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Abstract  

Pin tract infections of external fixators used in orthopaedic 
reconstructive bone surgery are serious complications that can 
eventually lead to periostitis and osteomyelitis. In vitro 
experiments have demonstrated that bacteria adhering to 
stainless steel in a biofilm mode of growth detach under the 
influence of small electric currents, while remaining bacteria 
become less viable upon current application. Therefore we have 
investigated whether a 100 µA electric current can prevent 
signs of clinical infection around percutaneous pins, implanted 
in the tibia of goats. Three pins were inserted into the lateral 
right tibia of nine goats, of which one served for additional 
frame support. Two pins were infected with a Staphylococcus 
epidermidis strain of which one pin was subjected to electric 
current, while the other pin was used as control. Pin sites were 
examined daily. The wound electrical resistance decreased with 
worsening of the infection from a dry condition to a purulent 
stage. After 21 days, animals were sacrificed and the pins 
taken out. Infection developed in 89% of the control pin sites, 
whereas only 11% of the pin sites in the current group showed 
infection. These results show that infection of percutaneous pin 
sites of external fixators in reconstructive bone surgery can be 
prevented by the application of a small DC electric current 
 

Introduction 

Pin site infections of external fixators in reconstructive bone 
surgery frequently occur with an incidence up to 71% 
(Mostafavi et al. 1997, Sims and Saleh 2000) and constitute a 
major concern for orthopaedic surgeons. Prevention of pin site 
infections is also an important nursing responsibility (McKenzie 
1999), but there is no consensus on how to perform optimal pin 
site care (Gordon et al. 2000). When a pin site becomes 
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infected, it is usually difficult to treat due to the formation of 
biofilm around the metal surface. The biofilm mode of growth 
shields the bacteria from the host defence mechanism and 
antibiotics. Literature indicates that 500-5000 times higher 
levels of antibiotics are needed to achieve the same 
antimicrobial effects on biofilm bacteria than needed for 
planktonic bacteria (Anwar et al. 1990, Costerton et al. 1987, 
Khoury et al. 1992).  
The development of a biomaterial-associated infection starts 
with the adhesion of bacteria to the biomaterial surface, as 
mediated by attractive Lifshitz-Van der Waals forces, acid-base 
interactions and electrostatic forces (Hermansson 1999). 
Because all naturally occurring surfaces, including those of 
bacterial cells, are generally negatively charged, the 
electrostatic force between bacteria and a biomaterial surface is 
repulsive (Jucker et al. 1996). These repulsive forces can be 
enhanced by application of an electric current, therewith 
increasing the negative charge and consequently the repulsive 
force (Poortinga et al. 2000, Ueshima et al. 2002). 
Recently, we demonstrated that it was possible to detach more 
than 60-76% of staphylococci adhering to surgical stainless 
steel surfaces through the application of small electric currents 
(100 µA or less), while also staphylococci growing in a biofilm 
could be detached through the application of an electric current 
(Van der Borden et al. 2004), most notably in the absence of 
any biocide. An electric current has been known before to 
enhance the bactericidal effects of many biocides, an effect 
called the “bioelectric effect” (Blenkinsopp et al. 1992, 
Costerton et al. 1994), whereas also a direct bactericidal effect 
of electric currents has been described (Liu et al. 1993 and 
1997). Recently, we have observed this direct bactericidal 
effect on bacteria that remained adhering after electric current 
induced detachment in the absence of any antibiotics (Van der 
Borden et al. 2004). Note that for human application an electric 
current of 100 µA is well below the limit of being dangerous.  
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Considering the problems that infections pose in reconstructive 
bone surgery using external fixators, the threat posed by the 
ongoing (mis)use of antibiotics and the rise in antibiotic 
resistance amongst many human pathogens and the above 
described in vitro experiments, it is the goal of this paper to 
determine whether a direct electric current of 100 µA can 
prevent clinical infection around percutaneous pins, implanted 
in the tibia of goats.   
 

Materials and Methods 

Bacterial strains 

Staphylococcus epidermidis HBH276, isolated from surface sites 
of premature neonate in 1990 at St. Joseph’s Health Centre in 
London, Ontario, Canada (Bialkowska-Hobrzanska et al. 1990, 
Busscher et al. 1994) was used for the study after 
approximately 10 passages and adhered firmly and formed 
biofilms on different surfaces (DeJong et al. 2001). Bacteria 
cultured in Trypton Soya Broth (TSB, OXOID, Basingstoke, UK) 
at 37°C in ambient air was used for the experiments. Bacteria 
were inoculated from blood agar plate in a pre-culture and 
allowed to grow for 24 h followed by a main culture which was 
grown for 17 h prior to harvesting. Bacteria were centrifuged (5 
min at 5000 g at 10°C) and washed twice in 10% TSB growth 
medium and re-suspended with 3.0 x 106 colony forming units 
(CFU) per ml in 10% TSB growth medium. CFU per ml was 
determined in triplicate prior to surgery by plate counting of a 
17 h old culture and subsequently adjusted by dilution.  
 

Electric current and electrodes 

Self-drilling, self-tapping surgical stainless steel pins (5038-2-
080 Apex Pin, Stryker Corp, Kiel, Germany) were used as a 



94 

cathode while a circular platinum electrode supported by a 
polycarbonate canister completed the circuit as an anode. The 
pins, connecting rods and electrodes were sterilized in an 
autoclave at 121oC for 20 min. An aluminium housing 
containing a high power 9 V battery and the electronic circuit 
was the current source. The aluminium housing was sled over 
the connecting rod and connected to the negative pole of the 
battery.  Figure 1a shows the fixation frame with the anodes 
and the current source attached to it. Each applied current was 
controlled by its own LM334Z (National Semiconductor Corp, 
Silicon Valley, USA), whose output potential was adapted 
continuously to meet the required current. A 100 µA DC current 
was used for the present study.  
 

Experimental protocol 

The experiments were approved by the University of Groningen 
Animal Ethical Committee. Nine mature female Saanen goats 
were used for this study. The goats were allowed free access to 
food and water and were unrestrained in their cages throughout 
the experiments. However, prior to surgery, the animals did not 
have any food for 8 h. Preoperatively, the animals were 
sedated with Thiopental (Nesdonal, 20 mg/kg i.v., AUV, Cuijk, 
The Netherlands), and after intubations anaesthesia was 
continued with a mixture of isoflurane and oxygen. Per 
operative Buprenorfinehydrochloride (Temgesic, 0.01 mg/kg 
i.v., AUV, Cuijk, The Netherlands) was given for analgesia, 
which was continued intramuscularly once every 24 h for 2 
days to prevent postoperative pain. Furthermore analgesics 
were given on indication. 
The right hind limb of each animal was shaved and disinfected 
with betadine. Incisions of approximately 1 cm were made in 
the skin on the lateral side of the right tibia, the first (A) 3 cm 
above the ankle joint and the second (B) and third (C) each 3 
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cm above the first and second, respectively. The 3 mm external 
fixation pins were inserted with the aid of a hand-drill in the far 
cortex of the tibia. Open wounds around pins A and B were 
carefully dried of blood before inoculating them with 0.1 ml of a 
3 x 106 CFU per ml suspension of S. epidermidis HBH276. The 
bacterial suspension was pulled into the wound and  in-between  
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 
Figure 1. Current source and its placement.  
(A) Photograph of the fixation frame equipped with current source. The 
pins act as cathodes, while the anodes are constituted by polycarbonate 
disks, with a platinum ring inserted to form the actual anode (arrow). 
(B) Fixation frame equipped with current source and secondary electrodes 
implanted in the right tibia of a goat. Electric current is applied to pin A, 
while pin B is used as control. Pin C offers additional support to the frame 
and power supply. 
(C) A schematic presentation illustrating the positioning of the pin in the 
bone, platinum electrode and the electrical connections. 

 
the pin-skin interface by gravity. Care was taken that the 
bacterial suspension from one wound did not flow into the 
adjacent wounds. After placement of the pins and inoculation 
with the bacterial suspension, the sterilized anodes were 
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installed thus shielding and covering the wound. All pins were 
connected to a single rod with pin-to-rod couplings (Hoffmann 
II Compact, Stryker Corp, Kiel, Germany) to which the current 
source was attached and connected to the platinum anodes 
(Figure 1b). The platinum electrode around pin A received 100 
µA DC current from the current source from where the current 
passed along the skin and wound into the pin.  
Pin A was connected to the negative pole of the battery via the 
connecting rod and aluminium housing hence completing the 
circuit. The current was applied from the time of implantation 
until the end of the experiment on a continuous basis.  Pin B 
was used as control (receiving no current), whereas pin C 
served as an additional support for the frame. Before the 
animals returned to their cages, the electric current and voltage 
were measured.  
After surgery, the goats were housed individually and daily 
clinical evaluations of each pin site began 24 h after surgery. 
None of the goats were observed to lick or bite the pins. 
Sometimes the connecters detached and the current source 
displaced on the connecting rod which could be due to goats 
bumping into the side walls or sitting on the leg. This 
detachment and displacement was corrected once observed and 
current and voltage monitored every morning.  
The infection condition of a pin was annotated as one of the 
following: dry pin site was considered as no infection (score 1), 
inflammation or moist wound (score 2) or frank purulence at 
the pin site (score 3) (DeJong et al. 2001). The infection was 
observed and judged by two independent observers, although 
scoring was always unanimous. 
On postoperative day 21, the animals were sacrificed. From the 
leg with pins inserted, an X-ray photo was taken. Subsequently, 
to allow microscopic evaluation of the biofilms on the pins, the 
frame was removed and the part of the pin outside the body 
was whipped clean with alcohol. Next the skin and the 
remaining tissue were carefully dissected from each pin, to 
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allow removal of the pin without damaging a possibly existing 
biofilm. The explanted pin was submerged in staining fluid 
(LIVE/DEAD Baclight Bacterial Viability Kit, Molecular Probes, 
Leiden, The Netherlands) and incubated for 15 min in the dark. 
On different, randomly chosen locations on each surface, 
micrographs were taken with a confocal laser scanning 
microscope (CLSM) using a 40x ultra long working distance 
objective with the microscope set to FITC (excitation 488 nm 
and emission 500-600 nm) and TRITC (excitation 543 nm and 
emission 560-700 nm) to show dead and live bacteria, 
respectively. 
 

Results and Discussion 

Figure 2 summarises the infection scores for each pin site 
obtained by the clinical evaluations during the 21 days of the 
follow-up. In the control group, 1 out of 9 goats showed no 
signs of infection, 2 out of 9 showed inflammation and 5 out of 
9 showed frank purulence. On average, inflammation occurred 
after 6.9 ± 3.7 days (± standard error of the mean), while at 
11.7 ± 4.6 days frank purulence was observed. In the group of 
pins to which an electric current was applied, 8 out of the 9 
pins showed no inflammation or infection. One pin out of 9 pins 
showed infection from the 6th day onwards, which we 
considered unrelated to the experiment as this 9th goat 
displayed an entirely swollen and red right hind leg with clinical 
signs of infection, also around the third support pin and this 
already within three days after surgery. The above results 
clearly demonstrate a clear advantage of applying electric 
current to prevent pin-tract infection.  
Figure 3 shows X-rays of a non-infected pin A (Figure 3a) after 
having received an electric current and of an infected pin B 
(Figure 3b) in the control group. Around the infected pin there 
is a clear osteolytic zone visible in the bone marrow. At the 
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Figure 2. The development of infection over time for each implanted 
stainless steel pin site and goat. Intentionally infected fixation pins are 
grouped according to whether they receive 100 μA DC current (A) or not 
(B). Pin number consists of the goat number and implantation site (A or 
B). White indicates an uninfected pin site (score 1), grey indicates 
inflammation or serious drainage without frank purulence (score 2) and 
black indicates frank purulence at the pin site (score 3) 

 

point of pin entry the white zone suggests reaction of the 
periosteum. These radiographic findings are suspect for 
osteomyelitis, which in this case has developed within 21 days 
in absence of an electric current. 
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Figure 3. X-ray examples of implanted pins.  

(A) A non-infected pin site, after electric current application for 21 days.  
(B) An infected control pin site, in the absence of electric current 
application.  
The inflammatory reaction of the periosteum is encircled and the 
osteolytic zone in the cortex is indicated by the arrow.  
 

Figure 4 shows two confocal laser scanning micrographs after 
live/dead staining of a biofilm remaining on the pin’s surface 
after removal from the animal. The applied electric current 
killed the majority of viable bacteria in the biofilms (Figure 4a) 
in comparison to the absence of an electric current (Figure 4b), 
while the few viable bacteria that remained evidently did not 
yield clinical signs of infection.  
The present study tests the effectiveness of a small 100μA DC 
current in preventing pin-tract infection using a goat model. 
The effectiveness is tested in a worst case scenario where the 
pin-tract wound was intentionally infected with 3 x 105 CFU of 
S. epidermidis HBH276 and no additional wound cleaning steps 
were taken during the follow-up period of 21 days. We believe 
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Figure 4. CLSM micrograph of biofilms adhering to a stainless steel pin 
after explantation from a goat.  
(A) Biofilm on a pin after application of an electric current.  
(B) Biofilm on a control pin, receiving no electric current.  
Green represents live bacteria and red dead ones. Bar marker indicates 10 
µm. 

 
 
that if efficacy is demonstrated under the above conditions, 
electric current will also be effective in real situations where 
bacterial burdens are much lower and additional wound care is 
usually taken. 
Interestingly, the method described can also be used as a 
diagnostic tool, as there is a clear correlation between the 
wound score and the electrical resistance of the skin (see 
Figure 5 for two examples). The wound resistance was low 
(~10 kΩ) directly after surgery but later as the wound dried, 
resistance increased. Pin 7A in the electric current group for 
instance, did not show clinical signs of infection and the 
infection score remained 1, while from day 3 onwards the 
electrical resistance stayed high at 6 MΩ. Pin 9A, however, 
became infected from day 6 on, concurrent with a drop in 
resistance from 6 MΩ to 25kΩ and to 10 kΩ after day 14.  
The use of electric current to prevent signs of clinical infection 
presents major advantages in addition to or compared with 
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current treatment modalities. The electrodes and electric 
circuitry are reusable and therefore the costs can be kept low. 
Available fixation frames and implantation techniques can be 
employed without any need for modification; moreover the 
method does not require any antibiotics.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Infection score (closed symbols) and electrical resistance (open 
symbols) for pins receiving electric current as a function of time.  
(A) Pin 7A, no infection developing due to current application  
(B) Pin 9A, where inflammation and later infection started on the 6th day 
even after application of current 

In
fe

ct
io

n 
S

co
re

E
le

ct
ric

al
 R

es
is

ta
nc

e 
(Ω

)

0

1

2

3

4

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

0

1

2

3

4

0 4 8 12 16 20
1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

Number of Days

In
fe

ct
io

n 
S

co
re

E
le

ct
ric

al
 R

es
is

ta
nc

e 
(Ω

)

0

1

2

3

4

1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

0

1

2

3

4

0 4 8 12 16 20
1.0E+03

1.0E+04

1.0E+05

1.0E+06

1.0E+07

Number of Days

A

B 



102 

Conclusions 

Small electric currents of 100 µA are able to prevent clinical 
signs of infection around surgical stainless steel pin sites, 
without the use of antibiotics in intentionally infected wounds, 
suggesting that electric currents will also be effective in real 
situations where the infection burden is much lower. The wound 
electrical resistance decreases with worsening of the infection 
from a dry condition to a purulent stage. 
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