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Effects of seven antihypertensives of Losartan Kalicum(LK), Atenolol(ATEN), Nifedipine(NF), 
Hydrochlorothiazide(HCTZ), Valsartan(VLA), Furosemide(FUR) and Captopril(CAP) have been 
investigated on the degradation behavior of AZ31 alloy in simulated body fluid (Hank’s solution). LK, 
NF and HCTZ with the concentrations of 0.5, 1.0 and 0.5 g/L can remarkably enhance the degradation 
resistance of AZ31 alloy by 63.1, 69.4 and 70.5%, respectively. The surface analysis reveals that the 
addition of LK, NF and HCTZ can reduce degradation rate by promoting the growth of hydroxyapatite, 
increasing the protection effect of corrosion film formed. The present results may enhance the 
corrosion resistance of Mg-based orthopedic implants.
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In the past few decades, metallic implants have attracted much attention and been widely applied in the 
orthopedic repair issues1,2. Compared with the traditional implant materials such as stainless steels and titanium-
based alloys3–5, the desirable similarity of density, Young’s modulus and mechanical properties to human bones, 
which can minimize the “stress shielding” effect6 caused by the traditional ones, makes the magnesium alloys a 
more promising material in the orthopedic application7–12. More importantly, Mg ions with the consumption 
of 250 ~ 300 mg/day are the daily common metabolite in human bodies13,14. The extra Mg ions generated by 
the degradation of magnesium implants can be excreted from the body in the form of urine15, and thus the 
complications can be effectively avoided in this way. At present, the magnesium alloys commonly used as the 
biomaterials mainly include pure Mg, AZ31, AZ91, WE43 and Mg-Ca alloys16–20. Although magnesium alloy 
implants have many advantages, the high degradation rate still limits their wide application in the physiological 
environments. The excessive hydrogen released during the degradation may lead to a reduction in the mechanical 
strength and stability of magnesium implants21–23, compromising the rehabilitation of injured bones. Thus, the 
enhancement of the corrosion resistance of magnesium alloy implants is of great necessity to satisfy the clinic 
requirements and biocompatibility.

Alloying has been acknowledged as an effective approach to improve the mechanical properties and 
corrosion resistance of magnesium alloy implants. The main alloying elements include Yttrium(Y), Lithium(Li), 
Zirconium(Zr), Nickel(Ni), Copper(Cu), Zinc(Zn) and Manganese(Mn)9,10,24–27. However, some dissolved metal 
ions may adversely affect the cells of surrounding tissues. According to the previous research, alloying elements 
can be mainly classified into three categories, i.e. slightly, moderately and severely harmful elements28. Y, Li and 
Zr elements show slightly or moderately adverse effects while Ni, Cu, Zn and Mn elements have severely adverse 
effects on human bodies28,29. Although only the slightly or moderately toxic elements are allowed to be used in 
the production of magnesium alloy-based orthopedic implants, their concentrations should be maintained at 
a low level far below their threshold values to minimize the untoward effects caused by high concentration30, 
which limits their further application in the medical magnesium alloy implants. Therefore, an alternative way 
should be adopted to improve the corrosion resistance of biodegradable Mg-based implants.

In fact, the surface of magnesium-based implants interacted with the physiological environment like body 
fluids is usually the area where the corrosion attack initiates31. Therefore, surface modification would be a 
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feasible strategy to decrease the degradation rate of implants. Many researchers have found that the organic 
compounds coating such as proteins, carbohydrates and amino acids32–38, which usually have the advantages 
of high biocompatibility, biodegradability and innocuity, can be regarded as potential candidates in promoting 
corrosion resistance of Mg-based implants. Liu et al.39 studied the corrosion behavior of AZ91 alloy in simulated 
body fluids (SBF) with albumin addition and found that an enhanced corrosion resistance could be obtained 
in the albumin-containing SBF as compared with the albumin-free SBF. Chu et al.40 reported that there is a 
reduction in the corrosion and hydrogen evolution rate of Mg-Ca alloy when immersing alloy into the bovine 
serum albumin containing saline. The similar phenomenon was observed by Hornberger et al.41, who concluded 
that the fetal calf serum addition has a positive effect on the corrosion behavior of WE43 alloy. The corrosion 
inhibition can be attributed to the barrier effect of albumin molecules absorbed on the metal surface, which form 
a protective protein layer between the metal and the surrounding environment31,40,42. In addition, glucoses were 
found to be effective in improving the corrosion resistance of magnesium alloy by forming calcium phosphate 
compound on its surface in hank’s solution36,43,44. Fructose also exhibits an ability of strengthening phosphates 
deposition on AZ31 alloy surface to increase its degradation resistance45. Moreover, the amino acids like 
L-cysteine were investigated and confirmed to increase the anti-corrosion performance of AZ31 alloy35. The 
corrosion inhibition may be due to the L-cysteine-bioinspired calcium phosphate (Ca-P) coating on the surface 
of magnesium.

Despite the corrosion inhibition effect, some problems or challenges are still posed in the application of 
these organic compounds. Firstly, it is documented that proteins show an alloy-dependent and time-dependent 
complicated behavior. Gu et al.46 suggested that the serum protein can accelerate the corrosion of Mg-Ca alloy, 
and it can also accelerate the corrosion of AZ31 in the initial 3 days but decelerate it thereafter with the serum 
addition, while AZ91 alloy exhibits a reduced corrosion rate upon addition of serum to Hank’s solution. Secondly, 
it is reported that glucose demonstrates a concentration-dependent effect on the degradation behavior of 
magnesium in Hank’s solution44,47, i.e. as the content of glucose increases, the corrosion resistance of magnesium 
decreases. Furthermore, amino acids may aggravate the dissolution of magnesium in the SBF solution by the 
chelating effect with Mg cations45,48–50. Therefore, more research is needed to further our understanding of the 
organic compounds-induced corrosion inhibition behavior of Mg-based orthopedic implants.

Studies show that patients with some diseases like hypertension are more likely to develop osteoporosis 
than the general population and some of them may experience the orthopedic surgery therapy51–53. Thus, a 
specialized treated Mg-based orthopedic implants would be the first choice for these patients. Nowadays, there 
are numerous antihypertensive drugs supplied for patients with hypertension54–56. These drugs are basically 
composed of organic compounds. If some of them are capable of adsorbing on the surface of magnesium alloys 
to suppress corrosion, as the albumin molecules absorb on the surface of AZ91 alloy, it may provide a potential 
avenue for enhancing the anti-corrosion performance of Mg-based orthopedic implants for hypertensive 
patients. However, few research has been focused on the effects of antihypertensive drugs on the corrosion 
behavior of Mg-based orthopedic implants and the underlying corrosion inhibition mechanisms have not yet 
been clarified.

In the present study, seven common antihypertensive drugs named Losartan Kalicum(LK), Atenolol(ATEN), 
Nifedipine(NF), Hydrochlorothiazide(HCTZ), Valsartan(VLA), Furosemide(FUR) and Captopril(CAP) were 
selected to investigate their effects on the corrosion behavior of AZ31 alloy. In vitro corrosion experiments in 
simulated body fluid (Hank’s solution)57 were performed. The outcome of this work may provide new idea and 
approach to the development of Mg based orthopedic implants with high corrosion resistance.

Experiments
Materials preparation
As one of the most widely studied magnesium alloys in biomedical field, AZ31 alloy with well-established 
degradation behavior and mechanical properties was used in this work. Although AZ31 contains ~ 3 wt% Al, 
studies17,26 have shown that aluminum ion release during degradation is minimal and remains below cytotoxic 
levels, especially in short-term and localized orthopedic use. Moreover, Al mainly exists in stable intermetallic 
phases, which further limits its release. Commercial extruded AZ31 alloys were purchased from Dongguan 
Brilliant Special Metal Processing Co.,Ltd., China. Samples for electrochemical experiments were machined 
into cylinders with size of 14 mm in diameter and 5 mm in height. The samples used for corrosion immersion 
tests were machined into the cuboids with size of 1 cm ×1 cm× 0.5 cm. All samples prior to all experiments were 
all grounded with emery-paper of #300, #1200, #3000 and #5000 grits, rinsed in ethanol with ultrasonication 
assistance and then dried in hot air. The molecular structure and chemical formula of seven antihypertensive 
drugs Losartan Kalicum(LK), Atenolol(ATEN), Nifedipine(NF), Hydrochlorothiazide (HCTZ), Valsartan(VLA), 
Furosemide(FUR) and Captopril(CAP) are displayed in Fig. 1. All drugs were supplied from Department of 
Pharmacy, Ruijin Hospital in forms of powder.

Solution preparation
The Hank’s solution was selected as in-vitro corrosion experiments environment and the main component 
of solution is listed in Table 1. Seven antihypertensive drug powders with the concentration of 1.0 g/L were 
respectively added into Hank’s solution for the preliminary anticorrosion performance screening. A blank 
solution without any antihypertensive addition was also investigated for comparison. Besides, the screened 
antihypertensives with different addition levels were also added into Hank’s solution to explore the influence of 
addition level on the corrosion behavior. It is noted that the antihypertensives were applied as corrosion inhibitors 
for Mg-based orthopedic implants and the drug concentration selection is based on the corrosion properties of 
AZ31 magnesium alloy in Hank’s solution instead of therapeutic plasma levels. The drug concentration widely 
adopted in clinical practice is more suitable for further in vivo experiments.
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Corrosion tests
Hydrogen evolution
Hydrogen evolution experiments were carried out on the 1 cm2 area of AZ31 alloy cuboids using eudiometers. 
The tested samples were all inlaid in epoxy resin with a surface exposed. The volume of hydrogen evolution was 
recorded at the duration time of 7 days. The corrosion rate VHe (mm/yr) determined by hydrogen evolution is 
given by following Eqs58,59. :

	
VHe = 2.088VH

At
� (1)

where VH  (mL) is the volume of evolved hydrogen, A (cm²) is the surface area of samples and t (day) is the 
immersion duration.

Weight loss
The weight loss tests were adopted on AZ31 alloy immersed in Hank’s solution with and without antihypertensives. 
All samples were pre-weighed and reweighed after different immersion time. The weight loss was recorded at 
the duration time of 1, 3, 5 and 7 days, respectively. The corrosion rate Vwl (mm/yr) indicated by weight loss is 
calculated by given equation60:

	
vwl = 8.74 × 104 × m1 − m2

As · t · d
� (2)

System
Rs
(Ω cm2)

 Rct 
(Ω cm2)

 R1 
(Ω cm2)

 R2 
(Ω cm2)

RP
(Ω cm2)

C
(10−7 F)

CPE1(10−5 S
sn cm−2) n1

CPE1(10−5 S
sn cm−2) n2

ηEIS
(%) -Ecorr (mV) Icorr (µA cm-2)

 η Icorr
(%)

Blank 41.61 35.02 6789 1397 8262.63 4.968 1.436 0.7962 52.9 1 - 1330 1.849 -

LK 43.04 28.18 7866 4757 12694.22 2.682 1.396 0.8009 13.64 1 34.9 1246 1.387 24.9

ATEN 10.93 52.68 3620 1265 4948.61 5.978 1.064 0.9224 7.1 0.7412 −66.9 1357 2.467 −33.4

NF 60.82 47.59 21,820 4521 26449.41 5.617 1.191 0.8047 28 1 68.8 1288 0.565 69.4

HCTZ 70.98 38.43 918 13,580 14607.41 2.747 1.451 0.7096 21.64 1 43.4 1282 0.942 49.1

VLA 37.91 43.86 2502 491.8 3075.57 0.105 2.466 0.8078 321.8 0.9938 −168.6 1384 2.217 −19.9

FUR 68.87 46.98 6045 696.3 6857.15 7.551 1.35 0.8189 221.9 0.9931 −20.4 1348 1.919 −3.7

CAP 10 47.8 1398 372.8 1828.6 0.215 1.641 0.8957 198.2 0.8398 −351.8 1363 7.087 −283.2

Table 1.  Corresponding fitted parameters of PDP curves and EIS spectra of AZ31 alloy in hank’s solution with 
addition of 1.0 g/L of seven antihypertensives, respectively.

 

Fig. 1.  Molecular structure of seven antihypertensive drugs. (a) LK; (b) ATEN; (c) NF; (d) HCTZ; (e) VLA; (f) 
FUR; (g) CAP;.
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where m1 and m2 is the sample mass before and after immersion, respectively. As (cm²) is the contact surface 
area between solution and samples, t(h) is the duration time and d(g/cm3) is the density of alloy. Note that the 
exposed surface area of 4 cm2 of samples were applied for weight loss tests.

Electrochemical experiments
A DH7000 Electrochemical Workstation was used for the electrochemical measurements including open circuit 
potential (OCP), electrochemical impedence spectroscopy (EIS) and potentiodynamic polarization (PDP). 
The experimental instrument is composed of a three-electrode cell, AZ31 sample as the working electrode, a 
platinum sheet as a counter electrode and a saturated KCl electrode as a reference electrode. The test area of all 
samples is a circle with diameter in 14 mm. The EIS measurements were conducted in the frequency range of 
100,000 Hz to 0.01 Hz. The PDP experiments were performed at the potential of ± 0.3 V vs. OCP with a scan 
rate of 1 mVs−1. Before the EIS and PDP experiments, the OCP was measured for duration time of 30 min to 
obtain a pseudo steady state condition. The analysis of EIS and PDP data were done using Z-view and EC-lab 
software, respectively.

Materials characterization
The morphologies of the corroded surface of AZ31 alloy after immersion in Hank’s solution with and without 
antihypertensives and the elemental composition of the products on the surfaces were determined using a 
TESCAN- MAIA3 scanning electron microscopy (SEM) coupled with energy-dispersive X-ray spectroscopy 
(EDS). The voltages of 5 kV and 15 kV were adopted for morphology observation and EDS mapping, respectively. 
A Poly-functional X-Ray Diffractometer (XRD) with voltage of 40  kV and current of 40  mA was used for 
phase identification. The step size is 0.02° and the scan angles is a range of 10–90°. The roughness of corroded 
sample surface was characterized by Ultra-Depth Three-Dimensional Microscope (KEYENCE, VHK-7000). 
X-ray photoelectron spectroscopy (XPS) studies were performed utilizing AXIS UltraDLD XPS spectrometer 
to analyze the information of elements and their valence states of corroded surface of AZ31 alloy. A fourier 
transform infrared (FTIR) spectrophotometer and Raman spectroscopy were used to investigate the chemical 
structure and surface functional groups on the corroded AZ31 alloys.

Results and discussion
Corrosion behavior of AZ31 alloy influenced by seven antihypertensives
The electrochemical experiments were firstly carried out on the AZ31 alloy in Hank’s solution without and with 
seven antihypertensive drugs with a concentration of 1 g/L to screen out which one shows a positive effect on the 
corrosion inhibition and the related results are displayed in Fig. 2. It can be seen from PDP curves in Fig. 2(a) 
that three curves corresponding to the solutions with the addition of LK, NF and HCTZ exhibit a more positive 
position than blank solution, and the other four curves of solutions with ATEN, VLA, FUR and CAP addition 
shift toward negative position than blank solution. A more positive curve means a higher corrosion potential, 
indicating a better corrosion resistance. Furthermore, the corrosion current density is also an important indicator 
to evaluate the corrosion behavior. The quantitative corrosion potential ( Ecorr) and corrosion current density 
( Icorr) can be analyzed by Tafel fitting and the results are listed in Table 1. It is apparent that the Icorr  values 
of the solutions with the addition of LK, NF and HCTZ are all smaller than blank solution, which reveals that 
the corrosion reaction can be effectively suppressed by these three antihypertensives. Among them, the smallest 
corrosion current density can be obtained in NF-contained solution.

Figure 2 (b) exhibits EIS spectra for different antihypertensives. It is observable that the larger semi-circle 
of Nyquist plots are achieved upon addition of LK, NF and HCTZ, manifesting their better anti-corrosion 
performance. The bode diagrams and bode phase diagrams are also exhibited in Fig. 2(c) and (d), respectively. 
It can be seen that the higher impendence can be obtained in the solutions containing LK, NF and HCTZ 
antihypertensives, whether in low frequency or high frequency regions. The higher value of modulus |Z| at low 
frequency represents lower degradation rate61. In order to further understand the effect of antihypertensives on 
the degradation behavior of AZ31 alloy, a selected equivalent circuit model demonstrated in Fig. 2(e) was used 
for EIS curves fitting and the relevant fitting data are listed in Table 1. The consistency between fitted results and 
original curves in Fig. 2(f) guarantees the veracity of the used equivalent circuit model. In this equivalent circuit 
model, Rs is the resistance of solutions, Rct stands for the charge transfer resistance, Rf1 and Rf2 are the film 
resistance on the surface of AZ31. The constant phase angle element (CPE) is usually used to simulate electric 
double layer due to dispersed activation energy distribution effect and the roughness and inhomogeneity of the 
electrode surface. C is the capacitance of the system. The corrosion performance can be quantitatively assessed 
by polarization resistance ( RP ), which is given by Eq. (3)62:

	

1
RP

= 1
Rct + Rf1 + Rf2

� (3)
 

 
The improved corrosion resistance efficiency influenced by antihypertensives can be calculated by Eqs. (4) 

and (5)62,63:

	
η EIS =

(
RP A − RP B

RP A

)
× 100%� (4)

	
η Icorr =

(
Icorr(B) − Icorr(A)

Icorr(B)

)
× 100%� (5)
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where η EIS  corresponds to the improved efficiency based on EIS experiments, RP A is the polarization 
resistance of AZ31 alloy immersed in Hank’s solution with addition of antihypertensives and RP B  is the 
polarization resistance of AZ31 alloy immersed in blank Hank’s solution. η Icorr  refers to the improved 
efficiency based on PDP tests, Icorr(B) is the corrosion current density of the AZ31 alloy immersed in blank 
Hank’s solution and Icorr(A) is the corrosion current density of AZ31 alloy immersed in Hank’s solution with 
addition of antihypertensives. As shown in Table 1, the polarization resistance of LK, NF and HCTZ are higher 
than that of blank solution. By calculation, the η EIS value of LK, NF and HCTZ are 34.9%, 68.8% and 43.4%, 
respectively. Similarly, the corrosion density of LK, NF and HCTZ are smaller than that of blank solution and 
the improved efficiency η Icorr  are 24.9%, 69.4% and 49.1%, which are basically consistent with the EIS results. 
These quantitative results provide strong evidences that LK, NF and HCTZ can effectively inhibit corrosion and 
reduce the degradation rate of AZ31 alloy, among which NF has the highest efficiency. Interestingly, it can be 
seen from the Table 1 that there is no obvious variation in the value of solution resistance Rs and the charge 
transfer resistance Rct of all antihypertensives as compared to blank solution. Conversely, a significant shift 
occurs in the value of film resistance. It can be reasonably speculated that the antihypertensives influencing the 
corrosion behavior of AZ31 alloy may be realized by altering protective capability of film formed on the alloy 
surface. LK, NF and HCTZ have a positive effect on film protection while other antihypertensives may weaken 
film protection by reducing its film resistance.

Fig. 2.  Electrochemical tests of AZ31 alloy in Hank’s solution without and with seven antihypertensive drugs 
with concentration of 1 g/L. (a) Potentiodynamic polarization curves; (b) Electrochemical impedance spectra; 
(c) Bode diagrams; (d) Bode phase diagrams; (e) Applied equivalent circuit model; (f) Comparisons between 
original data and fitted results of EIS curves.
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Immersion test results
Figure 3 exhibits the immersion test results of AZ31 alloy immersed in Hank’s solution without and with LK, NF 
and HCTZ antihypertensives with a concentration of 1 g/L for seven days. As shown in Fig. 3(a), The weight-loss 
of AZ31 alloys in four solutions were recorded at the interval of 1, 3, 5 and 7 days, respectively. The variation of 
weight loss for all alloys shows an increasing trend with the increase of time. The AZ31 alloy immersed in 1 g/L 
LK, NF and HCTZ antihypertensives containing solution reveals a slighter weight reduction as compared to 
that in blank Hank’s solution, among which NF demonstrates the smallest weight-loss. Based on the Eq. (1), the 
corrosion rate of AZ31 alloy in blank solution is estimated to be 2.25 mm/yr. After adding 1 g/L LK, NF or HCTZ 
antihypertensives into solution, the corrosion rate is reduced to be 1.81, 1.12 and 1.28 mm/yr, respectively. The 
highest reduction of 50.2% can be achieved by addition of NF. Apart from weight-loss test, the volume evolution 
of hydrogen gas during immersion process has also been acknowledged as a persuasive method to assess the 
corrosion performance of magnesium alloy since the main corrosion products of the reduction reaction induced 
by magnesium in aqueous solution are H2. Figure 3(b) shows the volume of hydrogen gas evolved from AZ31 
alloy immersed in four solutions at a durable time of 7 days. It can be seen that two stages can be observed 
during the overall process. At initial two days of immersion, the hydrogen gas evolves at an unstable stage and 
the evolution rate is relatively high. Subsequently, an approximately linear relationship between the volume of 
evolved gas and the time can be observed, implying that the hydrogen evolution gradually tends to be steady as 
the immersion time increases. Furthermore, the evolution rate in second stage is also lower that in first stage. 
Compared with blank solution, the addition of LK, NF and HCTZ antihypertensives can effectively stifle the 
release of hydrogen no matter in first stage or second state. By adopting Eq. (2), the corrosion rate indicated by 
hydrogen evolution of AZ31 alloy in blank solution is 3.23 mm/yr and its value is decreased to be 2.76, 2.31 and 
2.42 mm/yr upon addition of LK, NF and HCTZ antihypertensives, respectively. According to the immersion 
results above, it is clear that LK, NF and HCTZ are valid in inhibiting the corrosion of AZ31 alloy in Hank’s 
solution. These results show a good agreement with the electrochemical measurements.

Morphologies of surface and cross-section of the AZ31 alloy after corrosion
Figure 4 displays the SEM surface morphologies of AZ31 alloy immersed in Hank’s solution without and with 
LK, NF and HCTZ antihypertensives with a concentration of 1 g/L at a duration time of seven days. At the 
initial 1 day of immersion in blank Hank’s solution in Fig. 4(a), some shallow and small cracks appear on the 
surface of AZ31 alloy. As the immersion time increases, the cracks in Fig. 4 (b) and (c) become deeper and 
larger, indicating that the corrosion of alloy is gradually worsened. The widest and largest cracks can be seen in 
the alloys upon the condition of seven days of immersion, as exhibited in Fig. 4(d). After incorporating LK, NF 
and HCTZ antihypertensives into solutions, as indicated in Fig. 4 (e-h), Fig. 4(i-l) and Fig. 4(m-p), respectively, 
the corrosion of AZ31 alloy surfaces are effectively improved, whose surfaces are characterized by smaller and 
tinier cracks as compared to that immersed in blank Hank’s solution at any immersion time. Especially for NF, 
the cracks are not obvious and discernible until after five days of immersion. In addition, it can be also seen that 
there are more corrosion products distributed on the surface of corroded AZ31 alloy in all solutions. A more 
uniform surface film formed on the surface of alloy in NF-contained solution demonstrated in Fig. 4(l) indicates 
a better protection effect on the corrosion propagation, which is in agreement with high film resistance analyzed 
by EIS technique. Figure 5 are the EDS mapping results of surface of AZ31 alloy immersed in Hank’s solution 
without and with LK, NF and HCTZ antihypertensives with a concentration of 1 g/L for seven days. It indicates 
that the surface films of AZ31 alloy immersed in four solutions are all composed of Mg, O, P, Ca, C, Al and Na. 
Compared with blank Hank’s solution, the contents of Ca and P in the surface film show a significant increase 
after addition of antihypertensives. The Ca content changes from 4.57 wt% in blank Hank’s solution to 11.33, 
22.24, and 18.09 wt% in LK, NF and HCTZ containing solutions, respectively, and the P content increases from 

Fig. 3.  Immersion tests of AZ31 alloy immersed in Hank’s solution without and with LK, NF and HCTZ 
antihypertensives with concentration of 1 g/L for seven days. (a) Hydrogen evolution volume as function of 
elapsed time; (b) Wight-loss at different time intervals.
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3.54 wt% to 9.12, 12.67 and 11.22 wt%, respectively. Actually, Ca and P are present in the form of Ca-P apatite, 
which is beneficial to protective capability of surface film. The higher Ca and P contents signify the increment 
of Ca-P apatite, thus leading to the higher resistance of film to corrosion. As a result, the degradation rate of 
AZ31 alloy would be greatly reduced. Overall, it can be reasonably concluded that the addition of LK, NF and 

Fig. 5.  EDS mapping results of surface of AZ31 alloy immersed in Hank’s solution without and with LK, NF 
and HCTZ antihypertensives with concentration of 1 g/L for seven days.

 

Fig. 4.  SEM surface morphologies of AZ31 alloy immersed in Hank’s solution without and with LK, NF and 
HCTZ antihypertensives with concentration of 1 g/L at a duration time of seven days (a-d) Blank solution; 
Hank’s solution with addition of (e-h) LK, (i-l) NF and (m-p) HCTZ.
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HCTZ antihypertensives are capable of promoting the formation of Ca-P apatite on the surface of AZ31 alloy. It 
is worth noting that, based on the EDS results shown in Fig. 5 and the calculation of the Ca/P ratio, Ca-P apatite 
is identified as hydroxylapatite.

Figure 6 displays the cross-sectional SEM images of AZ31 alloy immersed in Hank’s solution without and 
with LK, NF and HCTZ antihypertensives with a concentration of 1 g/L at a duration time of seven days. As 
shown in Fig.  6 (a-d), the thickness of corrosion layer of AZ31 samples immersed in blank Hank’s solution 
gradually increases with the extension of immersion time from 1 to 7 days. The numerous horizontal and vertical 
cracks can be evidently observed in these layers. With the addition of LK into solution, as exhibited in Fig. 6(e-
h), the thickness of corrosion layers is greatly reduced at all immersion time and these layers seem to be more 
homogeneous compared with that in blank Hank’s solution. Furthermore, there is a remarkable decrease in 
the number density of cracks within the corrosion layers. The same effect can be also discovered in the NF and 
HCTZ containing solutions and the relevant results are disclosed in Fig. 6(i-l) and Fig. 6(m-p), respectively. The 
maximum thicknesses of corrosion layer of AZ31 alloy immersed in four solutions for seven days are 203.3, 94.5, 
62.7 and 84.8 μm, respectively. The thinnest corrosion layer is obtained in NF-contained solution, confirming 
its optimal corrosion resistance. The experimental results above provide a convincing evidence that the LK, NF 
and HCTZ antihypertensives can act as an effective surface modifier to improve the corrosion resistance of AZ31 
alloy implants.

Figure 7 shows the optical images, 2D and 3D topographies and surface roughness (Sa) characteristics of 
the corroded surface of AZ31 alloy after immersing in Hank’s solution without and with LK, NF and HCTZ 
antihypertensives with a concentration of 1 g/L for seven days. The surface roughness can be deemed as a pivotal 
indicator to evaluate the extent to which the corrosion occurs on the alloy surface. As shown in Fig. 7(a), it can be 
seen that a severe corrosion attack happens on the surface of AZ31 alloy immersed in blank Hank’s solution. The 
analyzed 3D topography is characterized by a rugged corroded surface with numerous visible deep valleys and 
high peaks. By measurement, its surface roughness is estimated to be 0.946 μm. When immersing the AZ31 alloy 

Fig. 6.  Cross-sectional SEM images of AZ31 alloy immersed in Hank’s solution without and with LK, NF and 
HCTZ antihypertensives with concentration of 1 g/L at a duration time of seven days. (a-d) Blank solution; 
Hank’s solution with addition of (e-h) LK, (i-l) NF and (m-p) HCTZ.
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into the antihypertensives containing solution, the corroded surface of AZ31 alloy become more smooth and flat 
and there is an obvious reduction in the size and number of valleys and peaks located on surface. Compared with 
LK and HCTZ, a flattest topography can be observed in the solution with NF addition, which implies a slightest 
corrosion on alloy surface. The surface roughness of AZ31 alloy immersed in LK, NF and HCTC-contained 
solution are calculated to be 0.222, 0.177, and 0.192  μm, respectively, showing a decrease of 76.5, 81.2, and 
79.7% as compared to that in blank Hank’s solution. It can be reasonably concluded that the antihypertensives 
of LK, NF and HCTZ evince a remarkable anti-corrosion performance on AZ31 alloy in simulated body fluid 
environment. By comparison with LK and HCTZ, NF possesses the greatest ability of retarding the degradation 
rate of AZ31 alloy, which is concordant with electrochemical and immersion test results.

Analysis of corrosion film products on surface of AZ31 alloy
Figure 8 exhibits the XRD patterns of corroded surface of AZ31 alloy after immersing in Hank’s solution without 
and with LK, NF and HCTZ antihypertensives with a concentration of 1 g/L for seven days. It can be seen that four 
phases can be detected from the spectral results in four different solutions, referring to Mg, MgCO3, Mg(OH)2 
and hydroxylapatite, respectively. The existence of MgCO3 may be due to the reaction between Mg(OH)2 and 
CO2 in atmosphere environment. The weak intensity of diffraction peaks of Mg(OH)2 can be revealed in blank 
solution, meaning that the crystallinity of Mg(OH)2 is not sufficient. After adding antihypertensives, there is 
an increase in the peak intensity and a decrease in the peak width of Mg(OH)2, which demonstrates that these 
three antihypertensives may promote the crystallization of magnesium hydroxide to some extent. The higher 
crystallinity of Mg(OH)2 may improve the integrity of corrosion film on the alloy surface to impede corrosion 
attack. Furthermore, apart from obvious Mg peaks, several strong peaks of hydroxylapatite at the 2-Theta ranging 
from 20° to 50° can be evidently seen in all solutions. Compared with blank solution, the peak intensity of 
hydroxylapatite appears stronger in the solution with addition of antihypertensives. Especially for NF-contained 
solution, it shows a relatively strongest peak intensity of hydroxylapatite among three antihypertensives, which 
is consistent with EDS mapping results. Therefore, it can be safely speculated that the antihypertensives are 
effective in facilitating the formation of hydroxylapatite precipitates on the corrosion surface.

To further investigate the surface element state of corroded surface, XPS analysis was conducted on AZ31 alloy 
after the immersion time of seven days in Hank’s solution without and with LK, NF and HCTZ antihypertensives 
with a concentration of 1 g/L and the corresponding fitting results are displayed in Fig. 9. Figure 9(a-e) shows the 
high-resolution spectrum of Mg 1 s, O 1 s, C 1 s, Ca 2p and P 2p of corrosion products located on the surface of 
AZ31 alloy immersed in blank Hank’s solution. The binding energy peak of C 1 s at 1303.54 eV and 1304.59 eV 
corresponds to Mg(OH)2 and MgCO3

64, respectively. From the O 1 s spectra, the P = O/CO32− peak at 532.79 
eV65 and OH− peak at 531.46 eV can be obviously observed. The fitting results of C 1 s clearly demonstrates 

Fig. 7.  Optical images, 2D and 3D topographies and surface roughness (Sa) characteristics of the 
corroded surface of AZ31 alloy after immersing in Hank’s solution without and with LK, NF and HCTZ 
antihypertensives with concentration of 1 g/L for seven days(a-d) Blank solution; Hank’s solution with addition 
of (e-h) LK, (i-l) NF and (m-p) HCTZ.
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three functional group components for corrosion products. The peak emerged at 284.52 eV can be assigned to 
C-C/C-H bond, the peak raised at 285.35 eV can be identified to C-O bond66 and the peak elevated 289.08 eV 
can be associated with CO32 bond. In high-resolution XPS of Ca 1 s, the binding energy peak Ca 2p3/2 and the 
satellite peak Ca 2p1/2 can be detected from the spectra. It can be seen that the binding energy peak Ca 2p3/2 
is consistent with the fitting peak at 347.6 eV, which refers to the existence of hydroxyapatite45. In addition, the 
XPS spectra of P 2p also indicates a PO34− peak at binding energy of 133.74 eV67, confirming the formation of 
hydroxyapatite. After incorporating LK, NF and HCTZ antihypertensives into the solution, as exhibited in Fig. 
9(f-j), Fig. 9(k-o) and Fig. 9(p-t), respectively, the high-resolution spectra of Mg 1 s, O 1 s, Ca 2p and P 2p present 
the same characteristics of binding energy peaks as those in the blank solution. It should be noted that there is a 
difference in the energy peak of C-O bond in C 1 s spectra. The fitting peaks colored with pink is associated with 

Fig. 9.  XPS analysis of surface of AZ31 alloy after immersion time of seven days in Hank’s solution without 
and with LK, NF and HCTZ antihypertensives with concentration of 1 g/L. (a-e) Blank solution; Hank’s 
solution with addition of (f-j) LK, (k-o) NF and (p-f) HCTZ.

 

Fig. 8.  XRD patterns of corroded surface of AZ31 alloy after immersing in Hank’s solution without and with 
LK, NF and HCTZ antihypertensives with concentration of 1 g/L for seven days.
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C-O bond in blank solution. However, according to the molecular composition of antihypertensives in Fig. 1, the 
C-N bond would be introduced when these antihypertensives are added into solution. The relative intensity of 
pink fitting peaks located at 285.93 eV in Fig. 9(h), 285.83 eV in Fig. 9(m) and 285.91 eV in Fig. 9(r) all exhibit a 
higher value than C-O bond peak in blank solution, revealing that the pink fitting peaks in LK, NF and HCTZ-
contained solution is the combination of C-O bond and C-N bond rather than single C-O bond. Wei et al.68. also 
reported that the C-N peak exhibits the same binding energy position with C-O peak. Hence, the existence of 
C-N bond confirms that the antihypertensives may be involved in the formation of corrosion film on the surface 
of AZ31 alloy. In addition, the binding energy peak of Ca 2p3/2 appears to be more weak in blank solution as 
compared to that in antihypertensives-contained solution, signifying that more Ca-P apatites are formed under 
the influence of antihypertensives.

To differentiate hydroxyapatite from other calcium phosphates that may exhibit overlapping spectral 
features, Raman analysis69–71 was conducted. Figure 10(a) presents the Raman spectra of AZ31 alloy after 
immersion for seven days in Hank’s solution, both without and with the addition of the antihypertensive agents 
LK, NF, and HCTZ (each at a concentration of 1 g/L). In hydroxyapatite, a single intense ν₁peak is typically 
observed at ~ 962 cm−¹. However, in some cases (e.g. β-Tricalcium phosphate), two peaks and a shoulder may 
appear due to structural variations. In the present work, only one peak near this wavenumber was detected. 
Moreover, in hydroxyapatite, the Raman scattering bands corresponding to the ν₂and ν₄modes are separated by 
approximately 120 cm−¹, which were also observed in the spectra. These features indicate that the final product is 
hydroxyapatite rather than other calcium phosphates. Complementary information was obtained from infrared 
(IR) spectra72. As shown in Fig. 10(b), the IR spectra of the same samples exhibit distinct absorption bands at 
870 cm−¹, 1457 cm−¹ and 1552 cm−¹, which are characteristic of B-type carbonated hydroxyapatite. These bands 
correspond to carbonate ions substituting for phosphate groups in the hydroxyapatite lattice. The presence of 
these characteristic peaks confirms the partial formation of B-type carbonated hydroxyapatite.

Fig. 10.  (a) Raman spectra and (b) Infrared spectra of AZ31 alloy after immersion time of seven days in 
Hank’s solution without and with LK, NF and HCTZ antihypertensives with concentration of 1 g/L.
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The effect of antihypertensives concentration on AZ31alloy degradation behavior
To further clarify the concentration effect of LK, NF and HCTZ on the degradation behavior of AZ31 alloy, 
a wide range of addition levels from 0.5 to 2.0 g/L were taken into account. The electrochemical analysis was 
performed and the relevant results are plotted as Tafel and Nyquist curves in Fig. 11. The corresponding tafel 
fitting results and impedance fitting parameters are listed in Table 2. It can be seen from Fig. 11(a) that the 
polarization curves shift toward negative direction with increasing the concentration of LK from 0.5 to 2.0 g/L. 
According to the value of corrosion potential and corrosion current density in Table 2, the concentration of 
0.5 g/L LK shows the greatest corrosion performance with the largest Ecorr  of −1218 mV and the smallest 
Icorr  of 0.283 µA cm−2. The higher concentration of LK may result in a decreased corrosion resistance, and the 
addition level of 2.0 g/L even cause a poorer corrosion than blank solution. It should be noted that the similar 
phenomenon can be observed in HCTZ containing solution where the concentration of 0.5 g/L exhibits the 
strongest corrosion inhibition effect and the addition of 2.0 g/L may accelerate corrosion process of AZ31 alloy, 
as displayed in Fig. 11(e). Unlike LK and HCTZ, the polarization curve of NF-containing solution in Fig. 11(c) 

System
Rs
(Ω cm2)

Rct
(Ω cm2)

R1
(Ω cm2)

R2
(Ω cm2)

RP
(Ω cm2)

C
(10−7F)

CPE1(10−5 S
sn cm−2) n1

CPE1(10−5 S
sn cm−2) n2

ηEIS
(%) -Ecorr (mV) Icorr (µA cm-2)

ηIcorr
(%)

Blank 41.61 35.02 6789 1397 8262.63 4.968 1.436 0.7962 52.9 1 - 1330 1.849 -

LK-0.5 g/L 49.73 41.98 13,200 6213 19504.71 6.634 1.205 0.8395 13.72 0.9842 57.6 1218 0.683 63.1

LK-1.0 g/L 43.04 28.18 7866 4757 12694.22 2.682 1.396 0.8009 13.64 1 34.9 1246 1.387 24.9

LK-2.0 g/L 48.89 49.57 5824 519.4 6441.86 7.755 1.196 0.8431 265.9 1 −28.2 1339 1.967 −6.2

NF-0.5 g/L 50.18 58.34 8062 1118 9288.52 7.864 1.082 0.8457 133 1 11.1 1314 1.801 2.5

NF-1.0 g/L 60.82 47.59 21,820 4521 26449.41 5.617 1.191 0.8047 28 1 68.8 1288 0.565 69.41

NF-2.0 g/L 65.95 24.8 7593 2647 10330.75 7.361 1.326 0.836 31.5 1 20.1 1296 1.742 5.7

HCTZ-0.5 g/L 104.3 103 25,200 2752 28159.3 5.34 1.591 0.7436 52.6 1 70.6 1185 0.545 70.5

HCTZ-1.0 g/L 70.98 38.43 918 13,580 14607.41 2.747 1.451 0.7096 21.64 1 43.4 1282 0.942 49.1

HCTZ-2.0 g/L 102.1 146.1 1482 3244 4974.2 1.101 5.957 0.9067 0.644 0.9493 −66.1 1347 2.216 −19.8

Table 2.  Corresponding fitted parameters of PDP curves and EIS spectra of AZ31 alloy in hank’s solution with 
addition of different concentration of LK, NF and HCTZ, respectively.

 

Fig. 11.  Electrochemical characteristics of AZ31 alloy in Hank’s solution with different concentrations of (a, b) 
LK, (c, d) NF, (e, f) HCTZ at normal temperature.
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firstly moves towards a positive direction as the concentration increases from 0.5 to 1.0 g/L and then goes down 
at an opposite direction when the concentration of NF continues to be increased to 2.0 g/L. The same variation 
is also revealed in the values of the corrosion potential and corrosion current density of NF-containing solution 
in Table 2. Based on the above results, the optimal addition levels of LK, NF and HCTZ for inhibiting corrosion 
of AZ31 alloy are 0.5, 1.0 and 0.5 g/L, respectively and their inhibiting efficiencies η Icorr  are calculated to be 
63.1, 69.41 and 70.5%, respectively.

Figure 11(b), (d) and (f) show the variations of electrochemical impedance spectra with the concentration 
of LK, NF and HCTZ, respectively. The largest size of Nyquist semicircle can be obtained upon addition of 
0.5  g/L of LK, 1.0  g/L of NF and 0.5  g/L of HCTZ, respectively, indicating the most pronounced corrosion 
protection. For LK, the polarization resistance of 0.5  g/L concentration is increased from 8262.63 Ω cm2 in 
blank solution to 19504.71 Ω cm2 and the inhibiting efficiency η EIS  is raised up to 57.6%. For NF, the highest 
polarization resistance of 26449.41 Ω cm2 is demonstrated at the concentration of 1.0  g/L and the relevant 
η EIS  is determined to be 68.8%. For HCTZ, the strongest corrosion inhibition is accomplished upon addition 
of 0.5 g/L and its polarization resistance and η EIS  are 28159.3 Ω cm2 and 70.5%, respectively. It is noteworthy 
that the polarization resistances of 2.0 g/L LK and 2.0 g/L HCTZ are both smaller than that of blank solution, 
accompanied by a negative inhibiting efficiency of −28.2% and − 66.1%, respectively. It is inferred that the 
degradation rate would be promoted by addition of LK and HCTZ with high concentrations. By comparison, it 
is evident that the EIS results are in good agreement with those of PDP.

The corrosion mechanism
Based on the analysis above, the addition of LK, NF and HCTZ antihypertensives with a proper concentration 
would be an effective approach to enhancing the corrosion resistance of AZ31 alloy in physiological environment. 
Hence, it is of great importance and necessity to in-depth understand the corrosion mechanism of AZ31 alloy 
influenced by these antihypertensives. Figure 12(a) depicts the schematic diagrams of corrosion mechanisms 
of AZ31 alloy in blank Hank’s solution. Due to the high chemical activity of magnesium, the AZ31 alloy can be 
easily dissolved in physiological solution and a large amount of Mg2+ would be produced. The numerous Mg2+ 
dissociated around the surface of AZ31 alloy can react with OH− existed in solution to form the Mg(OH)2 film 
covering the alloy surface. Then calcium and phosphate ions would deposit on the surface of Mg(OH)2 film to 
facilitate the nucleation and growth of hydroxyapatite73, forming a Ca-P apatite layer eventually. In addition, 
some Mg(OH)2 products would react with carbon dioxide dissolved in solution to form the magnesium 
carbonate(MgCO3). Therefore, the corrosion film on the AZ31 alloy is composed of Mg(OH)2, hydroxyapatite 
and MgCO3, among which the content of hydroxyapatite is relatively high. Although the formed corrosion 
film has a positive effect on the corrosion inhibition of AZ31 alloy, its effect is not desirable because of the 
porous and loose characteristic of film, which is caused by the massive hydrogen evolved from the alloy surface. 
Consequently, the AZ31 alloy has a poor anti-corrosion performance in blank Hank’s solution.

After incorporating LK, NF and HCTZ antihypertensives into solutions, as illustrated in Fig.  12(b), the 
organic molecules in these antihypertensives can rapidly adsorb on the corrosion surface. The voids located 
on surface of the formed Mg(OH)2 would be filled with these molecules, and the smooth and integrity of the 
film would be also strengthened. As a consequence, a compact and uniform hydroxyapatite layer may grow 
spontaneously on the surface of Mg(OH)2 substrate. It can be also revealed from the EDS mapping and XPS 
results that the contents of Ca and P are all increased and the intensity of Ca 2p3/2 peaks is greatly enhanced 
upon addition of LK, NF and HCTZ antihypertensives. Compared with blank Hank’s solution, the corrosion 
film formed on the surface of AZ31 alloy in the antihypertensives-containing solution has a stronger ability to 
hinder the magnesium ion from transporting onto the solution and inhibit the anodic dissolution of magnesium 
substrate underneath, thereby impeding the corrosion of AZ31 alloy and reducing its degradation rate. It should 
be noted that the higher concentrations of LK, NF and HCTZ antihypertensives may promote the corrosion of 
AZ31 alloy in Hank’s solution. This adverse effect may be attributed to the fact that a severe agglomeration may 
occur among organic molecules at high concentrations. The agglomerated molecule clusters in solution could 
inevitably interact with the adsorbed molecules and result in the detachment of adsorbed molecules from the 
corrosion film. Once it happens, more fresh voids within the corrosion film would be exposed to the corrosive 

Fig. 12.  Schematic diagrams of corrosion mechanisms of AZ31 alloy in Hank’s solution without and with 
antihypertensives. (a) blank solution; (b) with addition of LK, NF and HCTZ.
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solution, leading to the diminution of protection effect of the film, and thus the corrosion of AZ31 alloy would 
be increased. Apart from LK, NF and HCTZ, the other four antihypertensives such as ATEN, VLA, FUR and 
CAP show the negative inhibition effect on the corrosion of AZ31 alloy according to the electrochemical tests. 
It may be attributable to the fact that the ATEN, VLA, FUR and CAP molecules may react with Mg2+ to form 
the soluble complexes, eventually accelerating the dissolution of Magnesium. Therefore, they cannot function as 
effective surface modifiers to improve the corrosion resistance of AZ31 alloy but as the corrosion promoters to 
enhance the degradation of alloy.

Conclusions
In the present work, the effects of seven antihypertensives including LK, ATEN, NF, HCTZ, VLA, FUR and 
CAP on the degradation behavior of AZ31 magnesium alloy implants have been systematically investigated in 
simulated body fluid (Hank’s solution). It is demonstrated that only LK, NF and HCTZ exhibit an inhibition effect 
on the corrosion of AZ31 alloy, and the highest inhibiting efficiency can be achieved upon addition of LK, NF 
and HCTZ with 0.5, 1.0 and 0.5 g/L, respectively. The electrochemical tests combined with the surface analysis 
reveal that the antihypertensives of LK, NF and HCTZ can promote the formation of uniform and compact 
hydroxyapatite layers with a high quantity on the surface of AZ31 alloy, leading to an enhanced protective effect 
of corrosion film, which can hinder the magnesium ion from transporting onto the solution and inhibit the 
anodic dissolution of magnesium substrate underneath. Hence, the corrosion of AZ31 alloy is greatly impeded 
and the degradation rate of alloy is remarkably reduced.

Data availability
All data included in this study are available upon request by contact with the corresponding author.
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