were seen during time. Both factors were significant for CS/PNIPAM 
NPs SVA&AP-SF/PAAM VitC hydrogel group on the 10th day. Although 
ALP and matrix mineral deposition trend was ascending, no consider
able production was observed on days 1 and 5. This phenomenon may be 
related to the low release rate of SVA and VitC. A study demonstrated 
that VitC enhanced ALP expression by affecting the differentiation of 
osteoblast cells [71]. Further, it was shown that VitC stimulated differ
entiation of human dental pulp mesenchymal stem cells towards oste
oblast cells as confirmed by early morphological changes and nodule 
calcification of the differentiated cells [73]. 

Osteoblasts can easily adhere to the appropriate scaffolds via integrin 
receptors. Upon interaction of osteoblasts with the scaffolds, the integrin 
receptors transduce extracellular signals from the cell membrane, which 
activates the intracellular signalling pathways to control the cell growth 
and differentiation [74]. Rabbit osteoblast cells appropriately adhered 
and proliferated on the surface of all the hydrogels. Conductive hydro
gels had better cell attachment than the plain SF/PAAM. Osteoblast cells 
also spread out and extended their filopodia on the surface of the 
conductive hydrogels (Fig. 7 (IV)). These results indicated that in 
addition to the surface topography, the conductivity of the hydrogels 
and using bioactive molecules had positive effects on the attachment of 
osteoblast cells on the substrate. The attachment of cells on the surface 
of the hydrogels is also affected by the mechanical characteristics of the 
material. The cells are able to sense and react to different mechanical 
properties, including surface pattern, contractility, stiffness, and 
dimensionality, via their cell membrane receptors. For example, 
applying tissue-engineered scaffolds with high stiffness could prevent 
the optimal repair of bone upon stress shielding [9]. It was also reported 
that MC3T3-E1 osteoblast cells were able to sense substrate stiffness and 
favor stiffer substrates of either hydrogels or hydrophobic surfaces with 
Young's moduli from ~1 kPa to ~1GPa [75–79]. Mechanotransduction 
refers to the cross-talk between the actin-myosin filaments with adhe
sion molecules like focal adhesions (FAs) and integrins [76,77]. By 
increasing the surface stiffness of the scaffolds, the cells better attach 
due to the activation of integrins and foster the maturation of FAs during 
cell spreading. Furthermore, the actin-myosin associations are able to 
conduct the mechanical signals from the biomaterial to the cell's nucleus 
to induce the influx of calcium ions through the cell membrane [76]. By 
these mechanisms, the cascade of different molecular pathways is trig
gered, consequently controlling the cellular behaviors in growth and 
differentiation. 

3.7. Animal study 

Micro-CT analysis has been considered a powerful method for anal
ysis of bone ingrowth within tissue engineering scaffolds. Using this 
method makes it possible to study small laboratory animal models non- 
invasive to evaluate the structure of hard tissues. Critical-sized calvarial 
defects were created in aged rat models and filled with various hydrogels 
to find the hydrogels' regeneration ability. The first group of the animal 
was sacrificed at week four post-implantation. We found out that the 
ingrowth of new bone was very slow, which was constant in all groups 
based on micro-CT scans. BV% (BV/TV) was an important parameter in 
determining the amount of bone tissue regeneration. At this time, the BV 
% obtained for group 1: unfilled defect (negative control group), group 
2: SF/PAAm, group 3: AP-SF/PAAm, and group 4: CS/PNIPAM NPs 
SVA&AP-SF/PAAM VitC hydrogel were 6.36 ± 0.5, 11.76 ± 1.1, 15.2 ±
1.4, and 19.3% ± 2.1, respectively. After eight weeks post-implantation, 
the negative control group exhibited minimal irregular, patchy bone 
formation. 

In contrast, the conductive hydrogel groups, especially group 4, 
displayed a much more organized mineralization area towards the edge 
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of the defects. Based on sagittal sections of micro-CT (Fig. 8), it was 
observed that new bone tissue formed more towards the margin of the 
bone defects. The BV% parameter for groups 1 to 4 was 19.1 ± 2.5, 29.2 
± 2.2, 38.3 ± 2.9, and 61.2% ± 4.1, respectively. The statistically sig
nificant difference in bone regeneration between group 4 with group 1 
may be associated with the positive effects of the incorporated drugs in 
the hydrogels. However, incomplete filled defects in all experimental 
groups may be related to using aged animal models and creating critical- 
sized calvarial defects. 

Moreover, many studies evaluated bone regeneration at 12 weeks 
post-implantation; however, we analyzed bone regeneration at 4 and 8 
weeks to find the regeneration potential of hydrogels at the early phase 
of bone healing. It should be mentioned that many studies used adult rat 
models and not old animals to evaluate the bone regeneration capacity 
of the bone scaffolds. It is hard to find studies that introduce scaffolds 
suitable for older people based on our knowledge. It has been estab
lished that with increasing age, the regeneration of tissue decrease. In 
the case of rat bone tissue, it was reported that the bone formation rate 
per unit of bone volume (BFR/BV) of the proximal tibial metaphysis was 
between 290.9% and 335.2% at 1 and 3 months of age reached 61.9% 

and 80.1% at 6 and 14 months of age, respectively [80]. Löffler et al. 
stated that insufficient bone healing in the aged rats was connected to 
the impaired M2 macrophage function [81]. M2 macrophages are crit
ical immune cells that play a crucial role in tissue regeneration and 
angiogenesis by affecting the expression of essential factors, including 
IL-1, IL-10 receptor type α, and transforming growth factor-beta (TGF-β) 
[82,83]. Moreover, the cell differentiation and revisualization rate 
generally decrease with increasing the animal's age, potentially affecting 
bone regeneration [84]. 

Histology staining was carried out to analyse bone regeneration 
further. The different hydrogels showed some degrees of tissue in- 
growth throughout the hydrogels at week 4 (Fig. 9). The control group 
displayed several new bone tissues compared to other groups, suggest
ing the critical-sized calvarial defect was difficult to self-repaired to the 
increase in the age of the animals. Generally, the new bone formed 
closely adjacent to a layer of the connective tissue within which the fi
broblasts proliferate. Several osteoblast cells that synthesize osteoid 
were located on the surface of the new bone. Blood vessels could be 
observed within the defects that had a substantial role in providing 
nutrients and exchanging materials for surrounding cells. 

Fig. 8. In vivo bone regeneration based on micro-CT scans. Sagittal sections of calvarial defects filled with hydrogels at 4 and 8 weeks. a) bone sockets without 
hydrogel as negative control group, b) SF/PAAm, group c) AP-SF/PAAm, and d) CS/PNIPAM NPs SVA&AP-SF/PAAM VitC hydrogels. Scale bar: 10 mm. Red circle 
indicated new bone formation. 

Fig. 9. Histological analysis of bone defects based on H&E staining of calvarial defects filled with hydrogels at 4 and 8 weeks. a) bone sockets without hydrogel as 
negative control group, b) SF/PAAm, group c) AP-SF/PAAm, and d) CS/PNIPAM NPs SVA&AP-SF/PAAM VitC hydrogels. Magnification: 0.4 KX. Scale bar: 500 μm. B: 
pre-existed bone, NB: new bone, BV: blood vessels, CF: collagen fibers, OB: osteoblasts. OC: osteocytes, FB: fibroblasts, IN: inflammatory cells. 
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Further, there were remarkable amounts of inflammatory cells in the 
defective site, such as macrophages and lymphocytes. Compared to 
week 4, more bone regeneration similar to the structure of the natural 
bone tissue took place at week 8 (Fig. 9). According to the results ob
tained from Masson's trichrome staining, no remarkable fibrous tissue 
was observed in any of the experimental groups (Fig. 10). The defects 
filled with hydrogels had better collagen components and new bone 
formation than the control groups. Compared with other groups, this 
staining exhibited that abundant new collagen fibers similar to the 
standard architecture of mature bone with osteoblast and blood vessels 
were observed in the hydrogel containing drugs. Local delivery of sim
vastatin or VitC using proper carriers seems to be an attractive strategy 
to solve the problem of preserving therapeutic doses to treat non-healing 
bone defects and reduce undesired side effects. Simvastatin has a stim
ulatory role in the bone healing process by increasing the expression of 
BMP-2, inhibiting of osteoclasts, and stimulation of neovascularization 
[85]. Moreover, VitC can stimulate the proliferation of osteoblastic cells 
and it is responsible for the synthesis of type I procollagen mRNA and 
collagen fibers [86]. We suggest that simultaneous delivery of simva
statin and VitC using competent NPs and electroconductive hydrogels 
can improve bone regeneration in people with delayed bone repair. 
However, further studies are essential to optimize the hydrogel char
acteristics for better bone regeneration. 

4. Conclusions 

Thermosensitive NPs based on CS and PNIPAM was prepared for 
delivery of SVA. The release rate of SVA was higher at 37 ◦C in com
parison to 23 ◦C, suggesting the thermosensitive properties of the NPs. 
Moreover, a series of injectable hydrogels based on SF and PAAm were 
further fabricated. AP powder was added at a non-cytotoxic concen
tration to endow hydrogels with conductivity. Concomitantly, the bio
logical properties of the hydrogels were further improved by adding 
VitC to CS/PNIPAM NPs containing SVA. The hydrogels demonstrated 

suitable features, including proper injectability, stable rheological and 
mechanical properties, suitable swelling and degradation behaviors, 
excellent biocompatibility. Better cellular responses and bone regener
ation were observed for the VitC and SVA hydrogels. Although the 
addition of AP to the hydrogels improved the cellular and animal re
sponses; however, it was not significant compared with the plain 
hydrogels. These results demonstrated that electroactive injectable 
hydrogel containing both VitC and SVA could be considered a suitable 
structure for inducing bone regeneration in senescence animals. 
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