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Abstract
Purpose We have developed a iodine-coated implant and evaluated its antibacterial properties against Gram-
negative bacteria by constructing an experimental osteomyelitis model.

Methods In this study, 16 titanium Kirschner-wires were selected, of which 8 titanium K-wires were treated with
iodine on the surface by electrophoretic deposition with PVP-I solution. In our study, the standard strain of
Escherichia coli (ATCC 25922) was selected, and 16 New Zealand rabbits were selected. There were 8 rabbits in
the iodine-coated group and 8 rabbits in the non-iodine-coated group. All animals were drilled in the left proximal
tibia after successful anesthesia.After that,the iodine-coated group was implanted with iodine-coated titanium K-
wires.Then, 25ul of 2×108CFU/ml bacterial suspension was injected into the bone marrow cavity with pipette
gun, and the bone hole was sealed with bone wax.They were reared in cages for 1 week after operation, and
evaluated and analyzed by microbiology, histopathology, scanning electron microscopy, etc.

Results The results of gross wound score and microbiology showed that the wound infection of the iodine-
coated group was less severe than that of the non-iodine-coated group, which was con�rmed by the
histopathological results. Scanning electron microscopy and confocal microscopy showed that the amount of
bacteria on the surface of iodine-coated K-wires was signi�cantly lower than that non-iodine-coated K-wires.

Conclusions In this study, we have veri�ed that the iodine-coated titanium implant could effectively inhibit E. coli
infection in the early stage of infection by constructing an acute osteomyelitis model.

Introduction
Within become an important part of modern medicine, the implants have signi�cantly improving the quality of
life for the elderly1. However, the incidence of implant related infection (IRI) is also increasing. Studies have
reported that the infection rate of hip and knee prosthesis is 1.9%, while the infection rate of open fracture
�xation is as high as more than 60%2,3. Staphylococcus aureus bacteremia is the primary cause of internal plant
infections, but the study of Bouvet et al. Show that the proportion of Gram-negative bacilli infection is higher
than that of Gram-positive bacilli 2 years after implant4,5. Moreover, Escherichia coli is the primary cause of
gram-negative bacteria IRI 5,6. The pathogenesis of IRI is complex and the treatment is extremely di�cult. The
effect of traditional antibiotic treatment is limited 7.

The current research focus is to improve the antibacterial properties of implant materials to achieve the purpose
of preventing infection. At present, antibacterial coatings include antibiotic coatings,non-antibiotic organic
antibacterial agent coatings, metal ion coatings, polyethyl- ene glycol coatings, surface modi�cation,
antimicrobial peptides and Chitosan and its derivatives8–14. Gentamicin coatings are the most widely used
antibiotic coating in clinical practice. Studies have found that gentamicin coatings have greater advantages in
the treatment of chronic osteomyelitis and prevention of postoperative infections 8. However, the selection of
sensitive antibiotics, the problem of bacterial resistance and the stable release of antibiotics in the coating and
the maintenance of an effective bactericidal concentration are also important 15,16.

At present, the concept of preventing implant infections emphasizes the surface modi�cation of implants 17.
Different from Shirai et al.18–21,we have developed an iodine-coated titanium implant by electrophoretic
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deposition method22,23, which was veri�ed to have clear antibacterial properties against Staphylococcus aureus
by in experiments. However, at present, neither of the two iodine-coated titanium implants has carried out in vivo
antibacterial experiments against Gram-negative bacteria.Gram-negative bacteria infections are also common in
clinical orthopedics 4–6.In this study, we will conduct an in vivo study on the antibacterial activity of titanium-
coated implants against Gram-negative bacteria by constructing an acute osteomyelitis model.

Materials And Methods

Bacterial and Implant preparation
A standard strain used in this experiment was Gram-negative Escherichia coli (ATCC 25922)(Department of
Microbiology Laboratory).The inocula were prepared by subculturing the bacteria in 10 ml of nutrient broth
overnight at 37℃the day before inoculation. Each broth culture was then diluted in sterile PBS. The density of
the inoculum was 2×108CFU/ml of saline.In this experiment, 16 titanium K-wires with a length of 12mm and a
diameter of 1mm were used to carry iodine on the surface in the laboratory of College of Materials and
Engineering, Fuzhou University22.

Animal model
The experimental model followed a model in a previous study24 with slight modi�cations. Sixteen New Zealand
rabbits with a body weight of 2.5 ± 0.2 kg were selected in this experiment, are not limited to males and
females.We determined the total number of experimental rabbits and the number of rabbits in each group
according to the “resource equation” method.During the experiment,rabbits that died of anesthesia or infection
less than 7 days were not included in the �nal statistics.All rabbits were caged preoperatively and fed adaptively
for 7 days. They were randomly divided into iodine-coated group (numbered E1-E8) and non-iodine-coated group
(numbered C1-C8), with 8 rabbits in each group by simple random classi�cation.In this experiment, the blind
method was used only after the experiment implementation process and during the outcome assessment. After
the animals were treated, neither the experimenter nor the caregiver knew about the rabbit allocation team. Only
assist personnel to know laboratory animal assignment team.All animals were anesthetized with 30 mg /kg
sodium pentobarbital (1%) via an auricular vein.The left hind leg of each rabbit was shaved from the knee to the
ankle, and a simple tourniquet made of rubber band was tied above the left hind knee,cleaned with povidone-
iodine, and draped with sterile sheets.Through the approach to the medial side of the left tibia, the bone marrow
cavity was drilled with an electric drill with a 2.5mm drill bit. And use a 2ml syringe needle to withdraw 0.2ml of
bone marrow. The iodine-coated group was implanted with iodine-coated titanium K-wires, and the iodine-coated
group was implanted with non-iodine-coated titanium K-wires. 25ul of 2×108CFU/ ml bacterial suspension was
injected into the bone marrow cavity and the bone wax was used to seal the bone pores. Finally, the skin was
closed using 4 − 0 silk threads(as shown in Fig. 1). After one week, all rabbits were observed on the injured limbs.
The rabbits were killed by euthanasia and samples were collected for examination.The animal experiments were
carried out in accordance with the ARRIVE guidelines. All methods were carried out in accordance with relevant
guidelines and regulations. The study protocol was approved by the Experimental Animal Ethics Committee of
900th Hospital of PLA.

Macroscopic score of wounds
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Observe and record the wounds of the affected limbs of rabbits. Using the method of Tang H et al. 25, the gross
observation score of the wounds was completed double-blindly.

Microbiological evaluation
Collect soft tissues and purulent secretions (if any) around K-wires in the medullary cavity.Place the specimen in
a sterile test tube for examination. Then,they were incubated on blood agar for at least 24 h at 37°C. The strain
was analyzed by automatic bacterial identi�cation system.

Histopathologic evaluation
The infected tibial tissue specimens were removed and �xed with 4% paraformaldehyde solution for 72h. All
bone tissue specimens were decalci�ed with 5% formic acid decalci�ed solution for para�n embedding, then
they were stained with hematoxylin and eosin (HE). A pathologist assisted in examining and scoring all sections
under a conventional light microscope. The criteria for the diagnosis of osteomyelitis refer to the Jupiter scoring
system26.By using the criteria described by Smeltzer et al.27,28, a numerical score was assigned to each variable,
and all scores were added to create a composite histopathologic score with a maximum of 16, representing
histopathologic severity.

Scanning electron microscopy (SEM) and Confocal Laser
Scanning Microscope(CLSM)
The titanium K-wires were removed from the medullary cavity and cut into two equal lengths. Put one of the
sections into a sterile culture cup containing 2.5% glutaraldehyde and �x it for 2 hours. After dehydration and
drying, it is placed in an ion sputtering apparatus to spray gold.Then They were observed under SEM. The other
section was stored in a 2.5% glutaraldehyde solution, and then two dyes (propidium iodide and SYTO9
�uorescent stain) were used to double stain the removed titanium K-wires. Place the prepared K-wires under
CLSM to observe the distribution of bacteria on the surface of the K-wires.

Statistical analysis
Statistical analysis was performed using SPSS22.0 statistical software. Measurement data are expressed as
mean ± standard deviation (x ± s), using t test. A p-value < 0.05 was considered statistically signi�cant.

Ethics statement.

The study protocol was approved by the Experimental Animal Ethics Committee of 900th Hospital of PLA. All
methods were carried out in accordance with relevant guidelines and regulations.

Results
On the third day after the operation, one rabbit in the non-iodine-coated group died. A specimen of the affected
limb was taken and sent for microbiological culture and pathological examination.The results were not included
in the statistical data. the other rabbits survived one week after surgery.

Macroscopic score of wounds
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In the iodine-coated group, the injured limb wounds of rabbits were generally in good condition, and the mean
gross wound score was 0.5 ± 0.76 points(as shown in Fig. 1 - g). In the non-iodine-coated group, signs of
infection were found in the wounds of rabbits, and the gross wound score was 1.57 ± 0.54 points(as shown in
Fig. 1 - f). The gross wound score of the iodine-coated group was lower than that of the non-iodine-coated
group(as shown in Table 1), the basic information of the experimental rabbits can be found in Supplementary
Table S1 online, with P value of 0.008 (P < 0.05), and the difference was statistically signi�cant.

Table 1
Wound gross observation score statistical table

  The iodine-coated group The non-iodine-coated group P-value

Mean score 0.5 ± 0.76 1.57 ± 0.54 0.008

Microbiological evaluation

Each experimental animal is sent for 2 specimens.Of the 7 cases in the iodine-coated group, 5 of the 7 cases
were positive for bacterial culture, and 2 cases were negative, with a positive rate of 71.4%.Of the 8 cases in the
iodine-coated group, 3 cases were positive for culture and 5 cases were negative for culture, with a positive rate
of 37.5 %(as shown in Fig. 2).It was identi�ed as Escherichia coli by an automatic microorganism identi�cation
instrument.The rabbit that died on the third day after the operation had a positive bacterial culture and was also
identi�ed as Escherichia coli by an automatic microbial identi�cation instrument.

Histopathologic evaluation

All bone tissue specimens showed different degrees of osteomyelitis under the light microscope.The statistical
results of the diagnosis score are shown in Table 2. Detailed statistics for the jupiter score can be found in
Supplementary Table S2 online. The score of the iodine-coated group is 9.75 ± 1.67 points, and the score of the
non-iodine-coated group is 11.43 ± 1.81 points. The results showed that the two groups of specimens met a
major acute diagnostic criteria26 and the score was ≥ 6 points. The results indicated that acute osteomyelitis
could be diagnosed in both groups.The severity of infection score is shown in Table 3. Raw pathological score
data can be found in Supplementary Table S3 online. The pathology score of the non-iodine-coated iodine group
is 20.29 ± 2.14 points, and the iodine-coated group is 13.75 ± 2.49 points (P < 0.001), the results show The
difference in histopathological score between the two groups was statistically signi�cant. The severity of
infection in the iodine-coated group was signi�cantly lower than that of the non-iodine-coated group. Among
them, the intramedullary score was 7.5 ± 1.41 points in the iodine-coated group and 11.71 ± 1.38 points in the
non-iodine-coated group ( P 0.001), and the difference was statistically signi�cant. The score of the cortical
bone part was 4.75 ± 1.04 points for the iodine-coated group and 6.57 ± 1.51 points for the non-iodine-coated
group (P < 0.05), and the difference was statistically signi�cant. The periosteal reaction score was 1.25 ± 1.04
points for the iodine-coated group and 1.71 ± 0.76 points for the non-iodine-coated group (P > 0.05), and the
difference was not statistically signi�cant. In the bone tissue specimens of the rabbits that died on the third day
after the operation, there were a large number of neutrophils in the medullary cavity. Each high-powered �eld of
view is ≥ 10 neutrophils. Jupiter score > 6 points, consider the presence of acute osteomyelitis.

Table 2 Jupiter score statistics
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  The iodine-coated group The non-iodine-coated group

Total score 9.75±1.67 11.43±1.81

Table 3 Histopathological severity score results

  The iodine-coated group The non-iodine-coated group P-value  

Intramedullary cavity 7.50±1.41 11.71±1.38 0.001  

Cortical bone 4.75±1.04 6.57±1.51 0.016  

Periosteal reaction 1.25±1.04 1.71±0.76 0.336  

total score 13.75±2.49 20.29±2.14 0.001  

Table 4 Statistical table of histopathological observations

  Medullary canal Cortex Periosteum

  Neutrop-
hils

Microab-
scess

Granulation
tissue

Fibros-
is

Destructio-
n of cortex

Enlarged
Haversiaii
canals

Fibros-
is

Periosteal
reaction

The
iodine-
coated
group

8 8 3 2 8 8 0 5

The
non-
iodine-
coated
group

7 7 7 3 7 7 1 6

SEM observation results

Figures a and b are respectively the results of scanning the surface of the titanium K-wires without iodine and
the surface of the titanium K-wires with iodine under a 5000x microscope(as shown in Fig. 4). From Figure a, we
can see that there are horizontal protrusions of different depths on the surface of the non-iodine-coated K-wires,
and Escherichia coli is densely attached to the surface of the K-wires. E. coli can be observed on the surface of
non-iodine-coated titanium K-wires in 5 samples submitted for inspection, of which 3 samples can be observed
densely distributed on the surface of non-iodine-coated K-wires, and 2 samples can be observed scattered and
attached to the K-wires.Figure A is representative.It can be seen from Figure b that the surface of the iodine-
coated K-wire is covered with a dense and uniform coating. On the surface of the coating, there are scattered
shallow strips of different sizes. Escherichia coli is only occasionally visible on the surface of the coating(As
shown in Figure b). E. coli was occasionally observed on the surface of the iodine-coated K-wires in 4 of the 7
submitted samples, while no E. coli was observed on the surface of iodine-coated K-wires in the remaining 3
samples.

CLSM observation results



Page 7/13

The non-iodine-coated group sent 6 specimens, and The iodine-coated group sent 5 specimens.It can be seen
from the �gure that live bacteria turn green in �uorescence, and dead bacteria turn red (Fig. 5). Figure a is the
scan results of the K-wires without iodine. In 6 specimens, a large number of densely distributed green
�uorescence and a small amount of red �uorescence on the surface of the non-iodine-coated K-wires can be
observed. The green �uorescence distribution is densely clustered with clusters. A small part is distributed in
dots, and the red �uorescence is scattered in dots. Figure b is the scan result of the iodine-coated K-wire. From 5
specimens of the iodine-coated K-wires, it can be observed that the green �uorescence and red �uorescence on
the surface of the iodine-coated K-wires are scattered in dots, and the �uorescence distribution is relatively
sparse.

Discussion
Currently, the concept of preventing implant infection emphasizes the importance of implant surface and
surrounding tissues17.Due to its clear antibacterial effect and rare occurrence of pathogen resistance, PVP-I has
been paid close attention and further studied by Professor Shirai et al.18–21.The iodine-loaded implants prepared
by our team have been con�rmed to have exact antibacterial properties against Staphylococcus aureus through
in vivo and in vitro antibacterial experiments 21–23.

In this study, our results showed that the iodine-coated titanium K-wires had a clear antibacterial effect on
Escherichia coli in the early stage of infection. It can be inferred from the gross wound score and microbiological
culture results of the two groups that the severity of wound infection in the iodine-loaded group was lower than
that in the unloaded group. Histopathological observations con�rmed this inference. Combining the statistical
results in Table 4 and Fig. 3, there were 5 typical histomathological changes of E. coli associated acute
osteomyelitis: 1. A large number of neutrophils (≥ 10 neutrophils / 1HPF) could be seen in the medullary cavity
clustered in the space between adipocytes; 2. Focal neutrophil aggregation (i.e. microabscess) is seen in the
medullary cavity; 3. Local bone erosion and bone destruction were observed in in the cortical bone; 4. Harvard
system enlargement can be seen in the cortical bone; 5. Local periosteum reactions are common.This is roughly
consistent with the description of the histopathological manifestations of acute osteomyelitis in the previous
literature and experimental studies, focal neutrophil aggregation can be seen in the medullary cavity29,30,the
most common signs of cortical bone infection were periosteum thickening, enlargement of Haver's canal, and
destruction of the cortex. Only a few specimens showed leukocytes, �brosis and granulation tissue, and no
microabscesses were found31.There are two possible reasons for the difference between the observation results
of SEM and CLSM: First, the sensitivity and speci�city of the two observation methods are different, SEM has
high speci�city and poor sensitivity, while CLSM has speci�city Inferior and high sensitivity;secondly, the sample
processing procedure before SEM observation is more and more complicated than that of CLSM, and the
bacteria on the SEM sample may partly fall off during the processing.

The improved animal model in this study has the following three advantages: First, the total amount of E. coli
inoculated in this experiment is 5×106 CFU, and the bacterial �uid volume is lower; second, the experimental
animal model of osteomyelitis in this study has lower mortality ( The mortality rate is 6.25%); Finally, in this
study, 5% sodium morrhuate was not added as a sclerosing agent to assist in the construction of animal models
during the experiment.
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Of course, this study also had several limitations: 1. This experiment only studies the short-term antibacterial
performance of iodine-coated K-wires against Escherichia coli, and the long-term antibacterial performance of
antibacterial coatings is also very important. In the future, it can be carried out. The sustained-release
experimental study of the wire in animals was used to verify the antibacterial performance of the iodine-loaded
titanium K-wires after long-term implantation in the animal body. 2. The safety performance measurement and
evaluation of iodine-coated K-wires need to be further studied through animal experiments in the future.

Conclusions
The results of this experiment showed that the iodine-coated titanium implant could effectively inhibit the
infection of Escherichia coli in the early stage of infection. Therefore, we believe that the iodine-coated titanium
implant prepared by our team has high research value and application prospect in the �eld of clinical
orthopedics.
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Figures

Figure 1

Experimental process and general appearance of the wound.a non-iodine-coated titanium K-wires and iodine-
coated titanium K-wires.b-e The experimental process.b Drill the proximal end of the rabbit’s left tibia.c
Implantation of K-wirs in the medullary cavity of rabbit tibia.d Bacterial suspension was injected into the bone
marrow cavity of the tibia of rabbits.e Bone wax to close the bone window.f The wounds of the affected limbs of
the rabbits in the non-iodine -coated group showed purulent exudate in the wounds one week after the
operation.g The wound condition of the affected limb of the rabbits in the iodine-loaded group one week after
the operation, it can be seen that the wound is in good condition without purulent exudate;
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Figure 2

a-e Bacterial culture results of the non-iodine-coated group, f-j Bacterial culture results of The iodine-coated
group.
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Figure 3

a-d Pathological specimens from the experiment. e-m The pathological specimen stained with HE under
microscope. a Histopathological bone specimen, shown by the black arrow, is the tibial borehole. b K-wires
implanted in the medullary cavity. c The location of the Kirschner pin track (shown by the black arrow). e-g The
performance of the intramedullary cavity and cortical bone under light microscope in the non-iodine-coated
group.Figure f is the box in Figure e under a 400x magni�cation.A large number of neutrophils (shown by the
black arrow in the �gure f ) can be seen under the light microscope. In the cortex, enlargement of the Harvard
system (shown by the black arrow in the �gure g), bone erosion and bone destruction (shown by the red arrow in
the �gure g ), and �brotic changes (shown by the red star in the �gure g ) can be seen in the cortex. h-j Light
microscopy and intramedullary and cortical appearance of iodine-coated group.Figure i shows the box in �gure h
under a 400x magni�cation, A large number of neutrogranulocytes (shown by the black arrow in �gure i) can
also be seen in the medullary cavity under light microscopy. The area of microabscess is smaller than that in the
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uniodide group. An enlarged Harvard's system can be seen in the bone cortex (shown by the black arrow in �gure
j).k Local periosteum reaction,the reaction subperiosteal bone formation visible (shown with red stars ), seen in
�gure enlarged Haversian systems (shown with black arrows ). l Occasionally sees neutrophils in cortical bone
(shown by the black arrow in the �gure). m Normal cortical bone under light microscope. Fig e f h j k m ×40
Fig f i l ×400 (Note: The above �gures are all taken by the system image acquisition system, and the �gure
display range is only about 1/6 of the range seen under the lens.)

Figure 4

Scanning electron microscopy observation results of non-iodine-coated K-wires and iodine-coated K-wires. a The
surface of the K-wire without iodine-coated group (5000X); b The surface of the K-wire with iodine-coated group
(5000X).

Figure 5

Scanning results of CLSM, a the scanning results of the non-iodine-coated group. b the scanning results of The
iodine-coated group.


