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ABSTRACT 

A simple and effective technique for the deposition of ciprofloxacin HC1 

salt onto pore coated Ti-6A1-4V alloy rods has been investigated for the prevention 

of infection in orthopedic applications. This technique involves the 

electrophoretic deposition of negatively charged ciprofloxacin particles as well as 

the precipitation of ciprofloxacin anions on positively biased rods. Experimental 

variables such as applied voltage, coating time, and pH of the antibiotic solution 

have been investigated in terms of the amount of deposited antibiotic, the 

morphology of antibiotic coating, the rate of release of deposited ciprofloxacin and 

the antibacterial activity of the coated samples against Staph aureus and Staph 

epidermidis. 
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CHAPTER 1 

INTRODUCTION 

The occurrence of deep infection has been a serious complication of 

orthopedic implant surgery for many years. Such infection could be as high as 2% 

for patients undergoing total joint surgery and 3-5% during fracture fixation. 

Although the incidence of infection is rather low, once it occurs the result can be 

disastrous and costly to treat. In addition, clinical diagnosis of infection after its 

occurrence is difficult since X-rays and scans can not distinguish between 

infection and bone loosening. The symptoms become clear when the implant is 

severely infected and further growth of infection requires that the implant be 

removed and reinserted once the infection is completely gone. Among the 

organisms responsible for implant infections, Staph aureus and Staph epidermidis 

play a major role. For hip implants, Staph aureus is responsible for 35% of the 

infections and Staph epidermidis for 15%2 8. 

Bacterial infection could originate at the time of surgery by contamination 

from airborne bacteria in the operating room or by direct contamination from 

surgical tools. It could also originate from the patient's blood stream after the 

surgery has been performed. In either case, the surface of the implant as well as 

the surrounding tissues would act as an active site for further bacterial growth. To 

reduce the incidence of implant contamination, surgical tools are sterilized using 

steam or ethylene oxide at elevated temperatures and the operating room is 

disinfected before the surgery. 

Treatment of infection after its occurrence is problematic. Currently, most 

implant infections are treated with courses of oral and intravenous antibiotic. 

However, such a treatment has shown a low success rate9-10. This is because the 
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membrane that forms at the bone/implant interface acts as a substantial barrier to 

antibiotic penetration to the infection site. In addition, oral and intravenous 

administration of antibiotic would only suppress the symptoms of infection which 

would make its diagnosis even more difficult. 

An effective method in preventing orthopedic infections would be to 

provide adequate doses of antibiotic as close to the implant surface as possible. 

One obvious solution to this would be to preattach antibiotic to the implant so that 

sufficient amount of antibiotic would leach from the implant surface to the 

surrounding tissues and body fluids where bacterial infection is most likely to 

occur. 

To date, the only method that has been extensively studied for releasing 

antibiotics around implants involves the incorporation of antibiotics to the bone 

cement1'11-17. Unfortunately, this technique can only be applied to those 

antibiotics that can withstand the polymerization temperature of the bone cement. 

Surfactants such as TDMAC have also been considered for enhancing the 

attachment of antibiotic to polymeric implants18. 

Today, a major part of orthopedic implant materials are made from 316 

stainless steel, cobalt chromium alloys and titanium alloys. In many cases, the 

surface of these implants is made porous to allow for bone ingrowth. However, 

such porous coatings could act as sites on which bacterial infection can be 

accelerated. Thus, a technique to attach antibiotic to such surfaces would be 

beneficial to prevent bacterial infections. 

The objective of the work presented in this thesis was to further analyze an 

electrophoretic technique which was initially introduced by Dunn et al,19 to 

effectively attach antibiotic to the surface of porous and non-porous Ti-6A1-4V 
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orthopedic implants. This technique takes advantage of the net negative charge of 

ciprofloxacin particles and ions at certain pH values to attach it to a positively 

biased metal surface. Ciprofloxacin antibiotic was chosen due to its wide-

spectrum of antibacterial activity20"23. Key experimental variables such as voltage, 

pH of antibiotic solution and coating time were also analyzed. The concentration 

of ciprofloxacin provided by the coated samples was measured by washing in 0.17 

M NaCl solution and the antibiotic coating was characterized in terms of the rate 

of release of antibiotic into the surroundings. The inhibition of bacterial growth 

by coated samples was also analyzed in a bacterial culture of Staph aureus and 

Staph epidermidis. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Orthopedic Bacterial Infections 

After loosening, post operative bacterial infection is considered the most 

serious problem of orthopedic surgeries. A number of people have studied the 

factors that may initiate such infections10'24*25. Some of these factors are previous 

implant surgery, metal to metal articular surface, and a poor bone to implant 

interface. Although the infection rate is not high, once it occurs, it is often 

disastrous. Bacterial infection could result in the loosening of the implant along 

with the bone loss and failure to fracture healing which can lead to amputation or 

systemic sepsis. In addition, the patient may experience significant pain due to the 

loosening of the implant. Further growth of infection often requires that the 

implant be removed. This means removing all the components of the implant 

including the cement and the infected tissues. This may be followed by 

reimplantation on a delayed basis. 

A list of the most common organisms for hip implant infections is shown in 

table 1. It is seen from this table that Staph aureus, Staph epidermidis and 

Coliforms are the main sources of infection2 8. In general, the growth of these 

organisms is prevented by sterilizing the surgical tools and disinfecting the 

operating room. Despite this, infection still occurs. 

2.2 Clinical Approach to Implant Infections 

Clinical and bacteriological diagnosis of infection may be very difficult. In 

general, simple bone scans and radiolabelling of white blood cells distinguish 

between infection and bone loosening with poor specificity unless the infection 
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Table 1. Types of organisms in hip implant infections 

Staphylococcus Staphylococcus Coliforms anaerobes Others 
aureus epidermidis 

Fitzgerald etal. (1977)7 10 8 12 10(7) 9 

Nelson (1977)6 5 1 4 4(3) 1 

Andrews etal.( 1981)2 32 15 36 4 15 

Buchholz et al. (1981)3 274 - 145 138(74) 38 

Kamme &Lindberg(1981)5 7 9 7 17(10) 4 

Cherney & Amstutz (1983)4 10 7 12 3(1) 1 

Surin, et al. (1983)8 80 28 36 37 
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becomes severe and the organisms become detectable. Depending on the degree 

of infection, the patient may be given courses of antibiotic to reduce further 

bacterial growth. Unfortunately, implant infections are often resistant to antibiotic 

treatment and persist until the implant is removed. This is even true for those 

antibiotics that have low minimum inhibitory concentration (MIC) for the 

infection causing bacteria. 

Goulet et ai9 investigated the results of hip arthroplasty infections treated 

with antibiotics within four days of the onset of symptoms. Among 19 cases of 

infections, nine showed no deterioration, three became worse and seven came to 

revision. In joints such as knees, antibiotic treatment has shown an even lower 

success rate. Johnson and Bannister10 found that among 471 knee implant 

operations, 48 patients showed incidence of infections, 25 of which being deep 

infections. Initial treatment for deep infections included treatment with 

flucloxacillin and fusidic acid as antibiotics. Such a treatment failed to completely 

eliminate infection and resulted in the removal of the implant or continuing 

discharge with deteriorating function. 

2.3 Other Approaches to Implant Infections 

An effective method in preventing orthopedic infections would be to 

provide adequate doses of antibiotic as close to the implant surface as possible. 

Various methods have been developed to achieve this objective. Buchholz and 

Engelbrecht14 were the first ones to suggest incorporation of antibiotic in the 

acrylic bone cement that is used to fix the implant to the bone. It involves addition 

of small amount of an antibiotic, typically about 1-5 % by weight, to the cement 

powder. The antibiotic appears to continuously leach from the cement into the 



17 

surrounding tissues and body fluids after implant installation. Elson et al.11 have 

shown that "Palacos-R" cement can provide a higher concentration of antibiotic in 

the surroundings than other cements. In vitro testing of the mixture of Palacos-R 

cement and gentamicin shows antibiotic concentration of up to 87 |ig/ml in 50 ml 

of water within the first day of operation. In addition, a continuous release of 

antibiotic has been observed in vitro for several months16. 

Incorporation of antibiotic to the bone cement is a simple and effective 

technique but it has several drawbacks imposing some limitations on the 

application of this technique. First of all, this technique would only work for those 

implants that are secured with bone cement. It is also limited to those antibiotics 

that can withstand the polymerization temperature of the cement. Furthermore, 

incorporation of antibiotic can alter the mechanical strength of the cement which 

makes its application questionable26. Thus, future use of such mixture as bone 

cement requires more detailed clinical investigations. 

Greco, Harvey and Trooskin18 introduced a different technique to attach 

negatively charged antibiotics to polymeric prostheses. In this technique, the 

polymeric material is first treated with a cationic surfactant, tridodecylmethyl 

ammonium chloride (TDMAC). The treated polymer is then coated in an 

antibiotic solution containing anionic antibiotics such as penicillins or 

cephalosporins. During this step, the antibiotics are attached to the long carbon 

chains of the TDMAC molecules by hydrophobic bonding. The TDMAC 

molecules that were not bonded to antibiotic are removed by a final DI water rinse 

and immersion in a slurry of particulate insoluble cationic exchange compound. 

The antibiotic attached to these prostheses exhibited a half life of approximately 

12 hours in blood plasma. Kamal et al.27 also showed that TDMAC in conjunction 
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with cefazolin could reduce the incidence of intravascular polyethylene based 

implant infections. 

Recently, Dunn et al.28 introduced an interesting technique to 

electrostatically attach gentamicin to the surface of electrochemically modified 

titanium materials. In this work, the surface of Ti-6A1-4V and CP Ti samples was 

oxidized by an electrochemical oxidation technique to form porous oxide films. 

Using the pH dependent charge characteristics of the oxide layer, it was found that 

gentamicin could be elctrostatically attached to the implant surface. In vitro 

testing revealed that the attached gentamicin could be retained for a period of 14-

18 days when washed in 0.17 M NaCl at 37°C. 

Dunn et al.19 also developed an electrophoretic technique for attaching 

ciprofloxacin antibiotic to Ti-6A1-4V porous implants. The antibiotic attachment 

involved electrophoretic migration of the particles and ionic migration of 

ciprofloxacin in the antibiotic solution to a positively charged surface by means of 

a potential bias. They showed that significant amount of antibiotic could be 

deposited on Ti-6A1-4V by this technique. In vitro testing of treated samples 

showed that antibacterial activity could be retained for a period of 5 days. 

2.4 Background on Titanium and Ti-6A1-4V Materials 

Titanium is one of the most common materials used in orthopedic implant 

applications. Titanium was initially considered for surgical applications due to 

its high resistance to corrosion and excellent tissue compatibility29-31. Later, 

it was realized that titanium alloys are excellent candidates for orthopedic implant 

materials due to their outstanding mechanical strength. Ti-6A1-4V was introduced 

in the early seventies32-33 and is now being used in many orthopedic implant 
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applications. 

H-6A1-4V alloy exhibits a number of unique features that make it suitable 

for orthopedic applications. This alloy, under certain heat treatment conditions, 

exhibits an a/p microstructure with a mechanical strength that is comparable to 

that of stainless steel. The endurance limit of this microstructure is approximately 

668 MPa which is greater than that for other microstructures of Ti-6A1-4V. The 

effect of different heat treating procedures on the microstructure and fatigue 

properties of Ti-6A1-4V is presented in Table 234. Table 3 also displays a list of 

compositions and mechanical properties of Ti-6A1-4V and several other implant 

materials35. 

Ti-6A1-4V exhibits a high degree of biocompatibility and resistance to 

corrosion due to a chemically stable oxide layer that forms on its surface36. 

Despite having excellent biocompatibility, there has been concerns about the 

leaching of alloying elements from titanium alloy implants. It was initially 

believed that Ti-6A1-4V alloy could have some toxic effects due to the 

thermodynamically unstable vanadium oxide that may release vanadium in the 

body37. The degenerative changes in nerves resulting in Alzheimer's disease have 

been associated with aluminum and vanadium. There has also been reports 

regarding discoloration of tissues adjacent to titanium and titanium alloys which 

may be due to the release of titanium ions by abrasion between the implant and the 

bone38'39. Despite these observations, it is difficult to correlate the release of 

implant ions with a specific problem or damage to the tissues unless the 

mechanism of damage is clearly defined. 



Table 2. Effect of heat treatment on microstnicture and fatigue 
properties of Ti-6AI-4V34 

Heat Treatment Microstnicture Endurance Limit(MPa) 

Heating at 950°C, Quenching, Equiaxed 667.8 
aging at 500°C for 8 hours 

Heating at 1250°C for 2 hours, Fine acicular 494.4 
quenching, annealing at high 
a/(i region, quenching 

Heating at 1250°C for 2 hours, Coarse acicular 487.5 
slow cool through beta transition, 
quenching, annealing for 2 hours 
at low cx/(3 region, quenching 

Heating at 1250°C, slow cool Lamellar 393.8 
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Table 3. Composition & mechanical properties of metallic 
implant materials35 

Cr-Co Cr-Co 316 Titanium Ti-6-Al-4V 
Material Cast wrought stainless 

steel 
Unalloyed ELI 

hydrogen 0.015 0.0125 
carbon 0.36 0.05-0.15 0.03-0.08 0.10 0.08 
oxygen — — — 0.13 0.13 
nitrogen — — — 0.07 0.05 
aluminum — — — — 5.5-6.5 
silicon 1.0 max — 0.75 — — 

phosphorous — — 0.03 — — 

sulfur — — 0.03 — — 

titanium — — — remainder remainder 
vanadium — — — — 3.5-4.5 
chromium 27.0-30.0 19.0-21.0 17.0-20.0 — — 

manganese 1.0 max 2.0 max 2.0 — — 

iron 0.75 max 3.0 max remainder 0.30 0.25 
cobalt remainder remainder — — — 

nickel 2.5 max 9.0-11.0 10.0-14.0 — — 

molybdenum 5.0-7.0 — 2.0-4.0 — — 

tungsten — 14.6-16.0 — — — 

nobium —— 

Material 
Yield strength 

(MPa) 
Tensile strength 

(MPa) 
Elastic 

modulus 
(GPa) 

% Elongation 

Cr-Co, cast 450 655 248 8 

Cr-Co- wrought 379 896 242 — 

316 stainless steel, 
annealed 

207 517 — 40 

316 stainless steel, 
cold worked 

689 862 200 12 

Titanium, Grade 4 485 550 110 15 

Ti-6A1-4V, 
Annealed 

830 895 124 10 
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2.5 Background on Ciprofloxacin 

2.5.a Chemistry and Property 

Ciprofloxacin is a fluoroquinolone antibiotic with a broad spectrum of 

activity against both gram-negative and gram-positive organisms20 23. The 

ciprofloxacin exhibits an isoelectric point of 7.4 and the molecule is characterized 

by a basic functional group and an acidic functional group of pka of 8.8 and 6.0, 

respectively41. The chemical formula of ciprofloxacin is l-cyclopropyl-6-fluoro-

l,4-dihydro-4-oxo-7-(l-piperazinyl)-3-quinolone carbonic acid. Each of the 

metabolites of ciprofloxacin has a 6-fluoro substituent and a cyclopropyl 

substituent which contribute to the increased antibacterial activity of these drugs. 

A schematic structure of ciprofloxacin and its metabolites is demonstrated in 

figure l42. 

2.5.b Mechanism of Action 

The main action of ciprofloxacin and other fluoroquinolones is inhibiting 

the replicating action of DNA gyrase group. This group belongs to a series of 

enzymes that are the essential part the DNA replication system. A diagram 

representing the mechanism of action of DNA gyrase is shown in figure 243. The 

chromosome of most organisms is composed of a long double stranded DNA 

which must be arranged in a helical form to fit inside a substantially small cell. 

This helical structure is achieved by DNA gyrase which introduces negative 

supercoilings for DNA. The action of ciprofloxacin and other quinolones is to 

prevent DNA gyrase from introducing these negative superhelical twists into DNA 

strands and thus increasing its spacial volume. As a result, DNA strands can no 

longer fit within the cell and the organism would be unable to replicate43'44. 
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While ciprofloxacin exhibits a fairly good activity against gram-positive 

organisms, it is 2 to 4 times more potent than other fluoroquinolones against gram-

negative organisms45'51. This drug has demonstrated MIC values as low as 0.016 

jig/ml against Hemophilus influenzae and 0.03 |Lig/ml against Es.coli. The MIC 

values of this drug for Staph aureus and Staph epidermidis are 1.0 and 0.5 (ig/ml, 

respectively. The antimicrobial spectrum of ciprofloxacin and some quinolones 

against several organisms is shown in table 441. Factors decreasing the in vitro 

activity of ciprofloxacin include acidic pH and high levels of magnesium and 

calcium ions41. 

Aside from good antibacterial activity of ciprofloxacin, tissue and bone 

penetration of this drug is excellent which represents another unique property of 

this drug compared to other antibiotics. In most cases, antibiotic concentration in 

tissues and body fluids is shown to be equal or greater than that of serum 

concentration41. In addition penetration of ciprofloxacin to the infected bone has 

been found to be greater than that of normal bone19. 



Table 4. Antibacterial spectrum (MIC |ig/ml) of ciprofloxacin and 
selected quinolones against common pathogens41 

Oraanxsm 
Nauaooc 

Aaa Norrtoxaan Pefloxaan Enoxaan Ofloxaan o
 

0
 

1
 

Slaonyncocaa aureus 
(inauamg msmiaiiin-
ressant) •oo 5.3* 0.5 3.1 0.4 1.0 

Staonyncocaa eadermiais NA 2.0* 2.0 1.0 0.5 0.5 
Streatococcus ormumontae 

(inauamg pemcriiin-
ressant) > 123 •10" 4.0 16 2.0 2.0 

Slreotacocais pyogenes >200 5.3' >16 12 3.1 40 
Streotococcus taecaas >200 '2 •i.O 12 1.6 2.0 
Hemoontus influenzae 

(inauring amoiailin-
resstant) 0.5 3.06 0.06 0.12 0.06 0.016 

zscnencma coti •i.Q 3.12 0.25 0.4 02 0.03 
Kleosietla oneumontae >200 \5 2.0 2.0 0.2 0.12 
Enterooacter so 40 3.4 1.0 0.8 0.8 0.06 
Prvteus mtrautis 25 0.12 0.5 0.8 02 0.12 
Proteus vulgaris 2.0 3.12 2.0 0.5 0.12 0.12 
Serraoa marcescans >200 1.0 1.0 2.0 1.0 0.5 
Aanetooaaer SD 16 16 4.0 4.0 0.8 0.1 
Pseuaamonas aeruginosa >128 2-0 2.0 2.0 2.0 0.5 
Pseuaamonas mattoonuia NA "6 2.0 4.0 6.3 1.0 
Pseuaomonas ceoaaa NA '6 S.0 2.0 16.0 S.0 
3aaeroaes iraarns >123 <28 3.0 12. 4.0 3.0 

NA = no aata avanaae. SreaKinq Mints are aescnoea in me ten. 
,Qare occurrence ot unnafv trac: infections caused DV tnese mterocrqanisms. 
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Experimental Materials 

The porous and non-porous rods in this study were made of Ti-6A1-4V 

alloy and were provided by DePuy Inc. Porous rods 0.22 cm in diameter had a 

porous coating formed with 200 |im CP Ti beads. With the porous coating, the 

rods measured 0.32 cm in diameter. The diameter of non-porous samples was 0.4 

cm. The anodizing clip used for connecting the rods to the positive side of the 

power supply (100 watt DC, Hewlett Packard, model 6634A, Palo Alto, CA 

94304) was machined from Ti-6A1-4V alloy. A platinum crucible (22 ml) was 

used to contain the antibiotic solution. 

The antibiotic used in this investigation was ciprofloxacin. This antibiotic 

was provided by Miles Inc (Pharmeceutical Division, West Haven, CT 06516) in 

the form of ciprofloxacin HC1 salt solution at a concentration of 0.01 g/ml. The as 

received antibiotic solution had a pH of 3.55. 

Two main organisms were used to test the antibacterial activity of coated 

samples. These were Staph aureus and Staph epidermidis. The bacterial culture 

along with Mueller Hinton Plates were provided from the Department of 

Microbiology at the University of Arizona. Prior to each experiment, bacterial 

cultures were inoculated and incubated at 37°C for 24 hrs. 

3.2 Experimental Procedure 

3.2.a Materials and Solution Preparation 

The Ti-6A1-4V sample rods were cut to approximately 2.5 cm in length 

using a diamond saw. These rods were degreased in acetone with an ultrasonic 
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cleaner for 5 minutes and washed thoroughly in DI water. The samples along with 

the titanium clip were then etched in a 1:3:15 HF/HNO3/H2O solution for 

approximately one minute. The etched samples were subsequently rinsed in DI 

water and allowed to dry in a convection oven for 24 hours at 37°C. The dried 

samples were then cooled to room temperature and weighed to ± 0.1 mg on a 

microbalance (Cahn, model DC A 312, Cerritos, CA 90701). 

Antibiotic attachment tests were carried out at two different pH values of 

10.8 and 11.2. The reason for this choice will be discussed in chapter 5. These 

solutions were prepared by adding small amounts of 5M NaOH to the as received 

antibiotic solution (pH=3.55) until the pH was slightly higher than 11.2. During 

this process, the antibiotic salt was seen to precipitate out at pH values between 5.5 

and 8.5 but the salt began to redissolve as the pH was increased to above 8.5. 

3.2.b Solubility and pH Data 

A spectrophotometric technique (Varian, DMS 90 Spectrophotometer) was 

used to measure the concentration of ciprofloxacin in 0.17 M NaCl solution. 

Standard ciprofloxacin solutions were prepared from the as received ciprofloxacin 

solution by diluting with 0.17 M NaCl solution. The ultraviolet spectrum of the 

ciprofloxacin solution was obtained in the range 240-400 nm and the calibration 

curve for measuring the cipro concentration was obtained at 317 nm. Solutions in 
-7 -5 

the concentration range of 10 to 10 (ig/ml were used to generate a calibration 

curve with 0.17 M NaCl solution as the reference. 

Due to the change in the solubility of ciprofloxacin with increasing the pH 

of the as received antibiotic solution, it was decided to determine the maximum 

amount of antibiotic in solution at different pH values. This was measured by 
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sequentially varying the pH of 40 ml of the as received solution in the range 3.55 

to 11.70 , taking out 2 ml at each pH value followed by a filtering and dilution 

process and measuring the amount of ciprofloxacin in solution using the 

calibration curve. 

In addition to above measurements, it was desired to determine the extent 

of solubility of solid ciprofloxacin salt in 0.17 M NaCl solution (pH=6.0-7.0) as a 

function of addition of ciprofloxacin. This measurement was mainly made to 

obtain the extent of dissolution of deposited antibiotic on the samples when they 

were washed in 0.17 M NaCl washing solution. Small amounts of ciprofloxacin 

in a range of 10"6 to 10"4 grams per milliliter of solution were sequentially added 

to 0.17 M NaCl solution with an initial volume of 250 ml. After 20 minutes the 

amount of dissolved cipro was measured as discussed above. 

3.2.c Antibiotic Coating of Ti-6A1-4V Rods 

A schematic of the experimental set up for antibiotic coating of Ti-6A1-4V 

samples by an applied potential is presented in figure 3. This set up included a 

100 watt DC power supply with the positive side connected to a titanium clip and 

the negative side to a platinum crucible. The platinum crucible was filled with 20 

ml of the pH adjusted ciprofloxacin solution (0.01 g/ml) and a magnetic stirrer was 

placed in the crucible. The titanium rod was connected to the positive side of the 

power supply via the titanium clip. 

While the voltage was set at zero, each titanium rod was immersed in the 

antibiotic solution. During the first five minutes, solution was stirred to allow 

complete wetting of the rods. This step was particularly important for the porous 

samples due to the existence of large amounts of air within the pores. The 
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Hewlett-Packard 6 6 34A 

DC Power Supply 
TI Clamp 
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Copper Crucible 
Holder 0.0 1 g/ml Ciprofloxacin 

Solution Stir Bar 

Magnetic Stirrer 

Figure 3. Experimental set up for antibiotic coating of Ti-6A1-4V samples 
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stirrer was turned off and a constant positive potential was applied to the titanium 

sample. For this study, coating was performed at the applied voltages of 0.0 V, 

1.0 V, 2.5 V, and 4.0 V for 10 and 30 minutes. During the experiment, the current 

decreased steadily from 0.02 mA to 0.0004 mA depending on the applied voltage 

and solution pH. At the end of a predetermined time, the voltage was set to zero, 

the samples were removed from the solution, placed in small glass vials, and dried 

in an incubator at 37°C for 24 hours. Each sample was then weighed to measure 

the amount of antibiotic deposited on the surface. 

3.2.d In Vitro Washing Tests 

Washing experiments were conducted to determine the concentration of 

antibiotic provided by each sample in the washing solution and the amount of 

antibiotic left on the samples after washing. The washing set up consisted of a 

temperature controlled water bath (Fisher, Model 127) in which a pair of 2 liter 

Pyrex containers was placed. Each container had a Pyrex lid with openings for a 

stirrer and three sample holders. The stirrer was set to 60 RPM to allow sufficient 

movement of the solution around the rods and each container was filled with 1.5 1 

of sterilized 0.17 M NaCl solution with a pH of 6.0-7.0. The temperature of the 

solution was allowed to stabilize at 37°C. 

Eight groups of three samples, each coated with antibiotic for 10 minutes at 

different applied voltages and solution pH values were selected for washing 

experiments. Each group of three was placed in the washing solution and at 

specific time intervals, 4 ml of the washing solution was taken out and its 

absorbence was measured. The average concentration of ciprofloxacin leached 

from the coated samples and the amount of antibiotic left on the samples were then 
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determined using the calibration curve. 

3.2.e In Vitro Antibacterial Testing 

Two different tests were used to determine the degree of antibacterial 

activity of coated samples against Staph aureus and Staph epidermidis. In the first 

technique, each of the coated samples was placed in a Muller Hinton plate 

inoculated with an overnight broth culture of the relevant test organism. After 

incubating for 24 hours at 37°C, the inhibitory zone area was measured and 

recorded as a function of applied voltage, coating time and pH of the solution. 

In the second technique16, samples coated at 4.0 V and 0.0 V, and at 

solution pH of 10.8 and 11.2 were each placed into a screw-capped glass vial 

containing 10 milliliters of lwt% peptone water. After two hours, each bottle was 

inoculated with 20|il of an overnight broth of Staph aureus and Staph epidermidis. 

Uncoated samples placed in the solution and inoculated with the same organisms 

served as the reference. The bottles were then incubated at 37°C and tested for 

turbidity each day. 

Turbidity of each bacterial culture was determined using a photoelectric 

colorimeter (Klett-Summerson, Model 800-3, Klett MFG. Co.,INC). The scale on 

this equipment represented the optical density of the solution which was directly 

proportional to the amount of bacterial growth taking place in the liquid around 

each sample. The photoelectric colorimeter was initially calibrated with a 

reference solution of zero bacterial growth. This reference was chosen to be 10 ml 

of 1 wt% peptone water which was suitable for bacterial growth. When the 

turbidity of the solution exposed to the coated sample was less than that for the 

uncoated sample, the sample was removed, washed twice with peptone water and 



32 

placed in a new vial containing peptone water which was inoculated as before and 

incubated again at 37°C. This procedure was continued each day until the 

turbidity of solution exposed to the coated sample reached that of the uncoated 

sample. The percent bacterial growth as a function of washing time was then 

determined by taking the ratios of two turbidity measurements for coated and 

uncoated samples. 

Once the bacterial activity around the samples reached a maximum, 

samples were removed from the vials, washed twice in peptone water, and tested 

for the inhibitory zone area against the same organisms. The zone area for each 

sample was measured and recorded after 24 hours of incubation at 37°C. 
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CHAPTER 4 

RESULTS 

4.1 pH and Solubility Results 

The ultraviolet spectra (240-400 nm) of ciprofloxacin solutions of different 

concentrations are shown in figure 4a. The ciprofloxacin solution exhibited two 

major peaks one at 317 nm and the other in the range 281-283 nm. The calibration 

curve based on the absorbence measured at 317 nm is shown in figure 4b. 

Figure 5 displays the effect of increasing the pH of a 0.01 g/ml cipro 

solution initially at a pH of 3.5 on the extent of solubility of ciprofloxacin. As the 

pH was increased from the initial value of 3.5, the solubility of ciprofloxacin 

began to decrease. Above a pH of 4.7, an abrupt decrease in the solubility of 

ciprofloxacin was observed and at a pH of 5.8 ciprofloxacin particles precipitated 

rapidly. Between a pH of 5.8 to 8.4, almost all the antibiotic remained in the 

precipitated form. Above a pH of 8.4, precipitated particles began to redissolve 

and at a pH of 10.8, 89% of the original antibiotic was in the solution. At pH 11.2 

almost all the antibiotic existed in the solution. At a pH of 10.8, the particles 

started to form after a period of 1 hour. On the other hand, the solution at pH 11.2 

was more stable and did not show the formation of any particles over a period of 5 

hours. 

Figure 6 displays the extent of dissolution of ciprofloxacin as a function of 

solid ciprofloxacin addition to 250 ml of 0.17 M NaCl solution (pH=6.0-6.8). The 

region corresponding to small amounts of solid ciprofloxacin (lxlO 6 to lxlO"5 

g/ml) is shown separately. It can be seen from this figure that at a pH 6.0-6.8, 

ciprofloxacin exhibited some solubility which increased with addition of 

ciprofloxacin to the solution. The concentration of ciprofloxacin in solution 
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approached a limiting value of 1.0x10^ g/ml when increasing the amount of cipro 

above 1.6x10"* gram per milliliter of solution. The pH of the solution was found to 

increase slightly from 6.0 to 6.8 with addition of ciprofloxacin. 

4.2 Surface Morphology of Antibiotic Coated Samples 

The morphology of the antibiotic coating on the surface of the samples as a 

function of applied voltage and solution pH was analyzed using an optical 

microscope (Nikon Epiphot, Japan). Figure 7 shows the surface of a porous 

sample (a) after immersion for 10 minutes in 0.01 g/ml ciprofloxacin solution at 

pH 10.8 and (b) after immersion for 10 minutes in 0.01 g/ml ciprofloxacin solution 

at pH 11.2. While about 0.7-1.2 mg of antibiotic deposited onto the samples by 

simple immersion in these solutions, the deposit of ciprofloxacin was non-

uniformly distributed on the surface of the pores. 

Figures 8 and 9 display the surface of the samples coated at the applied 

voltages of 4.0 V and 5.0 V for solution pH values of 10.8 and 11.2. At both pH 

values, the antibiotic coating consisted of needle shaped crystals. The crystals 

formed under an applied voltage of 5.0 V were smaller in length (200-400|LI) 

compared to those formed under an applied voltage of 4.0 V (700-1000|Li). 

Samples coated at a solution pH of 10.8 and applied voltage of 5.0 V had a much 

thicker coating which covered up almost all the pores while those coated at a 

solution pH of 11.2 and an applied voltage of 5.0 V exhibited a deposit that existed 

within the pores. The coating in the latter covered up a smaller portion of the 

surface. 
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(a) 

(b) 
Figure 7. Surface morphology of titanium porous samples (250X) 

a) immersed in ciprofloxacin solution at pH 10.8 
b) immersed in ciprofloxacin solution at pH 11.2 



a) 4.0 V 

b) 5.0 v 

Figure 8. Surface morphology of ciprofloxacin coated samples at 
pH 10.8 (250 X) 
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a) 4.0 V 

b) 5.0 v 

Figure 9. Surface morphology of ciprofloxacin coated samples at 
pH 11.2 (2SOX) 
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4.3 Effect of Solution pH, Coating Time and Applied Voltage on 
Ciprofloxacin Deposition 

The dependence of antibiotic deposition on the applied voltage and coating 

time for two different values of solution pH is shown in figures 10 and 11. Both 

porous and non-porous samples exhibited a greater amount of antibiotic deposition 

at pH 10.8 than at 11.2. The deposition of antibiotic in the porous samples was 

found to increase by approximately 1.2 to 1.7 fold when the pH of solution was 

lowered from 11.2 to 10.8. 

In the non-porous samples, the deposition of ciprofloxacin did not show a 

significant dependence on the applied voltage (figure 11). On the other hand, in 

the porous samples, increasing the applied voltage caused a significant increase in 

the amount of deposited ciprofloxacin. For a deposition time of 10 minutes, the 

weight of ciprofloxacin coating increased from 1.1 to 2.4 mg at pH 10.8 and from 

0.8 to 2.0 mg at pH 11.2 when the voltage was increased from 0.0 to 4.0V. 

Ciprofloxacin deposition was also found to be dependent on deposition 

time. At pH 10.8, the weight of deposited ciprofloxacin increased from 1.1 to 1.6 

mg at 0.0 V and from 2.4 to 3.2 mg at 4.0 V when deposition time was increased 

from 10 to 30 minutes. At pH 11.2, the same increase in the coating time 

increased ciprofloxacin deposition from 0.8 to 0.9 mg at 0.0 V and from 2.0 to 2.4 

at an applied voltage of 4.0 V. 

4.4 Washing Experiments 

Figures 12-15 display the concentration of ciprofloxacin in the washing 

solution and the amount of ciprofloxacin left on the samples as a function 

of washing time for samples coated at voltages 0.0V, 1.0 V, 2.5 V and 4.0 V, and 

at solution pH values of 10.8 and 11.2. For all samples, the concentration of 
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ciprofloxacin in the washing solution was found to increase with washing time. 

This increase occurred at a faster rate during the first hour of washing but the rate 

was smaller over a period of 1 to 12 days (figure 13). Figures 12 and 13 show that 

samples coated at solution pH of 10.8 yielded a higher concentration of 

ciprofloxacin in the wash solution than those coated at pH 11.2 under the same 

applied voltage. After 12 days of exposure to washing solution, samples coated at 

an applied voltage of 4.0 V and solution pH of 10.8 exhibited a ciprofloxacin 

concentration of 1.36 (ig/ml in the washing solution while those coated under the 

same voltage but solution pH of 11.2 exhibited a concentration of 0.72 (ig/ml in 

the washing solution. It should be noted that samples coated at pH 11.2 retained a 

greater amount of ciprofloxacin compared to those that were coated at pH 10.8. 

It can also be seen from figures 12-15 that samples coated at higher applied 

voltages yielded a higher concentration of ciprofloxacin in the wash solution while 

retaining a greater amount of antibiotic coating after 12 days of exposure to 

washing solution. Increasing the deposition voltage from 1.0 V to 4.0 V at 

ciprofloxacin solution pH of 10.8 showed an increase of 0.61 to 1.36 |ig/ml in the 

wash solution after 12 days of exposure while the amount of ciprofloxacin left on 

the samples was 0.29 and 0.36 mg, respectively. A similar behavior was observed 

for samples coated at solution pH of 11.2. In this case, increasing the voltage from 

1.0 V to 4.0 V resulted in an increase of 0.29 to 0.72 Jig/ml in the concentration of 

ciprofloxacin in the wash solution while the amount of ciprofloxacin left on the 

samples were 0.30 and 0.83 mg, respectively. Samples coated in the absence of 

voltage at solution pH of 10.8 and 11.2, although provided significant amount of 

ciprofloxacin in the washing solution, lost all their coating after one and three days 

of exposure to washing solution, respectively. 
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4.5 Antibacterial Testing 

The inhibitory zone area against Staph aureus and Staph epidermidis as a 

function of applied voltage and coating time is represented in figure 16 for 

samples coated at solution pH of 10.8 and in figure 17 for those coated at solution 

pH of 11.2. Staph aureus exhibited a higher resistance to the coated samples than 

Staph epidermidis (zone of inhibition per 2.5 cm pin length against this organism 

was about 2-5 cm2 smaller than that for Staph epidermidis). A slight increase in 

the zone of inhibition was observed for both organisms with increasing deposition 

voltage and time. In addition, an increase of approximately 1-2 cm2 was found in 

the inhibitory zone area when solution pH was decreased from 11.2 to 10.8. 

The results of the turbidity tests for the samples coated at 4.0V and 0.0V 

and solution pH of 10.8 and 11.2 are shown in figures 18 and 19. In these figures, 

percent bacterial growth represents the ratio of the turbidity of the solution 

exposed to the coated samples to that of a solution exposed to the uncoated sample 

w h e n  i n o c u l a t e d  w i t h  2 0 | i l  o f  b a c t e r i a .  I n  t h e  b a c t e r i a l  c u l t u r e  o f  S t a p h  

epidermidis, all samples resulted in no significant growth for up to two days of 

incubation. On the third day, the growth of Staph epidermidis in the presence of 

samples coated by simple immersion in a solution pH of 11.2 reached 100% while 

the bacterial growth in the liquid around the samples coated by simple immersion 

at a solution pH of 10.8 reached only 59%. Samples coated at 4.0 V resulted in a 

smaller and more gradual increase of bacterial growth against Staph epidermidis. 

The bacterial growth around these samples reached 100% after 7 days of 

incubation. 

In the bacterial culture of Staph aureus, the inhibition of bacterial growth 

by the coated samples was lower than that in Staph epidermidis. The growth of 
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Staph aureus around the samples coated at zero voltage (i.e. by simple immersion) 

and at solution pH of 11.2 and 10.8 began after the second day of incubation and 

it reached 100% by the third and fourth day of exposure, respectively. Bacterial 

growth in the presence of the samples coated at 4.0 V was more gradual and 

reached 100% after the seventh day of incubation. 

The results of the bacterial testing on a dry culture of bacteria for the 

samples that showed 100% bacterial growth in the turbidity test is presented in 

table 5. Two main observations can be made from the data in this table. At both 

pH values, samples coated at 4.0 V exhibited greater zone of inhibitions against 

both organisms than those coated by simple immersion in solution. Also, the 

inhibitory zone area for samples coated at solution pH 10.8 was smaller than for 

samples coated at solution pH 11.2. 

Table 5. Zone of inhibition around samples after turbidity test 

Voltage -> 4.0 V 0.0 V 

Staph aureus 5.53 cm2 zero 

Staph epidermidis 8.25 cm2 3.12 cm2 

a) Solution pH = 10.8 

Voltage -> 4.0 V 0.0 V 

Staph aureus 7.97 cm2 3.21 cm2 

Staph epidermidis 10.47 cm2 5.16 cm2 

b) Solution pH = 11.2 
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CHAPTER 5 

DISCUSSION 

5.1 SoIubility-pH Behavior of Ciprofloxacin Antibiotic 

Ciprofloxacin is a zwitterion and it possesses a basic functional group with 

a pKa of 8.8 and an acidic functional group with a pKa of 6.0. This antibiotic 

exhibits an isoelectric point at pH 7.4 (figure 20)19, i.e., at this pH it has an equal 

proportion of positively and negatively charged groups (NH2+ and COO"). At 

solution pH values below 7.4, the negatively charged carboxylate groups of 

ciprofloxacin salt will undergo a protonation reaction to neutral COOH groups and 

there will be a greater proportion of NH2+ groups compared to COO" groups in the 

solid. As a result, ciprofloxacin will have a net positive charge and the chloride 

ions in the solution will serve as the counter ions. The solubility data shown 

(figure 5) for pH values below 5.8 corresponds to this form of ciprofloxacin. On 

the other hand, at solution pH values above 7.4, the NH2+ groups of ciprofloxacin 

will undergo a deprotonation reaction resulting in a greater proportion of the 

carboxylate groups compared to NH2+ groups. As a result, ciprofloxacin will 

exhibit a net negative charge and the sodium ions in the solution will serve as the 

counter ions. The increase in the extent of dissolution of ciprofloxacin at pH 

values above 8.5 (figure 5) is most likely associated with the formation of the 

negatively charged ciprofloxacin. 

It was seen in figure 6 that when solid cipro is added to 0.17 NaCl solution, 

the amount of cipro in solution increases and approaches a limiting value of 

l.OxlO"4 g/ml at a solid cipro addition of 1.6x10^ gram per milliliter of solution. 

Ideally the slope of the line in figure 6 for small amounts of added cipro should 

exhibit a value of one; however such behavior is not seen from this figure. This 
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may be due to the fact that in obtaining each data point, solid ciprofloxacin was 

allowed to dissolve in solution for only 20 minutes which may not have been 

sufficient for complete dissolution of ciprofloxacin. In fact, it was found that 

when ciprofloxacin was given more time for dissolution, the amount of 

ciprofloxacin in solution increased. For a solid ciprofloxacin addition of 3.0 |ig 

per milliliter of solution, the amount of ciprofloxacin in solution increased from 

2.25 (ig/ml to 2.85 (ig/ml when the time of dissolution was increased from 20 

minutes to 3 hours. Ciprofloxacin was found to completely dissolve in the 

solution after 24 hours. The dissolution of ciprofloxacin can therefore be 

considered to be time dependent and thus the limiting value of l.OxlO"4 g/ml 

obtained in figure 6 should actually be higher if ciprofloxacin were given 

sufficient time for dissolution. 

5.2 Proposed Mechanism for Antibiotic Deposition on Ti-6A1-4V Samples 

The deposition of ciprofloxacin onto the porous titanium sample is believed 

to occur as a result of the migration of the negatively charged ciprofloxacin 

particles as well as ions toward the positively biased titanium sample. The 

migration of ciprofloxacin particles to the anode is expected because these 

particles have been found to exhibit a zeta potential of up to 30 mV in alkaline 

solutions19 (figure 20). This means that cipro particles can have a mobility of 

approximately 5 |nm/sec when a potential of 4.0 V is applied across the 2 cm gap 

between the anode and the cathode (Zeta potential(mV)= 12.3 x mobility (|im/sec 

per volt/cm)). For the coating time of 10 minutes, ciprofloxacin particles are 

capable of migrating up to 3000 |im in the solution. Therefore, particles 3000 |im 

away from the anode can reach the sample and deposit on the surface. At solution 



58 

pH of 10.8, where 11% of ciprofloxacin exists in the precipitated form (figure 5), 

electrophoretic migration of particles should play a significant role on antibiotic 

deposition. 

Ciprofloxacin particles that reach the anode should deposit with their long 

axis parallel to the surface of the sample simply because the electrophoretic 

migration of needle shaped particles is most favored with the long axis 

perpendicular to the electric field gradient. At a pH of 10.8 where the size of 

antibiotic salt particles is comparable to the size of the pores (200-400 |im), 

penetration of particles into the pores will be difficult and thus the deposition 

should take place mostly on the surface of pores. This is apparent from figure 8b 

where a thick coating of horizontally oriented antibiotic crystals may be seen on 

the surface of the samples coated at pH 10.8 and applied voltage of 5.0 V. 

The mechanism involved in the deposition of antibiotic by migration of 

ions to the anode is more complex and may occur by one of two routes. One may 

be the result of the consumption of OH" ions at the anode by the following 

reaction: 
4 OH" -> 2H20 + 02 + 4e-

This oxidation should occur since OH" exhibits a relatively low standard oxidation 

potential of - 0.43 V. The evolution of oxygen at the anode should cause a pH 

decrease within the pores of the sample. It was shown in figure 5 that the 

ciprofloxacin solution was very sensitive to solution pH in the range of 8.0 to 11.0 

and a small decrease in the solution pH resulted in a drastic decrease in the 

solubility of cipro. This means that ions that migrate into the pores of the 

anodically held sample should precipitate in the pores as oxygen is evolved at the 

anode. Depending on the extent of decrease of solution pH at the anode, the salt 
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that precipitates should either be the ciprofloxacin sodium salt or the zwitterionic 

cipro salt A combination of both salts is also possible. 

The deposition of cipro may also occur when the solubility product of 

antibiotic within the pores of the anodically held sample is exceeded. Such a 

deposition should take place by and large within the pores of the sample due to the 

ease of penetration of ions into the pores. At a solution pH of 11.2, almost all of 

the antibiotic exists in the dissolved form (figure 5); therefore the deposition by 

ionic migration is probably the dominant mechanism. 

5.3 Effect of Voltage, Time, and pH of Solution on Antibiotic Coating 

The amount of antibiotic deposition on the porous samples was found to be 

a function of the applied voltage, coating time, and pH of solution (figure 10). The 

voltage and time dependence is expected since an increase in the applied voltage 

and coating time should cause migration of more ciprofloxacin ions and particles 

toward the anodically held sample. The pH dependence of antibiotic deposition is 

also expected since the solution pH controls the amount of cipro particles that can 

precipitate out from the solution. 

The deposition of ciprofloxacin on the non-porous samples did not show a 

consistent dependence on the applied voltage, coating time and pH of solution 

(figure 11). It is believed that the antibiotic coating that forms on the surface of 

the non-porous samples is loosely held and as a result it dislodges more easily. On 

the other hand, in the porous samples, due to the tortuous nature of the pores, the 

dislodgment of particles should be more difficult. 

Figure 10 shows that depending on the coating time and solution pH, 

deposition of approximately 0.8 to 1.6 mg ciprofloxacin salt could be obtained on 
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the porous samples by simple immersion in solution. This deposition is believed 

to occur when particles and ions in the solution find their way into the pores and 

remain on the surface or within the pores of the sample upon drying. 

It may be of interest to see why application of voltage is necessary if it is 

possible to deposit sufficient amount of ciprofloxacin on the sample by simple 

immersion of the porous samples in ciprofloxacin solution. One reason behind the 

application of voltage at the time of deposition is the uniformity of the antibiotic 

coating. When no voltage was applied, the deposition of antibiotic resulted in an 

uneven distribution of antibiotic coating as may be seen from figure 7. On the 

other hand, when antibiotic deposition was performed under an applied voltage, 

the uniform distribution of the positive charge on the surface of the anodically held 

sample resulted in a more even distribution of antibiotic particles on the surface 

and within the pores of the sample (figures 8 and 9). 

The application of voltage may also contribute to the adhesion of particles 

to the surface of the sample. This adhesion is important in terms of rate of release 

of antibiotic into the washing solution. This is discussed in section 5.6. 

5.4 Morphology of the Coatings 

The optical micrographs of coated samples showed smaller crystals (200-

400(J,) at a deposition voltage of 5.0 V compared to 4.0 V (700-1000|x). This can 

be explained in terms of the driving force for nucleation of ciprofloxacin crystals. 

At a voltage of 5.0 V, due to the higher potential difference, the solution around 

the anode may become supersaturated with respect to the bulk solution. This 

should increase the driving force for nucleation and therefore a large number of 

antibiotic crystals can nucleate at the anode without significant growth. On the 
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other hand, when a lower potential difference is used for antibiotic deposition, the 

nucleation rate of crystals would be slightly lower but they may exhibit a higher 

growth rate. As a result, ciprofloxacin crystals will be longer in size. This 

behavior may be seen from figures 8 and 9. 

5.5 Possible Oxidation of the Carboxylate Group at the Anode 

The critical potentials, at which the carboxylate group undergoes an 

oxidation reaction, is normally observed in the region - 2.0 to -2.8 V40. This 

means that ciprofloxacin can oxidize at the anode while depositing on titanium 

sample under an applied potential. The reaction involved in the oxidation of the 

carboxylate group is shown below: 

2RCOO" -> R.2 + 2CO2 + 2e~ 

This reaction would alter the chemical structure of ciprofloxacin and affect its 

antibacterial activity. 

In order to study possible oxidation of the carboxylate group at the anode, 

the antibiotic coating that was formed under an applied potential of 5.0 V and a 

solution pH of 10.8 was dissolved in DI water, and the ultraviolet spectrum of this 

solution (figure 21) was compared to the ultraviolet spectrum of the original 

ciprofloxacin solution (figure 4a). It can be seen from figure 21 that the solution 

prepared from the antibiotic coating exhibits a spectrum that is similar to the 

original ciprofloxacin solution. The existence of two major peaks at 317 and 282 

nm in the spectrum of the redissolved antibiotic coating confirms that the majority 

of ciprofloxacin retained its original structure during the deposition process. It is 
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Figure 21. The ultraviolet spectrum of the solution prepared by dissolving 
the antibiotic coating formed at solution pH of 10.8 under an 
applied potential of 5.0 V in DI water 
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believed that the oxidation of the OH" group at the anode takes place in preference 

to the oxidation of the carboxylate group due to a lower oxidation potential (-0.43 

versus -2.3 V). Significant inhibition of bacterial growth by the coated samples 

indicates that the deposited ciprofloxacin had sufficient antibacterial activity and 

only a small amount of ciprofloxacin, if any, may have oxidized at the anode. 

It also appears from figure 21 that the ratio of the intensities of the two 

major peaks in the spectrum is not the same as that of the original ciprofloxacin 

solution (figure 4a). This may be due to the possibility that the intensity of the 

peak in the region 281-283 nm may be affected by compounds other than 

ciprofloxacin such as lactates which were in the original ciprofloxacin solution. 

The solution that was prepared by dissolving the coating is not expected to contain 

lactates. 

5.6 Effect of Applied Voltage and Solution pH on the Rate of Release of 
Ciprofloxacin into the Surrounding Liquid 

Upon washing of the samples, the deposited antibiotic crystals should 

dissolve into the solution to an extent determined by the pH of washing solution 

and the amount of ciprofloxacin on the pins(figure 6). To analyze the effect of 

coating conditions on the dissolution of antibiotic coating in the washing solution 

maintained at a pH of 6.0-6.8, experimental results for the release of ciprofloxacin 

were fitted into a first order rate equation shown below: 

- In (1-XA) = kt Where k = rate constant 

XA= fraction of antibiotic released 

t = time 

The rate constants, k, for the release of ciprofloxacin were calculated from the data 

in figures 12 and 13 and listed in tables 6-9. It can be seen from the k values that 



Table 6. Short term (10-60 min) rate of release of ciprofloxacin into 
the washing solution for samples coated at pH 10.8 

Voltage Rate constant ,k 
%/min 

R Squared Standard 
Error 

4.0V 0.0115 0.9858 0.0007 

2.5 V 0.0062 0.9084 0.0009 

1.0 V 0.0072 0.8731 0.0014 

0.0 V 0.0078 0.9768 0.0006 

Table 7. Long term (1-12 days) rate of release of ciprofloxacin into 
the washing solution for samples coated at pH 10.8 

Voltage Rate constant X 
%/min 

R Squared Standard 
Error 

4.0V 3.82x10-5 0.9770 0.0027 

2.5 V 4.43x10-5 0.9098 0.0063 

1.0 V 2.17x10-5 0.9087 0.0031 

0.0 V *** *** *** 

*** Samples released all their coating after one day 



Table 8. Short term (10-60 min) rate of release of ciprofloxacin into 
the washing solution for samples coated at pH 11.2 

Voltage Rate constant ,k 
%/min 

R Squared Standard 
Error 

4.0V 0.0043 0.9613 0.0004 

2.5 V 0.0022 0.8028 0.0005 

1.0 V 0.0044 0.9535 0.0005 

0.0 V 0.0055 0.9839 0.0004 

Table 9. Long Term (1-12 days) rate of release of ciprofloxacin into 
the washing solution for samples coated at pH 11.2 

Voltage Rate constant ,k 
%/min 

R Squared Standard 
Error 

4.0V 6.72x10"6 0.7848 0.0016 

2.5 V 1.05xl05 0.9545 0.0010 

1.0 V 1.03xl0-5 0.8393 0.0021 

0.0 V 1.22xl0-3 0.9476 0.4128 
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the short term release of ciprofloxacin takes place at a significantly higher rate 

than long term release. This difference is greater for the samples coated at 

solution pH of 11.2 than at pH 10.8. It also appears that decreasing the solution 

pH from 11.2 to 10.8 increases the rate of release of ciprofloxacin by 1.5-2.8 fold 

at short times and by 2.1-5.7 at long times. In addition, samples coated under an 

applied voltage exhibited a much lower rate at long times than those coated by 

immersion in ciprofloxacin solution. 

It appears from the calculated data that the release of ciprofloxacin from the 

coated samples involves dissolution of two types of precipitated particles; one that 

is tightly held within the pores of the samples and the other on the outside surface 

which is loosely deposited. The greater rate of release of ciprofloxacin at short 

times is due to the facile dissolution of loosely held surface particles. Once these 

particles are dissolved, the rate of release should decrease since the release of 

ciprofloxacin now should take place more from within the pores. 

The higher rate of release of ciprofloxacin from the samples coated at 

solution pH 10.8 is simply because at this pH, a greater proportion of the coating is 

formed on the surface. The dissolution of surface particles should be easier than 

that within the pores and thus the rate of release would be faster. On the other 

hand, at solution pH 11.2, the rate of release of ciprofloxacin is smaller since at 

this pH, a greater proportion of the coating is formed within the pores of the 

sample. Dissolution of these particles which should occur after the surface 

particles have been dissolved, i.e. at long times, is more difficult than the 

dissolution of loosely held surface particles and thus, the rate of release would be 

smaller. Also, under an applied voltage, more particles are expected to form 

within the pores compared to when the coating is formed by simple immersion in 
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ciprofloxacin solution. Therefore, the rate of ciprofloxacin release would 

consequently be smaller. 

5.7 Statistical Analysis of the Results 

An analysis of variance method52 was used to analyze the importance of 

each of the experimental variables, i.e. applied voltage, coating time, and pH of 

ciprofloxacin solution, on the amount of ciprofloxacin coating formed on porous 

samples. This analysis involved determining sum of squares for the three main 

variables, sum of squares for two and three factor interactions, and total and error 

sum of squares. These were calculated according to the coded data and equations 

presented in tables 10 and 11. 

From sum of squares, the F values whose magnitude represent the 

importance of experimental variables were determined for each variable. These 

are shown in table 12. A comparison of the F values and Fcriticai values obtained 

from the statistical tables52 (table 13) shows that all three variables, i.e., pH, 

voltage and coating time, are significant at one percent. The solution pH and the 

applied voltage play a more significant role in ciprofloxacin deposition than the 

coating time. 

5.8 Bacterial Testing 

It can be seen from the results of the bacterial testing of the ciprofloxacin 

coated samples that Staph aureus is more resistant to the inhibitory effect of 

deposited ciprofloxacin than Staph epidermidis. This is in agreement with the 

literature data41 (table 4) which indicates that the minimum inhibitory 

concentration (MIC) of ciprofloxacin for Staph aureus (1.0|Ug/ml) is about 
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Table 10. Coded data for antibiotic coating of porous samples 

VOLTAGE(B) 

0.0(V) 1.0(V) 2.5(V) 4.0(V) 

PH 

TIME(C) 
lOmin 30min 

TIME(C) 
lOmin 30min 

TIME(C) 
lOmin 30min 

TIME(C) 
lOmin 30min 

10.8 
1.2 1.3 
1.13.3 1.5 4.7 
1.0 1.9 

1.3 
1.2 4.1 
1.6 

1.8 
1.6 5.2 
1.8 

1.7 2.6 
1.8 5.4 2.2 6.9 
1.9 2.1 

2.2 3.0 
2.5 7.2 3.4 9.7 
2.5 3.3 

11.2 
0.7 0.9 
0.8 2.3 0.9 2.6 
0.8 0.8 

0.9 
0.9 2.5 
0.7 

1.1 
1.2 3.6 
1.3 

1.1 1.3 
1.2 3.6 1.3 3.9 
1.3 1.3 

2.0 2.4 
2.1 5.9 2.5 7.1 
1.8 2.2 

BxC 
Totals 

y-jk. 
5.6 7.3 6.6 8.8 9.0 10.8 13.1 16.8 

y-j- 12.9 15.4 19.8 29.9 

AxC Total 
yi.k. 

A C 
10 30 

10.8 20.0 26.5 

11.2 14.3 17.2 

AxB Totals 
yij-

A 
0.0 1.0 

B 
2.5 4.0 

10.8 8.0 9.3 12.3 16.9 

11.2 4.9 6.1 7.5 13.0 



Table 11. Analysis of variance for a three factor experiment 

Source of Sum of Mean Expected 
Variation Squares Degrees of Freedom Square Mean Squares F0 
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Table 12. Analysis of variance for the attachment of ciprofloxacin 
on porous Ti-6A1-4V samples (one percent significance) 

Source 
of Variation 

Sum 
of 

Squares 

Degrees 
of 

Freedom 

Mean 
Squares 

F 
Values 

Critical 
F 

pH(A) 4.69 1 4.69 156.33 7.56 

Voltage(B) 14.05 3 4.68 156.00 4.51 

Time(C) 1.84 1 1.84 61.33 7.56 

AB 0.15 3 0.05 1.67 4.51 

AC 0.27 1 0.27 9.00 7.56 

BC 0.27 3 0.09 3.00 4.51 

ABC 0.04 3 0.01 0.33 4.51 

Error 0.8 32 0.03 

Total 22.11 47 



Table 13. Percentage points of the F distribution 

Fo i  » ,  p, 

\ ®" 

V \ 1 2 3 4 5 (> 7 

Degrees of freedom for the Numerator (•,) 

8 9 10 12 15 20 24 30 40 60 120 00 

t •1052 4999 5 5403 5625 5764 5859 5928 5982 6022 6056 6106 6157 6209 6235 6261 6287 6313 6339 6366 
2 98 50 99 00 99 17 99 25 99 30 99 33 99 36 99 37 99 39 99 40 9942 ' 99 13 99 45 99 46 99 47 99 47 99.48 99 49 99 50 
1 U 12 JO 82 29 46 28 71 28 24 27 91 27 67 27 49 27 35 27 23 27 05 26 87 26 69 26 00 26 50 26.41 2632 26.22 26.13 
•I 21 20 1800 16 69 1598 15 52 15 21 1498 14 80 14 66 14 55 14 37 14 20 14 02 13 93 13.84 13.75 1365 13 56 13.46 

5 lb 2b 13 27 1206 II 39 1097 1067 10 46 10 29 10 16 1005 989 9 72 9 55 9.47 9 38 929 920 911 9.02 
(> M 75 10 92 9 78 9 15 8 75 847 8 26 8 10 798 787 7 72 7 56 7,40 7.31 7.23 7.14 706 6.97 688 
7 12 25 9 55 8 45 7 85 7 46 7 19 699 6 84 6 72 6 62 6 47 631 6 16 6 07 599 591 582 574 565 
8 II Mi 8 65 7 59 701 6 63 6 37 b 18 603 5.91 581 567 5 52 5 36 5 28 5 20 512 5 03 4 95 4.86 
9 10 5b 8 02 6 99 b 42 606 580 561 547 5 35 5 26 5 11 4% 4 81 4 73 4 65 4 57 4.48 4.40 431 

10 1004 7 5b (.55 599 5b4 5 39 5 20 5 06 4 94 4 85 4 71 4 56 441 433 4.25 4 17 4.08 400 391 
II 9 (.5 721 6 22 567 5 32 5 07 4 89 4.74 4 63 4 54 4 40 4 25 4 10 4 02 3.94 3.86 3 78 3.69 360 
12 9 33 6 93 5 95 541 506 4 B2 4 64 4 50 4 39 430 4 lb 4 01 386 3.78 3 70 362 354 345 3.36 
U 9 07 6 70 5 74 521 486 4 62 4 44 4 30 4 19 4 10 3% 3 82 3.66 3 59 351 343 3 34 3.25 317 
14 886 6 51 5 56 5.04 4 69 4 46 428 4.14 4 03 3.94 380 366 3.51 3.43 3.35 3 27 3.18 3.09 300 

15 8b8 6 36 5 42 4 89 4 36 4 52 4 14 4.00 3 89 380 3 67 352 3 37 3.29 3 21 313 305 2% 2 87 
lb 8 53 6 23 5 29 4 77 4 44 1 .'0 103 389 3 78 369 3 55 3 41 326 3 18 3 10 3 02 2 93 284 2.75 
17 8 40 6 11 5 18 4 67 4 34 4 10 3 93 3 79 368 3.59 3 46 331 3.16 3.08 300 2.92 2.83 2.75 2.65 
18 8 29 bOI 509 4 58 4 25 401 3.84 3 71 3.60 3.51 337 3.23 308 3.00 2.92 284 275 266 2.57 
19 8 18 5 93 5 01 4 50 4 17 3 94 3 77 3.63 3.52 3.43 330 315 300 2.92 2.84 2 76 2 67 2.58 2.49 

20 8 10 5 85 4 94 4 43 4 10 387 3 70 356 3.46 3.37 323 3.09 2.94 286 2 78 269 261 2.52 2.42 
21 8 02 5 78 4 87 4 37 404 381 3 64 351 3 40 331 3 17 3.03 288 2 80 272 2 64 2 55 2.46 2.36 
22 7 95 5 72 4 82 4 31 399 3 76 359 3 45 335 3.26 3.12 298 2.83 2.75 2.67 258 2.50 2.40 231 
23 788 566 4 76 4 26 394 3 71 3 54 3 41 3,30 3.21 3,07 2.93 2.78 2.70 2 62 2.54 2.45 2.35 2.26 
24 7 82 561 4 72 4.22 3.90 3 67 3.50 336 3.26 3.17 3.03 2.89 2.74 2.66 2.58 2.49 2.40 2.31 2.21 

25 7 77 5 57 468 4.1.8 3 85 3.63 3.46 3.32 322 3.13 299 2.85 270 262 2.54 2.45 23b 2.27 2.17 
2b 772 553 4 64 4.14 3.82 3.59 3.42 3.29 318 3.09 2 96 2.81 266 258 2.50 2 42 233 2.23 2.13 
27 768 549 460 4.11 376 356 339 326 3.15 3.06 2 93 2.78 263 255 2.47 2.38 229 2.20 2.10 
28 7 64 5 45 4 57 4 07 3.75 3 53 3 36 323 312 3.03 2.90 2 75 2.60 252 2 44 2.35 2.26 2.17 206 
29 760 5 42 4 54 404 373 350 3 33 3 20 309 3.00 287 2 73 257 2 49 2.41 2.33 2.23 2 14 2.03 

30 7 56 5 39 4 51 4 02 3 70 3 47 330 3 17 3 07 298 2.84 2.70 2 55 2 47 2 39 230 2.21 2.11 2.01 
40 7.31 5 18 4 31 383 351 329 3 12 299 289 280 266 2.52 2.37 2 29 2.20 2 11 2.02 1 92 180 
60 7.OB 498 4 13 3.65 3 34 3 12 2 95 2.82 2.72 263 2.50 2.35 2.20 2.12 203 1 94 1 84 1.73 160 

120 685 479 3.95 348 317 296 2 79 266 2.56 2.47 2.34 219 203 1 95 1 86 1 76 1.66 1 53 138 

00 6 63 4 61 378 332 302 280 264 2.51 241 2.32 2.18 2 04 1 88 1.79 1 70 1 59 1.47 1 32 100 
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twice as much as that for Staph epidermidis (0.5 |ig/ml). 

The zone of inhibition against both organisms exhibited a small increase 

with increasing applied voltage. This observation indicated that the antibacterial 

testing of the coated samples on a dry culture of bacteria provided mostly 

qualitative information and it was not sufficient to characterize the antibiotic 

coatings formed at different coating conditions. The liquid culture was found to 

be a more sensitive technique to the leaching effect of the coated samples and a 

better representation of body environment and blood stream. 

In the turbidity tests, a lower rate of bacterial growth was observed in the 

presence of the samples coated under an applied voltage of 4.0 V (figures 18, 19). 

This is mainly because these samples provided a higher concentration of 

ciprofloxacin due to a greater amount of deposit. Smaller rate of bacterial growth 

in the presence of the samples coated at pH 10.8 is also because of a greater 

amount of deposited ciprofloxacin which dissolved more easily compared to that 

formed at pH 11.2. Therefore a higher concentration of ciprofloxacin is provided 

by these samples in the liquid culture. 

When samples with 100% bacterial growth were tested on a dry bacterial 

culture, those that were coated under an applied voltage showed a higher 

inhibitory zone area confirming that application of voltage at the time of 

deposition results in a more adherent coating on the surface. In addition, samples 

coated at solution a pH of 11.2 exhibited a higher zone of inhibition than those 

coated at 10.8 showing that a greater amount of antibiotic was left on the sample. 
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CONCLUSIONS 

The deposition of ciprofloxacin was possible onto porous Ti-6A1-4V alloy 

either by simple immersion in antibiotic solution or by the application of a 

potential with the sample held as the anode. Application of voltage at the time of 

coating increased the amount of deposited ciprofloxacin and enhanced the 

adherence of coating to the surface of titanium samples. Increasing the voltage 

also increased the antibacterial activity of the coated samples against Staph aureus 

and Staph epidermidis. Solution pH of 10.8 resulted in a greater amount of 

deposition but the coating was less adherent to the surface. Coated samples 

exhibited a greater antibacterial activity against Staph epidermidis than Staph 

aureus. 
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