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Abstract 

A novel PCL/HA/TiO 2 hybrid coating on ZM21 Mg alloy substrate has been investigated for corrosion resistance, biocompatibility and 
mechanical integrity loss in terms of bending, compressive and tensile strength in physiological media. The prepared hybrid coating was 
dip coated over ZM21 from HA/TiO 2 and PCL solutions followed by creating a microporous PCL layer by utilizing Non-solvent Induced 
Phase Separation (NIPS) technique. The electrochemical measurement and in-vitro degradation study in SBF after 28 days showed that the 
PCL/HA/TiO 2 hybrid coating reduced H2 evolution rate, weight loss, and corrosion rate by 64, 116 and 118 times respectively, as compared to 
uncoated ZM21 samples. The surface studies carried out using SEM-EDX, FTIR and XRD revealed formation of highly stable 3d flower-like 
HA crystals with Ca/P ratio of 1.60 in the PCL micropores. This dense apatite growth effectively protected the PCL/HA/TiO 2 hybrid coated 
samples to maintain the good mechanical integrity even after 28 days of immersion as compared to HA/TiO 2 composite coated, As-polished 
(A/P) and As-machined (A/M) samples. The failure analysis of samples under mechanical loading were performed using SEM-BSE-EBSD. 
The in-vitro cellular viability of L929 fibroblast cells on PCL/HA/TiO 2 hybrid coating was found 50.47% higher with respect to control group, 
whereas bacterial viability was supressed by 57.15 and 62.35% against gram-positive Staphylococcus aureus and gram-negative Escherichia 
coli bacterial models. The comprehensive assessment indicates PCL/HA/TiO 2 hybrid coating as a suitable candidate to delay early degradation 
and mechanical integrity loss of Mg-based alloys for devising biodegradable orthopaedic implant. 
© 2021 Chongqing University. Publishing services provided by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. 
This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
Peer review under responsibility of Chongqing University 
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. Introduction 

Biodegradable implant devices, necessary for providing 

tructural support and appropriate degradability during heal- 
ng phase of bone defects for orthopaedic and craniofacial 
pplications, have gained increasing attention in recent years 
1] . Mg and Mg alloys are the high potential candidates for 
uch implant devices because their mechanical properties are 
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uite similar to those of natural bone. Nevertheless, in the 
resence of physiological media, these alloys undergo fast 
orrosion and abrupt H 2 release at their surface. The degra- 
ation process involve formation of localized pits, cavities, 
nd cracks, which act as stress raisers under bending, ten- 
ion and compression loading [2] . This results in untimely 

oss of mechanical integrity over the designed service span 

eading to their premature failure. Various techniques such as 
lloying and surface modification have been employed to ad- 
ress these challenges [3] . Nevertheless, addition of alloying 

lements form micro-galvanic cells in the Mg matrix due to 
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heir electronegativity difference with Mg and consequently 

romotes the corrosion rate. The chemical coatings may not 
irectly influence the mechanical properties of Mg alloys, but 
an aid in delaying their degradation in physiological media, 
hereby resulting in retention of adequate mechanical strength 

p to bone healing period [4] . Previously various types of in- 
rganic coatings such as HA, TiO 2 , ZnO, ZrO 2 have been 

eposited on Mg alloys but none of these could effectively 

estrict corrosion primarily because of the coating defects [5] . 
ven though, near defect-free coatings of polymers like PCL, 
LGA, PLA, etc. with good hydrolytic stability can be ob- 

ained, it is still likely for the aggressive ions of physiological 
edia to penetrate through permeable matrix of these coat- 

ngs and cause the blister formation or even delamination [6] . 
hus, existing alloying and surface modification techniques 
o not provide acceptable mechanical integrity for Mg-alloys 
n physiological environment. 

It has recently been reported that inorganic-organic com- 
osite and duplex coatings on Mg alloys have provided good 

orrosion resistant and enhanced endurance of mechanical in- 
egrity in physiological media as compared with their un- 
oated counterparts. Abdal-hay et al. [7] have reported that 
he PCL/nHAp composite coated AM 50 Mg alloy could re- 
ain 34% more tensile strength than the uncoated alloy af- 
er twenty days of SBF immersion. Li et al. [8] have re- 
orted that MgF 2 coated Mg-Zn-Zr alloy possess higher yield 

trength and % El as compared to uncoated samples by 35.31 

 and 14 %, respectively after thirty days of immersion 

n SBF. Bakhsheshi-rad et al. [9] have reported that nFHA- 
CL duplex coated Mg-2Zn-3Ce alloy resulted in 13% loss 

n compressive strength after ten days of SBF immersion, 
hile the decline was 33% for nFHA coated and 25% for 

lone PCL coated Mg alloy, respectively. However, limited 

io-functionalities and inadequate long-term stability restrain 

heir capabilities required for clinical qualification. Alterna- 
ively, in multi-layered hybrid coatings, the individual layers 
eside acting as an additional physical barriers against ag- 
ressive ions, effectively introduces several bio-functionalities 
uch as osteo-induction, biocompatibility, biocidal response, 
elf-healing, drug delivery etc. as summarized in Table 1 [10–
6] . Thus, the multi-layered hybrid coatings can be considered 

s promising substitute to the composite or duplex coatings. 
part from widely recognized bio-functionalities provided by 

ybrid coatings, literature does not provide adequate evidence 
n the mechanism by which the multi-layered hybrid coatings 
educe the mechanical integrity loss of the Mg alloy under 
arious loading conditions in the presence of physiological 
edium. 
Polymer is one of the important constituent in the hy- 

rid coatings studied in past. Among various biocompatible 
egradable polymers, PCL exhibit superior corrosion resis- 
ance and in-situ mechanical features like elongation up to 

0% at break-point [17] , however, it lacks adhesion strength 

nd biocompatibility when coated directly on Mg substrate 
18] . Literature shows the use of bioactive ceramic-like HA 

or polymeric coatings due to its good binding strength [19] . 
owever, HA-PCL composite results in a mechanically un- 
2 
table coating due to difference in their elastic modulus [20] . 
oreover, the presence of HA particles in HA-PCL compos- 

te enhances its water uptake ability due to PCL hydrolysis 
eading to fast degradation of the composite. Alternatively, 
hen an HA layer is applied at the Mg-PCL interface, ad- 
esion strength is improved through hydrogen bonding and 

lectrostatic interactions [21] . 
It is well known that the implants are exceedingly risk- 

rone towards microbial pathogenic attacks that leads to the 
mplant failure and sometimes the infections are so severe that 
t even causes the patient’s death [22] . TiO 2 has been exten- 
ively recognized for its bactericidal tendency in both in-vivo 

nd vitro conditions. The chemical inertness of TiO 2 in HA 

atrix makes it a reasonable bactericidal agent when used 

ith the HA coatings [23] . The unique combination of PCL, 
A/TiO 2 may impart their individual characteristics to pro- 
ide better performance in terms of corrosion resistance, me- 
hanical integrity, cell-viability and anti-bacterial response to- 
ards Mg alloys. But such work has not been reported yet. To 

ulfil the research gap, the potential of a novel PCL/HA/TiO 2 

ulti-layer hybrid coating has been investigated for the degra- 
ation behaviour and loss in mechanical integrity of the hy- 
rid coated ZM21 during 28 days of SBF immersion. The loss 
n the bending strength, compression strength, tensile strength 

nd % elongation of the coated ZM21 alloy has been corre- 
ated to the potentiostatic and EIS corrosion study. The SEM- 
DS-EBSD study has been used to reveal the plastic defor- 
ation mechanism during the course of degradation. The Bio- 

ompatibility of coatings has been examined using MTT as- 
ay for L929 cell-line, while the antibacterial response of the 
oatings against a gram-positive S. aureus and gram-negative 
. coli bacteria has been investigated using XTT assay con- 
itions. The performance of PCL/HA/TiO 2 hybrid coting has 
een compared with HA/TiO 2 composite coating, A/P (As- 
olished) and A/M (As-machined) uncoated ZM21 Mg alloy 

ver the immersion period up to 28 days in SBF. 

. Experimental details 

.1. Material and substrate preparation 

An extruded plate of ZM21 Mg alloy with 7 mm thickness 
aving elemental composition of 1.0Mn – 2.0Zn – 97.0Mg 

wt.%) was used in the present study. The samples for the 
ensile (S.1a), compression (S.1b), three-point bend test (S.1c) 
nd disc-shaped samples (S.1d) were prepared using a non- 
onventional electric discharge WEDM (ELPULS 15, Elec- 
ronica, India). The A/M samples were produced by WEDM 

perations on ZM21 Mg alloy. The WEDM machining pa- 
ameters controls the surface integrity of Mg alloys [ 24 , 25 ]. 
herefore, optimized WEDM parameters as given in Table 2 , 
ere utilized to obtain uniform surface finish on each A/M 

ample. The A/M substrates were grounded by 1200 grit-size 
iC paper, followed by ultrasonication cleaning for 10 min. 
hus obtained A/P samples were utilized for coating deposi- 

ion. 
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Table 1 
Corrosion properties and additional performance indicators of various multi-layered hybrid coatings on Mg alloys 

Substrate Layer 1 
(L1) 

Layer 2 
(L2) 

Test 
condition 

E corr (V SCE ) E 

∗
corr (V Ag/AgCl ) I corr (A/cm 

2 ) Add. performance indicators Refs. 

substrate L1 L1 + L2 substrate L1 L1 + L2 

Mg-4Zn- 
0.6Zr-0.4Sr 

MAO PLGA m-SBF, 
37 °C 

-1.66 -1.57 -1.54 1.95 × 10 −1 1.87 × 10 −3 1.39 × 10 −4 SCC susceptibility indices 
reduced for UTS and 
Elongation to failure 

[10] 

AZ31D MgO/ ZnO DS/Lys SBF, 37 °C -1.66 ∗ -1.50 ∗ -1.49 ∗ 5.89 × 10 −4 3.48 × 10 −6 8.38 × 10 −8 Anti-bacterial activity was 
enhanced against S.aureus and 
E.coli assays 

[11] 

Pure Mg PCL HA Hank’s -1.64 -1.51 -1.46 2.93 × 10 −5 8.23 × 10 −6 1.13 × 10 −6 No microcrack appearance at 
10% tensile straining. 
Improved filopodia and 
osteoblast for MC3T3-E1 cell 
line. 

[12] 

AZ31 PDA HA SBF, 37 °C -1.48 ∗ -1.36 ∗ -1.27 ∗ 4.67 × 10 −5 2.38 × 10 −5 1.82 × 10 −6 Promoted cell growth 
observed for L929 cell line 

[13] 

Mg-Nd-Zn-Zr PLA DCPD m-SBF, 
37 °C 

-1.92 - -1.69 4.33 × 10 −6 - 0.95 × 10 −6 Improved ALP activity for 
MC3T3-E1 cell line. 
Controlled Drug release profile 
observed for Paclitaxel (PTX). 

[14] 

Mg-1Ca Silk/PA Silk Hank’s, 
37 °C 

-1.48 -1.44 -1.43 1.53 × 10 −6 1.50 × 10 −8 3.85 × 10 −8 pH triggered Self-healing 
ability with enhanced 
cytocompatibility towards 
MC3T3 cell line. 

[15] 

AZ31 PDA/HA BMP2 SBF -1.62 - -1.50 1.72 × 10 −4 - 1.26 × 10 −4 New bone with direct contact 
around implant in medullar 
cavity is formed. More 
extensive osteoid tissue 
formation is observed. 

[16] 

Layer -1 – adjacent to Mg substrate, Layer -2 – next to layer 1. DS – dextran sulphate sodium, Lys – lysozyme. 
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Table 2 
Optimized WEDM parameters for machining of ZM21 Mg alloy. 

Input WEDM parameters 

WEDM Parameter 
Pulse-On time 
(T on ) 

Pulse-Off time 
(T off ) 

Peak current 
(I p ) 

Wire feed rate 
(WF) 

Servo feed 
(S f ) 

Servo voltage 
(S v ) 

Value 103 μs 52 μs 12 amp 2 m/min 2100 rpm 20 V 

Output surface finish 

Surface Roughness 
Parameters 

Arithmetic average roughness (R a ) Root mean square roughness (R q ) Maximum profile height (R t ) 

Value 3.44 μm 4.13 μm 17.24 μm 

Fig. 1. A schematic process flow diagram for coatings preparation on ZM21 Mg alloy. 
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.2. Coatings preparation 

.2.1. HA/TiO 2 coating preparation 

Titanium (IV) n-butoxide (Alfa-Aesar, USA) and acetic 
cid (Sigma-Aldrich, USA) HAc was added dropwise in 

thanol (Sigma-Aldrich, USA) EtOH by maintaining the mo- 
ar ratio of 1:0.1:9 respectively for the preparation of TiO 2 sol 
hat is pale yellow in color. The hydroxyapatite powder (HA) 
ynthesis was carried out by sol-gel route as given by Batra 
t al [26] . Thus obtained HA powder was blended with TiO 2 

ol (1:1 w/v) by continuous stirring for 24 h to achieve a uni- 
orm HA/TiO 2 sol. The coating deposition was achieved by 

ollowing the process parameters mentioned in Fig. 1 . The 
oated samples were sintered for 3 h at 350 °C to obtain 

natase TiO 2 . 

.2.2. PCL/HA/TiO 2 hybrid coating preparation 

The fabrication of PCL (Sigma-Aldrich, USA) layer over 
A/TiO 2 coated samples was carried out in two steps. Firstly, 
 PCL layer was dip coated at withdrawl speed of 10 mm/min 

rom 5% w/v soln of PCL -DCM (Sigma-Aldrich, USA), fol- 
4 
owed by drying upto 1 h at 30 °C. The cycle was repeated 

ve times. Then, the coated substrate is heat treated at 50 °C 

or 24 h to obtain uniformly densified and pore free PCL 

ayer. Secondly, an interconnected microporous layers of the 
CL were obtained on pore-free dense PCL layer by Non- 
olvent induced phase separation (NIPS) technique.The cycle 
as repeated three times followed by drying upto 1 h at 30 °C 

fter each cycle as shown in Fig. 1 . 

.3. Surface analysis and structure characterization 

The morphologies of PCL/HA/TiO 2 hybrid coated, 
A/TiO 2 composite coated, A/P, and A/M ZM21 Mg sam- 
les were characterized using a JSM-IT 500 scanning elec- 
ron microscope, SEM (JSM-IT 500, JEOL, Japan) operated 

t 20 kV of acceleration voltage. Energy Dispersive X-ray, 
DX (Ultim Max, Oxford instruments, UK) mapping and line 
can was conducted to reveal the elemental distribution on 

he coated surface and cross section, respectively. The surface 
nish of samples were measured by portable surface rough- 
ess tester (SJ-310, Mitutoyo, Japan). A Cross-cut tape ad- 
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esion test was performed on PCL/HA/TiO 2 hybrid coated 

nd HA/TiO 2 composite coated ZM21 Mg alloy according to 

STM D3359-17 standard. 
The structural characteristics of apatite deposited on the 

CL/HA/TiO 2 hybrid coated sample during 28 days of SBF 

mmersion were carried out by FTIR and XRD analysis. The 
patite deposited preferably in the pores of top PCL NIPS layer. 
or the purpose of characterization of deposited apatite, the 

op PCL layer peeled-off carefully from the PCL/HA/TiO 2 hy- 
rid coating, was used as the sample. The functional groups 
f molecular structures were detected using an infrared spec- 
roscopy, FTIR (Tensor II, Bruker, Germany) in the spectral 
ange of 400–4000 cm 

−1 with 2 cm 

−1 resolution. The phase 
etection and structure characterization of was analysed by 

-ray diffraction (X’PERT Pro, Panalytical, Netherland) tech- 
ique using Cu-K α radiation for diffraction angles 10–99 °. 
he texture variations after mechanical failure were exam- 

ned using Electron backscattered diffraction, EBSD (Quanta 
D FEG, FEI, japan) in the tensile and compression zones of 
he samples failed during three-point bend test after 28 days 
f immersion. Due to the presence of coarser grains, auto- 
ated EBSD scans were conducted over a sizeable scanned 

rea (1200 × 1200 μm 

2 ) with a step size of 0.8 μm. Data 
nalysis was carried out using TSL-OIM software (V8, EDAX 

nc., USA). 

.4. Electrochemical measurements 

The Potentiodynamic polarization (PDP) and Electrochem- 
cal impedance spectroscopy (EIS) measurements were con- 
ucted on an electrochemical workstation (Autolab PG-STAT 

02N, Metrohm, Switzerland) with a standard three-electrode 
ell configuration. The Ag/AgCl (1M KCL), graphite rod and 

amples with circular exposed area (1 cm 

2 ) served as the 
eference electrode, counter electrode and working electrode, 
espectively. The SBF served as electrolytic soln. that was pre- 
ared as mentioned by Kokubo and Takadama [27] . The elec- 
rolyte was buffered with 0.1 M HCl and tris-hydroxymethyl 
minomethane to maintain pH at 7.4. PDP was performed at 
can rate of 1 mVsec −1 using the potential value of ±1V 

gainst the open circuit potential (OCP) with step potential 
f 1 mV. PDP scans were obtained at 0, 7, 14, 21, and 28
ays of SBF immersion. EIS was performed at OCP with 

n AC amplitude of 10 mV RMS in the frequency range 
f 100 KHz–0.01 Hz at an interval of 0, 7, 14, 21, and 

8 days. The EIS data were fitted by ZsimpWin software 
Version 3.20, EChem Software, USA), While Nova soft- 
are (Version 1.10,Metrohm, Switzerland) was used to fit the 
olarization curves. The obtained corrosion current density, 
 corr (mA/cm 

2 ), was used to calculate corrosion rate ( P i ) in 

m/year by following Eqn. (1) [28] : in mm/year by following 

q. (1) [28] : 

 i = 22. 85 I corr (1) 

The corrosion inhibition efficiency (IE) of the samples was 
alculated upto 28 days of SBF immersion by employing 
5 
q. (2) [29] : 

 E ( % ) = 

(
1 − I Corr 

I ′ Corr 

)
× 100 (2) 

here, I corr represents measured current density of prepared 

CL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P 

amples, while I ′ corr represents current density of base A/M 

M21sample. 

.5. In-vitro degradation 

The immersion test was conducted on the PCL/HA/TiO 2 

ybrid coated, HA/TiO 2 composite coated, A/P and A/M 

M21 Mg samples according to ASTM G31-72 in SBF with 

H 7.40 in order to investigate in-vitro weight loss and hy- 
rogen evolution rate. The samples in triplicate having vol- 
me to area ratio 0.20 mL/mm 

2 were immersed in SBF at 
7 ± 1 °C for 7, 14, 21, and 28 days. The SBF was changed 

fter every 72 h and pH change was recorded using a pH me- 
er (pH 700, EUTECH Instruments, Singapore) prior to fresh 

BF replacement. The sample were taken out of SBF at pre- 
elected time intervals and were cleaned with chromic acid, 
ollowed by DI water rinsing and vacuum drying. The corro- 
ion rate, P w 

(mm/year) from corresponding degradation rate, 
W (mg/cm 

2 /day) was calculated on a micro-weighing ma- 
hine (SI-234, Denver instruments, USA) using Eq. (3) [30] : 

 w 

= 

3 . 65�W 

ρ
(3) 

here ρ represents density of material determined by the 
rchimedes method ( ρ = 1.801 g/cm 

3 ). The amount of hy- 
rogen evolved at the surface of sample during immersion 

as measured at the interval of 7 days up to 28 days. The 
orrosion rate, P h (mm/year) based on the hydrogen evolution 

ate, V h (mL/cm 

2 /day) was calculated by Eq. (4) [28]: 

 h = 2. 279 V h (4) 

.6. Mechanical integrity after immersion 

The mechanical tests including three-point bend, compres- 
ion, and tensile test were performed on samples in tripli- 
ate obtained from the in-vitro degradation study at 7-day 

nterval up to 28 days using a servo-operated universal test- 
ng machine, UTM (HIC-100.25, HEICO, India). The three- 
oint bend test was performed according to ASTM E290- 
4 standard at a loading rate of 10 

−2 N/sec, the compres- 
ion and tensile tests were performed according to ASTM 

9-19 and ASTM E8-16ae1, standards respectively. The ul- 
imate strength ( σ US ), yield strength ( σ 0.2YS ) and elongation 

%El) were calculated from the stress-strain curves for all 
hree mechanical tests and compared with a non-immersed 

ample, designated as Pristine ZM21(0 day). A stereozoom 

icroscope (Stemi 305, Carl-Zeiss, Germany) was employed 

o measure the crack angle (CA) ( i.e. angle between the di- 
ection of load application and crack axis), the critical bend- 
ng angle (CBA) and the limiting bending depth (LBD) after 
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ompletion of bend test. Apart from uniaxial tensile and com- 
ressive stresses, the distribution of shear stresses at tensile 
nd compression fractured surfaces for PCL/HA/TiO 2 hybrid 

oated, HA/TiO 2 composite coated, A/P and A/M samples af- 
er 28 days of immersion was observed according to Eq. (5) . 
 31 , 32 ]: 

CRSS = σY .C os∅ .C osλ (5) 

here, σ Y stands for yield strength, ∅ represented the di- 
ectional angle enclosed between normal to slip and applied 

oad, and λ is the inclination between slip and applied load 

irection. The term Cos ∅ . Cos λ is known as Schmid factor, 
m’. 

.7. Cell culture and antibacterial assessment 

The in-vitro cellular activity was performed by using the 
ouse fibroblast cells (L929). The cells were cultivated at 

7 in Roswell Park Memorial Institute 1640 (RPMI 1640) 
edium (Thermo-Fisher, USA) supplemented with 10% fe- 

al bovine serum (FBS) and an antibiotic (1% streptomycin- 
enicillin) solution in an incubator (Heracell VIOS 160i, 
hermo Scientific, USA), in a humidified 5% CO 2 atmosphere 
onfluent cells were treated with trypsin (0.25%)- ethylene- 
iamine tetra acetic acid, EDTA (0.02%) solution and cen- 
rifuged at 2000 rpm for 3 min. The samples were sterilized 

y irradiation to UV light for 20 min. The sterilized samples 
ere released in a 12-well tissue culture plates and 1 mL of 
929 cellular suspension (5 × 10 

5 cells/mL) were seeded on 

ach sample with surface area 78.5 mm 

2 . The cultured sam- 
les were incubated for 24 and 48 h, separately at 37 °C in 

% CO 2 atmosphere. The well containing cell without cul- 
ured samples was taken as control. At each time point the 
upernatant medium including cell debris was replaced with 

resh medium having 2 μM Calcein AM (1mg/mL in DMSO) 
C3100, Invitrogen, USA). The cells were incubated with Cal- 
ein AM dye for 30 min in 5% CO 2 atmosphere in a cell in-
ubator at 37 °C. The incubated samples were washed thrice 
sing 1XPBS followed by the addition of fresh RPMI 1640 

edium in each well. Cell images were taken using an upright 
uorescence microscope (80i, Nikon, Japan). 

The cytotoxicity of the PCL/HA/TiO 2 hybrid coated, 
A/TiO 2 composite coated, and uncoated ZM21 Mg al- 

oy samples was assessed using MTT assay (Sigma-Aldrich, 
SA) on L929 (CCL-1) cell line procured from ATCC (Amer- 

can type culture collection). The MTT assay is a colorimetric 
est for measuring the enzymatic activity [33] . The 1 × 10 

4 

ells were seeded in 100 μL of RPMI medium in each well 
f a 96 well plate and incubated for 24 h at 37 °C in a
umidified 5% CO 2 cell incubator. The 100 μL of existing 

edia in wells was replaced with in-vitro degradation media 
btained after 24 h of immersion for each sample. The 96 

ell plate were incubated for 24 and 48 h. Thereafter, 20 μL 

f MTT solution (5 mg mL 

−1 dissolved in 1XPBS) was added 

n each well and incubated in dark for 3 h at 37 °C. After
 h, 80 μL of stop solution containing 50% (v/v) DMF and 

0% (w/v) SDS was added to solubilize the formazan. The 
6 
ell viability was spectrophotometrically examined by deter- 
ining the absorbance at 570 nm using ELISA microplate 

eader (Epoch, BioTek Inc., USA). The % cell viability was 
alculated employing the Eq. (6) . [34] : 

 Cell vi abi li ty = 

Absorbanc e t reat ed − Ab sorb ance blank 

Absorbanc e control − Absorbance blank 
× 100 (6) 

here, Cells with only RPMI 1640 + 10% FBS was taken 

s control. 
Anti-bacterial activity of multi-layered PCL/HA/TiO 2 hy- 

rid coated, HA/TiO 2 composite coated, and uncoated ZM21 

g alloy samples were examined by using Gram-positive 
taphylococcus aureus (ATCC 25923) and Gram-negative Es- 
herichia coli (MTCC 1610) bacterial models. S. aureus and 

. coli strains were grown in Mueller Hinton Broth (MHB, 
iMedia) to its exponential phase (up to 1 O.D at 600 nm) 
nder optimal conditions and were further serially diluted to 

each a final bacterial cell count of ∼ 1 × 10 

6 CFU/mL. Later, 
00 μl of prepared bacterial suspension was added to each 

ell in 96 well plate and co-cultured with in vitro degradation 

edia of each sample for 24 h and 48 h at 37 °C in 95% rel-
tively humidified atmosphere. After incubation for 24 h and 

8 h, 20 μl (5 mg/10 mL) of (sodium3 

′ -[1-[(phenylamino)- 
arbony]-3,4-tetrazolium]-bis(4-methoxy-6-nitro) benzenesul- 
onic acid hydrate) XTT - Menadione (Sigma Aldrich, USA) 
as added to each well and incubated in dark for 30 min 

t 37 °C. The bacterial viability was spectrophotometrically 

uantified by determining the absorbance at 490 nm using 

LISA microplate reader. 

. Results 

.1. Surface analysis 

The SEM-EDX analysis of A/M ZM21 Mg sample dis- 
layed in Fig. 2 (a) revealed the formation of overlapped 

raters by the bombardment of ions during WEDM. A high 

ise in temperature followed by rapid cooling during WEDM 

achining caused formation of micro-cavities and cracks on 

he A/M surface [ 25 , 35 ]. SEM-EDX analysis of the A/P sam-
le displayed in Fig. 2 (b). The presence of surface pertur- 
ances produced during machining of samples got completely 

emoved on polishing. Fig. 2 (c) gives the SEM -EDX analysis 
f HA/TiO 2 composite coating deposited on the A/P ZM21 

g sample. Various micro-cracks have formed probably due 
o evaporation of solvent residues during the calcination of 
oating [36] . These micro-cracks are the potential sites for ag- 
ressive ions to reach the substrate and initiate corrosion. The 
DX elemental mapping reveals the presence of Mg at the top 

ayer of composite coating suggesting that Mg ion from sub- 
trate has interacted with HA and believed to have substituted 

a 2 + sites in HA [37] . Fig. 2 (d) and (e) show the morphol- 
gy of the PCL/HA/TiO 2 hybrid coating comprising interme- 
iate PCL layer and the top PCL NIPS layer, respectively. The 
ntermediate PCL layer is dense and it consists of Ca and 

g, while the PCL NIPS layer with homogenously distributed 

icro-pores consists of C and O only. As shown in SEM- 
DX micrograph in Fig. 3 , the HA/TiO 2 composite, PCL and 
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Fig. 2. SEM analysis of (a) A/M, (b) A/P ZM21 and SEM-EDX analysis of (c) HA/TiO 2 composite layer (d) Dense PCL layer, (e) PCL NIPS layer. 

Fig. 3. SEM-EDX line scan of the cross-sectional area of PCL/HA/TiO 2 

hybrid coating. 

P
n
1
h
a
t

Fig. 4. Tape test results of (a) PCL/HA/TiO 2 hybrid coated and (b) HA/TiO 2 

composite coated ZM21 Mg alloy. 
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CL NIPS layers of PCL/HA/TiO 2 hybrid coating have a thick- 
ess of 13.33 ± 0.83 μm, 17.47 ± 0.97 μm and 22.03 ±
.59 μm, respectively. The coating stability of PCL/HA/TiO 2 

ybrid and HA/TiO 2 composite coating was determined by 

dhesion test. As shown in Fig. 4 , a cross-cut tape adhesion 

est was performed on PCL/TiO 2 /HA hybrid and TiO 2 /HA 
7 
omposite coated ZM21 according to ASTM D3359-17 stan- 
ard [ 38 , 39 ]. The result indicates that PCL/HA/TiO 2 hybrid 

oating endured the tape test, demonstrating adhesion grade 
f 4B. Whereas, HA/TiO 2 composite coating got peeled-off, 
xhibiting localized patches of coating removal and adhesion 

rade of 2B. 
The FTIR and XRD results of the coatings, developed un- 

er similar conditions have been reported in our previous 
ork [21] . In this study, the FTIR and XRD studies were 
erformed to observe the structural characteristics of apatite 
lled in the pores of PCL NIPS layer of PCL/HA/TiO 2 hy- 
rid coated sample. The FTIR spectra of apatite deposited on 

ybrid coating was shown in Fig. 5 . The characteristic peaks 
isplayed at 3438 cm 

−1 (OH 

−), 2943 cm 

−1 and 2864 cm 

−1 
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Fig. 5. FTIR spectra of apatite deposited on PCL/HA/TiO 2 hybrid coating 
after 7, 14, 21, and 28 days of immersion in SBF. 
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Fig. 6. XRD analysis of apatite deposited on PCL/HA/TiO 2 hybrid coating 
after 7, 14, 21, and 28 days of immersion in SBF. 
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asym and sym stretched CH 2 ), 1720 cm 

−1 (C = O), 1470 cm 

1 (C-H bending), 1376 cm 

−1 (C-H scissoring), 1290 cm 

1 (C-C stretch), 1241 cm 

−1 and 1172 cm 

−1 (asym and 

ym C-O-C stretching) and 731 cm 

−1 (CH 2 bending) from 

he PCL. The peaks at 1095 cm 

−1 and 1033 cm 

−1 ( ν3 

O 4 
3 −), 961 cm 

−1 ( ν1 PO 4 
3 −), 565 cm 

−1 and 603 cm 

−1 

 ν4 PO 4 
3 −) are from the HA. In addition, peaks at 836 and 

52 represents Mg-O-Mg (stretching) and Mg-O (stretching). 
ith prolonged SBF immersion up to 28 days, an increase 

n the intensity of peaks at 1095 and 1033 cm 

−1 and a dou- 
let formation at 603 and 565 cm 

−1 were observed. Alter- 
atively, the intensities of Mg-O and Mg-O-Mg peaks were 
educed significantly with prolonged immersion, showing that 
he presence of chemically and structurally stable HA could 

ffectively impede the release of Mg 

2 + ions from the sub- 
trate. FTIR results show C = O peak shifts to 1720 cm 

−1 , 
hich ideally occurred at 1726 cm 

−1 . The peak shift suggests 
he added hydrogen bonding due to the presence of HA at the 

g alloy-PCL interface which could results in the enhance- 
ent of the adhesion strength. The XRD analysis of apatite 

eposited on PCL/HA/TiO 2 hybrid coating after an interval 
f seven days up to 28 days of SBF immersion are shown in 

ig. 6 . After seven days, various peaks of HA (JCPDS 96- 
00-2214), MgO (JCPDS 96-900-2214), Mg(OH) 2 (JCPDS 

1-083-0144) and different Mg-PO 4 
3 − compounds (JCPDS 

6-201-7954, 96-900-1027, 96-220-7380) appeared in addi- 
ion to the PCL peak (JCPDS 0-1431). With prolonged SBF 

mmersion up to 28 days, the intensities of HA characteristic 
eaks at 2 θ = 31.8 °, 32.1 °, 32.9 ° and 46.7 ° were augmented. 
hereas, the intensities of peaks for MgO, Mg(OH) 2, and 

g-PO 4 
3 − compounds reduced after 14 days of immersion 

nd continued to even suppress up to 28 days of immersion. 
he bottom most layer of coating comprising HA/TiO 2 re- 
ained intact on the Mg alloy substrate, when the upper PCL 
8 
ayer was peeled off. Therefore, the TiO 2 is not seen in the 
TIR spectra and XRD patterns. 

.2. Electrochemical measurements 

Fig. 7 (i–v) and Fig. 7 (a–j), respectively, give the potentio- 
ynamic polarization and the EIS curves for PCL/HA/TiO 2 

ybrid coated, HA/TiO 2 composite coated, A/P, and A/M 

M21 Mg alloys after SBF immersion at intervals of 7, 14, 
1, and 28 days. The fitted results of PDP curves are given 

n Table 3 . Initially, the PCL/HA/TiO 2 hybrid coated sam- 
le has highest value of E corr at -0.407 V and lowest value of 
 corr at 7.3 × 10 

−8 among all the samples. After seven days of 
BF immersion, E corr for PCL/HA/TiO 2 hybrid coated sam- 
le dropped to -0.694 V in addition to an increase in I corr to 

.8 × 10 

−6 A/cm 

2 , however post seven day results showed 

nly marginal change in both the values up to 28 days. The 
orrosion resistance of HA/TiO 2 composite coating is consid- 
rably inferior to the PCL/HA/TiO 2 hybrid coating. A/P and 

/M sample show extremely poor corrosion resistance. 
According to Nyquist plots, the PCL/HA/TiO 2 hybrid 

oated sample consists a high-frequency capacitive loop fol- 
owed by a diffusional tail in medium and low-frequency 

egions. HA/TiO 2 composite coated, A/P and A/M samples 
howed three-time constants in the Nyquist plot. Two conduc- 
ive loops at high and medium frequency regions and one in- 
uctive loop in the low-frequency region. To precisely under- 
tand the corrosion behavior of PCL/HA/TiO 2 hybrid coated, 
A/TiO 2 composite coated, A/P, and A/M samples, equiva- 

ent circuits (ECs) as shown in S2 were used to fit the data 
ccording to the EIS spectra’s characteristics. In EC, Rs de- 
otes the solution resistance, while CPE is a constant phase 
lement. The circuit elements R p , R ct, and R ads are referred 

o as coating resistance, charge transfer resistance, and induc- 
ive resistance, respectively. CPE coat and CPE dl represent the 



N. Singh, U. Batra, K. Kumar et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; December 4, 2021;14:59 ] 

Fig. 7. Electrochemical measurements of PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P, and A/M ZM21 Mg alloy: PDP curves (i-v), Nyquist 
Plots (a–j). 
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apacity of coating/deposited corrosion product and double- 
ayer, respectively. In EC of a PCL/HA/TiO 2 hybrid coated 

ample, R p and CPE coat characterize the dielectric properties 
f coating in a high-frequency conductive loop. In medium 

nd low-frequency regions along with R ct and CPE dl , a War- 
urg impedance (Z w 

) is added to describe the diffusional 
mpedance that occurred due to ionic diffusion through the 
9 
icro-pores in the PCL coating [ 29 , 40 ]. The variation in R p 

nd R ct for PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite 
oated, A/P, and A/M samples are shown in S3. 

The R p for PCL/HA/TiO 2 hybrid coated sample was 
.28 × 10 

7 
 cm 

2 on the day zero, which is higher in 

agnitude by the order of 10 

5 and 10 

6 when compared to 

A/TiO 2 composite coated (7.44 × 10 

2 
 cm 

2 ) and A/P 
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Table 3 
The fitted parameters for PDP curves for PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P, and A/M ZM21 Mg alloy up to 28 days of SBF 
immersion. 

Days Sample E corr (V Ag/AgCl ) I corr (A/cm 

2 ) Rp ( 
cm 

2 ) I.E(%) 

0 PCL/HA/TiO 2 -0.407 7.3 × 10 −8 4.55 × 10 6 99.9 
HA/TiO 2 -1.017 4.0 × 10 −5 5.00 × 10 3 81.8 
A/P -1.395 1.2 × 10 −4 1.22 × 10 3 45.4 
A/M -1.444 2.2 × 10 −4 5.13 × 10 2 −

7 PCL/HA/TiO 2 -0.694 4.8 × 10 −6 4.65 × 10 4 97.6 
HA/TiO 2 -1.268 7.6 × 10 −5 1.87 × 10 3 62.0 
A/P -1.394 1.6 × 10 −4 7.99 × 10 2 19.1 
A/M -1.415 2.0 × 10 −4 4.63 × 10 2 −

14 PCL/HA/TiO 2 -0.577 5.1 × 10 −6 5.11 × 10 4 96.7 
HA/TiO 2 -1.012 5.2 × 10 −5 1.96 × 10 3 65.7 
A/P -1.328 0.9 × 10 −4 6.20 × 10 2 37.2 
A/M -1.387 1.5 × 10 −4 6.48 × 10 2 −

21 PCL/HA/TiO 2 -0.705 2.6 × 10 −6 1.07 × 10 5 99.0 
HA/TiO 2 -1.174 8.7 × 10 −5 1.14 × 10 3 66.0 
A/P -1.352 2.5 × 10 −4 2.96 × 10 2 1.5 
A/M -1.439 2.5 × 10 −4 2.43 × 10 2 −

28 PCL/HA/TiO 2 -0.644 3.0 × 10 −6 1.04 × 10 5 99.2 
HA/TiO 2 -1.298 1.3 × 10 −4 4.61 × 10 2 62.2 
A/P -1.325 3.3 × 10 −4 1.43 × 10 2 7.3 
A/M -1.486 3.5 × 10 −4 6.78 × 10 1 −

(
r
c
h
A
A
P
w
H
f
b
t
v
c
i
P
c
d
i
b
c
1
d
s

3

m
c
T
d
t
g

q
w
d
t
u
d
a

H
i
c
i
a
r
1
a
c
a
t
A
a
u
r

t
t
c
P
d
0
s
0
o
d

9.11 × 10 

1 
 cm 

2 ), A/M samples (4.52 × 10 

1 
 cm 

2 ), 
espectively. Consequently, the R ct of PCL/HA/TiO 2 hybrid 

oating (7.32 × 10 

9 
 cm 

2 ) is also 10 

7 and 10 

8 times 
igher than HA/TiO 2 composite (5.17 × 10 

2 
 cm 

2 ) and 

/P (5.36 × 10 

1 
 cm 

2 ), A/M samples (2.35 × 10 

1 
 cm 

2 ). 
fter 7 days of SBF immersion, R p and R ct values for the 
CL/HA/TiO 2 hybrid coating declined to 6.12 × 10 

5 
 cm 

2 , 
hich was still 10 

3 and 10 

4 times higher when compared to 

A/TiO 2 composite coated and A/P, A/M samples. On the 
ourteenth day of SBF immersion, R p for PCL/HA/TiO 2 hy- 
rid increased to 6.36 × 10 

5 
 cm 

2 due to apatite deposi- 
ion in the coating layers, which in turn increased the R ct 

alue also of PCL/HA/TiO 2 hybrid coating to 7.51 × 10 

5 


m 

2 . In contrast, the R ct for the HA/TiO 2 composite coat- 
ng was reduced to 3.36 × 10 

2 . After 14 days onwards, the 
CL/HA/TiO 2 hybrid coated sample shows a continuous in- 
rease in Rp with an increase in immersion time up to 28 

ays. The parallel increase in R ct shows that with increased 

mmersion time, the corrosion product’s deposition and sta- 
ility were increased. Alternatively, the HA/TiO 2 composite 
oating shows a continuous decrease in resistance values after 
4 days due to delamination and unstable corrosion product 
eposition. A similar drop for A/P and A/M samples indicates 
evere corrosion upto 28 days of SBF immersion. 

.3. Degradation behavior 

After 28 days of prolonged SBF immersion, the surface 
orphologies of the PCL/HA/TiO 2 hybrid coated, HA/TiO 2 

omposite coated, A/P, and A/M samples are shown in Fig. 8 . 
he PCL/HA/TiO 2 hybrid sample did not show any sign of 
egradation up to 28 days, except a little sign of debonding at 
he sharp edges of sample immersed for 28 days. The hydro- 
en evolution did not occur at the coating surface and conse- 
10 
uently blister formation was not observed. However, a lean 

hite layer of apatite deposited on the sample. In contrast, the 
elamination of the HA/TiO 2 composite coating initiated on 

he seventh day of immersion that continued with more rigor 
p to 28 days. A/P and A/M samples exhibited active degra- 
ation starting from the first day of immersion and continued 

ggressively up to 28 days. 
The surface topographies of PCL/HA/TiO 2 hybrid coated, 

A/TiO 2 composite coated, A/P, and A/M samples are given 

n S4. Even after the SBF immersion for 28 days, neither the 
racks nor the pits appear on the PCL/HA/TiO 2 hybrid coat- 
ng, rather the existing micro porosities got filled up with the 
patite as became evident from the decrease in the surface 
oughness Ra and Rz values in 28 days from 1.83 μm and 

1.81 μm to 1.17 μm and 8.72 μm, respectively. In contrast, 
 severe deterioration of the surface in HA/TiO 2 composite 
oated sample was evident from a significant increase in Ra 
nd Rz in 28 days of immersion from 0.95 μm and 7.11 μm 

o 5.52 μm and 29.24 μm, respectively. The degradation of 
/P and A/M samples was rather severe as well as localized, 

s is obvious from their far higher values of Ra and Rz val- 
es at 6.84 μm and 31.04 μm and10.47 μm and 54.17 μm, 
espectively. 

As shown in Fig. 9 (a,b) the weight loss due to degrada- 
ion after 28 days of immersion transpired, following a ra- 
io of 1:6:10:11 for PCL/HA/TiO 2 hybrid coated, HA/TiO 2 

omposite coated, A/P, and A/M samples, respectively. The 
CL/HA/TiO 2 hybrid coated sample display a very low 

egradation rate with 0.055 ± 0.009, 0.037 ± 0.018, 
.032 ± 0.012, 0.033 ± 0.010 mg /cm 

2 /day, in compari- 
on with HA/TiO 2 composite coated sample 0.994 ± 0.161, 
.748 ± 0.20, 0.975 ± 0.157, and 1.904 ± 0.222 mg/cm 

2 /day 

n the 7th, 14th, 21st and 28th day, respectively. The coating 

efects in the later seem to be primarily responsible for the 
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Fig. 8. Optical images for PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P and A/M ZM21 samples after 7, 14, 21, and 28 days of immersion 
in SBF. 
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igher degradation rate. A/P and A/M samples displayed sig- 
ificantly higher degradation rates on 28th day of immersion 

t 3.110 ± 0.253 and 3.847 ± 0.383 mg/cm 

2 /day, respectively 

uggesting nearly 100 times of that of PCL/HA/TiO 2 hybrid 

oated sample. 
Fig. 9 (c) display the pH change of SBF during immersion 

f samples in SBF for 28 days. Initially, the pH was at 7.40, 
t dropped a little to 0.21 ± 0.03 in initial 72 h of immer- 
ion probably due to the acidic release by the degradation 
11 
f PCL layer of PCL/HA/TiO 2 hybrid coated sample [41] , 
ut it neutralized again after 72 h due to the apatite forma- 
ion. Even after 28 days of immersion, there was only little 
hange in pH attaining a value up to 7.49 ± 0.03. In the case 
f HA/TiO 2 composite coated, A/P and A/M samples, the 
H of immersion media changes with an alternate increase 
nd decrease up to 28 days. Fig. 9 (d) shows hydrogen evolu- 
ion rate (HER) during immersion of all samples in SBF for 
8 days. The hydrogen evolution during the degradation of 
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Fig. 9. (a) Relative weight loss percentage, (b) degradation rate, (c) pH change, and (d) hydrogen evolution rate of PCL/HA/TiO 2 hybrid coated, HA/TiO 2 

composite coated, A/P, and A/M ZM21 samples after immersion in SBF. 
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agnesium, occurred according to the chemical Eqs. (7) and 

8) [42] : 

 g M g 

2+ + 2 e − Anodicreaction (7) 

 H 2 O + 2 e − H 2 + 2O H 

− Cathodicreaction (8) 

The HER is proportional to the rate of anodic dissolution 

f Mg [6] . The HER declined from 0.09 mL/cm 

2 /day (on 7th 

ay) to 0.06 mL/cm 

2 /day (on 28th day) for PCL/HA/TiO 2 

ybrid coated sample. This suggests that the PCL micro 

ores filled with apatite effectively shield the penetration 

f the aggressive ions from immersion media to reach the 
g substrate and hence reduce the rate of hydrogen evolu- 

ion. While the hydrogen evolution starts immediately within 

n hour of immersion of HA/TiO 2 composite coated sam- 
le, it became so aggressive on the seventh day that HER 

t 1.506 ± 0.300 mL/cm 

2 /day was beyond the acceptable 
ydrogen amount in the human body and continued evolv- 
ng till the fourteenth day at the similar level of HER at 
.385 ± 0.143 mL/cm 

2 /day [2] . After 28 days of SBF im- 
ersion, the HA/TiO 2 composite coated sample allowed HER 

t 3.106 ± 0.411 mL/cm 

2 /day, which was nearly 65 times 
reater than HER of PCL/HA/TiO 2 hybrid coated samples. 
he HER in A/P at 3.518 ± 0.332 mL/cm 

2 /day and A/M 

t 3.982 ± 0.411 mL/cm 

2 /day samples were obviously be- 
12 
ond the acceptable levels. The combined corrosion rates 
mm/year) calculated from hydrogen evolution rate, weight 
oss study and polarization tests are shown in S5 and sum- 
arized in Table 4 . The overall results show the decreasing 

rder of corrosion rate as A/M > A/P > HA/TiO 2 composite 
oated > PCL/HA/TiO 2 hybrid coated sample up to 28 days 
f SBF immersion. 

.4. Mechanical integrity loss and fractographic analysis 

Bending stress-strain curves for pristine ZM21 alloy, 
CL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P 

nd A/M samples with prolonged SBF immersion up to 28 

ays are given in S6. The ultimate bending strength ( σ UBS ), 
ending yield strength ( σ 0.2BYS ), and elongation (%El) com- 
uted from the bending stress-strain curves are plotted in S7. 
he loss in bending properties such as σ UBS , σ 0.2BYS , and 

El during immersion of samples in SBF are provided in 

able 5 . 
The average σ UBS , σ 0.2BYS , and %El of the pristine ZM21 

re 259.61 MPa, 120.03 MPa and 27.1%, respectively. The 
UBS , σ 0.2BYS , and %El after SBF immersion for seven days 

educed by 4.2 %, 4.1 %, and 5.1 % for PCL/HA/TiO 2 hybrid 

oated sample and by 5.0%, 21% and 13.6% for the HA/TiO 2 

omposite coating, respectively. The decline in σ UBS , σ 0.2BYS , 
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Table 4 
Calculated corrosion rates (P) for PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P, and A/M ZM21 Mg samples based on hydrogen evolution 
rate, weight loss rate, and I corr . 

Days Sample V h (ml/cm 

2 /day) P h ∗ (mm/year) �W (mg/cm 

2 /day) P w • (mm/year) I corr (mA/cm 

2 ) P i � (mm/year) 

7 PCL/HA/TiO 2 0.096 ± 0.018 0.218 ± 0.015 0.055 ± 0.009 0.112 ± 0.016 0.0048 ± 0.0006 0.110 ± 0.002 
HA/TiO 2 1.506 ± 0.300 3.432 ± 0.591 0.994 ± 0.161 2.016 ± 0.320 0.0765 ± 0.0753 1.748 ± 0.221 
A/P 1.979 ± 0.264 4.510 ± 0.443 1.245 ± 0.140 2.525 ± 0.261 0.1628 ± 0.1648 3.720 ± 0.513 
A/M 2.896 ± 0.323 6.599 ± 0.422 2.799 ± 0.311 5.676 ± 0.312 0.2013 ± 0.1550 4.600 ± 0.452 

14 PCL/HA/TiO 2 0.083 ± 0.051 0.190 ± 0.055 0.037 ± 0.018 0.074 ± 0.016 0.0051 ± 0.0016 0.117 ± 0.005 
HA/TiO 2 1.385 ± 0.143 3.157 ± 0.231 0.748 ± 0.201 1.517 ± 0.222 0.0525 ± 0.0411 1.200 ± 0.133 
A/P 1.655 ± 0.242 3.773 ± 0.216 0.980 ± 0.152 1.987 ± 0.153 0.0962 ± 0.1366 2.198 ± 0.415 
A/M 2.413 ± 0.333 5.500 ± 0.436 2.341 ± 0.153 4.746 ± 0.174 0.1531 ± 0.2143 3.498 ± 0.663 

21 PCL/HA/TiO 2 0.064 ± 0.032 0.145 ± 0.033 0.032 ± 0.012 0.065 ± 0.012 0.0026 ± 0.0001 0.059 ± 0.003 
HA/TiO 2 1.982 ± 0.356 4.517 ± 0.842 0.975 ± 0.157 1.977 ± 0.144 0.0875 ± 0.1333 1.999 ± 0.408 
A/P 2.642 ± 0.113 6.020 ± 0.769 2.339 ± 0.213 4.743 ± 0.241 0.2538 ± 0.1110 5.799 ± 0.334 
A/M 3.719 ± 0.401 8.477 ± 0.513 3.372 ± 0.351 6.838 ± 0.378 0.2577 ± 0.2533 5.888 ± 0.769 

28 PCL/HA/TiO 2 0.062 ± 0.036 0.141 ± 0.038 0.033 ± 0.010 0.067 ± 0.010 0.0030 ± 0.0023 0.069 ± 0.006 
HA/TiO 2 3.106 ± 0.411 7.078 ± 0.613 1.904 ± 0.222 3.861 ± 0.232 0.1356 ± 0.1006 3.098 ± 0.328 
A/P 3.518 ± 0.332 8.018 ± 0.726 3.110 ± 0.253 6.305 ± 0.248 0.3326 ± 0.2557 7.600 ± 0.664 
A/M 3.982 ± 0.341 9.074 ± 0.943 3.847 ± 0.383 7.800 ± 0.379 0.3588 ± 0.2423 8.199 ± 0.721 

Table 5 
Bending properties of PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P and A/M ZM21 Mg samples during 28 days of SBF immersion. 

Day Sample σ UBS (MPa) σ 0.2BYS (MPa) Elongation % CBA (Degree) LBD (mm) 

0 Pristine ZM21 259.61 ± 3 120.03 ± 4 27.1 ± 0.42 23.76 ± 0.1 4.02 ± 0.02 
7 PCL/HA/TiO 2 248.68 ± 4 114.97 ± 5 25.7 ± 0.39 21.92 ± 0.6 3.73 ± 0.10 

HA/TiO 2 246.68 ± 1 94.06 ± 4 23.4 ± 0.51 20.55 ± 0.3 3.49 ± 0.05 
A/P 180.75 ± 3 90.48 ± 5 22.0 ± 0.44 19.88 ± 0.15 3.40 ± 0.03 
A/M 167.18 ± 3 73.74 ± 3 19.6 ± 0.38 18.20 ± 0.3 3.12 ± 0.05 

14 PCL/HA/TiO 2 242.02 ± 2 114.32 ± 3 25.5 ± 0.36 21.17 ± 0.5 3.61 ± 0.08 
HA/TiO 2 196.15 ± 3 77.44 ± 3 22.1 ± 0.25 19.34 ± 0.85 3.31 ± 0.14 
A/P 148.58 ± 2 64.69 ± 2 21.2 ± 0.47 18.75 ± 0.35 3.02 ± 0.14 
A/M 114.73 ± 5 49.34 ± 4 18.2 ± 0.42 16.53 ± 0.8 2.73 ± 0.12 

21 PCL/HA/TiO 2 235.23 ± 4 107.62 ± 4 25.1 ± 0.58 20.45 ± 0.2 3.59 ± 0.03 
HA/TiO 2 167.89 ± 4 72.01 ± 5 19.3 ± 0.50 18.01 ± 0.9 2.94 ± 0.16 
A/P 132.53 ± 3 61.31 ± 3 17.5 ± 0.27 16.16 ± 0.95 2.73 ± 0.15 
A/M 108.31 ± 4 50.07 ± 6 15.4 ± 0.48 13.70 ± 0.9 2.35 ± 0.15 

28 PCL/HA/TiO 2 221.43 ± 2 96.79 ± 4 21.3 ± 0.41 20.13 ± 0.3 3.54 ± 0.05 
HA/TiO 2 139.67 ± 3 64.31 ± 1 16.9 ± 0.36 17.63 ± 0.6 2.87 ± 0.09 
A/P 112.93 ± 5 50.25 ± 2 13.2 ± 0.48 13.06 ± 0.6 1.92 ± 0.10 
A/M 100.15 ± 6 52.88 ± 7 11.6 ± 0.56 10.45 ± 0.5 1.81 ± 0.10 
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nd %El of both of the coated samples continued up to 28 

ays. However, the σ UBS , σ 0.2BYS and %El reduced only by 

4.7%, 19.3% and 21.4% for PCL/HA/TiO 2 hybrid coated 

ample even after SBF immersion for 28 days, whereas, the 
oss in σ UBS , σ 0.2BYS , and %El was much higher in other sam- 
les, being 46.2%, 46.4% and 37.6% for HA/TiO 2 composite 
oating, 56.7%, 58.1%, 51.2% for A/P and 61.4%, 55.9%, 
7.19% for A/M samples, respectively. On 28th day of im- 
ersion, the σ UBS had reduced to 112.93 MPa for A/P and 

00.15 MPa for A/M samples which are even lower than the 
UBS of pristine ZM21 (120.03 MPa). It is suggested that 

here was a continuous rise in HER throughout the immer- 
ion period in both, A/M as well as A/P samples which might 
ead to hydrogen embrittlement as well as crack formation. 

The stereozoom micrographs (SMs) of all the failed sam- 
les from the bending test after 28 days of SBF immersion are 
isplayed in Fig. 10 (a–e). The values were measured as: CA- 
13 
2.34 °, 40.28 °, 13.51 °, 12.77 °, 9.98 °, CBA- 23.76 °, 20.13 °,
7.63 °, 13.06 ° and 10.45 ° and LBD- 4.02 mm, 3.54 mm, 
.87 mm, 1.92 mm and 1.81 mm for Pristine, PCL/HA/TiO 2 

ybrid coated, HA/TiO 2 composite coated, A/P, and A/M 

amples, respectively. Thus, it was only the PCL/HA/TiO 2 

ybrid coated sample that maintained the structural integrity 

ill 28 days of immersion but the other samples suffered 

ubstantial damage in structure. The SEM and BSE frac- 
ographs of the bend test samples are shown in Fig. 10 (f–
). The fractographs revealed cleavage steps, tear ridges and 

ew dimpled areas signifying mostly a brittle fracture in 

CL/HA/TiO 2 hybrid coated sample. In contrast, there were 
any corrosion cavities in HA/TiO 2 composite coated sample, 
hich are believed to accommodate large volume of hydrogen 

volved during degradation and result in hydrogen embrit- 
lement [43] . Whereas the fracture surface of A/P and A/M 

amples display appearance of many cavities, pits, and cracks 
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Fig. 10. (a–e) SMs, (f–j) SEM and (k–o) BSE images of bending fractures for Pristine ZM21 Mg,PCL/HA/TiO 2 hybrid, HA/TiO 2 composite, A/P, and A/M 

ZM21 samples after 28 days of immersion in SBF. 
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t UTS 0.2TYS 
hich become the stress raisers leading to their premature 
ailure. 

The tensile stress-strain curves pristine ZM21 alloy, 
CL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P 

nd A/M samples up to 28 days of SBF immersion are 
iven in S8. The ultimate tensile strength ( σ UTS ), tensile yield 

trength ( σ 0.2TYS ), and elongation (%El) calculated from the 
ensile stress-strain curves are plotted in S9. The loss in ten- 
ile properties such as σ UTS , σ 0.2TYS , and %El during immer- 
ion of samples in SBF are compared in Table 6 . The average 
14 
UTS , σ 0.2TYS , and %El are 231.67 MPa, 121.62 MPa and 9.70 

, respectively for the pristine ZM21. The σ UTS , σ 0.2TYS , and 

El after seven days of SBF immersion reduced by 3.0 %, 
.6 %, and 0.2 % for PCL/HA/TiO 2 hybrid coated sample 
nd by 6.7%, 12.9% and 12.5% for the HA/TiO 2 composite 
oating, respectively. The decreases in σ UTS , σ 0.2TYS , and %El 
ontinued up to 28 days in both the coated samples. How- 
ver, the σ UTS , σ 0.2TYS , and %El for PCL/HA/TiO 2 hybrid 

oated samples reduced by 10.9%, 14.4% and 19.8% whereas, 
he total loss in σ , σ , and %El was 38.1%, 33.9% 



N. Singh, U. Batra, K. Kumar et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; December 4, 2021;14:59 ] 

Table 6 
Tensile and compression properties of PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P, and A/M samples during 28 days of SBF immersion. 

Day Tensile Properties Compression Properties 

sample UTS (MPa) 0.2% TYS (MPa) Elongation % UCS(MPa) 0.2% CYS(MPa) Elongation% TYS/CYS 

0 Pristine ZM21 231.67 ± 4 121.62 ± 3 9.70 ± 0.12 243.62 ± 3 82.50 ± 4 25.20 ± 0.22 1.47 
7 PCL/HA/TiO 2 224.54 ± 6 115.97 ± 4 9.68 ± 0.16 239.04 ± 2 81.56 ± 3 24.30 ± 0.34 1.42 

HA/TiO 2 215.98 ± 8 105.92 ± 5 8.48 ± 0.37 220.36 ± 4 80.81 ± 5 22.20 ± 0.22 1.31 
A/P 174.09 ± 6 94.11 ± 4 6.47 ± 0.16 210.15 ± 3 72.70 ± 3 20.50 ± 0.33 1.29 
A/M 157.42 ± 6 86.75 ± 4 6.11 ± 0.16 199.93 ± 5 63.72 ± 4 17.20 ± 0.44 1.36 

14 PCL/HA/TiO 2 223.79 ± 3 110.68 ± 5 8.53 ± 0.10 228.10 ± 4 81.33 ± 2 21.80 ± 0.38 1.35 
HA/TiO 2 191.56 ± 7 97.93 ± 5 7.03 ± 0.23 202.06 ± 2 69.63 ± 5 19.90 ± 0.37 1.40 
A/P 148.78 ± 3 88.59 ± 5 5.49 ± 0.10 164.44 ± 4 68.21 ± 4 17.66 ± 0.36 1.29 
A/M 124.23 ± 8 74.79 ± 6 4.32 ± 0.18 141.96 ± 4 50.31 ± 5 16.80 ± 0.38 1.48 

21 PCL/HA/TiO 2 214.00 ± 2 106.98 ± 4 7.92 ± 0.09 225.03 ± 3 77.02 ± 5 21.50 ± 0.44 1.38 
HA/TiO 2 164.70 ± 4 89.79 ± 6 5.10 ± 0.20 190.64 ± 5 64.36 ± 6 19.80 ± 0.45 1.39 
A/P 123.50 ± 2 67.08 ± 4 4.41 ± 0.09 158.44 ± 5 54.82 ± 5 17.00 ± 0.21 1.22 
A/M 108.80 ± 8 60.84 ± 6 3.51 ± 0.19 133.34 ± 4 48.00 ± 5 16.10 ± 0.54 1.26 

28 PCL/HA/TiO 2 206.23 ± 5 104.00 ± 2 7.77 ± 0.03 220.57 ± 5 73.03 ± 6 20.49 ± 0.55 1.42 
HA/TiO 2 143.20 ± 6 80.30 ± 3 4.41 ± 0.27 163.31 ± 6 59.48 ± 3 19.00 ± 0.26 1.35 
A/P 106.60 ± 5 57.11 ± 2 3.73 ± 0.03 141.57 ± 6 47.47 ± 5 16.30 ± 0.40 1.20 
A/M 82.27 ± 7 31.22 ± 3 3.09 ± 0.10 128.71 ± 6 40.00 ± 3 14.80 ± 0.51 0.77 
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nd 54.5% for HA/TiO 2 composite coating, 54.1%, 52.8%, 
1.5% for A/P and 64.4%, 74%, 68.1% for A/M samples, re- 
pectively, after SBF immersion for 28 days. The stereozoom 

icrographs of fractured surfaces obtained from the tensile 
est of all samples after immersion of 28 days in SBF are 
hown in Fig. 11 (a–e). 

The SEM and BSE fractographs obtained from the ten- 
ile test of PCL/HA/TiO 2 hybrid coated, HA/TiO 2 compos- 
te coated, A/P, and A/M samples, after 28 days of SBF 

mmersion are shown in Fig. 11 (f–o). The fractographs of 
ristine ZM21 and PCL/HA/TiO 2 hybrid coated samples ex- 
ibit cleavage-dominated surface consisting of dimples and 

ear ridges. Besides these features, some tubular voids and 

utes could also be observed. The tubular voids have possi- 
ly formed as a result of elongation of the dimple structure 
uring plastic deformation. Due to continued elongation under 
ensile loading, a planer intersecting slip mechanism cause a 
ew tubular voids to rupture into two halves forming the flutes 
44] . The fracture surface of HA/TiO 2 composite coating ex- 
ibited many localized cavities which form the stress concen- 
ration sites and cause premature failure. The fractographs of 
he A/P and A/M samples exhibited a quasi-cleavage surface 
onsisting of a high density of localized corrosion cracks, 
avities and pits resulting in irregular or missing of cleavage 
acets. 

The compressive stress-strain curves for pristine ZM21 al- 
oy, PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, 
/P and A/M samples up to 28 days of SBF immersion are 
iven in S10. The ultimate compressive strength ( σ UCS ), com- 
ressive yield strength ( σ 0.2CYS ), and elongation (%El) cal- 
ulated from the compressive stress-strain curves are plotted 

n S11. The loss in compressive properties such as σ UCS , 
0.2CYS , and %El during immersion of samples in SBF are 
rovided in Table 6 . The average σ UCS , σ 0.2CYS , and %El 
re 243.62 MPa, 82.50 MPa and 25.20 %, respectively for 
15 
he pristine ZM21 sample. The σ UCS , σ 0.2CYS , and %El af- 
er seven days of SBF immersion was decreased by 1.8 %, 
.3 %, and 3.5 % for PCL/HA/TiO 2 hybrid coated sample 
nd by 9.5%, 2.0% and 11.9% for the HA/TiO 2 compos- 
te coating, respectively. After 28 days of immersion, the 

UCS , σ 0.2CYS , and %El for PCL/HA/TiO 2 hybrid coated sam- 
les was reduced by 9.4%, 11.4%, 18.6%, Whereas, the total 
oss in σ UCS , σ 0.2CYS , and %El was 32.9%, 27.9%, 24.6%for 
A/TiO 2 composite coating, 41.8%, 42.4%, 35.3% for A/P 

nd 47.1%, 51.5%, 41.2%for A/M samples, respectively. The 
tereozoom micrographs of fractured surfaces obtained from 

he compression test of all samples after immersion of 28 

ays in SBF are shown in Fig. 12 (a–e). 
The SEM and BSE fractographs obtained from the com- 

ression test of PCL/HA/TiO 2 hybrid coated, HA/TiO 2 com- 
osite coated, A/P, and A/M samples, after immersion of 28 

ays in SBF are shown in Fig. 12 (f–o). The fractographs of 
ristine ZM21 and PCL/HA/TiO 2 hybrid coated samples com- 
rises cleavage and dimple features represents brittle fracture. 
espite of nearly same area under fracture, HA/TiO 2 com- 
osite coated sample exhibited features of more brittle frac- 
ure like cracked cleavage facets with the absence of dimple 
eatures [45] . The fractographs of the A/P and A/M sam- 
les show subsequent drop in fractured area. Moreover, the 
ractured surface show highly discontinuous fracture features, 
imiting the load-bearing capacity. 

The extent of plastic deformation depends on the multiple 
actors like: magnitude of shearing stress, crystal structure 
eometry and active slip plane’s orientation with respect to 

hearing stress. Slipping phenomena started, when the shear- 
ng stress reaches threshold value called the critical resolved 

hear stress (CRSS). The slip direction is determined from the 
lane on the fracture surface which show maximum amount 
f slip deformation as shown in Fig. 11 and Fig. 12 for tensile 
nd compressive test, respectively. 
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Fig. 11. (a–e) SMs, (f–j) SEM and (k–o) BSE images of tensile fractures for Pristine ZM21 Mg,PCL/HA/TiO 2 hybrid, HA/TiO 2 composite, A/P, and A/M 

samples after 28 days of immersion in SBF. 
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After 28 days of SBF immersion, the CRSS under tensile 
esting conditions for Pristine ZM21 Mg alloy, PCL/HA/TiO 2 

ybrid coated, HA/TiO 2 composite coated, A/P, A/M sam- 
les were at 60.57 MPa, 51.79 MPa, 32.04 MPa, 19.36 MPa, 
.27 MPa and Schmid’s factor, m at 0.49, 0.49, 0.39, 0.33 and 

.23, respectively that suggests the trend of their declining re- 
istance to slip as shown in S12(a). The magnitude of CRSS 

epends on the interaction of dislocations with other disloca- 
ions and other structural defects, when the density of defects 
16 
ncreases, the CRSS decreases. PCL/HA/TiO 2 hybrid coating 

rovides the best corrosion protection to the substrate as a 
esult there is only a minimal decline in CRSS and Schmid’s 
actor remains unchanged. According to Eq. (5 ), the CRSS 

s a function of σ Y 

and m. The same value of m for pris- 
ine and PCL/HA/TiO 2 hybrid coated samples suggests σ Y 

o be responsible for the change in CRSS. Due to the se- 
ere degradation of the HA/TiO 2 composite coated, A/P and 

/M samples in the presence of SBF, the increasing density 
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Fig. 12. (a–e) SMs, (f–j) SEM and (k–o) BSE images of compressive fractures for Pristine ZM21 Mg, PCL/HA/TiO 2 hybrid, HA/TiO 2 composite, A/P, and 
A/M samples after 28 days of immersion in SBF. 
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f defects such as cracks, pits, etc. reduced the CRSS, pro- 
ortionately. Under compression testing, the CRSS of Pristine 
M21 Mg alloy, PCL/HA/TiO 2 hybrid coated, HA/TiO 2 com- 
osite coated, A/P, A/M samples was 38.03 MPa, 33.59 MPa, 
9.03, 11.16 MPa, 5.6 MPa and Schmid’s factor, m was 
.46, 0.46, 0.32, 0.24 and 0.14, respectively that makes the 
eclining order of resistance to slip obvious as shown in 

12(b). The CRSS as well as ‘m’ values under tensile loading 
17 
re higher than those under compressive loading for all the 
amples. 

The tensile-compression yield asymmetry is identified from 

he ratio of tensile yield strength (TYS) to compression yield 

trength (CYS) as given in Table 6 . As shown in S12(c), the 
ield anisotropy of pristine ZM21 Mg alloy, PCL/HA/TiO 2 

ybrid coated, TiO 2 /HA coated A/P, A/M sample were in the 
atio of 1.47:1.42:1.35:1.20:0.77 after 28 days of SBF immer- 
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Fig. 13. Fluorescent images of L929 cells for Control, PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P, and A/M samples after culturing for 
24 and 48 h. 
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ion. Natural human bones have a yield anisotropy from 1.33 

o 1.37 for the femur cortical and 1.62 to 1.87 for the can- 
ellous bone, respectively and 2.17–2.34 for spine vertebral 
ndplates in the age group between 21 and 94 years [46] . The 
ifference in bone composition and bone mass density (BMD) 
s responsible for such a variation in the tensile-compression 

ield anisotropy. Thus, PCL/HA/TiO 2 hybrid coated sample 
eems to be structurally promising, whose mechanical per- 
ormance able to mimic the natural bone during the bone 
ealing period. However, the TiO 2 /HA coated, A/P and A/M 

amples, due to lack in anisotropy, will exhibit shear shielding 

nd consequently the implant failure under multi-dimensional 
ynamic loading conditions. 

.5. Cell viability and antibacterial response 

Biocompatibility is one of the primary concerns for the 
evelopment of a biodegradable implant. Therefore, cellular 
esponse of PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite 
oated, A/P, and A/M samples was examined using fibroblast 
929 cell-line by employing fluorescence microscopy. When 

ompared with control sample, PCL/HA/TiO 2 hybrid coated 

ample exhibited healthy cellular growth with spindle-like 
orphologies as shown in Fig. 13 . The optical density data is 

iven in Fig. 14 . The cellular viability PCL/HA/TiO 2 hybrid 

oated sample is significantly higher as compared to control 
ample by 31.53% and 50.47% after 24 and 48 h, respectively 

ecause the top micro-porous PCL layer provided the pref- 
rential site for cell adhesion and growth [47] .The effective 
orrosion resistance restricted the hydrogen evolution and pH 

ise, which otherwise could negatively affect the cellular pro- 
iferation. On the other hand, HA/TiO 2 composite coated sam- 
le showed only marginal improvement by 3.18 % and 15.47 

 over the control sample after 24 and 48 h. Whereas, TiO 2 is 
io-inert and does not interfere with cell adhesion and growth, 
ut HA is a bioactive ceramic still, coating results in limited 

ellular growth due to the presence of spatial defects which 
18 
ctivate the hydrogen evolution and alkalization. The A/P and 

/M samples exhibit the poor cell viability because the lo- 
alized degradation in these samples result in a higher Mg 

2 + 

oncentration leading to significant rise in pH of SBF immer- 
ion media and also vigorous hydrogen evolution. Even, the 
orrosion product like Mg(OH) 2 is not able to support the cell 
roliferation [48] . 

During the antibacterial test, the pH of immersion media 
as recorded before co-culturing with bacterial suspension. 
he pH value of immersion media after 24 h and 48 h for 
CL/HA/TiO 2 hybrid coated ZM21 – 7.35, 7.31; HA/TiO 2 

omposite coated ZM21 – 7.54, 7.81; A/P ZM21 – 7.66, 
.05; and A/M ZM21 – 7.98, 8.72 respectively. S13 and 14 

isplays the antibacterial response of PCL/HA/TiO 2 hybrid 

oated, HA/TiO 2 composite coated, A/P, and A/M ZM21 Mg 

amples against S. aureus and E. coli bacterial culture. As 
hown in Fig. 15 , the PCL/HA/TiO 2 hybrid coated sample 
llowed S. aureus growth but limits the E. coli growth by 

.66% and 21.08 % after 24 h, but suppressed growth of 
oth bacteria by 57.15% and 62.35% after 48 h, respectively. 
he PCL/HA/TiO 2 hybrid coating maintained neutral pH con- 
itions, with minor change in buffered pH value ( i.e. 7.40) of 
mmersion media to 7.35, and 7.31 after 24 h and 48 h, re- 
pectively, which assisted the bacterial growth. Nevertheless, 
 good antibacterial response was observed after 48 h. During 

his period, the SBF was penetrated through the hybrid coat- 
ng. Consequently, the reactive oxygen species (ROS) from 

olarized TiO 2 molecules present in HA/TiO 2 layer of hy- 
rid coating were transported to the immersion media. These 
OS were primarily responsible for the anti-bacterial response 
f PCL/HA/TiO 2 hybrid coating. The detailed mechanism of 
ntibacterial response has been explained later in discussion 

art..However, the immediate release of ROS from HA/TiO 2 

omposite coated sample reduced S. aureus and E. coli bac- 
erial growth by 55.82% and 48.17%, respectively after 24 h, 
hich reduced further by 78.36% and 97.93% after 48 h, due 

o increase in alkalinity of immersion media. For the A/P 



N. Singh, U. Batra, K. Kumar et al. Journal of Magnesium and Alloys xxx (xxxx) xxx 

ARTICLE IN PRESS 

JID: JMAA [m5+; December 4, 2021;14:59 ] 

Fig. 14. Cell viability of L929 Cells for Control, PCL/HA/TiO 2 hybrid, HA/TiO 2 composite coated, A/P, and A/M samples after culturing 24 and 48 h in 
MTT assay. The statistical analysis was performed via Student’s t-test; the difference for ∗p < 0.05 was considered statistically significant. 

Fig. 15. S. aureus and E. coli viabilities in XTT assay for Control, PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P, and A/M ZM21 Mg samples 
after 24 and 48 h of incubation 
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amples, the S. aureus and E. coli bacterial growth was re- 
uced by 67.82% and 69.16% respectively, after 24 h and 

2.64% and 99.42% respectively after 48 h, due to abrupt pH 

ise. The bactericidal effect was most prominent in the A/M 

ample due to strongest alkalization of immersion media by 

eached out Mg ions and higher hydrogen evolution due to 

he severe corrosion of Mg alloy. 
19 
. Discussion 

The investigated results in terms of corrosion resistance, 
echanical integrity loss and biological response shows 
CL/HA/TiO 2 hybrid coated ZM21 Mg alloy has superior- 

ty as compared to HA/TiO 2 composite coated, A/P, and A/M 

M21 samples. The key aspects responsible for such an out- 
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tanding accomplishment by hybrid coating are discussed be- 
ow. 

.1. In vitro corrosion performance 

PCL/HA/TiO 2 hybrid coating was produced on ZM21 Mg 

y sol-gel dip coating technique. The top PCL NIPS layer 
as provided good corrosion protection that maintained least 
egradation rate up to 28 days of SBF immersion. 

The PCL layer reduced the I corr of underlying HA/TiO 2 

omposite layer for 3 orders, A/P and A/M ZM21 samples 
y 4 orders of magnitude directly. Even after 28 days of im- 
ersion, PCL/HA/TiO 2 hybrid coating maintained lower I corr 

y two order of magnitude as compared to TiO 2 -HA, A/P 

nd A/M ZM21 samples. Recently, Chen et al. fabricated 

 MAO/PLGA double layered coating on Mg-4Zn-0.6Zr-0.4 

r alloy by dip coating method. The prepared coating ini- 
ially show corrosion resistance by reducing the I corr from 

.95 × 10 

−1 A/cm 

2 to 1.39 × 10 

−4 A/cm 

2 . But after 2 weeks 
f immersion in SBF, the damaged caused by H 2 blisters, 
ive significant rise in I corr [10] . Li et al. prepared a multi- 
ayered HA/CaTiO 3 /TiO 2 coating on AZ31 Mg alloy by dip 

oating method. Initially, the multilayered physical barriers 
ignificantly enhanced the E corr to -0.430 V and reduced I corr 

o 8.91 × 10 

−10 A/cm 

2 , which is quite similar to this work. 
evertheless, after 3 days of immersion in Hanks solution 

he coating start delaminating, thus resulted into high I corr , 
nwards [49] . Thus, it is inferred that maintaining low I corr 

ith prolonged immersion is a major challenge for existing 

ultilayered hybrid coatings, which has been addressed in 

resent work. 
A biodegradable metallic implant in orthopaedic applica- 

ion should possess corrosion rate less than 0.5 mm/year for 
n-vitro conditions [50] . As seen from the results presented in 

able 4 , PCL/HA/TiO 2 hybrid coating meets this requirement 
p to 28 days while HA/TiO 2 composite coated, A/P and A/M 

amples fail to do so even up to 7 days of SBF immersion. 
n order to analyze the degradation phenomena evolving with 

mmersion time, the surface morphology of the PCL/HA/TiO 2 

ybrid coated samples immersed in SBF were examined us- 
ng SEM-EDX as shown in Fig. 16 (a,b) The degradation phe- 
omenon is explained with the help of a schematic represen- 
ation given in Fig. 16 (c). On the seventh day, only a small 
mount of apatite is formed on the microporous PCL top 

ayer, but there was no other coating defect such as blis- 
er formation or delamination. This suggests that the hybrid 

oating facilitated the escape of hydrogen gas, even though 

he amount of hydrogen evolved would also be low at this 
ime, because only few ions reached the Mg substrate through 

ultiple levels of barriers. On the fourteenth day of immer- 
ion in SBF ( Fig. 16 (a.ii)), a loosely packed one dimensional 
patite consisting of mud like cracks was observed. The pres- 
nce of cracks limits its shielding efficiency. Whereas, on the 
wenty-first day, apatite growth took up the fiber-like shape 
ith much less crack intensity. The apatite growth became 
ense and exhibited 3-dimensional micro-flower shape after 
8 days of immersion ( Fig. 16 (a.iv)). Multiple factors may 
20 
e responsible for the 3d flower-like HA growth. The polar 
unctional groups like -COOH or -C = O of PCL molecule 
nduce a dipole-dipole interaction, thereby regulating the as- 
embly and orientation of apatite mineralization by Vander 
all forces [51] . The PCL micropores contract due to water 
ptake from SBF, which significantly decrease the distance 
etween polar functional groups on the opposite sides of a 
icropore and the strong dipole interaction induced between 

hem enhances the Vander wall forces, facilitating the forma- 
ion of 3d flower-like HA crystals [52] . Moreover, after 21 

ays, the apatite growth took place from the environment of 
table pH and ionic concentration. In such a stable environ- 
ent, the dipole interactions between similarly charged lig- 

nds of HA and PCL molecules increases the surface energy, 
hus Vander wall forces come into play to reduce total system 

nergy by the formation of 3d flower-like morphology of HA 

rystals [53] . Thus formed HA shape imitates the structure of 
atural bone. This type of the apatite layer offered increased 

esistance to the penetration of aggressive ions to reach the 
g substrate and hence resulted in lowering the corrosion 

ate with increase in immersion time up to 28 days. 
According to the EDX results the Ca/P atomic ratio of ap- 

tite was 0.92 on the seventh day. Ideally, hydroxyapatite is 
onsidered as the most stable form of apatite, it has an ideal 
a/P ratio of 1.67 and a solubility index of 3.7 × 10 

−58 [54] . 
he Mg 

2 + ions released from the Mg substrate travel up to the 
patite layer and there it results in the formation of MgPO 4 

3 −

ompound and few ions substitute Ca ions in apatite lattice. 
he Mg/Ca ratio in apatite was 7.71 on the seventh day. The 
gPO 4 

3 − compounds have a relatively higher solubility index 

f 1.04 × 10 

−24 [55] . Consequently, one can expect the sol- 
bility index to rise and crystallinity to decline of the apatite 
ayer. With an increase in immersion time to 14, 21, and 28 

ays, the Mg/Ca ratio declined to 1.38, 0.211 and 0.155 while 
he Ca/P ratio increased to 1.21, 1.32, and 1.60, respectively, 
ndicating diminished Mg 

2 + ions transfer from the substrate. 
he decline in the Mg/Ca ratio and the Ca/P ratio approach- 

ng towards the value of 1.67 suggests decreased solubility 

ndex and increased structural stability of deposited apatite 
t longer immersion times, both responsible for providing an 

ffective corrosion resistance against aggressive ions in SBF 

56] . 
Rahman et al. developed a flake-like Dicalcium phosphate 

ihydrate (DCPD) and rod-like HA coating on WE43 Mg al- 
oy with Ca/P ratio 0.99 and 1.67, respectively. HA coated 

ample significantly suppress the I corr by nearly six times as 
ompared to DCPD [57] . Maurya et al. fabricated 3d flower- 
ike HA coating on Mg-Li alloy with Ca/p ratio of 1.9, which 

ositively shifts the Ecorr from -1.49 V to -0.59 V by sup- 
ressing the I corr by 22 folds. Thus, the synergistic effect of 
mproved Ca/P ratio and closely packed crystals positively in- 
uence the structural stability of apatite [58] . Despite of such 

hemically and structurally stable characteristics, major issues 
ike poor adhesion and lattice distortion caused by Mg substi- 
ution in HA compromise HA tendency to protect Mg alloys 
ith prolonged SBF immersion. The PCL/HA/TiO 2 hybrid 

oating fabricated in the present study overcome existing is- 
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Fig. 16. (a,b) SEM-EDS analysis and (c) schematic representation of PCL/HA/TiO 2 hybrid coated sample degradation after 7, 14, 21, and 28 days of immersion 
in SBF. 
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ues as: (i) HA growth occurred in compact PCL micropores, 
hich provide structural stability against erosion of deposited 

A from coating surface. Additionally, assist the formation 

f closely packed 3d flower-like shape of grown HA, (ii) the 
ffective shielding provided by PCL/HA/TiO 2 hybrid coat- 
ng greatly limits the Mg dissolution, thus Mg substitution 

s highly suppressed which attributes chemically stable HA 

rowth. 

.2. Post immersion mechanical integrity loss 

The mechanical properties of samples of three-point bend- 
ng, compression, and tensile testing, after immersion in SBF, 
eteriorated significantly. It is observed that the samples en- 
ountered two types of corrosion during immersion -uniform 

orrosion and localized corrosion. Whereas, the uniform cor- 
osion resulted in the overall reduction in the cross-sectional 
rea, the localized corrosion led to the formation of pits, 
racks and cavities and both are responsible for deterioration 

f mechanical properties. 
EBSD analysis of tensile and compression zones of Three- 

oint bend test samples elucidates the mechanism of me- 
21 
hanical deformation. The Pristine ZM21, PCL/HA/TiO 2 hy- 
rid coated, HA/TiO 2 composite coated, and uncoated A/M 

amples were examined after 28 of SBF immersion. Mg 

lloys having HCP structure possess insufficient slip sys- 
ems, thus twinning commonly plays an important role dur- 
ng plastic deformation at room temperature [ 59 , 60 ], in which 

hree twinning modes are involved: {10 1̄ 2} < 1011 > tension 

win (TTWs), {10 ̄1 1} < 1012 > contraction twins (CTWs) and 

10 ̄1 2}-{10 ̄1 1} double twins (DTWs) which are orientated at 
6 °, 56 ° and 38 ° from the matrix, respectively, as shown in in- 
erse pole figure (IPF) maps in Fig. 17 (a). Apparently, TTWs 
nd CTWs dominate in compression and tension zones, re- 
pectively. In the tension zone, the strain being parallel to the 
-axis of RD and TD direction ( Fig. 10 ), causes the reduction 

f thickness as well as width and the crystallographic orien- 
ation activates CTWs [61] . Although, {10 ̄1 1} CTWs do not 
ccommodate plastic deformation but generate shear strain in 

he direction of the load application, and thus promote prema- 
ure failure [62] . The localized stress in {10 ̄1 1} of the DTWs 
end to propagate {10 ̄1 2} twin, but the latter is not sufficiently 

ctivated in the tensile region, thereby resulting in catastrophic 
ailure even at smaller load at initial stage of loading [63] . In 
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Fig. 17. (a) IPF maps and misorientation graphs, (b) schematic representation of twinning phenomena under compression and tensile loading for Pristine, 
PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P, and A/M samples after 28 days of immersion in SBF. 
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he compression zone, negative strain along a-axis cause pos- 
tive radial strain along the c-axis, resulting in the formation 

f {10 ̄1 2} TTWs. It is the activation of {10 ̄1 2} TTWs with 

ully coherent low-energy twin boundary, which accommo- 
ated large plastic deformation, thereby, producing 86 ° lattice 
eorientation and alter the basal texture. Moreover, the activa- 
ion of {10 ̄1 2} TTWs weakened the basal texture and further 
mproved the plastic deformation. The sample exhibited bet- 
er mechanical integrity as the fraction of {10 ̄1 2}TTWs was 
ignificantly higher in compression zone than in the tensile 
one. 

The basal texture as well as TTWs distribution were iden- 
ical in both tensile and compression zones in the pristine 
M21 Mg sample before the immersion as well as in the 
CL/HA/TiO 2 hybrid coated sample after 28 days of SBF im- 
ersion indicating no localized corrosion in the later. After 28 

ays of SBF immersion, the HA/TiO 2 composite coated sam- 
le displayed a relatively stronger basal texture in the tensile 
one and weaker prismatic texture in the compression zone 
22 
han the PCL/HA/TiO 2 hybrid coated sample. Besides, fewer 
umber of {10 ̄1 2} TTWs in the compression zone but higher 
umber of {10 ̄1 1} CTWs and {10 ̄1 2}-{10 ̄1 1} DTWs in the 
ension zone when compared to PCL/HA/TiO 2 hybrid coated 

ample. The localized corrosion resulting in cavities and de- 
reased fractured area promotes activation of CTWs. The acti- 
ation of CTWs decreases the grain misorientation promoting 

he low angle grain boundaries (LAGBs). Thus the lower mis- 
rientation from the basal texture in this case as well as in 

ncoated A/M samples is responsible for severe degradation 

nd their premature failure after 28 days of SBF immersion 

s schematically shown in Fig. 17 (b). Though, severity of 
orrosion cavities suppresses {10 ̄1 2} TTWs in both tensile 
nd compression zones but activates {10 ̄1 1} CTWs, {10 ̄1 2}- 
10 ̄1 1} DTWs and increases LAGBs which strengthen the 
asal texture and thus promote the catastrophic failures at 
ppreciably lower load. 

A biodegradable Mg implant should have adequate me- 
hanical strength at the time of implantation and provide ad- 
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Fig. 18. A Cladogram chart representing bending, compression, and tensile strength for various human cortical bones along with a period up to which the 
required mechanical strength criteria of these bones were fulfilled by PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, A/P, and A/M samples during 
28 days of immersion in SBF. 
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quate support till the bone reunion and healing period. A 

ladogram shown in Fig. 18 . provides the loss in mechani- 
al integrity with time immersion in SBF for different sam- 
les PCL/HA/TiO 2 hybrid coated, HA/TiO 2 composite coated, 
/P, and A/M ZM21 and comparison with various human 

ortical bones [64] . Multiple factors like bone mass density 

BMD), bone anisotropy, viscoelasticity, and fracture nature, 
hether transverse or spiral, determine the bone healing time. 
iterature reported for common arm fractures associated with 

umerus, ulna, and radius bones, the healing time can be 
chieved within 4–6 weeks. In comparison, the fracture re- 
nion time for femur, tibia, and fibula extended up to 8–12 

eeks. Furthermore, if the fracture type is transverse, it may 

ake 24 weeks to regain mechanical strength [65] . 
The results shown by PCL/HA/TiO 2 hybrid coated ZM21 

g sample from three-point bending, compression, and ten- 
ile testing seems to be promising for applications like femur, 
ibia, fibula, humerus, ulna, and radius bones even after 28 

ays of in vitro immersion. However, the ultimate bending 

trength requirement for ulna and radius bone was compro- 
ised after 21 days; no sudden sharp decline was observed 

uring the test duration. Moreover, various studies reported 

hat the corrosion rate for Mg alloys under in-vivo conditions 
re 5–10 times lower than in-vitro conditions [66] . As pro- 
eins and amino acids present in actual physiological media 
ade complex interactions with Mg sample to suppress cor- 

osion. Therefore, it makes rational sense to believe that the 
CL/HA/TiO 2 hybrid coated ZM21 Mg sample will own a 
imilar mechanical integrity response for a much higher time 
nder in-vivo conditions. In contrast, the HA/TiO 2 composite 
oated sample lost bending and compression strength within 

,3 weeks of immersion, indicating their insufficient mechan- 
23 
cal support during prolonged immersion. The A/P and A/M 

amples show excessive loss of mechanical integrity within 

he first week of immersion due to very high corrosion rate. 
dditionally, the presence of localized corrosion sites pro- 
otes the diffusion of hydrogen that evolved during in-vitro 

egradation. Thus, hydrogen embrittlement and severe degra- 
ation combined appear responsible for their catastrophic fail- 
re prematurely. 

.3. Biological evaluation 

A biodegradable metallic implant must possess adequate 
iocompatibility and necessary bactericidal response to the in- 
ured bone. ISO 10993 – 5 regulating biosafety criteria men- 
ioned that a biodegradable metallic implant demonstrating 

ell viability 70% or more than the control group (media 
nly) should be considered as non-toxic. PCL/HA/TiO 2 hy- 
rid coated samples show distinguished cellular response as 
ompared to the HA/TiO 2 composite coated, A/P and A/M 

amples. Numerous factors like high corrosion resistance, mi- 
roporous surface topology, and stable apatite growth con- 
ributed to such a response. As shown in Eqs. (7 ) and (8) ,

g alloy degradation in physiological media resulted in the 
elease of Mg 

2 + , OH 

− ions, and H 2 gas. A slow degrada- 
ion as possessed by a PCL/HA/TiO 2 hybrid coated sam- 
le suppresses the release of Mg 

2 + ions to low concentra- 
ions. Pan et al. reported that low concentration release of 

g 

2 + ions facilitates cell metabolism, resulting in enhanced 

ell viability and promoted osteoconductivity [67] . In con- 
rast, at higher concentrations, Mg 

2 + ions have a damaging 

ffect on cellular response [68] . Similarly, slow degradation 

xhibit a limited release of OH 

− ions, which resulted in a 
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onstant pH value (7.49 ± 0.03) that promotes better cellu- 
ar proliferation. Abundant hydrogen release and bubble for- 

ation have a severe effect on cellular growth and attach- 
ent. Several studies reported local cell injuries caused by 

he abrupt release of hydrogen gas during immersion [69–71] . 
CL/HA/TiO 2 hybrid coated samples show a low hydrogen 

volution rate (0.06–0.09 mL/cm 

2 /day), which attributes sta- 
le cellular growth. Surface topography is a crucial factor in 

etermining cytocompatibility. Generally, large PCL microp- 
res allow sufficient nutrient supply, metabolic waste removal, 
nd gas diffusion. Such a pore size promotes the growth 

f chondrocytes (bone regeneration) and osteoblasts. Small 
nd medium pore size provides sufficient high surface area 
or efficient anchoring and intracellular signaling, promoting 

eovascularization, fibroblast ingrowth and binding [47] . A 

CL/HA/TiO 2 hybrid coated sample with a wide range of 
ore sizes (2–35 μm) demonstrates the cellular character- 
stics of multiple pore sizes, which resulted in significantly 

igh cell viability. Additionally, the formation of needle type 
A crystals promotes localized adhesion of cells with the 

tip of needle-like’ morphology, thereby, enhancing the cell- 
nchoring sites. On the other hand, despite the presence of 
A on a HA/TiO 2 composite coated surface, cellular activities 

re relatively lower than hybrid coated sample. The ineffec- 
ive shielding arise from coating defects like pores and cracks 
eads to localized degradation, resulting in a relatively higher 
H and hydrogen release rate. Additionally, the leaching of 
g 

2 + ions during degradation resulted in lower cell viability. 
imilar behavior has been observed for A/P sample; the for- 
ation of Mg(OH) 2 protective layer provides partial shielding 

uring initial immersion hour and gradually depleted under 
he influence of Cl − ions. The highest alkalized environment 
nd hydrogen evolution rate of 3.98 mL/cm 

2 /day endow se- 
ere cytotoxicity to A/M samples. 

In a PCL/HA/TiO 2 hybrid coated sample, TiO 2 plays a 
ignificant role in combating bacterial growth as PCL and 

A have inert biocidal nature [72] . In PCL/HA/TiO 2 hybrid 

oating, TiO 2 presence in a sandwiched HA/TiO 2 composite 
ayer provides strategic importance. As the composite layer 
s directly coated over the Mg substrate, Ruzaina et al. men- 
ioned that alkaline metals like Mg could quickly polarize 
iO 2 molecule, as shown in Eq. (9 ). The h 

+ pair reacted 

ith H 2 O present in media and form hydroxyl radicals as 
hown in Eq. (10 ). Similarly, e − interacted with O 2 and form 

uperoxide ion Eq. (11 ) [ 73 , 74 ]: 

iO 2 → e − + h 

+ (9) 

 2 O + h 

+ → OH 

• + H 

+ (10) 

 2 + e − → 

• O 2 
− (11) 

H 

• + phospholipid (organic component) → xH 2 O + yCO 2 

12) 

Thus formed reactive oxygen species (ROS) at the 
A/TiO 2 composite layer can quickly diffuse through the 

morphous polymeric matric of the PCL layer present at top. 
24 
fterward, these ROS, especially hydroxyl radicals, oxidize 
he unsaturated phospholipid component of the cell mem- 
rane of bacteria and decompose them to water and carbon 

ioxide, as shown in Eq. (12 ). An amorphous PCL layer in 

CL/HA/TiO 2 hybrid coating hurdles ROS transportation to 

each the surface; therefore, its bactericidal response is de- 
ayed. It was observed that the antibacterial response against 
. coli was more pronounced than S. aureus. This was be- 
ause S. aureus has a thicker peptidoglycan cell membrane 
ompared to E. coli [75] . In HA/TiO 2 composite coated sam- 
les, the immediate contact between ROS and microbes and 

igher degradation rate provide a complex environment for 
acterial growth. The A/P and A/M samples exhibit highest 
ntibacterial response due to abundant release of Mg 

2 + ions, 
 2 release, and severe alkalization. 
Therefore, It is worth noting that PCL/HA/TiO 2 hybrid 

oated samples respond towards bacteria and L929 cells are 
ifferent in this study. The viability of bacteria is suppressed 

hile for L929 cells is enhanced with respect to control, re- 
pectively. The individual role of coating ingredients like bac- 
ericidal yet biosafe response by TiO 2, enhanced biocompati- 
ility provided by HA and PCL, was responsible for such a 
ignificant response. Moreover, the difference between struc- 
ure, size and metabolic activities of cells and bacteria also 

ontributed towards distinguished individual response. 

. Conclusions 

In present work, the in-vitro degradation behaviour of 
CL/HA/TiO 2 multi-layer hybrid coating has been investi- 
ated and compared with HA/TiO 2 composite coating, A/M 

nd A/P ZM21 Mg-alloy. The key findings of the present 
ork can be concluded as: 

• The PCL/HA/TiO 2 hybrid coating showed excellent corro- 
sion resistance for ZM21 alloy as compared to HA/TiO 2 

composite coated, A/P and A/M ZM21 Mg-alloys. The 
PCL/HA/TiO 2 hybrid coating remained intact and defect- 
free by escaping evolved H 2 through top microp- 
orous PCL NIPS layer. The PCL/HA/TiO 2 hybrid coating 

showed H 2 evolution, weight loss and corrosion rate as 
0.062 ± 0.036 (mL/cm 

2 /day), 0.033 ± 0.010 (mg/cm 

2 /day) 
and 0.069 ± 0.006 (mm/year), respectively up to 28 days 
of SBF immersion, which are within acceptable safe limits 
in human body. 
• A dense and stable 3d micro-flower shaped HA (Ca/P:1.60) 

grown in the hybrid coating provided effective shielding 

against aggressive ions up to 28 days of SBF immersion. 
The contraction of PCL micropores due to water uptake in 

a stable pH environment facilitates its formation by means 
of Vander-wall forces. The corrosion inhibition efficiency 

demonstrated by the PCL/HA/TiO 2 hybrid coating is 99.2 

% even after 28 days of SBF immersion. 
• The mechanical integrity loss in PCL/HA/TiO 2 hybrid 

coated samples after 28 days of SBF immersion was only 

14.7% of UBS, 10.9% of UTS and 9.4% of UCS as com- 
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pared to the significant loss observed in HA/TiO 2 compos- 
ite coated, A/P and A/M samples. 
• Fractography revealed that the hybrid coated samples even 

after 28 days of SBF immersion, shows identical fraction 

of tension twins (TTWs) as of pristine ZM21 sample. The 
activation of TTWs allowed the plastic deformation of hy- 
brid coated ZM21 sample up to a higher extent. But in 

case of HA/TiO 2 coated , A/P and A/M samples, localized 

corrosion pits and cavities restricted the plastic deforma- 
tion through twinning. Thus, catastrophic failure occurred 

at lower load values. 
• The PCL/HA/TiO 2 hybrid coating has enhanced the via- 

bility for L929 cell line remarkably whereas; the viability 

of E. coli and S. aureus bacteria were suppressed with 

reference to the controls. 
• The developed PCL/HA/TiO 2 hybrid coating is biocompat- 

ible and able to delay the degradation of Mg alloy signifi- 
cantly, proving its potential for biodegradable orthopaedic 
implants applications. Therefore, future research can be 
explored for in-vivo analysis of multi-layer hybrid coated 

Mg-alloys. 
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