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ABSTRACT 
 

 

This work was to investigate TiO2 nanocrystalline film material in heart valve replacement (HVR) and 

the effect of papaverine infusion through the aortic root before cardiac self-recovery during the HVR. 

TiO2 nanocrystalline films were prepared by radio frequency (RF) reactive sputtering. The 

crystallization characteristics and surface morphology of TiO2 nanocrystalline films were observed by 

X-ray diffraction and scanning electron microscopy, and the anti-platelet adhesion and anti-coagulation 

properties of the films were analyzed. 86 patients with heart valve disease were selected and all 

underwent HVR. They were randomly divided into a control group (routine treatment) and an 

experimental group (papaverine perfusion through aortic root), with 43 cases in each group. The rate of 

cardiac self-recovery and the dosage of dopamine were observed. The results showed that the TiO2 

nanocrystalline film was composed of a large number of uniform particles, and the average particle size 

was about 18.97 ± 7.28 nm. The rate of cardiac self-recovery in the experimental group was 97.67%, 

which was significantly higher than that in the control group (67.44%) (P< 0.05). The dosage of 

epinephrine, dopamine, and duration of cardiopulmonary bypass (CPB) assistance in the observation 

group were less than those in the control group (P < 0.05). These results indicated that TiO2 

nanocrystalline film could be used in HVR, and papaverine infusion through aortic root before HVR and 

myocardial protection measures can significantly improve the rate of cardiac self-recovery and promote 

postoperative recovery. 
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Introduction 

Heart valve replacement (HVR) requires temporary 

cutting off of cardiac coronary circulation. Although 

cardiac arrest fluid and low temperature can be used 

to protect the heart, the metabolism of cardiac cells is 

not completely stopped during aortic dissection, 

resulting in changes in the structure and function of 

cardiac cells (1-3). Cardiopulmonary bypass (CPB) 

can ensure the blood perfusion and oxygen supply to 

the patient's organs, so as to maintain the dynamic 

balance of the internal environment and protect the 

vital organ function from damage (4-6). However, 

CPB can lead to systemic inflammatory response 

syndrome, elevate the level of myocardial injury, and 

increase the incidence of postoperative complications. 

Moreover, myocardial ischemia/reperfusion injury 

after occlusion is also a key factor leading to 

myocardial injury (7). Papaverine has a direct and 

non-specific relaxation effect on blood vessels, heart 

or other smooth muscles, and is widely used in the 

treatment of ischemia caused by the cardiac, brain, 

and peripheral vascular spasm (8-10). 

TiO2 Nanocrystalline film material has been widely 

used as surface modification material for vascular 

medical devices (such as artificial vascular stents and 

artificial heart valves) due to its excellent 

anticoagulant properties and endothelial cell growth 

guidance (11-13). Líšková et al. (2020) (14) pointed 

out that the excellent anticoagulant energy of TiO2 

Nanocrystalline film material has exceeded that of 

pyrolytic carbon material with the highest 

anticoagulant level. Only after systematic biological 

evaluation and all compliance with national standards 

can surface-modified medical device materials enter 

clinical application (15-17). Therefore, the detection 

of TiO2 Nanocrystalline film material can provide an 

experimental and theoretical basis for the application 

of TiO2 Nanocrystalline film in the surface 

modification of vascular implant devices.  

From January 2019 to December 2021, 86 patients 

https://pubmed.ncbi.nlm.nih.gov/?term=Mei+B&cauthor_id=23196662
https://pubmed.ncbi.nlm.nih.gov/?term=He+GJ&cauthor_id=23196662
https://pubmed.ncbi.nlm.nih.gov/?term=Lai+YL&cauthor_id=23196662
https://creativecommons.org/licenses/by/4.0/
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with heart valve disease who underwent HVR were 

selected and were randomly divided into a control 

group and an experimental group. In the experimental 

group, 43 patients received papaverine perfusion 

through the aortic root to protect the myocardium 

before cardiac self-recovery during CPB and finally 

achieved a good therapeutic effect. The objective of 

this work was to improve the intraoperative rate of 

cardiac self-recovery and reduce the CPB auxiliary 

time to improve the myocardial protection effect and 

postoperative improvement. 

 

Materials and methods 

Research objects 

In this work, 86 patients with heart valve disease 

treated in our hospital from January 2019 to 

December 2021 were selected as the research objects, 

and all underwent HVR. They were divided into a 

control group (routine treatment) and an experimental 

group (papaverine perfusion through aortic root) by 

random number table method, with 43 cases in each 

group. There were 47 males and 39 females, with an 

average age of 43.4 ± 11.5 years old. There was no 

significant difference in basic information between the 

two groups (P> 0.05). This work was approved by the 

Medical Ethics Committee of Affiliated Hospital of 

North Sichuan Medical College. Patients and their 

families were informed of the experiment and signed 

informed consent. 

Inclusion criteria were given as follows: patients 

with heart valve disease diagnosed according to 

clinical symptoms, manifestation signs, and color 

echocardiography; and patients with HVR surgery 

indications. 

Exclusion criteria were set as follows: patients 

combined with angina pectoris and myocardial 

ischemia, or coronary heart disease confirmed by 

preoperative coronary angiography; patients with 

infective endocarditis; patients with recurrent heart 

valve surgery; and patients with liver, kidney, spleen, 

and other organs failure. 

 

Surgery methods 

All patients received endotracheal intubation, 

intravenous combined general anesthesia, and 

underwent surgery under conventional CPB and open 

heart vision. CPB was constructed by the conventional 

method through the median sternal incision, followed 

by parallel circulation after heparinization. The 

ascending aorta was blocked and cardiac arrest fluid 

was injected into the aortic root. The temperature was 

30 ~ 32℃ during the surgery. The mitral and aortic 

valves were double-bladed mechanical valves 

(including TiO2 Nanocrystalline film), the tricuspid 

valve was formed using BalMedic soft ring (Beijing 

Bailensee Bioengineering Co., LTD., China), and the 

Atricure bipolar radio frequency (RF) pen was used. 

In the control group, aorta blocking forceps were 

opened after full exhaust, cardioplegia fluid was 

routinely poured, and defibrillation was performed 

when necessary. 

After ascending aorta occlusion, the experimental 

group was infused with hemostasis fluid. When the 

heart did not beat effectively, papaverine (60 mg 

diluted to 20 mL) was injected through the aortic root 

perfusion tube, and repeated aspirations were 

performed 8 to 10 times, with a cumulative total of 

140 to 210 mL, followed by continuous infusion of 

arrest fluid. When the heart showed signs of 

spontaneous beating, the aortic blocking forceps were 

opened and the aortic root was pressed with high 

frequency by hand to ensure that the aorta was 

completely closed each time. 

 

Observation indicators 

The aortic occlusion time (min), rate of cardiac 

self-recovery (%), duration of CPB assistance after 

cardiac self-recovery (min), amount of dopamine (μg/ 

(kg·min)), amount of adrenaline (μg/ (kg·min)), 

duration of ventilator assisted breathing (min), 

perioperative complications, and length of hospital 

stay (d) and patients in two groups were recorded and 

compared. In addition, a 1-year follow-up was 

performed. 

 

Preparation of TiO2 nanocrystalline film  

TiO2 Nanocrystalline film was prepared by RF 

reactive sputtering. TiO2 Nanocrystalline film was 

prepared on a BMS500B RF sputtering machine 

(Chengdu Sideng Technology Co., LTD.) equipped 

with 1 DC sputtering target and 2 RF sputtering 

targets. The experimental target was TiO2 with 99.99 

% purity, and the sputtering gas was argon. RF 

sputtering power was 200 W, and frequency was 

13.56 MHz. The limit vacuum of the vacuum chamber 

was pumped to 1 ×10-4 Pa, and the sputtering pressure 
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was 0.5 ~ 2 Pa. Clean ordinary slides were used for 

substrate without heating, and the deposition time of 

TiO2 Nanocrystalline film was 2 h. TiO2 

Nanocrystalline film samples were annealed at 200°C, 

300℃, 400℃, and 500℃ for 1 h, respectively. 

 

Characterization of TiO2 nanocrystalline film 

The crystal structure of the electrode material was 

observed by X-ray diffraction (XRD, PW1710 X-ray 

Diffractometer, Philips, Netherlands) with a CuK α 

source of 30 kV, 20 mA, and a wavelength of 0.15418 

nm. The Scherrer formula was used to estimate the 

diffraction peak and calculate the grain size of the 

film, as shown in equation (1). The morphology was 

characterized by Nova Nano SEM ×30 field emission 

scanning electron microscope (SEM, FEI Company of 

America). SPA400 atomic microscope (AFM, Seiko 

Co., LTD., Japan) was adopted for scanning imaging 

of thin-film samples in contact mode, scanning range 

of 1 μm × 1 μm. The grain size was analyzed and 

characterized by a TU-1901 UV-vis 

spectrophotometer (TU-1901, Beijing General 

Analysis Co., LTD.). The transmission spectra of the 

films were measured by a TU-1901 UV-vis 

spectrophotometer in the range of 200 ~ 1050 nm. 

k
S

w




=

                                                                    [1] 

In the above equation, S represented the grain size, 

k represented the constant and k = 0.89, w referred to 

the half-width of the X-ray diffraction peak, and β 

represented the Bragg Angle. 

 

Determination of the anticoagulant activity of film 

The prepared TiO2 Nanocrystalline film was 

ultrasonic washed with acetone, ethanol and deionized 

water for 5min in turn, and then dried for backup use. 

10 mL venous blood of healthy adults was extracted 

with a plastic syringe, and 0.03 mL blood was 

dropped on the surface of the film. Then, the film was 

immersed in 30 mL distilled water after standing for 

10 min ~ 40 min, standing for 10min each time. When 

the unsolidified red blood cells were fully dissolved in 

water, 722 visible light spectrophotometer (Shanghai 

Kexiao Scientific Instrument Co., LTD.) was used to 

measure the red blood cell photometric value in water 

and obtain the data on dynamic blood loss time. The 

film samples were placed in platelet-rich plasma and 

incubated in a 37°C water bath at constant 

temperature for 1 h. After removal, the test tube was 

placed in 0.9% NaCl to clean the non-adherent 

platelets and fixed in 3 - 5% glutaraldehyde solution 

for 3 h. Gradient alcohol was used for dehydration, 

and gradient iso-pentacyl acetate was dealcoholized. 

After a thin layer of gold, the powder was sprayed on 

the surface, the SEM was used to qualitatively analyze 

the morphological changes of platelets and t-film 

morphology. 

 

Statistical methods  

All the data in this work were established in an 

Excel database and analyzed by SPSS20.0. The 

measurement data were expressed as mean ± standard 

deviation (x ± s), the counting data were expressed 

by χ2 test, and the counting data were expressed as a 

percentage (%). The difference was statistically 

significant at P< 0.05. 

 

Results and discussion 

Characterization of surface morphology of thin 

films 

Since TiO2 Nanocrystalline film was an insulating 

film, a very thin layer of gold powder should be 

sprayed on its surface before SEM observation. By 

observing the SEM images of TiO2 Nanocrystalline 

film, it was found that TiO2 Nanocrystalline film was 

composed of a large number of homogeneous 

particles with an average particle size of 18.97 ± 7.28 

nm. The illustration in Figure 1B was a cross-section 

photo of TiO2 Nanocrystalline film. The section photo 

in Figure 1B showed that the thickness of TiO2 

Nanocrystalline film was about 5.24 nm. Atomic force 

microscopy (AFM) was shown in Figure 2. It was 

found that the film surface was relatively smooth, and 

the sample surface roughness was 6.43 nm. 

 

Crystal structure of the film 

TiO2 Nanocrystalline film was prepared by RF 

reactive sputtering with P25 as raw material. XRD 

was used to analyze TiO2 Nanocrystalline film 

prepared at room temperature after annealing at 200-

500℃ for 1 h. The results were shown in Figure 3, 

which illustrated that TiO2 Nanocrystalline film 

prepared at room temperature showed an amorphous 

structure. After annealing at 200℃ and 300℃ for 1 h, 

the crystal morphology did not change, and after 



 Tan et al./ Heart Valve Replacement with TiO2 Nanocrystalline Film Material, 2022, 68(3): 322-329  

 

Cell Mol Biol  325 

 

annealing at 400℃, the crystal morphology changed. 

The diffraction peaks at 2θ were 25.6°, 37.8°, 56.6°, 

and 67.7°, which correspond to the characteristic 

diffraction peaks of the crystal planes of anatase TiO2 

(101), (200), (211), and (204), respectively. In 

addition, the characteristic diffraction peaks of rutile 

TiO2 appeared at diffraction angles of 28.7°, 46.3°, 

57.2°, and 64.7°. When the annealing temperature 

rose to 500℃, the intensity of the peak increased. 

 

Optical properties of films 

Tu-1901 UV-visible spectrophotometer was used to 

test the average transmittance of TiO2 Nanocrystalline 

film annealed at different sputtering pressures. The 

test results were shown in Figure 4. The average 

transmittance of TiO2 Nanocrystalline film was more 

than 85% in the range of 400 ~ 900 nm. 

 

 

Figure 1. SEM images of TiO2 nanocrystalline film.      

(A): SEM image of TiO2 nanocrystalline film; (B): Section 

photo of TiO2 nanocrystalline film  

 

 
 

 

Figure 2. AFM images. (A): 2Dimage; (B): 3D image 

 

Figure 3. XRD pattern of TiO2 Nanocrystalline film at 

different annealing temperatures (1 h). 

 

 

Figure 4. Transmission spectra of TiO2 films prepared at 

different sputtering pressures. 

 

Platelet adhesion and anticoagulant activity 

The more platelets adhere to the material, the more 

serious the deformation will be, and the more 

activated the number, indicating that the material and 

blood compatibility was worse; otherwise, the 

compatibility was better. As shown in Figure 5, the 

three materials were ranked from high to low 

according to the number of platelet adhesion on the 

surface and the degree of deformation: industrial pure 

titanium, nanocrystalline titanium, and TiO2 

Nanocrystalline film in order. 

Because the surface properties of different 

materials were different, the degree of contact with 

blood coagulation was not the same. According to 

Figure 6, several materials can be sorted from long to 
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short in terms of coagulation time as follows: TiO2 

Nanocrystalline film, nanocrystal titanium, and 

industrial pure titanium. It indicated that the 

anticoagulant activity of TiO2 Nanocrystalline film 

can be significantly improved. 

 

  

 

Figure 5. Electron microscopy of platelet adhesion of 

different materials. (A): industrial pure titanium; (B): 

nanocrystal titanium; and (C): TiO2 nanocrystalline film  

 

 

Figure 6. Histogram of dynamic coagulation time of 

different materials. 

 

Comparison of general data of patients in two 

groups 

There were no statistically significant differences in 

gender, age, body weight, preoperative cardiac 

function level, left ventricular ejection fraction 

(LVEF), disease type, and surgical methods between 

the two groups, as shown in Table 1. 

Table 1. Comparison on general data of patients (n,x ± s) 

Indicator  
Control group 

(n = 43) 
Experimental 
group (n = 43) 

P 

Gender     

Males  25 22 
> 0.05 

Females  18 21 
Age (years old) 42.35 ± 11.48 43.37 ± 10.42 > 0.05 

Body weight (kg) 56.72 ± 9.72 54.46 ± 8.71 > 0.05 

Cardiac function level   > 0.05 
Level II 27 29  

Level III 16 14  

LVEF (%) 61.67 ± 6.78 61.58 ± 7.23 > 0.05 
Disease type   > 0.05 

Mitral stenosis 18 15  
Mitral insufficiency 7 8  

Aortic insufficiency 8 9  

Tricuspid stenosis 10 11  
Surgery method   > 0.05 

Mitral valve replacement 16 19  

Aortic valve replacement 13 12  
Double valve replacement 9 8  

Tricuspid valve plasty 5 4  

 

Comparison of clinical results between the two 

groups 

The duration of CPB assistance, the amount of 

dopamine, and the amount of epinephrine used in the 

experimental group after the cardiac self-recovery 

during the surgery were shorter or less than those in 

the control group. The rate of cardiac self-recovery 

(97.67%) was higher than that of the control group 

(67.44%), with statistical significance (P< 0.05). 

There were no significant differences in aortic 

occlusion time, duration of ventilator-assisted 

breathing, and hospital stay between the control group 

and the control group (P> 0.05), as shown in Table 2. 

 

Table 2. Comparison of clinical results between the two 

groups (n,x ± s) 

Indicator  
Control group 

(n = 43) 

Experimental 
group 

(n = 43) 

t/χ2 P 

Aortic occlusion time 

(min) 
45.62 ± 10.45 46.78 ± 9.85 1.873 P > 0.05 

Rate of cardiac self-
recovery (%) 

67.44 97.67* -0.653 P < 0.05 

Duration of CPB 

assistance after cardiac 

self-recovery (min) 

24.54 ± 11.43 12.56 ± 9.67 -1.241 P < 0.05 

Dopamine (μg/ (kg·min)) 6.57 ± 2.71 3.27 ± 1.73 -0.973 P < 0.05 

Adrenaline (μg/ (kg·min)) 0.064 ± 0.018 0.021 ± 0.013 -0.765 P < 0.05 

Duration of ventilator 
assisted breathing (h) 

10.26 ± 4.25 10.21 ± 4.76 1.542 P > 0.05 

Hospital stay (d) 7.78 ± 2.18 7.51 ± 2.15 1.525 P > 0.05 

 

Comparison of complications between the two 

groups 

There was no death in either group. The 

experimental group followed up 43 cases for 6 - 12 
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months. During the follow-up period, 6 patients were 

readmitted due to cardiac events, including 1 case of 

myocardial infarction, 1 case of severe angina 

pectoris, 2 cases of cerebral infarction, and 2 cases of 

gastrointestinal bleeding. In the control group, 43 

patients were followed up for 7 - 12 months. During 

the follow-up period, 8 patients were readmitted to the 

hospital due to cardiac events, including 1 case of 

myocardial infarction, 3 cases of severe angina 

pectoris, 3 cases of cerebral infarction, and 1 case of 

gastrointestinal bleeding. The complications in the 1-

year follow-up were shown in Table 3. 

 

Table 3. Complications in 1-year follow-up after surgery (n) 

Item 
Control group 

(n = 43) 

Experimental 

group (n = 43) 
t/χ2 P 

Myocardial infarction 1 1 0.556 P > 0.05 
Severe angina pectoris 3 1 -0.783 P < 0.05 

Cerebral infarction 3 2 0.672 P > 0.05 

Gastrointestinal 
hemorrhage 

1 2 0.874 P > 0.05 

Death 0 0  P > 0.05 

 

With the continuous improvement of cardiac 

surgery and CPB application technology, the 

effectiveness and safety of open-heart surgery in the 

treatment of heart valve disease have been guaranteed. 

However, postoperative myocardial injury is still a 

risk factor for complications after CPB open heart 

surgery, and excellent myocardial protection directly 

affects the success or failure of cardiac surgery and 

patient prognosis (18-20). In this work, papaverine 

was used to improve the rate of cardiac self-recovery. 

Papaverine can improve the intraoperative blood 

oxygen supply of the myocardium and improve the 

internal environment of ischemia and hypoxia (21). 

In this work, TiO2 Nanocrystalline film was 

successfully prepared by RF reactive sputtering. The 

crystal characteristics and surface morphology of TiO2 

Nanocrystalline film were observed by X-ray 

diffraction and scanning electron microscopy, and the 

antiplatelet adhesion and anticoagulant properties of 

the film were analyzed. It was observed by electron 

microscope that the prepared TiO2 nanocrystalline 

film was composed of a large number of 

homogeneous particles with an average particle size 

of 18.97 ± 7.28 nm. In addition, TiO2 Nanocrystalline 

film was found to have good anti-platelet adhesion 

and anti-whole blood coagulation properties (22-24). 

In this work, TiO2 Nanocrystalline film was applied to 

HVR. After ascending aorta occlusion, patients in the 

experimental group were injected with blood-

containing cardiac arrest fluid. When the heart did not 

beat effectively, papaverine was injected through 

aortic root perfusion tube (diluted 60 mg to 20 mL), 

which can make Papaverine directly enter the 

coronary artery. When the coronary arteries were 

dilated to the maximum extent, adequate perfusion of 

arrest fluid can be ensured to achieve myocardial 

protection. In the hypothermia state, coronary arteries 

are generally in a spasm state. Although the 

anastomosis of target vessels can be accurately found 

in the concurrent CPB process, it is a technical 

difficulty in clinical operation practice. In this work, 

papaverine can continuously dilate coronary arteries 

and provide basic conditions for the heart to 

accurately find coronary arteries when it stopped 

beating (25-27). Good myocardial protection 

measures can shorten the duration of CPB assistance 

and reduce the use of positive inotropic drugs such as 

dopamine and norepinephrine. Ray et al. (2017) (28) 

also achieved good clinical treatment effect by using 

poppy perfusion to the aortic root before cardiac valve 

surgery, which was consistent with the results of this 

work. 

Some points should also be noted in the clinical 

practice of Papaverine. Firstly, during repeated 

aspiration, a little blood should be left in the syringe 

after each infusion of blood into the aorta, otherwise, 

some air will directly enter the coronary artery. 

Secondly, when squeezing the ascending aorta, the 

plaque should be avoided as far as possible. 

There were some shortcomings in this work. Only 

one preparation method was used in the preparation of 

TiO2 Nanocrystalline film. A variety of preparation 

methods should be used to compare TiO2 

Nanocrystalline film with different grain sizes. In the 

later stage, the processing process should be 

optimized to prepare films with different grain sizes 

and good morphology. 

 

Conclusions 

TiO2 Nanocrystalline film was prepared by RF 

reactive sputtering. HVR was performed in 86 patients 

with heart valve diseases. In the experimental group, 

papaverine was injected into the aortic root to protect 

the myocardium before cardiac self-recovery during 

CPB, aiming to improve the intraoperative rate of 
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cardiac self-recovery and reduce the duration of CPB 

assistance and enhance the effect of myocardial 

protection. The results showed that TiO2 

Nanocrystalline film could be used for HVR. 

Papaverine infusion and myocardial protection before 

HVR can significantly improve the rate of cardiac 

self-recovery and promote postoperative recovery. 

The limitation of this work was that the preparation 

process was single and the sample size was small. In 

the later stage, the preparation process should be 

optimized and the sample size should be increased to 

further explore and verify the conclusions. In 

conclusion, this work provided an experimental and 

theoretical basis for the surface modification 

application of vascular implant devices, and on the 

other hand, it also enriched the research content of 

biological safety of nanomaterials. 
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