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Abstract: Hydroxyapatite (HAp) is a calcium phosphate-based inorganic constitute present in bone 
and teeth. The synthesis of nanostructured rods that mimic the natural bone apatite has gained sig-
nificant attention. Unfortunately, pristine HAp is not suitable for clinical translation because of its 
brittleness, limited strength, uncontrolled leaching, and poor surface properties. These limitations 
necessitate size reduction, surface modification, and ion incorporation to expand their scope in bone 
reconstruction. Herein. iron-reinforced hydroxyapatite nanorods (Fe-HAp) were used as an inor-
ganic component and catechol-modified gelatin methacryloyl was employed as a surface functional 
modifier agent. Our study highlighted that Fe-doped HAp nanomaterials are more promising for 
developing bioactive surfaces than other ion-incorporated nanomaterials due to the metal-catechol 
network (MCN) surface engineering. Nanostructural, surface chemistries, cytocompatibility, and 
matrix mineralization characteristics of Fe-HAp and Fe-HAp/MCN nanorods have been compara-
tively studied. The results support that MCN coated nanorod surfaces improved HAp cytocompat-
ibility, bioactivity, and phase compatibility between organic/inorganic nanomaterials, all of which 
could be crucial for bone reconstruction. 
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1. Introduction 
Bone is an inorganic-organic composite. It is made up of ~70% inorganic materials 

and ~30% organic biomolecules. The organic molecules provide a softer matrix while the 
inorganic matrix hardens the bone structure [1,2]. The unprecedented aging of the world’s 
population and the growing prevalence of age-related conditions, such as osteoporosis 
and bone fractures, boosted the need for bioengineering strategies for the repair of com-
plicated bone defects [3,4]. Hydroxyapatite (HAp) is the main calcium phosphate-based 
inorganic component that is present in the matrix of bone. The synthesis of the nanostruc-
tured HAp rod that recapitulates bone-apatite properties has gained significant research 
interest [5,6]. HAp nanoscale rods have been employed for surface coating of bone/dental 
implant, delivery of bioactive biomolecules, and graft replacement purposes due to their 
osteoconduction, osteoblast maturation, and osteointegration properties [7,8]. Many stud-
ies agreed that the use of pristine HAp rods is not beneficial for bone repair application 
due to its high brittleness, low strength, and uncontrolled aggregation. Furthermore, pris-
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tine HAp nanomaterials have few functional groups on their nanoscale surface and, there-
fore, exhibit weak phase compatibility between inorganic/organic matrices [9,10]. These 
shortcomings necessitate HAp surface modification, ion integration into HAp lattice, and 
polymeric surface coating, all of which could broaden their scope in bone bioengineering 
[11,12]. Herein, catechol-modified gelatin methacryloyl (GeLMA-C) was coated on the 
surface of Fe-HAp nanorods using a metal-catechol network (MCN). Our study high-
lighted that Fe-doped HAp was more promising for constructing bioactive organic inter-
faces and increasing interface interaction between inorganic/organic matrix than other 
ion-doped nanorods. The nanostructural, surface chemistries, cytocompatibility, and ma-
trix mineralization characteristic of Fe-HAp nanorods and Fe-HAp/MCN nanorods (or 
inorganic/organic) have been comparatively studied. The results support that MCN 
coated nanorod surfaces better regulate interface interactions, cytocompatibility, the fu-
sion between organic/inorganic nanomaterials, and matrix production, all of which are 
crucial for compromised bone reconstruction. 

2. Material and Methods 
2.1. Materials 

Methacrylic anhydride, ferric chloride hexahydrate (FeCl3·6H2O), porcine skin-de-
rived gelatin type A, calcium nitrate tetrahydrate, ammonia solution, and diammonium 
hydrogen phosphate were used in nanorods synthesis and their surface modification. 
MC3T3-E1 cells, alpha-MEM (αMEM), Fetal bovine serum (FBS), trypsin-EDTA (0.25%), 
penicillin-streptomycin solution, and phosphate buffer saline (PBS) were used in cell cul-
ture experiments. Live/Dead® reagent and BCIP/NBT ALP kit were used in biochemical 
assays. 

2.2. Synthesis of Fe-HAp/MCN Nanorods 
Iron doped HAp were synthesized via aqueous precipitation followed by the sonifi-

cation method according to our previously discussed protocol [13,14]. Gelatin methacry-
loyl (GelMA) is synthesized by adding methacrylate groups to lysine groups of peptide 
chains of gelatins and further modified with catechol moieties. The resultant polymeric 
product was termed catechol-modified GelMA (GeLMA-C). The coating of Fe doped HAp 
with GeLMA-C has performed in 2.5% acetic acids at 10:1 (w/w) ratio under continuous 
stirring for 5 h at 37 °C. After the surface engineering reaction, the solid precipitate was 
washed to remove unbounded, unreacted, and excess GeLMA-C via three times centrifu-
gation at 4000 rpm for 08 min with deionized water Polymer-coated Fe-HAp (Fe-
HAp/MCN) was freeze-dried for 36 h, and the obtained powder was stored at room tem-
perature −4 °C. 

2.3. Characterization of Fe-HAp/MCN Nanorods 
The colorimetric change in nanorods powder before and after surface modification 

was noticed using a mobile camera. The Fe-HAp and Fe-HAp/MCN nanorods’ nanostruc-
tural characteristics were investigated under a transmission electron microscope. The ele-
ment composition and elemental mapping of Fe-HAp and modified HAp nanorods were 
studied under energy-dispersive X-ray spectroscopy (EDS). MC3T3-E1 cells were cultured 
in αMEM + 10% FBS + 1% double antibiotic medium in 5% CO2 incubator. The confluent 
MC3T3-E1 cells (80%) were rinsed, trypsinized using 0.25% trypsin with EDTA, centrifuge 
at 1000 rpm for 3 min, resuspended to get desired cell concentration (2.5 × 104), and spread 
in plate wells for further assays. The cultured cells were separately treated with 55 μg 
mL−1 Fe-HAp, and 55 μg mL−1 Fe-HAp/MCN for up to 3 d. The nanorods treated MC3T3-
E1 (after 72 h of incubation) were incubated at room temperature for 50 min in a 300 μL 
FBS free fresh medium containing 8 μL calcein dye (stain live cells) and 8 μL propidium 
iodide dye (stain dead cells). The dye-treated samples were rinsed five times with PBS 
and imaged under the confocal microscope to study the percentage of live and dead cells. 
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The nanorods treated MC3T3-E1 were washed, fixed, and stained with BCIP/NBT dye 
following manufacturer guidelines after 10 d of incubation, and resultant stained samples 
were studied under a compound microscope. All experiments were performed at least 
three times unless mentioned differently. Qualitative investigations were carried out un-
der identical instrument settings, and representative micrographs were shown. Quantita-
tive experimental data were expressed as ± standard deviations (SD). 

3. Results and Discussion 
Fe ions are required for cellular growth, and our previous research has shown that 

incorporating ions into the nanorods lattice lowers crystallinity and increases HAp bioac-
tive properties. Ion-doped HAp boosted matrix mineralization and osseointegration ac-
tivity of cells compared to ion-free inorganic nanorods [13,14]. The pristine HAp nanorods 
possess few functional groups, offer limited fusion interaction between organic/inorganic 
matrix, and hold poor bioactivity [15]. The Fe-doped nanomaterials are more promising 
for creating functional interfaces than other ion-doped nanomaterials due to supramolec-
ular MCN surface engineering [16]. The GeLMA-C is appealing for numerous reasons 
such as high cell-binding arginine-glycine-aspartic acid motifs, matrix-metalloproteinase 
mediated degradability, hold poor immunogenicity [17]. The GeLMA-C nanoscale coat-
ing changes the colorimetric properties of Fe-doped HAp from yellow to light-dark, 
demonstrating supramolecular interaction between GeLMA-C and Fe3+ doped HAp, and 
confirmed successful MCN formation (Figure 1A). TEM showed that Fe-HAp exhibited 
rod structure with a consistent width of 16 ± 04 nm and about lengths 70 ± 09 nm. GeLMA-
C increases the diameter of nanorods in the nanoscale range, indicating the single-layer 
modification (~14 ± 03 nm). The structural and shape factor characteristic of polymeric 
modified nanorods (width, ~25 nm; length, ~88 nm) resemble bone apatite rod-shaped 
structure (Figure 1B). EDS-based elemental data and elemental mapping results indicated 
that nitrogen (N) and carbon (C) content significantly increases in Fe-HAp/MCN compared 
to Fe-HAp nanorod particularly due to MCN surface modification (Figure 1C,D). 
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Figure 1. (A) Colorimetric morphology of Fe doped HAp nanorods and Fe-HAp/MCN nanorods 
powder. (B) TEM-based microscopic morphology of Fe doped HAp nanorods and Fe-HAp/MCN 
nanorods. Scale bar, 200 nm. (C) The EDS-based atomic percentage of various elements present in 
Fe doped HAp nanorods and Fe-HAp/MCN nanorods. (D) EDS mapping of elements present in 
Fe-HAp nanorods and Fe-HAp/MCN nanorods. 

MCN coating is a simple approach that did not require any special equipment, did 
not involve harmful chemical reagents, and generates repeatable nanocoating on the Fe-
HAp surface [18]. Various investigations have demonstrated the pH-stimulated role of 
MCN and depicted that catechol-iron mono-network generated at pH less than 2, bis-net-
work generated at pH between 2–6, and tris-network can be generated at pH around 6–7. 
Since Fe was doped into the lattice of HAp nanorods, only a few functional sites were 
available onto the nanorod’s surface for interface complexation with catechol moieties. 
Thus 1:1 catechol: Fe3+ or 2:1 catechol: Fe3+ network could be generated onto nanomaterial 
surface. [19,20]. Since it is challenging to controls physical coating at the nano level, the 
unique MCN coating strategy can be stabilized at the nanoscale range (less than 20 nm). 
The representative live/dead data showed that live-cells % was higher in modified nano-
rods treated cells than Fe-HAp treated cells. It supported that the GeLMA-C nanoscale 
coating onto HAp nanorods significantly promotes their biological role (Figure 2A). The 
higher ALP quantity (used as an early-stage osteogenic marker) was noted on organic/in-
organic nanorods treated MC3T3-E1 cells than inorganic nanorods treated MC3T3-E1 
cells. It demonstrates osteoblast maturation and higher biosynthetic properties of or-
ganic/inorganic nanorods (Figure 2B). Overall, these results demonstrated the simplicity 
of the iron-catechol complexation and indicated that GeLMA-C improved cytocompati-
bility, build functional interfaces, and could broaden the applications of organic/inorganic 
nanorods in bone tissue reconstruction. 
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Figure 2. (A) Live cells (green fluorescent) and dead cells (red fluorescent) staining results showed 
that MCN surface-modified nanorods allowed increased MC3T3-E1 survivability more than Fe 
doped inorganic nanorods. Scale bar, 100 μm. (B) The representative photograph of ALP-stained 
nanorods treated MC3T3-E1 cells after 10 d of incubation showed that organic/inorganic nanorods 
better promoted matrix mineralization than Fe doped inorganic nanorods. 

4. Conclusions 
The significant difference in colorimetric properties, nanostructural characteristics, 

and elemental composition supported successful MCN nanocoating onto iron-doped 
HAp nanorods via metal-catechol network mechanism. MCN-based surface coating pro-
motes fusion interfaces, cytocompatibility, improved phase compatibility, resulting in the 
synthesis of single-phase inorganic/organic nanorods. The organic-inorganic nanorods 
were critical for MC3T3-E1 matrix maturation and could enable cell differentiation for 
bone repair than inorganic nanorods. Future research will address organic/inorganic na-
norods’ role in genuine preclinical situations using an animal model. 
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