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Abstract. The feasibility of using an alternating magnetic field from induction heating furnace to 

heat the NiTi stent and the influence of hyperthermic on smooth muscle cells (SMCs) have been 

studied in the present work. The electromagnetic field is capable of significantly heating NiTi stents 

and the heating temperature can be adjusted by changing the voltage and heating time of the furnace 

and the position of NiTi stents. The shape and living status of SMCs were influenced by the heat 

treatment procedures. There were three stages of SMCs reaction to heat: (1) when the temperature 

below 44ºC, the living status was not changed; (2) between 44ºC to 50ºC, the cells shrinked and 

were less dyed with trypan blue, which indicated that they were still alive; (3) when the temperature 

was above the 50ºC, all the cells died. It was found that from 44ºC to 50ºC, the SMCs died in 

apoptosis, which might allow us to heat the implanted stent to prevent restenosis.  

Introduction 

The effect of hyperthermia therapy is well-known in curing certain diseases, such as liver tumours 

and prostate hyperplasia[1-2]. The heat resources may be ultrasonic, microwave and radiofrequency. 

For the treatment of cardiovascular diseases, one recent aspect is that some cardiac arrhythmias can 

be cured by catheter radio-frequency ablation[3], the other aspect is that coronary heart disease can 

be dilated by the metallic stent. Unfortunately, about 30% restenosis rate for clinical cases limits the 

application of bare metallic stent. Hoping to prohibit the restenosis based on the vascular SMCs’ 

apoptosis by heating stent outside the patient’s body after 3~5 months’ implantation, we studied both 

the feasibility of heating the metallic stent by induction heating furnace and the influence of 

hyperthermia on SMCs in the present work. 

Experimental 

The stent was knitted by 0.15 mm diameter Ti-50.8%Ni(atomic percentage) alloy wire into a mesh 

tube shape, with the diameter of the stent be 3.5 mm and the length be 10 mm. For the in vitro 

heating simulation experiment, the electromagnetic induction furnace with 10cm coil diameter was 

employed. The NiTi self-expanding stent was fixed on the tip of the detector part of one iodic 

thermometer, and another iodic thermometer was used as control.  

Two month old Japan white rabbits were fasted for 12 hours. The aortic artery was isolated from the 

rabbits in the sterile condition, washed 3 times with hank’s balanced salts solution, cut into small 

pieces about 1 mm
2
 in area, then put into culture bottle with 20% fetal bovine serum and antibiotics. 

The culture bottle was placed in a 37ºC incubator at 95% relative humidity and 5% CO2. The five 

generation cells were digested by pancreatin and EDTA mixture to make the cell concentration be 
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10
5
 cells /ml. The cell suspension was divided into 9 groups (37°C~54ºC) and each group included 3 

culture bottles, with 2 millilitres of cell suspension contained in. After 6 days’ culture, cells were 

heated to37ºC~54ºC for 10 min by submersion in a circulation water bath with temperature 

regulation of ±0.1ºC, Upon completion of heat treatment, cells were immediately transferred to a 

37ºC bath for 10 min prior to being placed in a incubator at 95% relative humidity and 5% CO2.  

Results and discussion 

The NiTi stent was heated to a high temperature with the increase of the voltage of induction furnace. 

When the voltage reached 100, 000 V, the temperature of NiTi stent which located in the center of 

the furnace reached 100ºC within 30 seconds. For all positions inside the coil, the NiTi stent can 

response to the electromagnetic induction heating, and the close to the central axes of the coil, the 

higher the heating efficiency is. In other words, the temperature of the NiTi stent close to the coil is 

lower than that at the central axes of the coil. For the position outside the coil, the heating efficiency 

is the worse. One interesting point is that after heating by induction furnace, the radical strength of 

the stent seems to be increased by finger pinching.  

Fig.1 shows the optical micrograph of SMCs after normal HE staining. The cells grew as a typical 

growth of SMCs, showing the peak and valley pattern feature. The profile of each cell exhibits the 

shuttle morphology. 

According to the variation of SMCs morphology with the heat treatment temperature, three stages 

could be divided. (1) It was shown that no obvious morphological changes of SMCs were observed 

comparing to the control group when the heat treatment temperature were 40ºC、42ºC and 44ºC. The 

growth of SMCs was not prohibited at 72 hours’ culturing, as can be seen from Fig.2. At this stage, 

there was no significant change in cells felling off into the medium compared to the control. (2) At 

the temperatures of 46ºC, 48ºC, 50ºC, heat treated for 10 min, and then continuously cultured for 10 

hours, the SMCs shrinked into rotundity and ellipse morphologies. The cell plasm took the shape of 

string of beads, after 24 hours of culture, as shown in Fig. 3. At this stage, a large amount of SMCs 

fell off into culture medium solution, as typically illustrated by Fig. 4(stained by trypan blue). (3) At 

the temperature of 52ºC and 54ºC, after heat treatment for 10 minutes, shrinking of cells did not 

occur. For the following continuous culture for 10 hours, the edge of cells turned up, and some cells 

fell off into the culture medium solution as broken piece. The maximum degree of cells falling off 

into the culture medium solution was found when cell cultured between 12- 24 hours, as shown in 

Fig.5(stained by trypan blue). At this stage, most of the cells fell off into the medium, and the typical 

cells fell off into the culture solution could be stained by trypan blue, as illustrated in Fig.6(stained 

by trypan blue). Fig. 7 shows the SEM image of normal SMCs, with the shuttle growth morphology. 

Fig.8 shows the typical SEM image of the apoptotic SMCs. The sample underwent 46ºC heat 

treatment for 10 minutes and followed by continuous culture for 10 hours. The cells exhibited the 

shape of bead string and apoptotic bodies formed. Fig.9 illustrated the TEM image of the sample 

same as that in Fig.8, showing the feature of the compaction of chromatin, the segregation of 

chromatin, the protrusion of the karyotheca and the appearance of apoptotic bodies.   

Tab. 1 lists the number of SMCs stained by trypan blue and the percentage of the cells stained by 

trypan blue in the total SMCs fell off into the culture medium solution, for samples heat treated at 

different temperatures for 10 minutes and incubated for different times continuously. After heat 

treatment, in the groups of 46ºC,48ºC and 52ºC, the cells fell off into the medium were much more 

than that of in 44ºC group. (At 44ºC, 46ºC, 48ºC, 50ºC, 52ºC and 54ºC, the total number of cells fell 

off into the culture medium solution were 11.54×10
4
, 43.08×10

4
, 67.98×10

4
, 111.41×10

4
, 84.28×10

4
 

and 49.34×10
4
, respectively). The cells fell off into medium were not stainted by trypan blue in the 
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groups of 44ºC、46ºC、48ºC、50ºC, although there were the morphological changes, which indicated 

that the cells were still alive at those temperatures. In the group of treating temperature more than 

50ºC, all the cells were stainted with trypan blue, together with morphologic changes, which 

indicated that the cells were died in necrosis (putrescence). 

 

Fig. 1 Normal SMCs in HE staining(×100)  Fig. 2 44ºC heated for 10 min+ 72 hours culture(×100)  

 

Fig.3 46ºC heated for 10 min+ 24 h culture(×200) Fig.4 46ºC heated for 10 min+ 24 h culture(×200)  

 

Fig. 5 52ºC heated for 10 min+ 24 h culture(×200)Fig. 6 52ºC heated for 10 min+ 24 h culture(×100) 

 

To combine the in vitro heating simulation experiment results and the SMCs culture results after 

heat treatment, it seems to be theoretically feasible to prohibit the restenosis of implanted stent by 

hyperthermic therapy, although it is unknown that the intensive magnetic fields may harm to the 

human or not. we can conclude that heating the SMCs covering the NiTi stent to the temperature 

range of 44ºC~50ºC with the induction furnace for 10 minutes may induce apoptosis of SMCs 

covering the stent wires in the coming several tens of hours, therefore decrease the number of SMCs, 

and realize controlling the restenosis without invasion.  
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Fig.7 SEM image of normal   Fig.8 46ºC heated for 10 min     Fig.9 46ºC heated for 10 min 

SMCs(×1,300)             +10h culture(SEM, ×800)      +10h culture(TEM, ×90,000) 

 

Tab. 1 Numbers of cells stained by dye in all SMCs fell off into the culture medium solution [×10
4
] 

and corresponding percentage of cells given by the number in the parenthesis [%] 

 

Temp. 

[ºC] 

Cultured for  

24 hr. 

Cultured for  

48 hr. 

Cultured for  

72 hr. 

Cultured 72 hr. 

Cells remain on the 

inner surface of bottle 

40 

42 

44 

46 

48 

50 

52 

54 

0.31±0.13(14.29) 

0.13±0.13(3.25) 

0.42±0.52(10.97) 

0.62±0.83(2.67) 

2.81±4.34(13.56) 

23.38±15.02(36.20) 

12.58±2.86(97.08) 

8.50±1.08(100.00) 

0(0.00) 

0.10±0.18(2.27) 

0.30±0.30(6.55) 

0.63±0.63(5.36) 

2.50±1.25(10.43) 

5.00±2.86(21.24) 

17.29±8.44(100.00) 

24.17±7.30(100.00) 

0.10±0.19(3.83) 

0.10±0.18(3.73) 

0.10±0.18(1.20) 

0(0.00) 

1.18±1.08(3.59) 

6.25±1.08(26.84) 

53.96±14.39(100.00) 

16.67±2.89(100.00) 

2.50±1.43(1.83) 

7.51±5.21(5.83) 

9.79±12.41(6.98) 

1.46±0.36(1.68) 

0.42±0.72(9.59) 

1.04±0.96(7.92) 

2.29±1.44(58.40) 

12.92±20.21(75.64) 

Conclusions 

(1) The NiTi stent could be heated up with the increase of the voltage of induction furnace and the 

heating time. For all positions inside the coil, the NiTi stent can response to the electromagnetic 

induction heating, and the close to the central axes of the coil, the higher the heating efficiency is. 

(2) Hyperthemia could changed the living status of SMCs. There were three stages of SMCs reaction 

to heat: When the temperature below 44ºC, the living status was not changed. In the temperature 

ranges between 44ºC to 50ºC, the cells shrinked into rotundity and ellipse but alive and few of them 

were stainted with trypan blue. When the temperature was above 50ºC, all the cells died.  

(3) It could be suggested that from the temperature of 44ºC to 50ºC, the SMCs died in apoptosis, and 

this range of temperature allows us to heat the implanted stent to prevent restenosis. 
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