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Abstract Stainless steel screws and other internal fixation

devices are used routinely to stabilize bacteria-contami-

nated bone fractures from multiple injury mechanisms. In

this preliminary study, we hypothesize that a chitosan

coating either unloaded or loaded with an antibiotic, gen-

tamicin, could lessen or prevent these devices from

becoming an initial nidus for infection. The questions

investigated for this hypothesis were: (1) how much of the

sterilized coating remains on the screw with simulated

functional use; (2) is the unloaded or loaded chitosan

coating bacteriostatic and biocompatible; and (3) what

amount and rate does an antibiotic elute from the coating?

In this study, the gentamicin eluted from the coating at a

detectable level during 72 to 96 hours. The coating was

retained at the 90% level in simulated bone screw fixation

and the unloaded and loaded chitosan coatings had

encouraging in vitro biocompatibility with fibroblasts and

stem cells and were bacteriostatic against at least one strain

of Staphylococcus aureus. The use of an antibiotic-loaded

chitosan coating on stainless steel bone screws and internal

fixation devices in contaminated bone fracture fixation may

be considered after optimization of antibiotic loading and

elution and more expanded in vitro and in vivo investiga-

tions with other organisms and antibiotics.

Introduction

With orthopaedic surgery for disease or trauma, wound

contamination is a major issue that can impact patient

outcome. Studies have reported 65% to 70% of wounds are

contaminated with microorganisms [2, 26]. Wound con-

tamination that develops into an infection can delay

recovery in some cases for as much as 6 weeks, increase

healthcare costs at a reported $30,000, and affect patient

morbidity and mortality [2, 15]. Internal fixation in these

contaminated wounds, especially with bone fractures, can

be beneficial and detrimental [2, 20]. Stable fractures with

internal fixation have positive effects on bone healing, but

the implanted biomaterials with these devices can be a

source of protection for the contaminating bacteria from

antibiotic treatment and patient immune responses [20]. A

local approach to lessen this protective effect and prevent

the internal fixation devices from becoming an initial nidus

of infection is needed.

Chitosan is a biopolymer biomaterial that has many

reported medical applications, including as an implant

coating [1, 3, 4, 7, 8, 10, 13, 22]. This biopolymer bio-

material is a linear polysaccharide derived from crustacean

shells and fungi cell walls and has known biocompatibility,

drug delivery, and reported bacteriostatic properties [4, 7,

8, 13, 22]. This coating approach with chitosan on internal

fixation device surfaces could lessen their participation in

increasing bacterial resistance and contamination to

infection progression.
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Other surface coatings, hydroxyapatite (HA) and

polymethylmethacrylate (PMMA), have been investigated

on internal fixation devices to expand their clinical use in

contaminated bone fracture sites and wounds [5, 16–19,

21]. Polymeric coatings with poly(lactic acid) (PLA) and

poly(glycolic acid) (PGA), or a composite of both, also

have been investigated on these devices [11, 25]. Although

HA and PMMA are good candidates, bacterial adherence

and the potential resultant increased bacterial resistance

and infection are limitations for their application in many

contaminated wounds [9]. The lack of an inherent bacte-

riostatic property for HA and PMMA coatings in

comparison to a chitosan coating would restrict their

effectiveness even in an antibiotic-loaded condition on

completion of antibiotic release. For the PLA and PGA

coatings, biocompatibility issues with these materials have

been reported [12, 14, 23, 24]. These reported issues for

PLA and PGA include high acidity and inflammation from

their degradation products. In contrast, the chitosan coating

has degradation products from enzymatic and hydrolytic

processes that are saccharides and glycosamines used in the

Krebs cycle [4, 8].

In this preliminary investigation, we sought to determine

if a chitosan coating with or without an antibiotic on a

stainless steel fixation screw could lessen the synergetic

effects of contaminating bacteria and an internal fixation

biomaterial, stainless steel. This limited study examined:

(1) the coating robustness in simulated, functional bone

screw fixation to a targeted objective of 80% coating

adherence; (2) the biocompatibility and the presence or

absence of a bacteriostatic effect of unloaded and antibi-

otic-loaded coatings against Staphylococcus aureus; and

(3) the amount and rate of an eluted antibiotic, gentamicin,

in comparison to reported inhibitory concentrations.

Materials and Methods

The goal of this investigation was to determine if a coating of

chitosan, loaded or unloaded with gentamicin, on a stainless

steel implant alloy has the potential to reduce or prevent

devices from becoming an initial nidus for infection. To

begin to test this hypothesis, we used randomized experi-

mental designs to compare (1) the retention of chitosan

coatings containing gentamicin with plain chitosan coatings

during simulated bone fixation; (2) the compatibility of

chitosan coatings without gentamicin with uncoated control

specimen in osteoblastic and fibroblastic cell cultures; and

(3) the antibacterial properties of the coatings with and

without gentamicin with uncoated controls in the zone of

inhibition tests using S. aureus. In vitro elution testing also

was performed to determine the amount and rate of antibi-

otic release from coatings containing gentamicin.

Solution casting techniques, adapted from Bumgardner

et al. [4], were used to bond coatings through silane-

glutaraldehyde molecules on stainless steel bone screws

(prototype, 2 cm length, 3.5 mm diameter; Wright Medical

Technology, Arlington, TN) for use in coating retention,

zone of inhibition, and elution studies. Flat stainless steel

specimens, 1.22 9 1.22 9 0.3 cm, were coated for use in

cell culture studies. Briefly, screws and flat specimens were

roughened by grit blasting (Abrasive Blast Cabinet

101698G-A; Econoline, Grand Haven, MI) using silica

beads (220 grit) to maximize surface area for bonding. Grit

blasting was performed on all specimen surfaces in

seven 2-minute intervals. Surface profilometry (Alpha-Step

500 Surface Profiler; KLA Tencor, San Jose, CA)

was used to ensure all test specimens had similar sur-

face roughness values (10–20 Ra value). Surfaces were

silanated using 3-amino-propyl-triethoxy-silane (United

Chemical Technologies, Bristol, PA) under acidic condi-

tions. Glutaraldehyde was added to the amino end of the

silane to provide a reactive aldehyde to form amide bonds

with amine groups in the chitosan molecule. A 1 wt%

chitosan (92.3%DDA; Vanson Halosource, Bothell, WA)

in 1% acetic acid (Acros Organics, Geel, Belgium) solution

was used to form coatings without gentamicin. Gentamicin

(MP Biomedicals, Solon, OH) at 2 wt% of chitosan was

used to form antibiotic-containing coatings. Sterilization of

coated test specimens was performed using ethylene oxide

(at 38�C for 4 to 5 hours).

Functional mechanical testing to simulate screw place-

ment into bone was performed by inserting chitosan-coated

bone screws with (n = 3) and without gentamicin (n = 3)

into solid rigid polyurethane bone density foam (Sawbones;

Pacific Ridge Laboratories, Vashon, WA) with a density

of 0.32 g/cc (following ASTM standard specifications

F-1839) [5, 18]. Each screw was photographed and

weighed before implantation (massinitial) and then

reweighed postimplantation (massafter). Three screws with

gentamicin-containing coatings also were tested in an

aqueous (phosphate-buffered saline [PBS]) environment to

evaluate effects of wetting on coating adherence. The

aqueous environment was established by submerging the

polyurethane foam in PBS and placing under a vacuum for

1 hour at room temperature. The amount of coating that

was retained during the implantation process was deter-

mined by visual observation and as percent retention

[100 (1 – (massinitial/massafter))]. Analysis of variance was

performed on the percent retention of coating with the type

of coating (plain chitosan, chitosan with gentamicin, and

chitosan with gentamicin wet) as the major factor. Post hoc

analyses used the Student Newman-Keuls multiple com-

parison technique.

In vitro compatibility of the chitosan coatings without

gentamicin was compared with uncoated samples using the
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flat specimen in cultures with Normal Human Dermal

Fibroblasts (CC-2511; Cambrex, East Rutherford, NJ) and

a preosteoblastic cell line (Human Embryonic Palatal

Mesenchymal Cells; ATCC, Manassas, VA). Cells were

seeded at 104 cells/cm2 on the test specimen in 12-well

culture plates, placed into an incubator at 37�C and 5%

CO2, and the number of cells (cells/mL) on the specimen

was estimated (at 2, 4, and 6 days for the fibroblasts; 1, 3,

and 5 days for the preosteoblasts) after double-trypsiniza-

tion and counting in a Coulter counter (Z2 Coulter Particle

Count and Size Analyzer; Beckman Coulter, Hialeah, FL).

Triplicate samples of each specimen (chitosan-coated and

uncoated) were evaluated at each time. For each cell line,

Student’s t-test was used to compare the number of cells on

the chitosan-coated samples with the number on the

uncoated samples at each time.

A zone of inhibition study was performed using an

established protocol as an initial screening test for anti-

bacterial properties of the chitosan coatings with and

without gentamicin as compared with uncoated stainless

steel bone screws [6]. S. aureus was cultured for 24 hours

on Todd-Hewitt agar containing 0.2% yeast extract. Screws

were placed individually on each plate and consisted of

three uncoated stainless steel screws, three unloaded

chitosan-coated bone screws, and three loaded chitosan-

coated bone screws (with 2 wt% gentamicin). After

24 hours in the agar, measurements (in millimeters) were

taken to determine the distance from the screw that the

bacteria were inhibited. Analysis of variance was per-

formed on the distance from the screw for each group as

the major factor.

An elution study was performed on gentamicin-loaded,

chitosan-coated bone screws (n = 6) to determine the

amount and time course of antibiotic release in vitro. Each

specimen was placed in a scintillation vial with 10 mL of

PBS and kept in a water bath at 37�C. Samples of the

eluent were collected at 1, 2, 4, 8, 12, 24, 48, 72, 96, 120,

and 146 hours. At each time, the screw was removed from

the PBS solution and placed in new solution. Samples were

drawn from the eluent and run in a fluorescence polariza-

tion immunoassay device (TDxFLx; Abbott Laboratories,

Abbott Park, IL) and reported as micrograms per milliliter.

Results

The coating had initial biocompatibility similar to stainless

steel and exhibited no inhibitory effect compared with

stainless steel using two different cell lines. In testing with

human dermal fibroblasts, cell count techniques revealed

similar growth rates between the chitosan-coated stainless

steel and the uncoated stainless steel at all times (2 days,

p = 0.249; 4 days, p = 0.484; 6 days, p = 0.252) (Fig. 1).

During cytotoxicity testing with an osteoblastic precursor

cell line, similar trends were observed showing similar

growth rates between chitosan-coated stainless steel cou-

pons and uncoated stainless steel coupons at all times

(1 day, p = 0.258; 3 days, p = 0.177; 5 days, p = 0.457)

(Fig. 2).

The effect of the coatings in the presence of a typical

contaminating bacterium was evaluated with zone of

inhibition testing. A zone of inhibition was detected in

loaded and unloaded chitosan-coated bone screws, whereas

uncoated stainless steel bone screws showed no sign of

bacterial inhibition. Unloaded chitosan-coated bone screws

had a mean zone of inhibition of 18.6 ± 1.4 mm measured

from the center of the screw (Fig. 3). Loaded chitosan-

coated bone screws (with 2 wt% gentamicin) had a larger

Fig. 1 Testing with human dermal fibroblasts revealed similar

growth rates between the chitosan-coated stainless steel and the

uncoated stainless steel at all times.

Fig. 2 Cytotoxicity testing with an osteoblastic precursor cell line

revealed similar growth rates between chitosan-coated stainless steel

coupons and uncoated stainless steel coupons at all times.
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(p = 0.001) zone of inhibition with a mean inhibition

diameter of 26.6 ± 1.0 mm.

Functional mechanical testing to simulate bone

implantation of the coated screw had no visible effect on

the coating, but scanning electron microscopy revealed

minor coating loss (Fig. 4, preimplantation; Fig. 5, post-

implantation). The percentage of coating remaining for the

dry, loaded (gentamicin) chitosan-coated bone screws was

93.7% ± 4.1% after implantation and 89.9% ± 9.8% for

the chitosan-coated bone screws in an aqueous environ-

ment. Testing of the dry unloaded chitosan-coated bone

screws yielded a 90.9% ± 1.3% coating remaining, indi-

cating no statistical differences were seen among unloaded

chitosan coatings, dry loaded chitosan coatings, and wet

loaded chitosan coatings (p = 0.689) (Fig. 6).

Elution testing of the antibiotic released from the coat-

ing revealed a gentamicin release profile from the chitosan

solution of 1 mg/mL at 1 hour to 0.05 mg/mL at 96 hours.

This release profile was characterized by a burst release of

gentamicin within the first 4 hours in solution followed by

a steady decrease over 7 days (Fig. 7).

Discussion

Contamination from microorganisms is an established risk

for many orthopaedic surgeries as a result of complex

trauma and disease-related bone defects [2, 26]. This

contamination has the potential to lead to infection, con-

siderably delaying recovery and increasing the cost of

Fig. 3A–C Compared with the

(A) stainless steel control, zone

of inhibition testing confirmed the

inhibition of bacteria in the pres-

ence of (B) chitosan and (C)

gentamicin-loaded chitosan.

Fig. 4A–B (A) Light microscopy

confirmed the establishment of a

loaded chitosan coating on the

surface of a stainless steel screw.

(B) Scanning electron microscopy

also confirmed a loaded chitosan

coating covering the surface of

the bone screw.

Fig. 5A–B (A) After functional

bone simulation testing, scanning

electron microscopy revealed

some of the coating was lost

during implantation. (B) Higher

magnification scanning electron

microcopy shows where the coat-

ing became separated.
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health care [2, 15]. Internal fixation devices help aid

healing in many of these cases but can be detrimental by

protecting bacteria from antibiotic treatment. For this rea-

son, local approaches to combat infection have become

more common, including antibiotic coatings [20]. This

preliminary study sought to determine if a chitosan coating

with or without an antibiotic on a stainless steel fixation

screw could lessen the effects of contaminating bacteria

and a stainless steel internal fixation device.

This preliminary investigation was pursued to investi-

gate chitosan as a potential alternative to current coating

options such as HA, PMMA, PLA, PGA, and others. The

elimination of an initial nidus of infection with the use of

orthopaedic metallic devices in contaminated wounds by

using a coating was sought as the primary objective.

Chitosan seems to be a reasonable option and presents

some potential advantages from these preliminary

investigations.

Other surface coatings such as HA and PMMA have

been investigated as potential coatings for internal fixation

devices [5, 16–19, 21]. Although these potential coating

materials are good candidates, they each have limitations.

Hydroxyapatite and PMMA are susceptible to bacterial

adherence and the resultant bacterial resistance [9].

Therefore, these materials do not have the inherent bacte-

riostatic properties. Chitosan is an intriguing coating

possibility as a result of its reported bacteriostatic

characteristics [4, 8]. In this particular study, unloaded (no

gentamicin) chitosan had a small zone of inhibition pres-

ent, confirming this reported bacteriostatic characteristic.

Hydroxyapatite and other similar coatings also have

limitations because of their brittle structure, leading to

eventual fracture of the coating [4, 5]. In functional testing,

chitosan compares favorably with these types of coatings

with only minimal delamination occurring [16–18]. After

standard functional testing coatings of HA and other brittle

materials are retained to a substantial degree [16–18]. This

preliminary testing showed a 90% coating retention with

chitosan using a more applicable testing model (irregular

surface of a screw).

Other degradable polymeric coatings such as PLA and

PGA also have been investigated for use as coating mate-

rials on orthopaedic devices. Although these coatings are

good candidates for coating devices, they also have

reported biocompatibility issues. Poly (lactic acid) and

PGA have degradation products with high acidity [12, 14,

23, 24]. These degradation products can cause local

inflammation on degradation [12, 14, 23, 24]. Chitosan has

no such detrimental effect in vitro on degradation and has a

more tolerant pH than these other polymeric coatings [4,

8]. The initial cytotoxicity testing of chitosan validated the

reported biocompatibility in the presence of fibroblast and

osteoblast precursor cells.

This preliminary investigation showed the capacity of

chitosan coatings to be sufficiently bonded to stainless

steel medical devices and to contain therapeutic agents

(antibiotics). Biocompatibility, zone of inhibition, and

elution testing show chitosan has the potential to be used

as a coating for orthopaedic devices, whereas functional

simulated bone testing suggests the coating strength is

sufficient to be used in these applications. The limita-

tions of this study are the small sample size, only

in vitro evaluations, limited antibiotic loading levels, and

the use of only one antibiotic. Therefore, the use of an

antibiotic-loaded chitosan coating on stainless steel bone

screws as internal fixation devices for contaminated

bone fracture fixation may be considered after an opti-

mization of antibiotic loading, additional evaluation of

other antibiotics, and expanded in vitro and in vivo

investigations.

Fig. 6 No statistical differences were seen among unloaded chitosan

coatings, dry loaded chitosan coatings, and wet loaded chitosan

coatings, and all coatings were retained well above the desired 80%

retention rate.

Fig. 7 Elution testing confirmed a measurable release of gentamicin

up to 96 hours characterized by a burst release of antibiotic within the

first 4 hours.
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