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Article focus
�� To study the feasibility and effectiveness 

of non-contact induction heating of a 
metal implant in reducing bacterial load 
in vitro.

�� We designed an in vitro model to test the 
effect of heating duration and tempera-
ture of non-contact induction heating 
titanium cylinders inoculated with five 
types of micro-organisms.

�� The hypothesis is that non-contact induc-
tion heating can eradicate planktonic 
micro-organisms within a clinically feasi-
ble temperature range and heating 
duration.

Key messages
�� The in vitro model presented here has 

shown that non-contact induction heat-
ing of a metal implant is effective in 

Non-contact electromagnetic induction 
heating for eradicating bacteria and yeasts 
on biomaterials and possible relevance to 
orthopaedic implant infections 
in vitro findings

Objectives
Infection of implants is a major problem in elective and trauma surgery. Heating is an effec-
tive way to reduce the bacterial load in food preparation, and studies on hyperthermia 
treatment for cancer have shown that it is possible to heat metal objects with pulsed elec-
tromagnetic fields selectively (PEMF), also known as induction heating. We therefore set 
out to answer the following research question: is non-contact induction heating of metallic 
implants effective in reducing bacterial load in vitro?

Methods
Titanium alloy cylinders (Ti6Al4V) were exposed to PEMF from an induction heater with 
maximum 2000 watts at 27 kHz after being contaminated with five different types of micro-
organisms: Staphylococcus epidermidis; Staphylococcus aureus; Pseudomonas aeruginosa; 
spore-forming Bacillus cereus; and yeast Candida albicans. The cylinders were exposed to 
incremental target temperatures (35°C, 45°C, 50°C, 55°C, 60°C, 65°C, 70°C) for up to 3.5 
minutes.

Results
There was an average linear heating rate of 0.39°C per second up to the target tempera-
ture, and thereafter the target temperature was maintained until the end of the experi-
ment. At 60°C and higher (duration 3.5 minutes), there was a 6-log reduction or higher 
for every micro-organism tested. At 60°C, we found that the shortest duration of effective 
induction heating was 1.5 minutes. This resulted in a 5-log reduction or higher for every 
micro-organism tested.

Conclusion
Non-contact induction heating of a titanium disk is effective in reducing bacterial load in 
vitro. These promising results can be further explored as a new treatment modality for infec-
tions of metal orthopaedic implants.
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eradication of various bacterial species and yeast, 
including spore-forming bacteria.

�� Non-contact induction heating for 1.5 minutes to 3.5 
minutes at 60°C on contaminated titanium cylinders 
resulted in a 5-log reduction or higher of Staphylococcus 
aureus, Staphylococcus epidermidis, Pseudomonas aer-
uginosa, Candida albicans and Bacillus cereus.

Strengths and limitations
�� This is the first research study that determines the fea-

sibility and effectiveness of non-contact induction 
heating of a metal implant in reducing bacterial load 
in vitro within a clinically feasible temperature range 
and heating duration.

�� In theory, every metal implant (e.g. screw, plate, 
k-wire, total hip or total knee prosthesis) is eligible for 
induction heating, depending on anatomic relations.

�� This is an in vitro study with micro-organisms in plank-
tonic form. The influence of soft tissue, bone and bio-
film have not been studied.

Introduction
Infection of (metal) implants is a major problem in both 
elective orthopaedic and acute trauma surgery, and is 
one of the most frequent causes of early and late failure 
of total knee arthroplasty.1 Although the absolute rates 
are low (1% to 3%),2,3 they can rise tenfold in acute trauma 
surgery: 20% in open tibial fractures.4 Contemporary 
treatment methods such as surgical debridement with 
pulse lavage and antibiotics may not be effective once 
biofilm formation has reached a certain bioburden thresh-
old.5,6 Furthermore, the increasing resistance of bacteria 
to antibiotics raises concern and limits the choice of 
antibiotics.7

Therefore, it is paramount that alternative treatments 
for infections in orthopaedic implants are developed. In 
food preservation, heating is an effective way to reduce 
bacterial load.8 Furthermore, studies on hyperthermia 
treatment for cancer have shown that it is possible to heat 
metal objects within the body transcutaneously and 
selectively with pulsed electromagnetic fields (PEMF).9 
The PEMF induces so-called ‘eddy currents’ within metal-
lic objects10. These eddy currents are electric currents 
within the metallic object that oppose the change in 
PEMF as derived from Faraday's law of electromagnetic 
induction, and consequently cause heating of the metal-
lic implant.10

In the field of hyperthermia cancer treatment, several 
studies have shown the feasibility of induction heating of 
"thermal seeds" and nanoparticles.9,11 In the field of frac-
ture healing with shape memory devices, Müller et al12 
have also shown the feasibility and safety of contact-free 
electromagnetic induction heating of Nickel Titanium 
alloy (NiTi) implants in a rat model. There are, however, 
no reports of non-contact heating of orthopaedic 

implants by induction heating to prevent and treat infec-
tions of orthopaedic implants. The purpose of this in vitro 
study was to determine the feasibility and effectiveness of 
non-contact induction heating of a metallic implant in 
reducing the load of bacteria and yeasts. We therefore set 
out to answer the following research question: is non-
contact induction heating of a metallic implant effective 
in reducing bacterial load in vitro?

Patients and Methods
Non-porous titanium cylinders (Ti6Al4V = implant 
alloy), of 25 mm in diameter and 13 mm in height, were 
exposed to a PEMF from an induction cooker (Comline 
2000; Ellrona, Arnsberg, Germany) at 600 to 1000 watts 
(maximum power = 2000 watts) at 27 kHz after con-
tamination with five different micro-organisms in plank-
tonic form: Staphylococcus epidermidis (American Type 
Culture Collection (ATCC, Manassas, Virginia): 14990); 
Staphylococcus aureus (BAA:976); Pseudomonas aerugi-
nosa (ATCC: 27853); spore-forming Bacillus cereus 
(ATCC: 14579); and yeast Candida albicans (ATCC: 
10231). These micro-organisms were chosen as repre-
sentatives of gram-positive bacteria, gram-negatives, 
spore formers and yeasts associated with infections of 
orthopaedic implants. The induction cooker features a 
pancake-type coil of 24 turns of copper litz wire with an 
inductance of 78 millihenries. An induction cooker was 
chosen because several studies have indicated that the 
PEMF generated by induction cookers, in the order of 20 
kHz to 30 kHz, is safe for humans.13-15 For non-contact 
temperature measurement and temperature control, 
we used a calibrated infrared thermometer (IRF380-
20D; Voltcraft, Conrad Electronic Benelux BV, Oldenzaal, 
Netherlands). Figure 1 shows an arrangement of the 
induction system and thermal images of a heated tita-
nium cylinder and femoral hip implant (the latter for 
demonstration purposes).
Heating and distance to the induction heater.  The tita-
nium cylinder was heated at 1000 watts (half power) 
at various distances from the induction heater (0 cm, 1 
cm, 2 cm, 3 cm, 4 cm and 5 cm), using wooden spac-
ers that do not interfere with the PEMF. We recorded 
whether the target temperature could be reached and 
how much time it took to reach it. When the titanium 
cylinder was placed on the heater without a spacer (dis-
tance is 0 cm), there was still some distance of the coil 
to the titanium cylinders, which was less than 1 cm. In a 
clinical situation, the metal implant has a starting tem-
perature of approximately 37°C (body temperature), so 
the temperature must be raised by 23° to reach 60°C. 
Therefore, the temperature increase of interest was 
23°C.
Preparation of the cylinders. O f each micro-organism, a 
0.5 McFarlands standards (McF) suspension was made 
corresponding with 1.5 x 108 colony-forming units (CFU) 
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per ml. Using this solution, each cylinder was contami-
nated with 200 µl (0.3 x 108 CFU/ml). Since there are no 
studies available on the eradication of micro-organisms 
from metal implants by means of induction heating, we 
felt it appropriate to start with micro-organisms in plank-
tonic form. This would allow us to investigate the pos-
sible stimulation of PEMF on micro-organisms, which 
may be obscured in biofilm models.16-18 It is important 
to note that not all micro-organisms responsible for 
prosthetic joint infections form biofilms. Also, induction 
heating may eventually be used to prevent biofilm forma-
tion (e.g. in osteosynthesis in open tibial fractures) and 
therefore it is paramount that we understand the effect of 
induction heating of metal implants infected with micro-
organisms in planktonic form.

Inoculum of 0.5 McF, additional dilution series were 
made varying from 102 to 106. Samples of the dilutions 
were also cultured to determine the precise inoculum. 
From the last three dilutions, 50 µl was plated onto sheep 
blood agar plates (Trypticase soy agar with 5% sheep 
blood (bioMérieux, Marcy l'Etoile, France)). The plates 
were cultured for 24 and 48 hours at 37°C.

We calculated the log reduction of bacterial load using 
the following equation: log10(A/B), where A is the num-
ber of viable micro-organisms before the experiment in 
CFU/ml and B is the number of viable micro-organisms 
after the experiment in CFU/ml.

For the calculation of the CFU, we used the results 
after 48 hours of incubation and the average of counted 
colonies from the duplicates of two experiments.
Effect of temperature.  The cylinders were exposed differ-
ent target temperatures (35°C, 45°C, 50°C, 55°C, 60°C, 
65°C, 70°C) for 3.5 minutes. The duration of 3.5 min-
utes was chosen from results in published studies with 
food products which revealed that 3.5 minutes caused 
at least a 3-log reduction of bacteria.8 The cylinders were 
placed in a Petri dish without fluid, except for control 
2 (see below). Each experiment (each micro-organism 
and temperature) was performed in quadruplicate. After 
induction, the titanium cylinder was placed in a sterile 
container with 40 ml phosphate buffer saline (PBS). After 
being shaken for two minutes, the cylinder was removed. 
The solution was transferred to a 50 ml tube and cen-
trifuged for 20 minutes at 8000 rpm. The supernatant 
was discarded and the pellet diluted in 1 ml PBS. Using 
this suspension, dilution series were made (10 to 106 ) in 
PBS. From these dilutions and the undiluted sample, 50 
µl was plated onto TSS and cultured for 24 and 48 hours 
at 37°C.
Effect of heating duration.  To determine the influence of 
heating duration, the cylinders were exposed for different 
time periods (0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 minutes) 
at 60°C. This temperature was chosen because it was the 
lowest effective temperature for all micro-organisms. The 

Fig. 1

Left: photograph of the arrangement of the induction system around a titanium cylinder in a Petri dish. Right: thermal image of heated titanium cylinder (top), 
which is the subject of this study, and thermal image of femoral hip stem (bottom) to demonstrate that heating of a larger object of irregular size covered with 
porous coating (proximally) is possible. The femoral stem is larger than the PEMF field, so the tip and cone are not heated by induction heating. An arrow shows 
the titanium cylinder, with two laser beams depicting the edges of a circle of contactless temperature measurement with infrared thermometer. (IH, induction 
heater; IR, infrared thermometer (with laser spotter); MT, metal pipes to activate the "pan recognition system" of the heater; HS, wooden heat shield to allow for 
thermal imaging (the metal pipes, although water-cooled, get hot); WB, water basin to cool the metal pipes (MT); P, pump for water cooling of the metal pipes)
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handling of the cylinders prior to and following induction 
heating was exactly the same as described above. Each 
experiment (each micro-organism and time) was also 
performed in duplicate.
Controls.  Three conditions were used as controls. Control 
1 (positive control) was a contaminated cylinder with a 
200 µl micro-organism-containing suspension incubated 
at room temperature, without PEMF treatment and with 
no water surrounding the cylinder. This was the positive 
control.

Control 2 (PEMF control) was developed to investigate 
the effect of the PEMF while reducing the thermal effect: 
the cylinder was placed in a Petri dish with water (70 ml) 
to provide an environment of PEMF with water cooling. 
The titanium cylinders were not submerged, allowing 
incubation with 200 µl bacteria suspension. See Figure 2 
for the temperature of control 2 during the experiment.

Control 3 (PE control) was developed to investigate 
the effect of material of the cylinders. These control cyl-
inders were made of of ultra-high-molecular-weight 
polyethylene (UHMWPE) from retrieved total knee pros-
thesis liners. The dimensions were the same as those 
from the titanium cylinders: 25 mm in diameter and 13 
mm in height. The UHMWPE cylinders were also exposed 
to the PEMF. However, UHMWPE cannot be heated 
through induction heating since it does not conduct 
electricity.
Statistical analysis. S tatistical analyses, when appropri-
ate, were performed using analysis of variance (ANOVA) 
and regression analysis (SPSS version 23, IBM, Armonk. 
New York).

Results
Induction heating. F igure 2 shows the temperature pro-
files of each target temperature for S. aureus. The temper-
ature profiles for the other bacteria were identical (data 
not shown). There was an average linear heating rate of 
0.39°C per second (standard error 0.008 from regression 
analysis) up to the target temperature, and thereafter the 
target temperature was maintained until the end of the 
experiment.
Heating and distance to the induction heater. A t 1000 
watts, an increase of 23°C was reached after 23 seconds 
at 0 cm distance, after 37 seconds at 1 cm distance, 50 
seconds at 2 cm distance, 92 seconds at 3 cm distance, 
207 seconds at 4 cm distance and 592 seconds at 5 cm 
distance.
Effect of temperature. F igure 3 shows the association 
between temperature exposure and reduction of micro-
organisms. At 60°C and higher, there was a 6-log reduc-
tion or higher for all micro-organisms. For S. aureus, 
there was a clear effect of a more than 6-log reduction 
at 60°C, 65°C and 70°C, although at 35°C an increase of 
viable bacterial counts was observed. For P. aeruginosa, 
Candida albicans and S. epidermidis, there was a clear 
effect of a more than 6-log reduction at 55°C, 60°C, 65°C 
and 70°C. For Bacillus cereus, a clear effect of a more than 
6-log reduction was observed at 50°C, 55°C, 60°C, 65°C 
and 70°C.
Effect of heating duration. F igure 4 shows the association 
between duration of exposure at 60°C and reduction of 
micro-organisms. At 60°C for 1.5 minutes, a 5-log reduc-
tion or higher was observed for each micro-organism. For 
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Fig. 2

Temperature profiles for each target temperature and control for S. aureus. Tx = target temperature x. C1 = control 1, the positive control with titanium (Ti) 
cylinder, no PEMF and no water cooling. C2 = control 2, the PEMF control with Ti cylinder, PEMF and water cooling. *At 70° the water evaporated, so the 
experiment was stopped before completion of the 3.5-minute induction heating. Temperature profiles of other micro-organisms are not shown, but have similar 
profiles to S. aureus.
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S. aureus, there was a clear effect of a more than 6-log 
reduction for 2.5, 3.0 and 3.5 minutes at 60°C. For P. 
aeruginosa, there was a clear effect of a more than 6-log 
reduction for 1.5, 2.0, 2.5, 3.0 and 3.5 minutes at 60°C. 
For Candida albicans, a clear effect of a more than 6-log 
reduction was present for 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 and 
3.5 minutes at 60°C. For S. epidermidis, there was a clear 

effect of a more than 6-log reduction for 2.0, 2.5, 3.0 and 
3.5 minutes at 60°C. For Bacillus cereus, the effect was 
steady at a 5-log reduction for 0.5, 1.0, 1.5, 2.0, 2.5, 3.0 
and 3.5 minutes at 60°C.
Control conditions. F igure 5 shows the results for the 
three control conditions. Except for Candida albicans, 
control 1 (room temperature, no PEMF) showed the 
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Association between duration of exposure at 60°C and reduction of micro-organisms for Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas aeru-
ginosa, spore-forming Bacillus cereus and yeast Candida albicans.

*Control 1: the positive control (Ti cylinder and no PEMF) is at room temperature for 3.5 minutes (see results for details), i.e. zero minutes of induction heat-
ing. At 8-log reduction, the reduction of micro-organisms is total.

*

Total reduction

0

2

4

6

8

20 30 40 50 60 70

Temperature (°C)

R
ed

uc
ti

o
n

 f
ac

to
r 

(l
o

g
)

S. Aureus
S. Epidermidis
P. Aeruginosa
C. Albicans
B. Cereus

Fig. 3

Association between temperature exposure and reduction of micro-organisms for Staphylococcus epidermidis, Staphylococcus aureus, Pseudomonas aeruginosa, 
spore-forming Bacillus cereus and yeast Candida albicans. Micro-organisms were exposed to the target temperature for 3.5 minutes. To determine the reduction, 
colony counts after the heating were compared with those before the heating. *Control 1: the positive control (titanium cylinder and no PEMF, see results for 
details) is at room temperature and plotted for each micro-organism. At 8-log reduction, the reduction of micro-organisms is total.
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largest mean reduction of 1.1 log (95% CI -0.1 log to 2.2 
log reduction) whereas control 2 (PEMF, water cooled) 
showed a growth of 0.6 log (95% CI 0.2 log to 1.0 log 
growth).

The results from control 1 were significantly different 
from those of control 2: difference (C1-C2) is 1.7-log 
reduction 95% CI 0.8 log to 2.6 log; p = 0.002. Similarly, 
the results of control 3 (PEMF, PE cylinder) differed signifi-
cantly from those of control 2: difference (C3 to C2) is 
1.2-log reduction 95% CI 0.3 log to 2.1 log; p = 0.01, 
except for Candida albicans. The results from control 1 
did not differ from the results of control 3: difference (C1 
to C3) is a 0.49-log reduction 95% CI -0.38 log to 1.36 
log; p = 0.237, except for Candida albicans.

Discussion
The results of our study show that non-contact induction 
heating of metallic (orthopaedic) implants appears feasi-
ble and is effective in vitro to decrease the amount of liv-
ing micro-organisms with log 5 or higher. Non-contact 
heating of the titanium cylinders was done in a predicta-
ble, controllable way, and followed a linear heating rate 
of 0.39°C per second. Non-contact induction heating for 
3.5 minutes at 60°C, on contaminated titanium cylinders 
with 1.5 x 108 CFU/ml, resulted in a log 6 or more reduc-
tion of S. epidermidis, S. aureus, P. aeruginosa, C. albicans 
and B. cereus. At 60°C, we found that the shortest dura-
tion of effective induction heating was 1.5 minutes. This 
resulted in a 5-log reduction or higher for every micro-
organism tested. For some micro-organisms such as 
C. albicans, induction heating at 60°C for half a minute 
resulted in total reduction of C. albicans CFUs.

Unexpectedly, there were more CFUs in the PEMF con-
trol (C2) than in the calibration control (C1). This effect 
disappeared when a PE cylinder (C3) was used, suggest-
ing influence of material. It appears that the PEMF stimu-
lates growth of the micro-organism on titanium when 
temperature conditions are favourable for bacterial 
growth, but too low to cause bacterial death. Del Re et al 
have found that exposure to PEMF at 50 Hz for 58 hours 
at 37°C stimulates the transposition activity and reduces 
cell viability of Escherichia coli.16 Similarly, Belyaev17 has 
shown that PEMF of 7 Hz to 11 Hz for 15 minutes acted as 
a non-toxic but cell growth-stimulating agent in 
Escherichia coli at room temperature. Although these fre-
quencies of 7 Hz and 50 Hz are several orders of magni-
tude different from the 27 kHz in the present study and 
are not relevant for heating metal orthopaedic implants; 
however, they do confirm the observed stimulating effect 
of PEMF on the growth of micro-organisms.18

The calibration control (C1) showed some reduction 
of CFUs without induction. We should therefore consider 
that titanium may demonstrate some bacteriostatic prop-
erties. This could be due to the fact that titanium forms a 
thin passive oxide coating of titanium(IV) oxide (TiO2). 
Although passive oxide coating of TiO2 is different from 
TiO2 nanoparticles, the latter have been shown to be bac-
tericidal with a varying degree to different types of 
micro-organisms.19

Since contemporary treatment methods such as surgi-
cal debridement with pulse lavage and antibiotics may 
not be effective once biofilm formation has reached a cer-
tain bioburden threshold, induction heating may prove 
to be a valuable addition to these treatments.5,6 For 
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instance, exposure to a PEMF at 72 Hz increased the effec-
tiveness of gentamicin against the five-day biofilms of 
Staphylococcus epidermidis.20 Hajdu et al21 have shown 
that the antibacterial activity of antimicrobial agents is 
significantly enhanced by increasing the ambient tem-
perature. Thus, the PEMF may work synergistically with 
thermal damage and antibiotics. These synergistic effects 
require further investigations, since non-contact induc-
tion heating of metal implants, when further developed, 
will very likely be applied in a clinical setting where anti-
biotics are part of the treatment strategy.

The major advantage of induction heating of metallic 
implants is that only the metallic implant is actively 
heated while induction heating has no direct heating 
effect on the surrounding tissue. The surrounding tissue 
is heated to some extent by thermal conduction from the 
heated metal, but if the tissue is well perfused by arterial 
and venous blood flow, the heat will very likely be signifi-
cantly reduced as in coagulation procedures.22,23 In addi-
tion, the effect of induction heating can be focused at the 
implant-bone or implant-cement interface by making full 
use of the so-called "skin effect": with higher frequencies, 
the heating effect is focused at the "skin" or outer surface 
of the metal implant because the penetration depth of 
the eddy currents is only a few millimetres.10

Another advantage of induction heating is that, in the-
ory, every metal implant, e.g. screw, plate, k-wire, total 
hip or total knee prosthesis, is eligible for induction heat-
ing, depending on anatomic relations. Hence, there is a 
potentially wide application of induction heating for 
treating infections.

We should consider some limitations of the current 
study. The results of our in vitro study apply to planktonic 
micro-organisms, not to micro-organisms in a biofilm. 
The effect of induction heating on biofilm formed on the 
surface of the metallic implant may be different and is 
subject to future studies. We found a stimulatory effect of 
the PEMF on bacterial growth when a titanium cylinder is 
used as a conductor. For that matter, using a biofilm 
model would obscure this effect. Nevertheless, this stim-
ulatory effect may also be relevant for biofilms, since 
stimulating micro-organisms to grow and divide in a bio-
film may enhance the effectiveness of beta-lactam antibi-
otics, which are effective at eradicating on dividing 
micro-organisms.

There may be concerns for potential tissue necrosis 
with induction heating due to relatively high tempera-
tures at the prosthesis-bone interface. However, several 
studies with bone cement and drilling in bone have 
shown that curing temperatures of bone cement and 
drilling in cortical bone readily exceed 60°C, which was 
found to be the most effective temperature in the present 
study.24,25 As cemented prostheses have an excellent 
long-term track record in several national joint registries, 
the concern of necrosis due to temperatures of around 

60°C from curing cement remain theoretical.2,3 There are 
also animal experiments that confirm the lack of necrosis 
after induction heating up to 60°C.12,26 Muller et al12 have 
heated a nickel-titanium shape memory rod in the femur 
of rats at 40°C to 60°C using induction heating and dem-
onstrated no necrosis of the surrounding bone and tis-
sue. The same research group have heated an 
osteosynthesis plate in a rabbit model with induction 
heating and found that all osteotomies have healed.26 It 
should also be mentioned that, with larger metal 
implants, the induction heating can be focused on a part 
of the implant using the remaining implant as a heat sink 
to avoid possible overheating.

There are some challenges to be considered with the 
clinical application of this technique. The PEMF decreases 
rapidly when the distance of the metal implant to the coil 
increases: a temperature increase of 23°C (refers to 60°C 
clinically) was achieved in less than half a minute with the 
titanium cylinder placed immediately on the induction 
heater, while this took almost ten minutes with the tita-
nium cylinder placed 5 cm above the induction heater. 
Heating metal implants deep within the human body 
thus requires optimisation of the induction heater and 
specialised designs. Nevertheless, there are already 
devices that can do this.9 For implants close to the skin 
(e.g. osteosynthesis of fractures of the ankle/foot/lower 
leg and hand/wrist/forearm), decrease of the PEMF with 
distance would be less of an issue since they are close to 
the coil.

It may also be challenging to heat homogeneously a 
metal object with an irregular shape such as the femoral 
stem. Homogeneous heating is important to prevent 
overheating of certain areas of the implant while other 
areas are underheated. However, this problem could be 
easily addressed by dividing the femoral stem in overlap-
ping segments (of more regular shape) and heating these 
segments sequentially. Another advantage of using seg-
ments is that the energy required to heat a single seg-
ment to, say, 60°C is less than is required to heat the 
whole implant to 60°C.

In conclusion, non-contact induction heating of metal-
lic (orthopaedic) implants appears feasible and is effec-
tive in vitro to limit survival of various bacterial species 
and yeast, including spore-forming bacteria. These prom-
ising results will be further explored as a new treatment 
modality for infections of metal orthopaedic implants.
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