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BIOFILMS WITH ANTIBIOTICS 

9.1 INTRODUCTION 

Work presented in this thesis and previous published literature points to a 

clear deficiency in the current treatment for OME, with approximately 25% of 

children having to have grommets (ventilation tube, VT) surgery more than 

once. With the realisation over the last few years that biofilms are implicated in 

the aetiology of OME, the high recurrence rate is not surprising, as it is likely 

that VT insertion merely removes the effusion that is a product of inflamed 

middle ear mucosa, but the underlying biofilm is not addressed, and may 

simply re-grow in the future once the VT has extruded. 

The previous section has detailed the development of an in vitro biofilm model 

that could ultimately be used to test a modified release antibiotic pellet for use 

in the middle ear in children with OME with the aim of improving current 

treatment. However, prior to testing the modified release pellets, we wished to 

test whether antibiotics (as a solution) can actually eradicate biofilms in this 

setting. 

Previous published work suggests that biofilm eradication with antibiotics is 

possible, but the antibiotic concentration required is thought to be in the region 

of 100 to 1000 times higher than the level needed to inhibit planktonic 

bacteria, the MIC (Donlan and Costerton 2002) (Vorachit, et al. 1993) (Nickel, 
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et al. 1985) (Ceri, et al. 1999) (Olson, et al. 2002). We therefore set out to 

assess the effect of a range of antibiotic concentrations on S aureus biofilms 

grown on silicone discs in the in vitro model describe above, to establish if 

biofilm eradication using antibiotics is possible. A crucial part of experiment 

planning was confirmation that a biofilm is eradicated rather than just inhibited, 

by allowing a 5 day "resuscitation" period, where the antibiotic is removed at 

the end of the treatment period and any bacteria provided with optimum 

growing conditions prior to sampling to see if any bacteria re-grow once the 

inhibitory effect of antibiotics is removed. 
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9.2 METHODS 

The model established above was used to test antibiotics against biofilms. 

Antibiotic solutions were used, with bacteria sampled at set time intervals as 

detailed in the model. The discs were trypsinised for 15 min and sonicated for 

5 (as deemed optimal in the "model development" experiments) prior to plating 

the solution on sheep blood agar (Oxoid, Cambridge UK). Discs with biofilm 

were analysed in triplicate. 

Biofilms were allowed a set time to develop (1, 5, 14 and 21 days), and then 

antibiotics (rifampicin (Sigma-Aldrich, Gillingham, UK) and clindamycin 

(Sigma-Aldrich, Gillingham, UK), were added with concentrations ranging from 

1xMIC (inoculum was tested using the Etest strip) to 10,OOOxMIC (Table 

9.2.1). The antibiotic solution was used in these experiments in order to 

ascertain the likely antibiotic concentrations required by the modified release 

pellets in later experiments. 

MIC RIFAMPICIN ~g/mL CLINDAMYCIN ~g/mL 
x1 0.006 0.1 
x10 0.06 1 
x100 0.6 10 
x1000 6 100 
x10000 60 1000 .. 
Table 9.2.1: AntibiotiC concentrations in biofilm models 

Importantly, evidence of biofilm eradication, rather than just inhibition was 

sought. Biofilms may be inhibited by the presence of antibiotics, but the key to 

eradication is demonstration that biofilms do not re-grow once antibiotics are 
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removed and any bacteria are provided with good growing conditions 

(resuscitated). In the case of one day old biofilms, the disc used for 

resuscitation was the same disc that was sonicated for purposes of bacterial 

counting; after sonication and plating of solution, the discs were kept in a 

fridge overnight, and those that proved negative were then placed into fresh 

TSB for five days. However, as there was a concern that sonication may 

possibly reduce the number of bacteria on the discs, when analysing 5, 14 

and 21 day old biofilms we switched to using fresh rather than previously 

sonicated discs in resuscitation experiments. 
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9.3 RESULTS 

The results of biofilm eradication experiments using antibiotics are shown in 

graph format. The graphs present the number of colony forming units (CFU) 

per mL, on a logarithmic scale, derived from different discs. Planktonic 

bacteria are shown in blue, biofilm bacteria on silicone discs in red. Control 

silicone discs without bacteria contained no bacteria. Where resuscitation of 

discs was undertaken, results are shown on the graphs as resuscitation 

culture positive (RP) or resuscitation culture negative (RN). 

In many experiments the Live Dead stain was performed in addition to culture. 

Both may be expected to give the same result as they both look for live 

bacteria, and indeed a comparison of the two techniques shows that the 

agreement between the two is substantial. Raw data on the two techniques is 

shown in this chapter, but the analysis and interpretation is considered as a 

part of the development of the in vitro model shown in Chapter 8. 

The experiments were carried out on two different strains of Staph aureus (our 

laboratory reference F2387 and F2315), with two strain used to confirm 

applicability of results. 
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9.3.1 Eradication of one day old biofilms 

Treatment of one day old biofilms for one day 

Exposure to antibiotics for 1 day failed to inhibit biofilms even at 10,OOOxMIC 

(Fig 9.3.1.1 ). 

1 day-old biofilm: Day 1 

• plank dayllog 

~'lJ ~~ ~~ ~v ~~ ~~ 
<:-0 ~ '\.~ \::,~ ~~ ~~ 

".;; ..... ~ ~~ 
".;; 

• infected disc dayl log 

Antibiotic concentration 

Fig 9.3.1.1: One day old biofilms treated with antibiotics for one day (S aureus 

F2387). Clean control discs contained no bacteria. Error bars indicate 

standard deviation. 
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Treatment of one day old biofilms for five days 

At 5 days exposure, biofilms are inhibited by 1,000x and 10,OOOxMIC (Fig 

9.3.1.2). Those discs from 1,000x and 10,000xMIC were resuscitated by 

incubation in fresh TSB for 5 days. One of the three 1000xMIC discs 

contained 15000 CFU/mL, the other two were culture negative, as were all 

three 10,000xMIC discs and clean controls (Table 9.3.1.1). This suggests that 

1 ,000xMIC cannot consistently eradicate at 5 days, but 1 O,OOOxMIC can. 

1 day old biofilm: day 5 
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Fig 9.3.1.2: One day old biofilms treated with antibiotics for five days (S 

aureus F2387). RP: resuscitation culture positive; RN: resuscitation culture 

negative. Clean control discs contained no bacteria. Error bars indicate 

standard deviation. 
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xMIC Disc1 CFU I mL Disc2 CFU I mL Disc3 CFU I mL 

In Resuscitated In Resuscitated In Resuscitated 

antibiotics antibiotics antibiotics 

1,000 0 15000 0 0 0 0 

10,000 0 0 0 0 0 0 

Table 9.3.1.1: Resuscitation of one day old biofilms (5 aureus F2387) treated 

with antibiotics for five days. Numbers refer to CFU/mL. 

Treatment of one day old biofilms for 11 days 

After 11 days of treatment, 10,OOOxMIC inhibits biofilms (Fig 9.3.1.3). 

Interestingly, although the biofilms exposed to 10xMIC were culture negative, 

those exposed to 100x and 1,000xMIC were culture positive although the 

number of CFU were small (only 1 of three discs at each concentration was 

culture positive with maximum 40 CFU/mL). The 10,000xMIC discs were also 

negative on resuscitation (Table 9.3.1.2). 

Live Dead stain was performed on 100xMIC and above. Clean discs and PBS 

control contained no bacteria. No-antibiotic control contained live bacteria. 

One of the three 100xMIC discs contained live bacteria (culture was 30 

CFU/mL), but the remaining 100xMIC discs and other biofilms exposed to 

1,000 and 10,OOOxMIC contained only dead bacteria (Fig 9.3.1.4). 
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1 day old biofilm: day 11 
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Fig 9.3.1 .3: One day old biofilms treated with antibiotics for 11 days ($ aureus 

F2387). RN: resuscitation culture negative. Clean control discs contained no 

bacteria. Error bars indicate standard deviation. 

xMIC Disc1 CFU I mL Disc2 CFU I mL Disc3 CFU I mL 

In Resuscitated In Resuscitated In Resuscitated 

antibiotics antibiotics antibiotics 

100 ON ON 30 L ON ON ON 

1,000 40 N 85 N ON ON ON ON 

10,000 ON ON ON ON ON ON 

Table 9.3.1.2: Resuscitation of one day old blofilms ($ aureus F2387) treated 

with antibiotics for 11 days. Table incorporates results from the Live Dead stain 

(L: live bacteria; N: LiveDead stain contains no bacteria or dead bacteria only). 

Numbers refer to CFU/ml. 
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Fig 9.3.1.4 Live Dead stain of one day old biofilms (S aureus F2387) treated 

with antibiotics for 11 days. A, B: Live bacteria from no-antibiotic control 

biofilm discs. C: dead bacteria from 100xMIC biofilm disc 1. 0 : dead bacteria 

from 1,OOOxMIC disc 1. E: dead bacteria from 10,OOOxMIC disc 1. F: Live 

bacteria from 100xMIC disc 2. 
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Treatment of one day old biofilms for 19 days 

After 19 days of treatment, the infected discs were culture negative at 10xMIC 

and above (Fig 9.3.1.5). However, on resuscitation the 10xMIC disc biofilms 

re-grew (Table 9.3.1.3), and the Live Dead stain showed live bacteria in 

10xMIC discs and 100xMIC discs (Fig 9.3.1 .6). 

1 day old biofilm: day 19 
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Fig 9.3.1.5: One day old biofilms treated for 19 days (S aureus F2387). RP: 

resuscitation culture positive; RN: resuscitation culture negative. Clean control 

discs contained no bacteria. Error bars indicate standard deviation. 
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xMIC Disc1 CFU I mL Disc2 CFU I mL Disc3 CFU I mL 

In Resuscitated In Resuscitated In Resuscitated 

antibiotics antibiotics antibiotics 

10 0 60000 0 70000 0 0 

100 OP ON OP ON ON ON 

1,000 ON ON ON ON ON ON 

10,000 ON ON ON ON ON ON 

Table 9.3.1.3: Resuscitation of one day old biofilms (S aureus F2387) treated 

with antibiotics for 19 days (Staph aureus F2387). Table incorporates results 

from the Live Dead stain (L: live bacteria; N: Live Dead stain contains no 

bacteria or dead bacteria only). Numbers refer to CFU/mL. 
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Fig 9.3.1.6: Live Dead stain of one day old biofi lms (S aureus F2387) treated 

with antibiotics for 19 days. A: Clump of live bacteria from 10xMIC. B: Live 

bacteria from 100xMIC. C: Dead bacteria from 100xMIC. D: Dead bacteria 

from 1000xMIC. 
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9.3.2 Eradication of five day old biofilms (S aureus F2387) 

Treatment of five day old biofilms for one day 

After 1 day of treatment, not even 10,OOOxMIC was able to inhibit S aureus 

F2387 biofilms (Fig 9.3.2.1). 

5 day old biofilm: day 1 
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Fig 9.3.2.1: Five day old biofilms (5 aureus F2387) treated with antibiotics for 

one day. Clean control discs contained no bacteria. Error bars indicate 

standard deviation. 
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Treatment of five day old biofilms for 14 days 

After 14 days, 10x and 1,OOOxMIC inhibited bacteria (Fig 9.3.2.2), but 

10,OOOxMIC did not (although the count was only 15 CFU/mL). However, both 

the 10x and 1,OOOxMIC were positive on resuscitation, whereas in fact the 

1 O,OOOxMIC was negative on resuscitation (Table 9.3.2.1 ). 
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Fig 9.3.2.2: Treatment of five day old biofilms (S aureus F2387) with 

antibiotics for 14 days. RP: resuscitation culture positive. Clean control discs 

contained no bacteria. Error bars indicate standard deviation. 

For resuscitation testing in this particular case, both the original previously 

sonicated disc (sonicated to obtain bacterial counts), as well as a fresh disc 

that had not been sonicated before were resuscitated; the data shown at 14 

and 21 days (next) shows that the fresh discs yielded more bacteria than 

those previously processed, and therefore fresh discs were used for further 

experiments (Thus only those experiments performed on one day old biofilms 

193 



had resuscitation data that only refers to resuscitation of discs that had been 

previously sonicated). 

xMIC Disc1 CFU I mL Disc2 CFU I mL Disc3 CFU I mL 

In abx Resuscitated Resuscitated In Resuscitated Resuscitated In Resuscitated Resuscitated 

(old) (fresh) abx (old) (fresh) abx (old) (fresh) 

10 0 0 100000L 0 0 100000 L 0 0 1000000L 

100 50000 1000000 100000L 15 0 100000 L 0 0 100000L 

1,000 0 35 OL 0 0 ON 0 0 10000L 

10,000 0 0 ON 15 0 ON 0 0 ON 

Table 9.3.2.1: Resuscitation of five day old biofilms (5 aureus F2387) treated 

for 14 days. Table includes details of resuscitation experiments performed on 

discs that had previously been sonicated for purposes of bacterial counting at 

the end of antibiotic treatment (old) as well as resuscitation of discs that had 

not been processed in any way at the end of antibiotic treatment (fresh). Table 

incorporates results from the Live Dead stain (L: live bacteria; N: Live Dead 

stain contains no bacteria or dead bacteria only). Numbers refer to CFU/mL. 
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Treatment of five day old biofilms for 21 days 

After 21 days, 10,OOOxMIC inhibited bacteria (Fig 9.3.2.3) and also eradicated 

them as evident by culture-negativity on resuscitation (Table 9.3.2.2) and 

absence of live bacteria on the Live Dead stain (Fig 9.3.2.4). 

5 day old biofilm: day 21 
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Fig 9.3.2.3: Treatment of five day old biofilms (S aureus F2387) with 

antibiotics for 21 days. RN: resuscitation culture negative. Clean control discs 

contained no bacteria. Error bars indicate standard deviation. 

195 



xMIC Disc1 CFU I mL Disc2 CFU I mL Disc3 CFU I mL 

In abx Resuscitated Resuscitated In Resuscitated Resuscitated In Resuscitated Resuscitated 

(old) (fresh) abx (old) (fresh) abx (old) (fresh) 

10 45N 260000 220000L ON 1100000 170000L ON 65000 60000L 

100 ON 0 90000L 20 170000 160000L ON 0 170000L 

N 

1,000 ON 0 ON 15 1920 ON ON 0 1440L 

N 

10,000 ON 0 ON ON 0 ON ON 0 ON 

Table 9.3.2.2: Resuscitation of five day old biofilms (Staph aureus F2387) 

treated for 21 days. Table includes details of resuscitation experiments 

performed on discs that had previously been sonicated for purposes of 

bacterial counting at the end of antibiotic treatment (old) as well as 

resuscitation of discs that had not been processed in any way at the end of 

antibiotic treatment (fresh). Table incorporates results from the Live Dead stain 

(L: live bacteria; N: Live Dead stain contains no bacteria or dead bacteria only). 

Numbers refer to CFU/mL. 

Fig 9.3.2.4: Live Dead stain of five day old (S aureus F2387) biofilms treated 

for 21 days. A: Dead bacteria groups from 1,OOOxMIC. B: dead individual 

bacteria from 1,OOOxMIC 
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Because those samples that grew bacteria may be culture positive due to 

emergence of resistance, MIC testing was therefore performed on the positive 

samples to look for resistance. The rifampicin MIC of the inoculum was 0.003, 

and the positive samples tested ranged from 0.003 to 0.006, all within the 0.06 

~g/mL limit set by BSAC (BSAC 2010). The clindamycin MIC of the inoculum 

was 0.094, and the samples tested ranged from 0.032 to 0.064, all within the 

0.5 ~g/mL limit recommended by BSAC (BSAC 2010). 

9.3.3 Eradication of five day old biofilms (5 aureus F2315) 

Another strain of S aureus (F2315) was also analysed. Treatment of five day 

old biofilms for one day again failed to eradicate biofilms even at 10,000MIC 

(Fig 9.3.3.1), and this was also the case in treatment for seven days (Fig 

9.3.3.2). 

5 day biofilm: day 1 
12 ~-----------------------------------
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Antibiotic concentration 
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• infected disc 

Fig 9.3.3.1: Treatment of five day old biofilms (S aureus F2315) with 

antibiotics for one day. Clean control discs contained no bacteria. Error bars 

indicate standard deviation. 
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5 day biofilm: day 7 
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Antibiotic concentration 

Fig 9.3.3.2: Treatment of five day old biofilms (S aureus F2315) with 

antibiotics for seven days. Error bars indicate standard deviation. 

Treatment for 14 days inhibited growth at 100xMIC and above, but only 

1,OOOxMIC and above was negative on resuscitation (Fig 9.3.3.3). Treatment 

for 21 days inhibited growth at 1,OOOxMIC and above, with those discs also 

being negative on resuscitation (Fig 9.3.3.4) and on Live Dead staining (Fig 

9.3.3.5). Clean control discs contained no bacteria. 
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5 day old biofilm: day 14 
14 ~-----------------------------------

12 

E 10 

- 8 ~ 

"'" 1..1 6 
btl 

.5 4 

2 

o 
none 1MIC 10MIC 100MIC 1000MIC 10000MIC 

Antibiotic Concentration 

• planktonic 

• infected disc 

Fig 9.3.3.3: Treatment of five day old biofilms (Staph aureus F2315) with 

antibiotics for seven days. RN: resuscitation culture negative. RP: 

resuscitation culture positive. Clean control discs contained no bacteria. Error 

bars indicate standard deviation. 

5 day old biofilm: day 21 
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Fig 9.3.3.2: Treatment of five day old biofilms (Staph aureus F2315) with 

antibiotics for seven days. RN: resuscitation culture negative. RP. Clean 

control discs contained no bacteria. Error bars indicate standard deviation. 
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Fig 9.3.3.5: LiveDead stain of silicone discs containing biofilms (S aureus 

F2315) treated with antibiotics for 21 days. Dead bacteria (arrows) are 

fluorescing red. These images show bacteria in situ on the silicone discs, as 

opposed to previous images in section 10 that show LiveDead stain applied to 

the bacterial suspension obtained following sonication. 
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9.3.4 Eradication of 14 day old biofilms 

Biofilms that were 14 days old were exposed to antibiotics for 14 and 21 days. 

Both treatment durations inhibited and eradicated biofilms at 1,000 and 

10,OOOxMIC (Fig 9.3.4.1 and 9.3.4.2) 

14 day old biofilm: day 14 
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Fig 9.3.4.1: Treatment of 14 day old biofilms (S aureus F2387) with antibiotics 

for 14 days. RN: resuscitation culture negative. Clean control discs contained 

no bacteria. Error bars indicate standard deviation. 

201 



14 day old biofilm: day 21 
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Fig 9.3.4.2: Treatment of 14 day old biofilms (S aureus F2387) with antibiotics 

for 21 days. RN: resuscitation culture negative. Clean control discs contained 

no bacteria. Error bars indicate standard deviation. 

9.3.5 Eradication of 21 day old biofilms 

Biofilms that were 21 days old were exposed to antibiotics for 14 and 21 days. 

Both treatment durations inhibited and eradicated biofilms at 1,000 and 

1 O,OOOxMIC (Fig 9.3.5.1 and 9.3.5.2). 
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21 day old biofilm: day 14 
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Fig 9.3.5.1: Treatment of 21 day old biofilms (S aureus F2387) with antibiotics 

for 14 days. RN: resuscitation culture negative. Clean control discs contained 

no bacteria. Error bars indicate standard deviation. 

21 day old biofilm: day 21 
9 ~--------------------------
8 +---------------------------
7 +--4------------------------

E 6 

=-5 
""" I..J 4 
tllI 

oS 3 
2 
1 
o 

none lOOMIC lOOOMIC lOOOOMIC 

Antibiotic concentration 

• infected disc 

Fig 9.3.5.1: Treatment of 21 day old biofilms (S aureus F2387) with antibiotics 

for 21 days. RN: resuscitation culture negative. Clean control discs contained 

no bacteria. Error bars indicate standard deviation. 
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9.3.6 Can one use rifampicin or clindamycin alone rather than both in 

combination? 

Five day old biofilms were also exposed to rifampicin and clindamycin 

individually for 21 days prior to sampling. Rifampicin, even at 10,OOOMIC failed 

to inhibit biofilm growth (Fig 9.3.6.1 ). 

5 day old biofilm: day 21 (single 
antibiotic) 
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Antibiotic concentration 

• rifampicin 

• c1indamycin 

Fig 9.3.6.1: Rifampicin and clindamycin used alone rather than in combination 

to eradicate biofilms (S aureus F2387). RN: resuscitation culture negative. 

MIGs were repeated on the culture positive samples. All the samples exposed 

to rifampicin contained resistant bacteria. Two of the three discs exposed to 

clindamycin at 1 OOxMIG were culture positive, but the MIG of their bacteria did 

not differ significantly from the inoculum: both MIGs were 0.064, whereas the 

MIC of the inoculum was 0.047. 
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9.4 DISCUSSION 

9.4.1 Summary of findings 

Eradication of biofilms using the in vitro model could be achieved providing 

high antibiotic doses are used. One day old biofilms are easier to eradicate 

than five day old biofilms, but increasing biofilm age to 14 or 21 days does not 

make them more difficult to eradicate. Rifampicin alone is not able to eradicate 

biofilms. In this model of S aureus biofilm, eradication of five day old biofilms 

requires treatment with rifampicin and clindamycin for two to three weeks at 

concentrations that are 1,000 to 10,000 times higher than the MIC of the 

inoculum. 

9.4.2 Confirming biofilm eradication 

Confirmation that biofilms have been eradicated, rather than simply inhibited, 

is important. This is analogous to the difference between minimum inhibitory 

concentration (MIC) and minimum bactericidal concentration (MBC) when 

studying planktonic bacteria. In the case of biofilms, their tendency to contain 

slow growing bacteria or even bacteria that are viable but not culturable 

means that confirmation that eradication has been achieved is even more 

important. 

This led us to use a 5 day period of "resuscitation", where biofilm bacteria are 

given optimum growing conditions so that any bacteria that are still alive will 

start growing and therefore will be culturable (Richards, et al. 2011). This 

duration was chosen because S aureus bacteria are fast growing, and a five 
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day period would be expected to produce a significant amount of live bacteria 

that will be detected on culture. Further, the methodology of disrupting biofilm 

matrix to render bacteria planktonic prior to analysis also means that any live 

bacteria are likely to be detected, and thus any culture negative samples are 

genuinely negative. 

The LiveDead stain was also used, as this would identify as "live" even those 

bacteria that are not culturable. The good correlation between Live Dead 

staining and culture, discussed in the previous chapter, suggests that any 

treatment regimes that have no culturable bacteria are genuinely negative. 

9.4.3 Biofilm eradication and the influence of biofilm age 

Biofilms are characterised by their reduced susceptibility to antibiotics, 

typically requiring from 10 to 1000 times higher antibiotic levels than those 

required to inhibit planktonic bacteria (Donlan and Costerton 2002) (Vorachit, 

et al. 1993) (Nickel, et al. 1985) (Ceri, et al. 1999) (Olson, et al. 2002). A 

variety of reasons are responsible for this as discussed in the introduction and 

summarised in Fig 9.4.3.1. 
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Fig 9.4.3.1: 8iofilms are recalcitrant to antibiotics for a variety of reasons 

This study shows that one day old biofilms could be eradicated by treating 

with antibiotics at 100xMIC for 3 weeks, or at 10,000xMIC for five days or 

longer. One may intuitively suspect such a relationship between dose and 

duration i.e. higher dose requires shorter exposure time and lower dose 

requires longer treatment time, and this may also be explained by the complex 

pharmacodynamics of rifampicin and clindamycin; both can be bacteriostatic 

or bactericidal depending on dose and exposure time, and exhibit both time 

dependent and concentration dependent killing (Gumbo, et al. 2007) (8akker

Woudenberg, et al. 2005) (Klepser, et al. 1996) (Aldridge and Stratton 1991). 

Thus both the time as well as antibiotic level are important. 
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As expected, five day old biofilms were more difficult to eradicate than 1 day 

old biofilms. Two different S aureus strains were used in experiments on 

eradication of five day old biofilms, one required 10,OOOxMIC for 3 weeks, the 

other 1,OOOxMIC for 2 weeks. The differences in ease of eradication 

comparing 1 and 5 day old biofilms is also in keeping with data shown in the 

chapter detailing the development of biofilms, as 1 day old biofilms did not 

stain positive with a polysaccharide extracellular matrix stain, but the 5 day old 

biofilms did, confirming a difference in biofilms of the two ages. 

Interestingly, 14 and 21 day old biofilms appeared to be no more difficult to 

eradicate than 5 day old biofilms; in fact, it could be said that the opposite was 

true as in the case of S aureus F2387, as 10,OOOxMIC was required for 3 

weeks to eradicate 5 day old biofilms, but only 1,OOOxMIC for 14 days could 

eradicate 14 and 21 day old biofilms. One might speculate that differences in 

methodology may account for this unexpected difference, but methodology 

was standardised, and the inoculum kept the same. It is possible that older 

biofilms exhaust the nutrient supply and may be easier to eradicate, but on the 

other hand lack of nutrients may actually make them more likely to adopt a 

slow growing state and shut down non-essential functions and thus become 

more recalcitrant. The observation that no-antibiotic control biofilms did not die 

suggests that nutrients were sufficient for biofilm survival. 

It is also interesting that the 1,OOOxMIC concentration for 2 weeks eradicates 

the 5 day old biofilms formed by S aureus F2315 and also 14 and 21 day old 

biofilms formed by F2387, but 5 day old biofilms of S aureus F2387 require 
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higher concentration for longer. One might speculate that this appears to be 

an anomaly, and the reasons for it are not immediately apparent. It is 

important to note actual bacterial numbers, rather than just presence of 

eradication; in the case of 5 day old F2387 treated for 2 weeks at 10,000xMIC 

only one of the triplicate biofilm discs was in fact positive on culture with just 

15 CFU/mL, and all three discs were in fact culture negative on resuscitation, 

suggesting that whilst 10,000xMIC for 14 days might be considered as failed 

eradication the actual number of surviving bacteria is extremely small. 

The influence of biofilm age is an important consideration when planning OME 

treatment, as the biofilms are likely to be months old by the time treatment is 

instituted (see also chapter 8). Therefore, the observation that 2 or 3 week old 

biofilms appear not to be more difficult to eradicate is welcome, although we 

have not examined biofilms that are several months old in vitro. One may 

expect older biofilms to be more difficult to eradicate (Exterkate, Crielaard and 

Ten Cate 2010) (R. Donlan 2001), but this has not been a universal finding 

with other studies not finding biofilm age to be a significant factor influencing 

eradication (Wong, et al. 2010) (Wilson, Patel and Fletcher 1996). 

The antibiotic concentrations in this biofilm model were kept constant. While a 

small amount of deterioration in antibiotic potency over the three weeks of 

each experiment may occur, it is unlikely that a significant drop in antibiotic 

activity will result. Therefore, whilst one can comment on biofilm eradication 

using a pre-determined constant concentration, the experiments described 

here do not provide any information on the possibility of varying the antibiotic 
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levels during a course of treatment aimed at biofilm eradication. A literature 

search was unable to find many papers that examined variation in antibiotic 

level over time in biofilm treatment. One paper examining modified release of 

levofloxacin against E coli biofilms suggested that a high initial level is crucial, 

because the modified release formulation that gave a very strong burst 

release and subsequent low levels was more effective against biofilms than an 

alternative formulation that released antibiotic more gradually even though the 

latter formulation gave higher antibiotic levels after the first day (Cheow, 

Chang and Hadinoto 2010). It is possible that biofilm eradication requires the 

very high concentration of antibiotic only for an initial critical time period (say a 

few days), with a lower level being sufficient treatment for the remainder of the 

two to three week period. This is of direct relevance when discussing a 

modified release antibiotic formulation against biofilms in the next section, 

because many modified release devices do release a higher level of drug at 

the start. 

Looking at those results overall, it appears that a strategy utilising antibiotics 

at 1,000 to 10,000xMIC for 2-3 weeks is likely to be effective at eradicating 

biofilms. 

9.4.4 Choice of antibiotics 

Rifampicin and clindamycin were chosen as they both work against S aureus 

that was a common OME organism in our previous work and the focus of the 

in vitro experiments outlined here. Between them they also cover the other 

pathogens that published literature suggests are common in OME 
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(Streptococcus pneumoniae, Moraxella catarrhalis, Haemophilus influenzae) 

(Thornsberry, et al. 1999). 

Rifampicin is effective against most Gram positive cocci including 

Staphylococci and Streptococci, and is also effective against Haemophilus 

influenzae. In the case of clindamycin, most aerobic Gram negative bacteria 

(including Haemophilus, Moraxella) are resistant, but aerobic Gram positive 

cocci (including Staphylococci and Streptococci) and anaerobic Gram 

negative rods are sensitive. Both rifampicin and clindamycin can be either 

bacteriostatic or bactericidal depending on dose and exposure time, and 

exhibit both time dependent or concentration dependent killing (Gumbo, et al. 

2007) (Bakker-Woudenberg, et al. 2005) (Klepser, et al. 1996) (Aldridge and 

Stratton 1991). 

Both rifampicin and clindamycin also have particular advantages in the 

treatment of biofilms. Although not universally accepted, it is thought by some 

that rifampicin and clindamycin may be able to penetrate the biofilm matrix 

better than other antibiotics (Souli and Giamarellou 1998), and may have 

better anti-biofilm activity (Lee, et al. 2006). Much information exists on using 

rifampicin in combination with other antibiotics, showing impressive results in 

the management of biofilm infections with a strong synergistic bactericidal 

activity (Barriere 2006) (Gomes, et al. 2012) (John, et al. 2009), suggesting 

that rifampicin may have substantial anti-biofilm properties over and above its 

activity against planktonic bacteria. The rifampicin /clindamycin combination 

has also ben used effectively in osteoarticular infections (Czekaj, et al. 2011). 
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9.4.5 The use of two antibiotics to minimise emergence of resistance 

Antibiotic resistance is a major health care concern (D'Agata, et al. 2008) 

(Olofsson and Cars 2007). Development of resistance can be influenced both 

by bacteria specific factors and by antibiotic pressures. Many bacteria 

undergo rapid division with a risk of mutation that may confer antibiotic 

resistance, but some bacteria in a population can have a mutation rate that is 

10 to 10,000 times higher than the mutation rate in the wild type (Hall and 

Henderson-Begg 2006). Although bacteria with genetic resistance to 

antibiotics may have reduced biological fitness and therefore in a mixed 

population the sensitive bacteria are likely to predominate, when antibiotics 

are present the resistant bacteria in a mixed population are selected over the 

sensitive bacteria and then become the predominant type. How antibiotics are 

administered also affects emergence of resistance, with low doses favouring 

resistance and high antibiotic levels favouring eradication (Olofsson and Cars 

2007). 

An important consideration in the OME work presented here was the use of 

two antibiotics to minimise emergence of resistance. This works on the 

principle that, whilst bacteria may acquire resistance to one antibiotic, they will 

remain sensitive to the other antibiotic, and the simultaneous acquisition of 

resistance to two different antibiotics would be a rare event (D'Agata, et al. 

2008) (Olofsson and Cars 2007) (Bonhoeffer, Lipsitch and Levin 1997) 

(Lipsitch and Levin 1997). This is particularly relevant in the case of rifampicin, 

where only a single mutation in the rpoB gene (Valvatne, et al. 2009) leads to 
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development of resistance. Indeed, our experiments on using antibiotics singly 

rather than in combination confirms the development of resistance to 

rifampicin and thus failure of biofilm eradication. 

Although rifampicin and clindamycin both cover Staph aureus used in these 

experiments, if other common OME bacteria were tried then these two 

antibiotics may not provide double coverage for each species. The use of 

rifampicin and clindamycin was appropriate in these experiments on S aureus, 

but future work should consider other bacteria and thus adding in another 

antibiotic to ensure that each bacterial species is covered by at least two 

antibiotics to minimise resistance. An appropriate additional antibiotic for 

future study would be amoxicillin. 

9.4.6 Achieving high antibiotic concentrations in the middle ear 

The results indicate that treatment with antibiotic levels at 1,000x to 

10,000xMIC are likely to be required to eradicate biofilms. In the case of 5 day 

old S aureus biofilms grown on silicone discs this means a rifampicin level of 6 

- 60 mg/L and clindamycin level of 100 - 1000 mg/L. Although translating this 

into clinical treatment of OME is a long leap, how could such levels be 

achieved in the middle ear? 

After systemic administration, rifampicin typically reaches plasma 

concentrations of up to 32 mg/L (Inchem 2011) (Phillips 1971), which would 

be broadly satisfactory based on the in vitro data presented here. However, as 

already stated rifampicin cannot be used alone. Clindamycin administered 
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systemically (orally) achieves levels of 6 mg/L (Phillips 1971), way below the 

required 1,OOOxMIC or even 100xMIC. Thus, systemically administered 

rifampicin and clindamycin combination would not be expected to eradicate 

biofilms in the middle ear based on (long shot) interpolation from the in vitro 

model. 

Another issue to consider is the transfer of antibiotics from plasma to the 

middle ear cavity and mucus, as antibiotic levels in the middle ear may not be 

as high as those in blood. A literature search did not identify any studies 

examining rifampicin and clindamycin levels in the middle ear. However, a 

study of erythromycin showed that although levels in the middle ear effusion 

do not rise as fast as plasma levels after systemic administration, the levels in 

middle ear do reach those seen in plasma and stay higher in the middle ear 

for longer (Sundberg, et al. 1979). Levels of systemically administered 

ofloxacin were also similar in plasma and in middle ear effusion, but only 

reached levels 4 times higher than the MIC of S aureus (Thorn 1987). Another 

study of several different antibiotics found levels in the middle ear to be 

several fold greater than MICs of Strep pneumoniae, but only trimethoprim 

and cefaclor levels exceeded the MIC of Haemophilus influenzae (Nelson, et 

al. 1981). 

The results of the in vitro experiments on biofilms eradication suggest that 

systemic antibiotic administration would be unlikely to achieve sufficiently high 

antibiotic levels in the middle ear to eradicate biofilms. Therefore, a local 
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delivery strategy is of interest, and became the focus of our further research 

as detailed in the next thesis chapter. 

Any strategy that delivers high dose antibiotics (and a delivery vehicle) to the 

middle ear must be safe, both to the middle ear and the inner ear that 

communicates with the middle ear. In particular, the inner ear is sensitive to a 

variety of different agents, with potential for disastrous permanent hearing loss 

and balance problems in cases of inner ear damage. The delivery mechanism 

must also not damage the middle ear (see also Chapter 10.4.5), otherwise 

inflammation due to bacteria is simply replaced by inflammation due to the 

drug delivery vehicle. Although one can chose antibiotics thought to be safe, 

further research (for example in vivo oto-toxicity studies looking at middle and 

inner ear, hearing and balance) would be required prior to clinical use. In 

addition, initial clinical studies should themselves incorporate safety studies 

before an efficacy trial is undertaken, and even after widespread clinical use 

mechanisms to report concerns should be in place. 

The data on antibiotic levels in plasma and the middle ear also provide useful 

information on interaction of antibiotics with mucus. As a planned future OME 

strategy may include delivery of antibiotics direct to the middle ear, the 

interaction of antibiotics and mucus is important. To be effective, the antibiotic 

would have to penetrate the mucus to get to the biofilms. The observation that 

antibiotic levels in the middle ear effusion are comparable to those in plasma 

suggests that the mucus does not interfere with antibiotic diffusion. However, 

the investigation of antibiotic diffusion through mucus should form an 
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important part of future work investigating direct delivery of antibiotics to the 

middle ear to treat OME. A suitable experiment would include placing the 

antibiotic pellet onto a bed of mucus (held in a mould but with open base), and 

placing the mucus on an inoculated agar plate and measuring the zone of 

inhibited bacterial growth (Fig 9.4.5.1). 

Antibiotic pellet 

Mucus base / 

Zone of inhibited bacterial growth 

Fig 9.4.6.1: Suggested model for investigating diffusion of antibiotic through 

mucus 

9.4.7 Other anti-biofilm strategies 

Given that eradication of biofilms with antibiotics is difficult, requiring high 

antibiotic levels, much research has focused on treatment of biofilms with 

other agents (Donlan and Costerton 2002) (Aslam 2008) (Sihorkar and Vyas 

2001) (Foreman, Jervis-Bardy and Wormwald 2011). A number of promising 

strategies are currently being investigated, and future work may establish 

which genes or proteins are involved in attachment, biofilm formation, and 

phenotype change, and any of these may also represent a potential 

therapeutic target (Lewis 2001). 
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Broadly speaking, anti-biofilm strategies (Foreman, Jervis-Bardy and 

Wormwald 2011) can be classified as follows into those that: 

• Affect individual bacteria i.e. traditional antibiotics 

• Physically disrupt surface attachments 

• Free bacteria from the biofilm, either by degrading the matrix or promoting 

a phenotypic shift towards planktonic state 

Bacteriophages 

Bacteriophages represent a focus of much research looking at novel 

antibacterial treatments, especially for resistant bacteria (Vinodkumar, 

Kalsurmath and Neelagund 2008). Bacteriophages are viruses that infect 

bacteria. They are themselves effective against biofilms (Soni and 

Nannapaneni 2010), and also potentiate the effects of antibiotics (Verma, 

Harjai and Chhibber 2010). Importantly, they have investigated in a clinical 

trial that found bacteriophages to be effective and safe in patients with 

antibiotic-resistant Pseudomonas aeruginosa causing ear infections (Wright, 

et al. 2009). 

Quorum sensing 

Quorum sensing may be an interesting future strategy. It refers to the way 

bacteria use signalling molecules to sense other bacteria (either of the same 

or of a different species) and alter their behaviour as a result (Miller and 

Bassler 2001). The bacteria produce and release chemical signal molecules 

that regulate gene expression and thus affect population density and a variety 

of physiologic processes. This allows bacteria to take advantage of knowledge 
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of other bacteria in the vicinity, and from an evolutionary point of view is 

thought to a precursor to multi-cellular existence. Quorum sensing is thought 

to be important in biofilm formation, and inhibition of quorum sensing has been 

shown to affect biofilm formation (Taganna, et al. 2011) (Khalilzadeh, et al. 

2010) and this represent a possible future therapeutic target (Williams 2007) 

(Bassler and Losick 2006) (Diggle, Crusz and Camara 2007). However, some 

research has suggested that quorum sensing inhibition may promote the 

growth of more virulent mutants (Kohler, et al. 2010), and that some quorum 

sensing pathways may in fact repress biofilm formation (Xu, et al. 2006); 

therefore, further investigation is required before any clinical use. 

Matrix disruption 

Disruption of the matrix is another possible anti-biofilm strategy. In addition to 

agents that degrade extracellular matrix (Johansen, Falholt and Gram 1997), 

this could also be achieved with physical methods such as ultrasound (Huang, 

et al. 1996) (Ensing, et al. 2006). Physical disruption may also be the reason 

for the effectiveness of nasal douching in chronic rhinosinusitis, another 

infection where biofilms are thought to be important (Fokkens, et al. 2007). 

Disruption of the matrix will affect the biofilm itself, but may release bacteria 

into the planktonic state thus rendering them susceptible to traditional 

antibiotic therapy or the immune system (Boles and Horswill 2011). In this 

context, the use of N acetyl cysteine (NAC) to disrupt the biofilm matrix may 

be a useful strategy (del Prado, et al. 2011) (EI-Feky, et al. 2009) (Venkatesh, 

et al. 2009) (AI-Zahid, et al. 2011), as may the use of DNase to disrupt 
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extracellular DNA that is an adhesive component of biofilms (Kaplan, et al. 

2012). 

NAC, a mucolytic already in clinical use in respiratory conditions, is of 

particular interest in biofilm treatment and OME. NAC has been shown to 

enhance biofilm eradication when combined with antibiotics (del Prado, et al. 

2011) (EI-Feky, et al. 2009) (Venkatesh, et al. 2009) (AI-Zahid, et al. 2011), 

but it also has anti-biofilm properties on its own (Naves, et al. 2010) (Zhao and 

Liu 2010) (Olofsson, Hermansson and Elwing 2003). In vitro studies of NAC's 

mucolytic properties have also shown that NAC was able to reduce the 

viscosity of middle ear effusions (Fitzgerald, et al. 1988); thus, disrupting 

mucin may also remove a potential site of biofilm attachment. 

Further, and importantly, the anti biofilm activity of NAC has also been 

translated into clinical benefits. One study of Helicobacter pylori eradication 

found that administering NAC to patients prior to antibiotics increased the 

success rate (Cammarota, et al. 2010). In the treatment of OME, a clinical trial 

of topical NAC administration at time of VT insertion and for a week post 

operatively found that the incidence of ear discharge was reduced, VTs stayed 

in place for longer before extrusion, and the need for revision surgery was 

reduced (Ovesen, et al. 2000). However, although animal studies suggest a 

reduction in scarring of the tympanic membrane (Ozcan, et al. 2002), they 

also found that NAC inhibited the healing of tympanic membrane with 

increased risk of perforation (Sanli, et al. 2007). 
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NAG is already in clinical use in the treatment of paracetamol overdose (it 

replenishes the body's stores of antioxidant glutathione) and in the 

management of respiratory problems such as chronic bronchitis, although it is 

not clear whether the benefits arise as a result of NAG's mucolytic, anti

inflammatory or anti-oxidant properties (Stey, et al. 2000). 

Advantages of antibiotics in biofilm eradication 

Given the concerns about antibiotic resistance and the development of several 

new antibacterial strategies outlined above, what is the advantage of using 

antibiotics? The focus of biofilm eradication in this study was the use of 

antibiotics because they have been in widespread clinical use already, much 

is known about them, and their use involves relative simple adaptation of 

existing knowledge. The downside of the newer techniques under 

investigation is that, although they may well be useful in the future, at present 

they may not be in clinical use and much remains unknown about them. 

Therefore, if one wishes to improve OME treatment as soon as possible then 

the adoption of tried and tested techniques is likely to yield the best results in 

the shortest time. 

Nevertheless, NAG has already been shown to have clinical benefit in OME, 

with an increasing amount of recent literature appreciating its anti biofilm 

properties, either alone or in conjunction with antibiotics (and in addition to its 

anti-oxidant and anti-inflammatory properties). Therefore, the use of NAG in 

OME also warrants further investigation, likely as an adjunct to antibiotic 

treatment. 
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9.5 BIOFILM ERADICATION WITH ANTIBIOTICS: CONCLUSION 

Using the in vitro model of S aureus biofilms on silicone discs treated with 

rifampicin and clindamycin, it can be shown that eradication of biofilms with 

antibiotics is possible, but requires treatment with high antibiotic levels 

(typically 1,000 to 10,000 times higher than the level required to inhibit 

planktonic bacteria) for a period of two to three weeks. The use of two 

antibiotics to minimise emergence of resistance is also justified. 

Thus, a new strategy to eradicate middle ear biofilms in OME using high 

antibiotic levels for several weeks could be feasible. However, these high 

levels would be difficult to achieve with systemic treatment and may risk 

systemic toxicity, so delivery locally to the middle ear, the site of the biofilm, is 

of interest. The next chapter describes a potential novel approach using 

modified release antibiotic pellets. 
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10 BIODEGRADABLE MODIFIED RELEASE ANTIBIOTIC 

PELLETS 

10.1 INTRODUCTION 

Having established that biofilms are implicated in the aetiology of OME, and 

that treatment with antibiotics can eradicate biofilms in an in vitro model, we 

wished to translate this knowledge into improved treatment of OME. Biofilm 

eradication would require high antibiotic doses, and treatment over several 

weeks. As systemic administration would be unlikely to achieve high enough 

levels of both rifampicin and clindamycin in the middle ear, local delivery is the 

logical solution to achieve this whilst minimising any systemic toxicity. As 

treatment over several weeks is needed, a modified-release formulation is 

required. 

The current treatment with Ventilation Tube (VT, grommet) insertion involves a 

general anaesthetic, with the surgeon performing a myringotomy (creating an 

incision in the ear drum to gain access to the middle ear), aspirating the 

middle ear effusion, and then inserting the VT into the ear drum. The fact that 

the myringotomy is already part of clinical care means that access to the 

middle ear, where the biofilms are, is possible, but only on the occasion of 

surgery. However, as biofilm eradication requires treatment over several 

weeks, a modified release formulation would be required. This modified 

release device can then be inserted into the middle ear at the time of surgery, 
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and release antibiotics over several weeks. It would have to be biodegradable 

to avoid need for removal surgery. The desired clinical outcome would be a 

reduction in the recurrence of OME after VT extrusion, and therefore a 

reduction in the current high need for repeat VT insertion. 

Poly (Iactic-co-glycolic acid) (PLGA), which already has a history of safe 

clinical use (Lu, et al. 2009), was chosen as the base for a modified release 

formulation. We aimed to produce the antibiotic pellets using PLGA 

microparticles smaller than 50 !-1m in diameter. This chapter details the 

production of PLGA microparticles and the pellets themselves. In addition, the 

choice of modified release formulation is discussed, including the advantages 

and disadvantages of the chosen formulation incorporating PLGA mixed with 

either poloxamer or carboxymethylcellulose. 
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10.2 MATERIALS AND METHODS 

10.2.1 Production of microparticles using the milling method 

PLGA (Lakeshore Biomaterials, Birmingham, USA) was placed into a Krups 

F203 grinder (Krups, Solingen, Germany) together with liquid nitrogen to keep 

the PLGA cool (PLGA is thermo-sensitive and would be affected by the heat 

generated by the grinder). After grinding for a few seconds the mix was sieved 

and particles larger than the desired size re-ground. 

10.2.2 Production of microparticles using the emulsion method 

The oil/water emulsion method was used to prepare microparticles. 1 g of 

PLGA was dissolved in 6.7 mL of dichloromethane (OCM) (Sigma-Aldrich, 

Gillingham, UK) in a glass container, and added to 200 mL of 0.3% polyvinyl 

alcohol (PVA) (Sigma-Aldrich, Gillingham, UK). The mix was homogenised 

using a Silverson L5M mixer for 2 minutes at 9000RPM (Silverson Machines, 

Chesham, UK) (Silverson 2010). The emulsion, at room temperature, was 

then left stirring overnight (16 hours) with a 50 mm glass flea on Variomag 

Poly magnetic stirrer (Variomag, Daytona Beach, USA) set at 300rpm, to allow 

OCM to evaporate. 

The following day, particles were removed from the PVA emulsion. The PVA / 

PLGA emulsion was aliquoted into 50 mL containers, and centrifuged at 3000 

rpm for 5 minutes (MSE Mistral 1000, London, UK). The supernatant was 

discarded, and the particles re-suspended in deionised water and centrifuged 
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again. The step was repeated until the samples had been centrifuged three 

times in water. 

The resulting PLGA suspension was filtered through a 40j.Jm filter to remove 

any large clumps, frozen in liquid nitrogen and then freeze dried (ModulyoO, 

Thermo Electron Corporation, Waltham, MA USA) prior to storage at _20DC. 

10.2.3 Determining the size of the microparticles 

The size of the particles was determined by laser diffraction. In this technique, 

a suspension of particles is passed through a broadened beam of laser light, 

which scatters the incident light onto a Fourier lens that focuses the scattered 

light onto a detector. The particle size is inferred from the collected diffracted 

light data. The PLGA microparticles were suspended in deionised water to 

achieve 8-12% obscuration, stirred continuously, and measured with Coulter 

LS230 particle size analyser (Beckman Coulter, High Wycombe, UK, solid 

state 780nm laser) using the Garnett optical formula. 

10.2.4 Production of antibiotic pellets 

The pellets were composed of PLGA (Lakeshore Biomaterials, Birmingham, 

USA), either 2% high viscosity sodium carboxymethylcellulose (Blanose®, 

Aqualon / Hercules, Widnes, UK) or 20% Poloxamer Pluronic F127 (Sigma

Aldrich, Gillingham, UK), and antibiotics rifampicin (Sigma-Aldrich, Gillingham, 

UK) and clindamycin (Sigma-Aldrich, Gillingham, UK). 
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The pellets were produced by mixing PLGA microparticles with a carrier 

solution and antibiotics. The carrier solution had been autoclaved, and the mix 

prepared in a clean environment. The pellet components were sterilised by 

exposure to ultraviolet (UV) light (UVG-54 Handheld UV lamp 254 nm UV I 6 

Watt I 230V, Upland, USA) for 15 minutes prior to mixing by hand. The mix 

was placed into a PTFE mould (Fig 10.2.4.1) designed to produce pellets 3 

mm long and 2.5 mm diameter, with a central 1 mm diameter hole (the result of 

a stainless steel pin). The pellets were sintered at 60°C for a pre-determined 

period of time, taken out of the mould by removing the top plate, and sterilised 

again with UV light. The pellets were stored at 4°C and used within a week of 

preparation. 
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Fig 10.2.4.1 : Photograph of the PTFE / stainless steel mould for the antibiotic 

pellets showing base with stainless steel pins, perforated top plate, and 

compacting tool. 

10.2.5 Scanning electron microscopy 

SEM was used to examine microparticles and antibiotic pellets, which were 

sputter coated with gold for 4 minutes prior to examination with Jeol 6060LV 

variable pressure SEM (Jeol UK Ltd, Welwyn Garden City UK). 

10.2.6 Measuring density and porosity 

The pellets were frozen in liquid nitrogen and then freeze-dried (ModulyoO, 

Thermo Electron Corporation , Waltham, MA USA) overnight. The dimensions 
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of the pellet were measured using electronic callipers, and they were weighed 

accurately. 

Density refers to mass per unit volume. Bulk density (average density of a 

large volume of powder) was calculated as follows 

• The volume was calculated using the formula: volume = 'IT * radius2 x length 

(When calculating the volume of the pellet, the area of the central 1 mm 

diameter hole was subtracted to obtain the final volume of just those areas 

containing microparticles) 

• Bulk density was calculated using the formula: bulk density = weight / 

volume 

• Porosity was calculated using the formula: porosity (%)= (1 - (bulk density / 

particle density» * 1 00 

• The particle density of PLGA (density of particles making up a powder) is 

1.25 g/cm (Leung, et al. 2008). 

10.2.7 Sterility assessment 

Inactive pellets containing no antibiotic prepared and sterilised as described in 

general methods were incubated (in triplicate) in TSB for 5 days, and the TSB 

then plated on sheep blood agar to establish whether the pellets prepared in 

this way contained bacteria that would grow on blood agar. 
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10.3 RESULTS 

10.3.1 Production of microparticles 

Both the milling method and the emulsion method were tried as a means of 

producing microparticles. Milling failed to produce a substantial proportion of 

particles smaller than 50 ~m, with >90% of PLGA ending up in larger fractions. 

The emulsion method resulted in smaller particles and therefore adopted as 

the method of choice. 

Table 10.3.1.1 lists the mean, median, and range of particle sizes obtained in 

different batches as assessed by the laser diffraction method, with Fig 

10.3.1.1. showing the particle size distribution graphically and Fig 10.3.1.2 

showing SEM images of the microparticles. In these batches, the mean 

particle size obtained was 12.31 ~m, median 11.70 ~m and mode 15.37 ~m, 

with corresponding standard deviations being 1.13, 1.06, and 1.58, 

respectively, and the coefficients of variation 9%, 9% and 10%, respectively. 
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II 

Batch Mean Median Mode Minimum Maximum 

11m 11m J1m J1m 11m 

A 12.79 12.24 16.40 0.38 76.43 

B 13.59 13.03 16.40 0.38 69.62 

C 11.58 11 .38 16.40 0.38 36.24 

0 13.46 12.25 16.40 0.45 69.62 

E 12.29 11.50 14.94 0.38 69.62 

F 11.15 10.23 12.40 0.50 43.66 

G 13.08 12.74 16.40 0.38 69.62 

H 10.51 10.24 13.61 0.38 33.00 

Average 12.31 11.70 15.37 0.40 58.48 

Table 10.3.1.1: Sizes of mlcropartlcles obtained In different batches. 

Fig 10.3.1 .1 (following pages): Distribution of PLGA particle size obtained by 

different batches, showing particle size (j.Jm) on horizontal axis and the 

volume (%) of particles that are of that size on the vertical axis 
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Figure 10.3.1 .2: SEM (Jeol 6060LV variable pressure SEM) images of PLGA 

microparticles at different magnifications: x300 (A and 8), x500 (C and D) and 

x1000 (E and F) 
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10.3.2 Antibiotic pellets 

The pellets were prepared as detailed in the main methods section, using a 

mould that was specifically designed and manufactured for this purpose by the 

Medical Physics Department at The University of Nottingham. The process is 

summarised in Fig 10.3.2.1, with photographs of pellets shown in Fig 10.3.2.2. 

The pellets measured 3 mm in the long axis and 2.5 mm in diameter, with a 

central 1 mm diameter hole. Using an inactive pellet prepared with high 

viscosity CMC as an example, the calculated mean density was 0.829 g/cm 3
, 

with 33.66% porosity. 

Biodegradable co-polymer 

Poly(lactic-co-glycolic acid) 

50:50, 56kDa, mean 121lm 

Rifampicin 

Clindamycin 

MOULD 

Carrier solution 

Pluronic F127 or 

Carboxymethylcellulose 

uv 
sterilisation 

Fig 10.3.2.1: Diagrammatic summary of antibiotic pellet production, showing 

an SEM image of PLGA microparticles prior to sintering (top) and the pellet 

after sintering (bottom) 
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Figure 10.3.2.2: Photographs of the antibiotic pellets. Image A shows pellets 

containing antibiotics, coloured red by rifampicin. Image B shows pellets 

without antibiotics; one is well formed, but the other one has not been formed 

properly and had to be discarded. 

Figure 10.3.2.3 shows SEM images of the antibiotic pellets. The images 

demonstrate how the microparticles adhere to each other when being heated 

(sintered) to make the pellets, and also show the more melted appearance 

seen on the edges of pellets. 
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Figure 10.3.2.3: SEM (Jeol 6060LV variable pressure SEM) images of 

antibiotic pellets at different magnifications: x300 (A and B), x500 (C), x1000 

(D) and x2000 (E and F). Arrow in C illustrates the melted edge of the pellet 

where microparticles had lost shape and formed an amorphous mass. Arrows 

in E illustrate individual microparticles adhering to each other. 
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10.3.3 Sterilisation 

Sterilisation for the purposes of this study was achieved by exposure of the 

pellet components to UV light for 15 minutes prior to mixing, and again for 15 

minutes once the pellet has been sintered and formed. Pellets (without 

antibiotics) prepared in this manner were placed into TSB for 5 days, and the 

resulting TSB plated onto Sheep Blood Agar. The samples tested in triplicate 

were all culture negative. 
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10.4 DISCUSSION 

10.4.1 Surgical considerations 

The development of the antibiotic pellet needs to incorporate several 

important surgical characteristics. The middle ear is only in the region of 2 mL 

in volume, and therefore the device would need to be small, and capable of 

being passed through a standard myringotomy incision used to place VTs. As 

the device would be placed onto the promontory of the middle ear at time of 

myringotomy and VT insertion, it was felt that it should be no larger than the 

shaft of a standard VT. Therefore the device dimensions chosen were an 

outer diameter of 2.5 mm and a length of 3 mm. 

Due to concerns about possible Eustachian tube obstruction, it was decided 

that the centre of the device should be perforated with a 1 mm central void, to 

allow air through the device should it move onto the Eustachian tube orifice. 

This gave the final device the appearance of a hollow tube. In reality, 

Eustachian tube obstruction would be unlikely for several reasons. The 

antibiotic device would be too heavy to be moved by ciliary action from the 

position of placement on the promontory. Clinical experience would suggest 

that it would be unlikely to move, because any prostheses placed in the 

middle ear, and the occasional VT that moves from the ear drum to fall into 

the middle ear, do not "float" around despite little or no fixation. Further, the 

pellet itself is porous, whilst the presence of a functional VT itself allows 

aeration of the middle ear, thus rendering Eustachian tube function actually 

unnecessary. 
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An alternative to a pellet sitting in the middle ear would be to have the pellet 

attached to the medial aspect of the ventilation tube that is within the middle 

ear. That would eliminate any problems associated with pellet movement in 

the middle ear. However, the tube sits in the ear drum, but the biofilms are 

likely to be more numerous on the promontory on the medial wall of the middle 

ear, rather than at the lateral wall of the middle ear where the ear drum is. 

Therefore, a strategy that attaches the antibiotic to the ventilation tube would 

rely much more on adequate transport of the antibiotic throughout the middle 

ear. 

Another alternative would be to use an injectable formulation (Lane, Okumu 

and Balausubramanian 2008) that is liquid at room temperature but solidifies 

at body temperature after injection. This would remove the need to make an 

incision in the ear drum if the injectable formulation can be administered with a 

needle. The downside of this would be the difficulty in controlling exactly 

where the formulation ends up, with a tendency of the paste to run into 

dependent areas before solidifying. Also the ear drum incision itself is a small 

procedure, and an injection is only marginally safer, with both still needing a 

general anaesthetic. However, the disadvantages of a VT being in place (for 

example water avoidance) would be avoided. 

Movement of antibiotic throughout the effusion and mucin is important if the 

antibiotic pellet strategy is to work. The antibiotic will sit in one part of the 

middle ear, but biofilms may be sited away from where the pellet is. We have 
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found biofilms in the effusion in OME as described Chapter 7, but this does 

not tell us which part of the middle ear the biofilms reside in, because the 

effusion is aspirated from the middle ear as a whole. The studies on middle 

ear mucosal biopsies that found biofilms on the mucosa (Hall-Stoodley, et al. 

2006) sampled the promontory I Eustachian tube area, which is on the medial 

wall of the middle ear (see Fig 2.1.2). However, the biofilms could reside 

anywhere in the middle ear cavity, or within the mastoid air cells (a connecting 

network of air cells within the temporal bone, extending from the middle ear 

and going posteriorly). Certainly, an effusion is often encountered in the 

mastoid air cells if one operates on them, but a child having mastoid surgery 

would not be having this purely for OME and will have additional pathology so 

that such circumstances cannot be said to be representative of OME. It is not 

known where the biofilms do or do not reside: biopsy studies are limited to the 

promontory and the medial wall of the middle ear, because this is the only 

area that can be accessed during ventilation tube insertion; accessing other 

areas for biopsy would involve much greater surgery than a simple incision of 

the ear drum for tube insertion, and would therefore be unethical. 

Does it matter where in the middle ear the biofilm is? If the antibiotic can travel 

through the effusion or the mucus layer from the pellet into the rest of the 

middle ear, and reach high enough antibiotic levels at sites distant from the 

pellet, then the pellet strategy could be successful irrespective of where the 

biofilm is. The pellet is likely to sit near the Eustachian tube orifice, in the 

lower part of the tympanic cavity and adjacent to the anterior part of the 

promontory; the pellet will sit there partly due to gravity and partly because 
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this is the area surgically accessible at the time of ventilation tube insertion. 

Any bacteria reaching the middle ear to cause glue ear come up the 

Eustachian tube; therefore it is reasonable to think that the area where the 

pellet will sit is the area first exposed to bacteria, although one cannot assume 

that the bacteria will stop there and not travel further into the mastoid air cells. 

This is also the area with the greatest number of goblet cells (Bak-Pedersen 

and Tos 1976) (Tos and Bak-Pedersen 1976) that produce the effusion. 

If the biofilms are sited away from the promontory, and the antibiotic cannot 

travel through the mucin then the pellet strategy would not be successful, 

unless modifications are incorporated to increase diffusion of drug through the 

mucus (Cu and Saltzman 2009). Section 10.4.6 has addressed the issue of 

antibiotic diffusion, including a research strategy as to how this may be 

investigated. However, the observation that levels of at least some antibiotics 

in the middle ear effusion approach those seen in plasma suggests adequate 

diffusion of antibiotics into and through the middle ear effusion is possible 

(Sundberg, et al. 1979) (Thorn 1987). For example, cefaclor (Ernstson, et al. 

1985) and erythromycin (Sundberg, Eden and Ernstson 1982) reach levels 

above MIC of common pathogens, and clarithromycin levels in the effusion 

are actually higher than those in plasma (Sundberg and Cederberg 1994). 

Cilia in the middle ear beat towards the Eustachian tube, with the 

physiological intention of clearing mucus down the Eustachian tube (Kubba, 

Pearson and Birchall 2000). Although the cilia would not be strong enough to 

move the pellet itself, they may propel any antibiotic in the effusion / mucus 
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towards the Eustachian tube thus interfering with the uniform distribution of 

antibiotic. However, unlike in health, in OME the effusion is very viscous to the 

extent that the cilia are unable to move the effusion (Smirnova, et al. 2002) 

(Kubba, Pearson and Birchall 2000). In relation to the antibiotic pellet, the 

ciliary action is thus likely to be unimportant in the presence of a thick effusion, 

but it may be an important factor where there is no effusion either because it 

has all been aspirated when the ventilation tube was inserted or because 

normal health of the middle ear is restored. 

10.4.2 Production of microparticles 

There are four main ways of producing microparticles (Li and Jasti 2006) 

(Svenson 2004): 

• Milling 

• Emulsion solvent evaporation method, using oil-in-water, water-in-oil, or 

double emulsion water-in-oil-in-water 

• Phase separation process, where particle formation is triggered by the 

addition of an anti-solvent to a solution 

• Spray drying, where a solution is passed through a nozzle to break up into 

droplets, followed by drying 

We had chosen to focus on small microparticles (smaller than 50 J.Im), on the 

basis that a device composed of small particles would have a greater number 

of channels and pores and thus theoretically better modified release 

properties (the illustration in Fig 10.4.2.1 is diagrammatic only, as a variety of 

different ways of sphere packing exist (Sowa, Koch and Fischer 2003»; 
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conversely, in a device composed of larger particles the number of gaps I 

channels would be less (although each gap is larger) with a greater tendency 

to release a large amount of antibiotic all at once in a less controlled fashion . 

The size of the particles chosen was also partly guided by other work in our 

departments. Concurrent projects are investigating a PLGA matrix I hydrogel 

modified release device using particles between 100 and 200 ~m, and this 

releases antibiotics for up to 3 weeks; however, the size of the device being 

investigated is much larger than the proposed middle ear pellet, and using 

particles of 100 to 200 ~m for the smaller OME pellet was thought to be 

unlikely to achieve a sufficiently high antibiotic release level for the required 

duration. 

A B 

Fig 10.4.2.1: A device composed of many smaller particles (A) has a greater 

number of pores than a same size device composed of larger particles (8). 

Although the milling method was initially investigated to produce 

microparticles, this proved unsatisfactory as most of the PLGA ended up in 

particles of larger sizes. The advantage of the milling method would have 
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been avoidance of solvents. The emulsion methods use solvents, and 

therefore when planning any future clinical trials one would have to ensure 

that no trace of potentially toxic solvents remained. Similar considerations 

apply to the phase separation process, and also to spray-drying because the 

PLGA would still have to be emulsified prior to spray-drying (Gavini, et al. 

2005). A future commercial venture may involve investigation of the milling 

method again, because large industrial scale milling at low temperature may 

be able to produce sma" microparticles by milling for longer times (using low 

temperature to prevent over-heating of the temperature-sensitive polymer). 

For the purposes of this study the milling method did not achieve the desired 

particle size, and therefore the emulsion method was adopted. 

An emulsion is a mixture of two immiscible liquids, in this case PLGA 

dissolved in dichloromethane (OeM) and polyvinyl alcohol (PVA) dissolved in 

water. The Silverson mixer (Silverson 2010) used to make the emulsion has a 

multistage mixing and shearing action (Fig 10.4.2.2): the liquid is drawn into 

the work-head using high-speed rotating blades, and the centrifugal force then 

drives the particles to the periphery of the work-head where they are 

subjected to a milling action between the rotating blades and the perimeter of 

the work-head. The material is then forced out of the work-head through the 

surrounding perforations at high speed under intense hydraulic shear forces. 

As the mix is expelled from the head to the periphery of the main volume of 

the emulsion, fresh material is drawn into the work-head, creating a 

continuous mixing cycle. 
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Fig 10.4.2.2: Silverson mixer (Silverson 2010). 

The Silverson mixer produces the emulsion, with individual small PLGA 

microparticles in OeM (oil phase) dispersed in the aqueous PVA. The large 

volume of PVA relative to the OeM / PLGA solution means that PLGA 

particles end up being widely dispersed , whilst the emulsifying properties of 

PVA mean that the PLGA particles have reduced surface tension and remain 

dispersed in a stable emulsion without clumping, and the oil phase of the 

emulsion does not separate from the aqueous phase (different emulsion 

stages are shown in Fig 10.4.2.3). The emulsion is then stirred overnight so 

that the OeM evaporates, and the PLGA microparticles remain widely spaced 

in PVA solution. Once the PVA is removed and the particles filtered and 
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washed with water, the microparticles do not clump into larger particles 

because the low surface tension remains. It would not be possible to produce 

microparticles of the same size simply by dissolving PLGA in OeM and then 

evaporating OeM, because as the oeM evaporated, the PLGA (in the 

absence of reduced surface tension) would clump to form larger particles. 

Fig 10.4.2.3: Emulsion formation. Two immiscible liquids (A) can be emulsified 

to achieve the emulsion shown in B, but th is emulsion will be unstable with the 

two phases tending to separate (e), unless surfactant (shown in yellow) 

positions itself on the interface between the two phases to form a stable 

emulsion (0). 

Obtaining the desired particle size during manufacture is dependent on a 

number of parameters that can be varied during manufacture (Herrmann and 

Bodmeier 1998) (Tsukada, et al. 2009), including ratio of polymer to oil phase 

and aqueous phase, emulsification method , stirring rate and time, and 

temperature. In these experiments, existing particle preparation protocols 

were adapted , and the size of the particles obtained checked to ensure 

reproducibil ity. The mean particle size calculated over several batches was 

12.31 IJm, the median being 11.70 and mode 15.37 IJm. A number of smaller 

particles was also obtained , as was a small number of larger particles. 
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The coefficient of variation, a measure of the variability and reproducibility 

calculated by dividing the standard deviation with the mean, in this study was 

9 - 10%. Although this variability between different batches may instinctively 

sound high, one needs to consider that this statistical measure is dependent 

on the magnitude of the actual measurement in question (McLaughlin, 

Aitchison and Macfarlane 1998). If one is measuring small microparticles then 

the denominator is small, and when variability is expressed as a percentage 

the coefficient of variation tends to be larger even though the actual difference 

in terms of IJm between the different batches is small. It is not just the 

production that leads to variation, as variability may also arise during sampling 

of the microparticles for size analysis (Saleem, Donovan and Smyth 2007), 

and during size analysis itself. Generally, coefficients of variation in the region 

of 10% are considered fair, 20% is poor and 5% is good (Barringer 1998), but 

allowing for the small actual particle size (and thus small variations in size) in 

this study the variability seen was deemed satisfactory for our purposes. 

However, future work for clinical application should ideally aim to reduce any 

batch to batch variation. 

10.4.3 Sizing of microparticles 

A number of different methods of particle sizing are available (Saleem, 

Donovan and Smyth 2007), but the traditional techniques of sieving or 

sedimentation have been largely replaced by modern methods taking 

advantage of new electronic and computer technology. The two most 

commonly used methods of particle sizing are light diffraction analysis and the 
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electrical sensing zone method (Beckman-Coulter 2010) (Xu and Di Guida 

2003). 

The diffraction method commonly uses a laser, and determination of particle 

size relies on the interaction of particles with the laser beam. If a particle is 

struck by light of a wavelength much larger than the particle itself then 

scattering of light occurs at very small angles, but if the particle is larger 

compared to the wavelength of the light then the scattering angle is greater. 

The intensity of light reaching the detectors positioned around the sample at 

various scattering angles is thus related to the particle size, so that size and 

the distribution of different sizes can be calculated. 

In the electrical sensing zone (ESZ) method, also known as the Coulter 

method, the particles are suspended in an electrolyte solution and the liquid 

passes through a small orifice across which electrical conductivity is 

measured. When individual non-conducting particles pass through the orifice 

the electrical conductivity is momentarily interrupted, and the degree of 

interruption relates to particle size, with the number of separate interruptions 

counted to give the size distribution. 

In addition to laser diffraction and ESZ a variety of other methods are also 

used (Saleem, Donovan and Smyth 2007). Photo analysis and optical 

counting involves taking a photomicrograph (scanning or transmission 

electron microscopy) of the sample to determine particle size; however, this 

measures only a small number of particles in each image, although automated 
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photography and counting software are available for large volume work. Other 

methods (Saleem, Donovan and Smyth 2007) include analytical 

ultracentrifugation that allows real time monitoring of the sample with an 

optical detection system such as ultraviolet light, small angle X ray scattering, 

and the suspension separation technique of field flow fractionation where the 

flowing suspension is influenced by a perpendicular field, for example 

electrical, magnetic, thermal or gravitational. 

The great advantage of light diffraction and ESZ is their simplicity and relative 

automation, with reduced reliance on human expertise and therefore 

potentially fewer errors at least in inexperienced hands. Both methods are 

commonly used to size particles (Beckman-Coulter 2010) (Xu and Di Guida 

2003), but have different properties. Laser diffraction assumes that particles 

are spherical; the particle is seen as a two-dimensional object and the size is 

reported as a function of the cross-sectional area; in the case of spheres the 

cross-sectional area is the same irrespective of orientation of the sphere. 

However, in the case of rod- or plate-shaped objects, the cross-sectional area 

will depend on the orientation of the object as it is hit by the light, so laser 

diffraction will produce generally smaller mean values with a large size 

distribution than the ESZ method which is not affected by the orientation of the 

particles. However, if a sample is porous, then the ESZ method may 

undersize particles because the pores are filled by the conducting medium 

and therefore not detected as a change in conductance (Michoell, et al. 1994). 

Understanding that the two methods behave differently allows one to choose 
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the appropriate method, and aids in particle characterisation (Beckman

Coulter 2010). 

The laser diffraction method was used in the work presented here, as the 

microparticles were spherical. If the ESZ method had been used, the sizing 

would be likely to be very similar as the two methods give comparable results 

in the case of spherical particles (Beckman-Coulter 2010). 

10.4.4 Production of pellets 

The pellets were produced in a specially designed PTFE and stainless steel 

mould. The mould consisted of two parts, a base PTFE plate containing 

upstanding stainless still pins (to create the central gap in the pellet), and a 

top PTFE plate with a series of holes, each 2.5 mm diameter and 3 mm deep. 

Whilst adequate for this study, a number of problems were encountered with 

this method. The process of pellet manufacture was laborious, as each pellet 

was made individually by hand, with potential variability. The small quantities 

of PLGA, antibiotic and carrier involved, even when making numerous pellets 

at once, meant that weighing them accurately was difficult, with potential for 

errors. The mixture was mixed by hand, the paste was placed into the mould 

using a spatula, compaction of the paste into wells was done manually, and 

the pellets were taken out of the mould by hand; all these steps were open to 

day-to-day variation and operator differences. A proportion of pellets were 

noted to be incorrectly formed due to poor compacting of mix into the wells 

(see Fig 10.3.2.2B for example), and had to be discarded. Operator variability 
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was also noted, and a learning curve existed before good quality pellets could 

be reliably produced. 

Although the manufacture of pellets in this manner was suitable for testing a 

variety of different pellets to determine which may be the best for further 

investigation, any future clinical use would require improvement. The fact that 

pellets of only one type would be made in large quantities would make it 

easier, and a single person could be designated for the manufacture to 

eliminate operator bias, or the process automated for example by automatic 

mixing or application of identical compacting pressure to identical mix weight 

each time. The mould could also be improved. For example, instead of using a 

pin on a base plate and a hollow top plate, the mix could be compacted into a 

plastic tube with a central wire (to give the central gap in the pellet), and after 

sintering the tube cut into desired lengths prior to peeling the tube off the 

pellet. If the product approaches a commercial stage, it is likely that a 

company would be required to develop an automated manufacturing process 

that would ensure the consistent production of a large number of identical 

pellets, with quality controls in place to check the process. The effect that 

storage has on the antibiotic pellets would also have to be investigated, as this 

study used pellets prepared no more than a week in advance but clinical use 

(and convenience) is likely to require storage for a much longer time period. 

10.4.5 Choice of modified release device 

The concept of a modified release antibiotic formulation for eradication of glue 

ear biofilms represents a novel idea that may improve OME treatment and 
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outcome. Therefore, whether a drug release device would work, and what it 

should consist of was not known. The experiments described in the 

subsequent chapters thus represent an exploration of a new idea, with the aim 

of guiding future experiments that could refine the product. However, as the 

idea is a new one, a single modified-release method had to be chosen for use 

in the exploratory experiments. The guiding principle was to focus on a 

product that would be safe and easily adapted, and ideally made from 

components already in clinical use so that any laboratory benefits could be 

translated into patient use as speedily as possible. 

PLGA 

PLGA is one of the commonest studied components of biodegradable 

systems (Bossy, et al. 2008), with a long history of safe clinical use in sutures, 

implants, prosthetic devices, and depot drug delivery systems. PLGA is 

generally considered to be very safe: studies examining toxicity by implanting 

PLGA in vivo show only a very localised granulomatous response with 

minimal granulation tissue and fibrosis (Anderson and Kim 1984). PLGA is 

approved by the US Food and Drug Administration, and this strong safety 

record makes it an ideal starting point for developing new treatments for OME. 

The different types of PLGA have different ratios of lactic to glycolic acid, and 

this affects the rate of degradation (Bossy, et al. 2008); generally speaking a 

higher lactic acid content and higher molecular weight lead to slower 

degradation, but PLGA 50:50 has the fastest degradation time (about two 

months) and this was chosen for these experiments as a longer drug release 

was not required. 
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In addition to PLGA, poloxamer or CMC were used as a gel that carried the 

antibiotics. Gels or solutions alone would not be suitable as they would 

dissipate down the Eustachian tube, and a three-dimensional structure that 

would physically sit in the middle ear was therefore required. On the other 

hand, a PLGA matrix alone would also not be suitable in the absence of a 

modified-release gel filling the pores (Anderson and Kim 1984). 

Monolithic drug delivery systems 

A variety of different drug delivery systems are available, as discussed in the 

introductory chapter. The system chosen, antibiotics mixed with gel within a 

PLGA scaffold, is an example of a monolithic system where the drug is 

homogeneously distributed throughout the system. Monolithic systems have 

several advantages (Anderson and Kim 1984): 

• Drug delivery rate can be controlled simply by changing the drug loading 

• Lifetime of the device is easy to control 

• Physical dimensions can easily be altered 

• A wide variety of agents can be delivered 

• They are easy to manufacture 

• There is no risk of drug being released all at once (dumped) unlike the 

possibility of system rupture in reservoir systems 

It is for these reasons that PLGA-based monolithic formulations were chosen 

for the preliminary studies of OME biofilm eradication. In the context of OME 

biofilms, being able to build a pellet of the correct size for the middle ear is 
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crucial. Similarly, the pellet will sit in a potentially infected environment, so 

once antibiotics are released the polymer degradation should ideally be 

complete soon afterwards; again, PLGA allows this to be tailored. PLGA 

monolithic devices also deliver a wide variety of agents, important when 

considering several antibiotics, and the ability to increase antibiotic release 

simply by increasing loading is very attractive when a variety of different 

formulations releasing high antibiotic levels are desired. 

PLGA monolithic devices undergo bulk, rather than surface degradation: they 

do not gradually reduce in size by releasing PLGA from the surface, but 

instead the device is penetrated by water at the start, with degradation due to 

hydrolysis occurring both on the surface and in the core of the matrix. 

Therefore, in addition to erosion, drug release is also controlled by drug 

diffusion, and because of this the drug release can be unpredictable and is not 

easily modelled (Rosoff 1989). One of the major disadvantages of PLGA 

monolithic devices is the difficulty in achieving zero-order drug release, where 

the release of drug is independent of the amount of drug remaining in the 

device, i.e. the same dose is released every day. Because diffusion affects 

drug release, the amount of drug remaining in the system affects drug release, 

so that typically much drug is released early, and less drug is released in the 

later stages (Anderson and Kim 1984). 

How does this release pattern fit with the proposed biofilm eradication 

strategy? In the previous chapter that investigated biofilm treatment with 

antibiotics, eradication was possible using a high antibiotic level over several 

256 



weeks. However, the antibiotic concentration was kept constant, whereas the 

typical release from monolithic device gives an initial peak and then 

diminished levels. If the proposed drug delivery device still achieves high 

enough drug levels (say 1000 times the minimum inhibitory concentration of 

the inoculum) for a critical number of days, then biofilm eradication would be 

possible. But if the antibiotic level was too low, then the device may fail to 

eradicate biofilms. 

Does biofilm treatment require high antibiotic level for the full treatment 

duration? Our experiments in the preceding chapter investigated a constant 

antibiotic level as they focused on identifying what the minimum biofilm 

eradication concentration and treatment duration were. However, biofilm 

eradication might not require the high antibiotic level throughout, and perhaps 

an initial high level followed by several weeks' treatment with a lower level 

might be effective. Therefore, any PLGA monolithic device that gives a high 

initial antibiotic level and a lower longer term level might still be effective 

against biofilms, with the initial burst release being an advantage even though 

zero-order kinetics is not achieved. However, the post-peak level still needs to 

be higher than the level needed to eradicate biofilms or planktonic bacteria, 

otherwise these lower antibiotic levels may be in the range that encourages 

survival of emerging resistant mutants. 

In order to obtain a more constant release from monolithic systems a number 

of approaches have been suggested (Anderson and Kim 1984). Diffusion of 

the drug may be delayed by reducing the ingress of water, and this could be 
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achieved by strategies that control the rate of swelling, or by having an 

internal aqueous boundary layer that provides resistance to drug release 

(ideally, erosion should be confined to the outer surface of the polymer, so 

that drug is released only from the outside first with the release zone gradually 

moving to the centre of the device). The addition of an impervious surface 

barrier has also been suggested (Anderson and Kim 1984), and the 

amorphous melted edges seen in our device (Fig 10.3.2.3) are therefore not 

necessarily a disadvantage. The sintering process, making objects from 

powders (in our case by heating microparticles in powder form to make a 

shaped pellet), results in PLGA particles adhering to each other because 

heating them above the glass transition temperature of PLGA (45 - 50°C) 

changes them from being hard into a molten rubber-like state during which 

particles adhere. Although the majority of the pellet contained a latticework of 

individual PLGA spheres adherent to each other at their edges with pores in 

between, the edges of the pellets had a fused molten appearance, where the 

particles turned into a solid rather than a porous network seen in the rest of 

the pellet. This presumably occurred because the temperature was higher at 

the edges than in the centre of the pellet and could be due to heat transfer 

from the mould. This solid surface layer would not necessarily be a 

disadvantage, because it would delay water ingress into the device and 

therefore potentially delay drug release. 

Hydroge/s 

In addition to a PLGA matrix, the device used in these studies also 

incorporated a hydrogel (carboxymethylcellulose or poloxamer) to improve 
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drug release properties. As discussed above, the PLGA-based monolithic 

formulations have distinct advantages, but there is a tendency for very water

soluble drugs to diffuse from the matrix quickly because both erosion and 

diffusion control drug release. Therefore, to prolong drug release that would 

be possible with a simple PLGA device, a hydrogel was incorporated into the 

device. 

Hydrogels have been widely studied for their modified release properties 

(Anderson and Kim 1984). They are polymeric materials consisting of 

hydrophilic macromolecules cross-linked to form a three-dimensional network, 

and have the ability to imbibe large quantities of water without dissolving 

(Simoes, Figueiras and Veiga 2012). Drug molecules can then be dispersed 

or dissolved within the hydrogel and its retained water, and are released 

through diffusion. Release is influenced by geometry of the device, type of 

hydrogel and degree of cross-linking, as well as water content of the hydrogel 

and solubility of the drug. For example, increasing hydration leads to 

increased diffusion (Yasuda, Lamaze and Ikenberry 1968), whilst increased 

cross-linking leads to reduced pore size, less swelling, and lower diffusion 

(Reinhart, Korsmeyer and Pep pas 1981). 

Hydrogels resemble natural tissues more than any other synthetic biomaterial, 

and have excellent biocompatibility. However, their structural integrity is 

limited so that they have a tendency to move away from the site of application 

unless constrained, loading of hydrophobic drugs may be limited, and their 
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high water content and large pore size may lead to relatively rapid drug 

release (Simoes, Figueiras and Veiga 2012). 

Carboxymethylcellulose 

CMC (Fig 2.5.3.3) is a cellulose derivative that is widely used as a food 

viscosity modifier, is a component of many tooth pastes, forms the outer gel 

lining of nasal packing (Arthrocare 2011) or wound dressings (Lim, et al. 

2010), and also has modified release application. It has been used to disperse 

modified release tablets (Ishino, et al. 1992), as a modified release gel 

(Barbucci, Leone and Vecchiullo 2004), to form a biodegradable membrane 

used in drug release (Jain, Carvalho and Banerjee 2010), and to encapsulate 

antibiotics (Ertan, et al. 1997). 

CMC is available in a range of viscosities (Hoefler 2011). Viscosity is 

governed by the chain length of the CMC (degree of polymerisation), and the 

higher the degree of polymerisation the greater the molecular weight and the 

more viscous the solution; the high viscosity CMC produced by Aqualon from 

naturally occurring fine cotton fibres (cellulose) has a degree of polymerisation 

of 3,200 with a molecular weight of 700,000 (Aqualon 2000). High viscosity 

CMC produces a thick viscous mixture rather than a thinner liquid seen with 

low viscosity CMC, although the concentration used also affects the viscosity 

of the final solution as does temperature, pH and any chemical modifications. 

Higher viscosity leads to a reduced drug release rate (Emeje, Kunle and 

Ofoefule 2006) (Hiremath and Saha 2008) and was therefore chosen for these 

experiments. 
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CMC is widely used and generally considered safe, although a few cases of 

allergy have been reported (Dumond, et al. 2009). It has been investigated as 

middle ear packing material (Shen, et al. 2011), with one animal study finding 

no concerns regarding hearing (Jang, et al. 2008). However, another found a 

deterioration in hearing, although this later study is open to criticism. The 

researchers found elevated hearing thresholds (Antonelli, Sampson and Lang 

2010), and assumed this was due to damage to the inner ear on the basis that 

the middle ear appeared healthy; however, the inner ear was not specifically 

examined, and the animals experienced no balance problems despite the fact 

that damage to the inner ear often affects both hearing and balance. The 

presence of packing material might then have interfered with sound 

transduction through the middle ear, thus causing a conductive loss rather 

than inner ear injury. 

Po/oxamer 

Poloxamers (Fig 2.5.3.2), also known by their trade name pluronics, are 

triblock co-polymers, consisting of a central hydrophobic polyoxypropylene 

chain flanked by two hydrophilic polyoxyethylene chains. This amphiphilic 

structure gives poloxamers surfactant properties, and they can be used to 

stabilise cell membranes and prevent apoptosis (Medina, et al. 2011). They 

have also been used to overcome multidrug-resistance in cancer cells (Zhang, 

et al. 2010), and have immune modulatory properties (for example increaSing 

antibody production and enhancing macrophage function) (Moghimi and 

Murray 1996), in addition to being used in modified drug release (Chae, Mo 
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and Oh 2010) (Desai and Blanchard 1998) (Manjunath, Venkateswarlu and 

Hussain 2011). They are derived from natural oil and gas. 

All poloxamers are composed of the same monomers, but variation in the 

length of the polymer chain and exact percentage polyoxyethylene content 

lead to variation in the molecular weight, physical form, and drug release 

properties. Pluronic F127 (also known as poloxamer 407) contains 

polyoxypropylene with an approximate molecular weight of 3600, and is 

approximately 70% polyoxyethylene. A 20% solution is liquid at temperature 

below 15°C but turns to gel at 25 to 60°C (Escobar-Chavez, et al. 2006) 

(Ohta, et al. 2006). These thermo-reversible properties make it attractive for 

drug delivery as administration of a liquid is easier, but a gel remains localised 

(Wang, Dellamary, et al. 2009) (Wang, Dellamary, et al. 2011). Pluronic F127 

also has muco - adhesive properties, another characteristic useful to keep the 

gel in place (Dumortier, et al. 2006). 

Poloxamers are widely used in cosmetics and mouthwashes, and generally 

considered safe (Singh-Joy and McLain 2008). Guinea pig studies have 

investigated pluronic F127 as an agent to deliver drugs to the middle and 

inner ear, with no ototoxicity found. Although two teams of investigators both 

noted temporary deterioration in hearing, the fact that this reverted to normal 

suggested that the hearing loss was caused by the physical presence of the 

gel (conductive loss), rather than an injury to the inner ear. One group noted a 

transient hearing change that reversed within a week (Wang, Dellamary, et al. 

2009) (Wang, Dellamary, et al. 2011), whilst the other group found temporary 
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hearing loss that recovered by the end of the study at 49 days (H. Feng, et al. 

2007) (Feng, Sun and Jiang 2008), with no histological abnormality of the 

middle ear or the cochlea seen. The latter study also concluded that 

practically all the gel had disappeared 49 days after application. 

Degradation of drug delivery device 

PLGA undergoes hydrolysis to lactic and glycolic acid, both of which are 

metabolised in man without adverse reaction. CMC can be degraded by 

cellulase, but this enzyme is not present in man (Reeves, et al. 2010); some 

bacteria can metabolise cellulose, but the bacteria commonly involved in OME 

do not (Schwarz 2012). 

Poloxamers are also not biodegradable, and are rapidly excreted in the urine 

following systemiC administration (Singh-Joy and McLain 2008). Both CMC 

and Poloxamer may therefore be expected to be absorbed or dissipated down 

the Eustachian tube once the PLGA device degrades. The behaviour of PLGA 

and poloxamer or CMC device in vivo would have to be examined prior to 

clinical use, to ensure appropriate degradation and avoid any toxicity. 

10.4.6 Sterilisation 

The sterility assessment shows that the pellets were suffiCiently sterile for the 

purposes of these studies. However, only limited sterilisation tests were 

carried out, and any future clinical work would require a more detailed 

sterilisation assessment. As the sterility assessment in these studies relied on 

detection of bacteria on sheep blood agar, any contaminant microorganisms 
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that do not grow on sheep blood agar would not be detected. Whilst the 

presence of any such undetected organisms would be unlikely to interfere with 

results of experiments on eradication (where only blood agar was used), 

pellets tested in this way would clearly not be adequate for clinical use. It is 

possible that the pellets may have contained bacteria not detected by our 

experiments and, although unlikely, such bacteria may have affected the 

modified release properties. 

Sterility testing is a complex process (Kowalski 2009), guided by official 

legislation such as the United States Pharmacopeia (Tirumalai 2009) and the 

British Standards Institute (Wickhamlabs 2011). Any medicinal products / 

devices are required to pass strict tests, such as immersion of the device in a 

nutrient medium for 14 days to see if any bacteria grow, direct inoculation, or 

the Millipore Steritest system that allows direct sampling of medical devices 

with minimised contamination risk (Millipore 2011). Additional tests include 

confirmation of absence of bacteriostatic or fungistatic agents, by inoculating 

the device with set pre-determined micro-organisms and ensuring that they do 

grow. 

The biodegradable polymers used in drug delivery, such as PLGA, pose 

particular problems when it comes to sterilisation because they are 

temperature-sensitive, and therefore heat-based methods would not be 

appropriate. They are also generally susceptible to degradation or alteration 

by sterilisation processes, although this does not necessarily affect drug 

release. 
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Ultraviolet (UV) light was used to sterilise the pellet components in these 

experiments. Ultraviolet germicidal irradiation (UVGI) uses UV light between 

200 and 320 nm to break the molecular bonds within microorganisms, leading 

to DNA damage so that the microorganism can no longer reproduce (Kowalski 

2009). UV achieves good surface disinfection, but it does not penetrate well. 

Therefore, the pellet components were sterilised prior to being mixed and 

solidified, because the components spread thinly as a powder or gel will be 

more accessible to surface sterilisation. The second exposure to UV once the 

pellets were made then again sterilised the surface of the actual pellet, the 

surface being the most likely area to have been contaminated when removing 

the pellets from the mould. 

UV light has been previously used to sterilise a PLGA-based drug delivery 

system, but it may affect drug release (for example attenuating release of 

encapsulated growth factors) (Moioli, et al. 2006), and it can also damage the 

PLGA scaffold itself (Shearer, et al. 2006), thus affecting release patterns and 

device life. Gamma irradiation has also been widely used to sterilise PLGA (Li 

and Jasti 2006), and appears to have no (Igartua, et al. 2008) or little (Jain, et 

al. 2011) (Lee, et al. 2003) effect on drug release, although it may affect 

polymer properties (Dorati, et al. 2008) (Friess and Schlapp 2006). Similarly, 

electron-beam radiation has been widely used, and it is known to lead to a 

decrease in the molecular weight of PLGA through chain scission (Loo, OOi 

and Boey 2005). Ethylene oxide has also been used (Pietrzak 2010) but may 

have a greater effect on drug release, for example causing particle 
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aggregation and greater initial drug release (Friess and Schlapp 2006). Is also 

likely that different formulations are affected in different ways by the 

sterilisation process. 

The sterilisation process will also need to ensure that the active ingredients 

are not affected. For example, rifampicin is known to be light sensitive, and it 

is possible that it may be affected by UV sterilisation, although a literature 

search failed to find any research on the topic. Clearly rifampicin was active in 

the research presented here, but patient use would require avoidance of 

processes that could affect antibiotic potency. 

Whilst UV sterilisation was satisfactory for these laboratory experiments, any 

future clinical work would require detailed sterility assessment. This should 

include not only tests of sterility, but should also test the effect of sterilisation 

modality on the particular modified release formulation chosen, and should 

ensure that the sterilisation process does not have any residual effects that 

would be toxic to man. 
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10.5 SUMMARY: ANTIBIOTIC PELLETS 

Appropriately sized microparticles of PLGA can be prepared using the 

emulsion method, and antibiotic pellets made with the aid of a PTFE and 

stainless steel mould. These pellets will be used in the following chapters that 

examine drug release from the pellets and biofilm eradication. 

The monolithic PLGA matrix device combined with a hydrogel (poloxamer or 

carboxymethylcellulose) used in these experiments has a number of 

advantages, especially its relative simplicity, ability to vary the size of the 

device and amount of antibiotics, and the relative safety of the agents chosen; 

it is thus an ideal starting point when exploring the possibility of a modified

release preparation for the treatment of OME biofilms. However, such devices 

do have a number of possible disadvantages, chiefly the tendency to release 

a large amount of drug in the initial stages with lower levels later on, and this 

mayor may not influence the ability of the device to eradicate biofilms. Prior to 

any clinical studies, the particle and pellet manufacture and sterilisation will 

require improvement, with toxicity studies also warranted to ensure patient 

safety. 
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11 ANTIBIOTIC PELLETS: 

DRUG RELEASE AND ANTI-BIOFILM ACTIVITY 

11.1 INTRODUCTION 

The understanding that biofilms play an important role in the pathogenesis of 

OME (Chapter 7) (Hall-Stoodley, et al. 2006) opens up the potential for better 

new treatments that could decrease the high recurrence rate after grommet 

extrusion (Chapter 5) (Gates, Avery and Prihoda 1987) (Maw and Bawden 

1994) (Rosenfeldt and Bluestone 1999). On the basis of previous work 

demonstrating that eradication of biofilms with high dose antibiotics is possible 

(Chapter 9) (Ceri, et al. 1999) (Donlan and Costerton 2002) (Nickel, et al. 

1985) (Olson, et al. 2002) (Vorachit, et al. 1993), we set out to develop and 

test a novel biodegradable modified-release antibiotic pellet as a potential 

anti-biofilm treatment for OME. 

This chapter shows the determination of the amount, pattern and duration of 

drug release from the antibiotic pellets. We had chosen to investigate a pellet 

based on PLGA (56 kDa, 50:50, mean particle size 12 J,Jm) with rifampicin and 

clindamycin, combined with a carrier hydrogel, either pluronic F128 or 

carboxymethylcellulose (CMC). The antibiotic concentration was varied, with 

three different levels chosen (called low, medium and high); the amount of 

clindamycin loaded into the pellet was higher than rifampicin, due to the 

different susceptibility of the S aureus test organism. The main comparisons 
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included the different antibiotic levels, and a comparison between pluronic 

(20%) and high viscosity CMC (2%). Additional comparisons included medium 

viscosity CMC (6%), shortened sintering time (1 or 4, instead of 16 hours), 

and a change in the ratio of PLGA to carrier (from 1 :0.8 to 1 :0.6). 

The composition of the different pellets studied is shown in Table 11 .1.1 . 

Inactive pellets containing no antibiotic were used as controls. 

NAME Carrier PLGA:carrier Sintering time Rifampicin Cllndamycin 

ratio " 1. 

~ 

CMC/L CMC (hv) 1:0.8 16 hrs 0.5% 3% 

CMC/M CMC (hv) 1:0.8 16 hrs 1% 6% 

CMC/H CMC (hv) 1:0.8 16 hrs 4% 24% 

CMC/L(mv) CMC (mv) 1:0.8 16 hrs 0.5% 3% 

CMC/L(1 :0.6) CMC (hv) 1:0.6 16 hrs 0.5% 3% 

CMC/L(1h) CMC (hv) 1 :0.8 1 hr 0.5% 3% 

CMC/L(4h) CMC (hv) 1:0.8 4 hrs 0.5% 3% 

PUL pluronic 1:0.8 16 hrs 0.5% 3% 

PUM pluronic 1:0.8 16 hrs 1% 6% 

PUH pluronic 1:0.8 16 hrs 4% 24% 

. . . . 
Table 11 .1.1: Composition of the pellets studied. Antibiotic percentage 

expressed as a % of PLGA weight. hv: high viscosity. mv: medium viscosity 

Pellet effectiveness was assessed in three ways. High Performance Liquid 

Chromatography (HPLC) was used as a quantitative method that gives details 
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on the exact amount released. We also used Serial Plate Transfer Testing 

(SPTT), where the antibiotic pellet is transferred to a freshly inoculated agar 

plate every day and the zone of bacterial inhibition around the pellet measured 

(Bayston, Grove, et al. 1989) (Furno, et al. 2004); the zone of inhibition is 

related to the amount of drug released and thus SPTT is also a quantitative 

method, and although it does not give an exact dose of drug released it 

demonstrates the inhibitory behaviour of the pellets against actual bacteria. 

For HPLC testing the pellet was immersed in phosphate-buffered saline (PBS) 

and the PBS tested to determine amount of drug released, but in SPTT the 

pellet sits on top of an agar plate with one surface involved in release, and 

antibiotics diffusing out of pellet into the agar to inhibit bacterial growth. Thus 

the test conditions in HPLC and SPTT are different. Lastly, the pellet 

effectiveness was examined against S aureus biofilms in the in vitro model 

developed in this thesis (Chapter 8). 
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11.2 METHODS 

11.2.1 High-performance liquid chromatography 

A new HPLC method was developed for our purposes; this section describes 

the final method adopted, with the results section in this chapter providing 

more details. In order to study the release of drugs from the pellets using 

HPLC, the pellets were placed into 1 mL of PBS in an Eppendorf tube. Every 

2 days the PBS was removed, the pellet weighed, and fresh PBS replaced; 

the solution containing released antibiotics was stored at -20°C prior to 

analysis. 

HPLC was performed with Beckman System Gold (Beckman Coulter, High 

Wycombe, UK), using the Eclipse XDB-C8 (Agilent Technologies, Stockport, 

UK) HPLC column (150 mm long, 4.6 mm internal diameter, 5 IJm sized silica 

particles with an 8 carbon side chain), with a flow rate of 1 mLlmin at 40°C. 

The mobile phase consisted of aqueous sodium dihydrogen phosphate 

(15mM, pH2.5) with 10% acetonitrile, mixed with a varying amount of 

methanol (65 to 80%) in a gradient elution method as shown in Fig 11.2.1.1. 

Detection was performed at 254 nm for rifampicin and 210 nm for clindamycin. 
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Fig 11.2.1.1: HPLC gradient elution method showing how the percentage of 

methanol varies with time. 

11.2.2 Serial plate transfer test 

The release of antibiotics was assessed with serial plate transfer test (SPTT). 

This involves the transfer of the antibiotic device to a freshly inoculated agar 

plate to assess duration of release, with the size of the zone of inhibition 

giving quantitative information about the amount of antibiotic released at 

defined time periods. A suspension of S aureus (F2315) was prepared to an 

optical density of 0.08-0.13 (McFarland 0.5 equivalent) at 490 nm measured 

using Jenway Multicell Changer Spectrophotometer (Bibby Scientific Limited , 

Stone UK), and 200 j../L used to inoculate an Iso-Sensitest agar plate. The 

diameter of the zone of inhibition of bacterial growth around the pellet was 
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measured with electronic callipers, with the pellet diameter itself subtracted 

from the overall zone. 

11.2.3 Statistical analysis 

Comparison of mean antibiotic level was by one way analysis of variance 

(ANOVA) performed using SPSS 19. ANOVA determines if the drug levels 

released from the different pellets on a set day are significantly different, but 

because it looks at all pellets at once it does not show exactly which two 

individual pellets differ. Therefore, to look at variation between individual 

pellets, the Tukey Honestly Significant Difference (HSD) post-hoc analysis 

was performed (Stevens 1999). The advantage of analysing data this way, i.e. 

ANOVA on all pellets followed by post-hoc comparisons of two pellets at a 

time, is that the Tukey HSD method corrects for the fact that multiple 

comparisons are being made; if individual pellets were compared to each 

other using the Student's t test then a large number of comparisons is being 

made, and statistically 5% of those comparisons will erroneously turn out to be 

"statistically significant" just by chance. 
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11.3 RESULTS 

11.3.1 High performance liquid chromatography method 

A new HPLC method to simultaneously detect rifampicin and clindamycin was 

developed. In HPLC, each substance has a typical retention time for a given 

method, with the substance identified using an ultraviolet (UV) detector. The 

HPLC output is in the form of a chromatogram (Fig 11.3.1.1), plotting time on 

the x axis and light absorption at the specified wavelength on the y axis (the 

scale of the y axis is adjusted depending on peak size). Each substance thus 

shows up as a peak at its retention time, around 1.8 minutes for clindamycin, 

and just over 3.0 minutes for rifampicin with the HPLC method employed. The 

chromatograms also contain a baseline deflection just before 1.5 minutes, 

representing the time when the solvent front moving through the column 

reaches the UV detector; this is not seen on all the chromatograms because 

the solvent front deflection is small and seen only on those chromatograms 

with a small antibiotic levels and thus a small y axis scale. 

An ultraviolet absorption scan of rifampicin and clindamycin showed that the 

best absorption wavelength for the former was 254 nm, and the latter 210 nm. 

Rifampicin was also seen at 210 nm, although not as well as at 254 nm. 

Clindamycin was seen only at 210 nm; although some chromatograms traces 

at 254 nm did show a deflection between 1.75 and 2 minutes, this was not due 

to clindamycin (because it was also seen on controls that contained no 

clindamycin) but reflected baseline variation, unlike peaks at 210 nm that were 

genuinely clindamycin. 
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The chromatograms (Fig 11.3.1.1) showed that both antibiotics could still be 

detected down to 2 ~g/mL. 

Fig 11.3.1.1 (following pages): HPLC chromatograms with clindamycin (210 

nm) and rifampicin (254 nm) standards (indicated in boxes on each 

chromatogram). The x axis shows the retention time; the y axis (mAU, milli 

absorption units) scale is adjusted depending on the size of the peak. 
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In HPLC, the area under the peak obtained from the chromatograms is 

proportional to the concentration of the antibiotics. Therefore the 

chromatograms from antibiotic standard solutions were used to determine the 

area under the peak, and the peak area plotted against the known antibiotic 

concentration to obtain a standard line as shown in Fig 11.3.1.2. From these 

data, regression was used to obtain an equation that described the line, 

allowing the calculation of antibiotic concentration based on the peak area 

seen at chromatography of test specimens. 

The equations describing relationship between peak area and concentration 

were: 

Clindamycin concentration = peak area I 657.49 

Rifampicin concentration = peak area I 8236.9 

The R2 coefficient of determination in the case of clindamycin concentration 

and peak area was 0.998, and in the case of rifampicin 0.999, indicating that 

the correlation seen on the standard line was excellent. 
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Fig 11.3.1.2: Graphs illustrating the relationship between antibiotic 

concentration and peak area. 
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When examining drug release the pellets remained in the Eppendorf tube after 

PBS was aspirated and replaced; therefore, a possible concern was that 

antibiotics may remain in the Eppendorf or be taken up by the Eppendorf tube 

material despite PBS change, so that any antibiotic detected would not be 

there as a result of new release from the pellet but may be there simply as a 

"left over" attached to the tube. Therefore, rifampicin and clindamycin 

solutions (50 IJg/mL) were placed into an Eppendorf and left overnight. The 

solution was then aspirated, and fresh PBS placed into the Eppendorf. This 

PBS was then analysed as rinse 1, and repeated as rinse 2 and 3. 

Even on rinse 1, there was no clear peak for either clindamycin or rifampicin, 

suggesting that any drug seen in the PBS exposed to antibiotic pellet was due 

to genuine new release from the pellet and not result of residual contamination 

(Fig 11.3.1.3). 
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Fig 11.3.1.3: HPLC checking for any residual drug after PBS rinses (rinse 1 

shown). Top row shows absorption at 210 nm (clindamycin) and bottom 

absorption at 254 nm (rifampicin). 
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11.3.2 Drug release from pellets measured with HPLC 

Inactive control pellets contained no detectable antibiotic (Fig 11 .3.2.1). 

Examples of chromatograms from antibiotic pellets are shown in Fig 11.3.2.2. 
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Fig 11 .3.2.1: Chromatograms from inactive control pellets (210 nm on top, 254 

nm on bottom) 

Fig 11 .3.2.2 (over page): Example chromatograms from antibiotic pellets, 210 

nm for clindamycin (top 3 graphs), 254 nm for rifampicin (bottom 3). 
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The chromatograms were used to calculate levels of antibiotics released from 

the pellets, with these concentrations shown in Fig 11.3.2.3 and 11.3.2.4. The 

antibiotic level on day 2 was much higher than on subsequent days, making 

differentiation of the lower levels on later days more difficult. Therefore, in 

addition to graphs showing data from all days (top of each page), graphs 

excluding day 2 levels are also shown (bottom of each page); actual antibiotic 

levels therefore continue to be shown in this manner, as a logarithmic 

transformation, although showing all results in one graph would lose the ease 

of interpretation seen when actual drug levels are plotted. 

It should be noted that experiments on antibiotic standards showed that 

detection of both rifampicin and clindamycin was possible down to 2 J.lg/mL, 

but not at 1 !Jg/mL. However, when absorption values were converted to drug 

concentrations based on the standard line, the calculated values also gave 

rise to some drug concentrations below 2 !Jg/mL (because the standard line 

equation interpolates beyond the actual measured value). Hence, any 

antibiotic levels calculated to be less than 2 !Jg/mL are unlikely to be accurate. 

In the case of clindamycin, levels did not generally fall below 2 !Jg/mL until day 

16, but in the case of rifampicin by day 6 all levels were below 2 !Jg/mL. 
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The following series of graphs shows levels of clindamycin (Fig 11.3.2.3) and 

rifampicin (Fig 11.3.2.4) released from the pellets. All the different pellets are 

shown together on the same graph first (a), followed by effect of variation of 

drug level for CMC (b) and pluronic (c), then comparison of carrier choice 

whilst keeping drug level constant (d, e, f), and finally looking at effect of 

processing variation on a CMC pellet and changing CMC viscosity from high 

to medium viscosity (g). Composition of different pellets is shown in Table 

11.1.1. Error bars represent standard deviation. To give an indication of how 

these levels relate to the Minimum Inhibitory Concentration (MIC) levels of the 

S aureus used in biofilm experiments, each graph also contains a line 

indicating level equivalent to 1000xMIC. Statistical significance is shown by 

the presence of a star on the graphs b-f, although due to small levels in the 

case of rifampicin no statistical analysis was performed beyond day 4; p 

values for the various comparisons are shown in Table 11.3.2.1 and 11.3.2.2. 
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Fig 11.3.2.3a: Clindamycin levels from all the pellets on different days. Lower 

graph excludes day 2 data. Pellet composition is shown in Table 11.1 .1. Error 

bars indicate Standard Deviation 
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significantly different. 
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Fig 11 .3.2.3c: Effect of antibiotic loading of pluronic pellets. Lower graph 

excludes day 2 data. Pellet composition is shown in Table 11 .1.1. Error bars 

indicate Standard Deviation, and stars the day on which the levels were 

sign ificantly different. 

292 



300 

250 

200 

...;! 

!. 150 
~ 

100 

50 

0 
0 5 

70 

60 

50 

...;! 40 
e -btl 
:. 30 

20 

10 

0 
0 5 

Clindamycin 

* * 

10 Day 15 20 

Clindamycin 

10 Day 15 20 

25 

2S 

Effect of 
carrier gel 

-lOOOMIC 

--'- CMCjL 

-'- PLjL 

-lOOOMIC 

--'- CMCjL 

~PLjL 

Fig 11.3.2.3d : Effect of carrier gel on pellets containing low antibiotic level. 

Lower graph excludes day 2 data. Error bars indicate Standard Deviation, and 

stars the day on which the levels were significantly different. 

293 



Clindamycin 
Effect of 
carrier gel 

700 

600 
T 

500 

1 
...J 400 -1 
E -lOOOMIC -QI) 

:=. 300 - CMCjM 

PLjM 
200 

100 \ 
)-. ~ # ... .. 

0 
0 5 10 Day 15 20 25 

Clindamycin 
70 

60 

50 

...J 40 
E - l OOOMIC -QI) 

:=. 30 - - CMCjM _. 
T PL/M 

20 .l-

.- ~ 

10 - -: - f - . - -
~ - ,.. - 5.....,.~ , .1 -

0 
0 5 10 Day 15 20 25 

.. 
Fig 11.3.2.3e: Effect of carner gel on pellets containing medium antibiotic 

level. Lower graph excludes day 2 data. Error bars indicate Standard 

Deviation. Values were not significantly different on any day. 
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Fig 11.3.2.3f: Effect of carrier gel on pellets containing high antibiotic level. 
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Fig 11 .3.2.3g: Effect of processing vanatlon and changing CMC to medium 

viscosity instead of high viscosity. Lower graph excludes day 2 data. Error 
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Fig 11 .3.2.4a: RifampIcin levels from all the pellets on different days. Lower 

graph excludes day 2 data. Pellet composition is shown in Table 11 .1.1. Error 

bars indicate Standard Deviation. 
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Fig 11 .3.2.4e: Effect of carner gel on pellets containing medium antibiotic 

level. Lower graph excludes day 2 data . Error bars indicate Standard 

Deviation. The levels were not significantly different on any day. 
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Fig 11 .3.2.4f: Effect of carner gel on pellets containing high antibiotic level. 
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Fig 11 .3.2.4g: Effect of processing vanatlon and changing CMC to medium 
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bars indicate Standard Deviation. 
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CLiNDAMYCIN 
DAY 

GROUPS 2 4 6 8 10 12 14 16 18 20 22 
CMC/L 0.034 0.740 0.724 0.997 1.000 1.000 1.000 0.943 0.145 0.341 0.697 
CMC/M 
CMC/L < < 0.842 0.997 0.932 0.915 1.000 1.000 1.000 1.000 1.000 
CMC/H 0.001 0.001 
CMC/M < < 1.000 0.784 0.998 0.998 1.000 0.643 0.145 0.341 0.956 
CMC/H 0.001 0.001 
PUL 0.006 0.459 1.000 0.883 0.663 0.965 0.567 0.762 0.036 0.105 0.404 
PUM 
PUL < < 0.999 1.000 1.000 1.000 0.038 0.997 0.145 0.993 0.993 
PUH 0.001 0.001 
PUM < < 1.000 0.883 0.663 0.836 0.955 0.988 0.985 0.404 0.105 
PUH 0.001 0.001 
CMC/L 1.00 0.961 0.453 0.784 0.089 1.000 1.000 0.068 < < 0.123 
PUL 0.001 0.001 
CMC/M 0.987 0.791 0.999 1.000 0.998 1.000 0.911 1.000 1.000 0.999 0.955 
PUM 
CMC/H 0.106 0.033 0.927 0.303 0.663 0.380 0.155 0.093 0.005 < 0.069 
PUH 0.001 

Table 11.3.2.1: Comparison of the effect of different pellet compositions on 

clindamycin levels. Table shows which two pellets were compared, and details 

p values obtained using Tukey Honestly Significant Difference post-hoc 

analysis, with statistically significant values shaded. 
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RIFAMPICIN 
DAY 

GROUPS 2 4 
CMC/L 0.767 0.046 
CMC/M 
CMC/L < < 
CMC/H 0.001 0.001 
CMC/M 0.001 0.336 
CMC/H 
PUL 1.000 1.000 
PUM 
PUL < 0.336 
PUH 0.001 
PUM < 0.336 
PUH 0.001 
CMC/L 0.967 0.653 
PUL 
CMC/M 1.000 0.808 
PUM 
CMC/H 0.990 0.808 
PUH 

Table 11 .3.2.2: Comparison of the effect of different pellet compositions on 

rifampicin levels on days 2 and 4 (later values were not subject to statistical 

analysis due to small antibiotic levels). Table shows which two pellets were 

compared, and details p values obtained using Tukey Honestly Significant 

Difference post-hoc analysis, with statistically significant values shaded. 

Cumulative per cents of drugs release are shown in Fig 11.3.2.5. 
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Fig 11 .3.2.5: Cumulative percentage of clindamycin (top) and rifampicin 

(bottom) released from antibiotic pellets over 22 days. 
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Processing variations and medium viscosity CMC 

The pellets that were sintered for a shorter time, or contained medium 

viscosity CMC, or a ratio of PLGA to carrier gel of 1 :0.6 instead of 1 :0.8, were 

not as well formed as the pellets made with high viscosity CMC and sintered 

for 16 hours; they were much more fragile and tended to disintegrate. 

Effect of antibiotic loading 

In both clindamycin (Fig 11.3.2.3b and c) and rifampicin (Fig 11.3.2.4b and c) 

increasing antibiotic loading led to higher drug concentrations, but this was 

largely seen only on days 2 and 4. Pellets with higher antibiotic levels also 

released a greater percentage of the total antibiotic released in the early days. 

Effect of carrier gel 

Pluronic pellets released higher clindamycin levels on days 18 and 20 than 

CMC pellets. However, no Significant differences in clindamycin levels on 

other days, nor in rifampicin levels was seen when pluronic pellets were 

compared with those made with CMC (Fig 11.3.2.3d/e/f and Fig 11.3.2.4d/e/f). 

Correlation between clindamycin and rifampicin 

Pooled data from all HPLC results were used to examine the relationship 

between rifampicin and clindamycin levels from the same pellet (Fig 11.3.2.5). 

The Pearson correlation coefficient was 0.955 (p<0.001), indicating a strong 

correlation. 
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Fig 11.3.2.5: Correlation between rifampicin and clindamycin levels. 
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11.3.3 Antibiotic release measured using serial plate transfer test 

Zones of bacterial inhibition around the pellets on SPTT are shown in Fig 

11.3.3.1 , showing all pellets first (a), followed by effect of variation of drug 

level for CMC (b) and pluronic (c), and then comparison of carrier choice 

whilst keeping drug level constant (d , e, f). Statistical significance is indicated 

by a star on graphs b-f, with p values detailed in Table 11.3.3.1. Missing data 

for PUL and CMC/L on days 5 and 6 occurred due to inability to read plates 

on those two days due to unforeseen health and safety concerns related to 

weekend work. 
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Fig 11 .3.3.1 a: Zone of inhibition around antibiotic pellets on different days. 

Pellet composition is shown in Table 11 .1.1 . Error bars indicate Standard 

Deviation. 
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indicate Standard Deviation , and stars the day on which the different levels 

were statistically significant. 
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Serial Plate Transfer Testing 

DAY 
GROUP 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 
CMC/L 0.927 0.995 0.118 1.000 X X 0.011 0.095 < < < 0.003 0.047 0.744 0.207 0.203 0.678 0.124 0.186 1.000 0.997 
CMC/M 0.001 0.001 0.001 
CMC/L 0.007 < < 0.017 X X 0.002 0.996 < < < 0.004 0.008 0.849 0.289 0.400 0.908 1.000 0.001 1.000 0.993 
CMC/H 0.001 0.001 0.001 0.001 0.001 
CMC/M 0.034 < < 0.018 0.333 0.043 0.841 0.200 0.285 0.047 1.000 1.000 0.885 1.000 1.000 0.995 0.996 0.127 0.075 0.996 0.915 
CMC/H 0.001 0.001 
PUL 0.149 0.118 0.295 0.990 X X 0.049 < 0.978 0.035 0.993 0.995 0.985 0.989 0.995 0.181 0.092 0.905 0.999 0.052 0.060 
PUM 0.001 
PUL < < 0.002 0.995 X X 0.999 0.109 0.107 < < 0.017 < 0.147 0.009 0.095 0.023 0.167 < 0.998 < 
PUH 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
PUM 0.012 < 0.084 1.000 0.610 0.670 0.092 0.051 0.307 0.067 < 0.069 < 0.056 0.004 0.003 0.126 0.032 < 0.026 < 
PUH 0.001 0.001 0.001 0.001 0.001 
CMC/L 0.999 0.056 < 0.142 X X < 0.019 < 0.092 0.076 0.113 1.000 0.992 0.864 0.181 1.000 0.792 0.033 0.015 < 
PUL 0.0()'1 0.001 0.001 0.001 
CMC/M 0.718 < < 0.060 0.389 0.068 1.000 0.983 1.000 1.000 0.010 0.788 0.202 0.727 0.474 0.424 1.000 0.188 0.972 0.898 0.088 
PUM 0.001 0.001 
CMC/H 0.371 0.307 0.003 0.962 0.682 0.838 0.572 0.663 1.000 0.168 0.017 0.418 0.040 0.345 0.060 0.037 0.091 0.021 < 0.010 < 
PUH 0.001 0.001 
Table 11.3.3.1: Comparison of the effect of different pellet compositions on zones of bacterial inhibition measured with SPIT on 

different days. Table details p values obtained using Tukey Honestly Significant Difference post-hoc analysis, with statistically 

significant values shaded. 
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In addition to studying zones on individual days, the total sum of the zones 

obtained on all days by the different pellets was also compared (results 

detailed below). 

Effect of antibiotic loading 

Increasing antibiotic loading led to increased zones of inhibition; however, this 

was seen only during the first 13 days in the case of CMC pellets, although 

the effect was still evident at 21 days in the case of pluronic pellets. The total 

sum of zones obtained by CMC/L pellets (284.9 mm) was significantly lower 

than the sum of those seen in CMC/M (375.9 mm, p=0.001) and CMC/H 

pellets (424.0 mm, p<0.001), although CMC/M and CMC/H pellets did not 

differ significantly (p=0.061). PLIH pellet total zone (496.3mm) was 

significantly larger than the zones obtained by PUM (391.1 mm, p<0.001) and 

PUL (354.9mm, p<0.001), although PUL did not differ significantly from PUM 

(p=0.217) 

Effect of carrier gel 

Pluronic generally gave larger zones of inhibition than CMC, seen both in the 

early days but particularly in the later days of the experiment. The total sum of 

zones in the case of low and high antibiotic loading was higher with pluronic 

pellets than CMC (p=0.005 and 0.004, respectively), but the difference was 

not statistically significant in medium antibiotic concentrations (p=0.902). 
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11.3.4 Pellet weight and diameter 

To assess pellet swelling and water uptake during experiments, the pellet 

diameter was measured when performing SPTT, and the pellets weighed 

when changing the PBS solution for HPLC. Pellet weights and diameters are 

shown in Fig 11.3.4.1, showing all pellets first (a), followed by comparison of 

carrier choice whilst keeping drug level constant (b, c, d). Statistical 

significance is indicated by a star on graphs b-d. 

Pellets containing pluronic tended to swell less and gain less weight 

(indicating less water uptake) than those made with CMC. This was also 

obvious by observation as the pluronic pellets kept their shape better. 
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composition is shown in Table 11.1.1 . Error bars indicate Standard Deviation. 
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Although placement of the pellet on an agar plate for SPIT and the immersion 

of a pellet in PBS for HPLC represent different methodology, a degree of 

correlation between pellet diameter (obtained by the former) and pellet weight 

(obtained by the latter) may be expected to exist. Fig 11.3.4.2 shows the 

relationship between weight and diameter of pellets of identical composition 

on same day of the experiment, demonstrating that increasing weight is 

associated with increasing diameter, although the coefficient of determination 

is only 0.54 (values between 50 and 70 are considered to signify a moderate 

relationship ). 

Relationship between pellet weight and diameter 
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Fig 11 .3.4.2: Relationship between pellet weight (from HPLC experiments) 

and diameter (from SPIT) comparing pellets of identical composition on the 

same experiment day. 
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11.3.5 Biofilms on pellets 

Following 21 days of SPTT, the inactive pellets with no antibiotics were 

examined with SEM to see if biofilms were growing on them (Fig 11.3.5.1). 

The pellet surface was noted to be completely covered with a biofilm, which in 

many cases could also be seen without the aid of magnification. 

Fig 11.3.5.1 : Bacterial biofilms (S aureus F2315) on inactive pellets after 21 

days of SPTT (Jeol 6060LV variable pressure SEM). The surface is 

completely covered with bacteria. 
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11.3.6 Effectiveness of antibiotic pellets in the in vitro biofilm model 

Five day old biofilms of S aureus were used to test effectiveness of the 

antibiotic pellets against biofilms in the in vitro model described in Chapter 8. 

The biofilms were exposed to antibiotic pellets for 21 days, during which time 

TSB was changed every 2 days to remove any antibiotic already released by 

the pellets. At the end of the 21 days, the antibiotic pellets were removed and 

biofilms placed in fresh TSB to allow a 5 day period of "resuscitation" prior to 

sampling. 

Irrespective of the carrier gel used, the pellets made with low antibiotic 

concentrations failed to eradicate biofilms, but the pellets containing medium 

and high concentrations successfully eradicated biofilms in the in vitro model 

(Table 11 .3.3.2). No emergence of resistance was encountered. Inactive 

pellets without antibiotics had no anti-biofilm properties. 

PELLET BIOFILM ERADICATED? 

CMC/L No 

CMC/M Yes 

CMC/H Yes 

PUL No 

PUM Yes 

PUH Yes 

Table 11.3.3.2: Antibiotic pellets and biofilm eradication in the S aureus in 

vitro biofilm model. 
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11.4 DISCUSSION 

11.4.1 Summary of results 

Drug release from antibiotic pellets was assessed in two complementary 

ways: using High Performance Liquid Chromatography (following 

development of a new method that allowed simultaneous detection of 

rifampicin and clindamycin) and with Serial Plate Transfer Testing. HPLC 

showed that increasing clindamycin loading of the pellets led to greater 

antibiotic release, although this was confined to the early days, and pellets 

containing pluronic gave higher antibiotic levels in later days than those 

containing CMC. Increasing rifampicin loading also led to higher drug levels 

released on days 2 and 4, but the rifampicin levels detected with HPLC 

beyond day 4 were too low to allow meaningful interpretation. SPTI showed 

that addition of increased antibiotic concentrations led to greater zones of 

bacterial inhibition well into the second week in the case of CMC and right to 

the end of the three week experiment in the case of pluronic. Pellets made 

with pluronic also gave consistently larger inhibition zones than those made 

with CMC, and additionally they swelled less. The antibiotic pellets were also 

tested in the newly developed in vitro biofilm model, and the pellets containing 

the two higher antibiotic loading levels were found to be effective at 

eradicating biofilms. 

11.4.2 High performance liquid chromatography 

HPLC is a technique used for the separation of mixtures. The HPLC column 

consists of tightly packed particles (stationary phase), through which a high-
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pressure pump pushes the solution to be analysed mixed with a liquid mobile 

phase. Different molecules will be slowed down by their passage through the 

column by different amounts, thus allowing separation of different compounds 

by time, with each substance having a characteristic retention time for a given 

mobile and stationary phase. Once the substance has passed through the 

column, it is detected using an ultraviolet detector. 

We employed reverse-phase chromatography, which consists of a non-polar 

stationary phase; the term reverse-phase is historic, because older HPLC 

techniques employed a polar stationary phase, but reverse-phase 

chromatography is now the most widely used method. Reversed-phase 

chromatography operates on the principle of hydrophobic forces. Polar 

substances bind to the column less and have shorter retention times. Non

polar substances bind to the column more and have a longer retention time; 

however, as the mobile phase is made more hydrophobic, a point is reached 

where the analyte moves preferentially into the mobile phase and is eluted 

(this variation in mobile phase during the run itself is called gradient elution, 

as opposed to the isocratic method where the composition of mobile phase is 

kept constant). Thus the binding of the analyte to the non-polar particles in the 

column depends on the degree of polarity of the analyte, which is affected by 

the degree to which it is ionised, and this in turn depends on the pH of the 

mobile phase in relation to the properties of the analyte. 

The HPLC column used in our experiments is typical of columns used in many 

HPLC applications, as is the use of a mobile phase composed of methanol, 
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water and acetonitrile; however, in order to measure rifampicin and 

clindamycin release from the pellets used in this study a new HPLC method 

had to be developed. HPLC has been used to measure rifampicin (Koga 

1987) (Zhou, et al. 2010) and clindamycin (Koga 1987) (La Follette, et al. 

1988) before, but to the best of our knowledge this is the first time that the two 

antibiotics have been measured by HPLC simultaneously; of course, one 

could have measured them separately by processing each sample twice with 

HPLC using different methods, but this would require more time and 

resources, and may be difficult with small volume samples. 

The chromatograms do not give antibiotic concentration as the output but give 

the light absorption at the chosen wavelength. The area under the peak is 

related to antibiotic concentration; therefore, these two variables can be used 

to plot a standard line, so that peak area can then be used to calculate 

antibiotic level. It is important to ensure that the standard line is an accurate 

fit. as this ensures accuracy of subsequent calculations. The R2 coefficient of 

determination describes how well the two variables relate to each other, as it 

describes what proportion of variability in a data set is accounted for by the 

statistical model, with a value closest to 1 implying excellent relationship; in 

these experiments the R2 for clindamycin was 0.998 and for rifampicin 0.999, 

indicating excellent correlation. 

Both antibiotics can still be detected down to 2 J,Jg/mL with this method. In the 

case of rifampicin this equates to about 333 times the minimum inhibitory 

concentration of the test S aureus strain, and in the case of clindamycin to 20 
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times. The experiments focusing on biofilm eradication would be likely to 

require antibiotic levels in the region of 1000 to 10,000 x MIC (rifampicin 6 -

60 mg/L and clindamycin 100 - 1000 mg/L) based on our previous 

experiments (Chapter 9) and published data (Ceri, et al. 1999) (Donlan and 

Costerton 2002) (Nickel, et al. 1985) (Olson, et al. 2002) (Vorachit, et al. 

1993). Therefore, the detection limits of this HPLC method are acceptable 

when measuring antibiotic levels in the context of biofilm eradication. If one 

needed to detect lower levels then the samples could have been concentrated 

prior to analysis and the value then adjusted accordingly. 

Alternatives to HPLC (Catena, et al. 2009) include determination of antibiotic 

concentrations by spectrophotometry, but as the absorption spectra of the two 

antibiotics overlapped this technique would not be suitable. Mass 

spectrometry could be used although it introduces more complexity into the 

methodology. Microbiological or immune-based assays could have been 

developed as an alternative. 

11.4.3 Choice of modified-release device 

The application of novel drug delivery for the local treatment of infection has 

received much attention, particularly in relation to implantable materials and 

surface coating (Bayston, Ashraf and Bhundia 2004) (Bayston, Fisher and 

Weber 2009) (Furno, et al. 2004). Biodegradable polymers have been 

identified as a potential method for delivering antibiotics in a modified-release 

manner (Smith 2005), and in addition to surface coating or impregnation other 

strategies to release antibiotics into the surrounding milieu have also been 

325 



examined. For example, in the field of ocular drug delivery the duration of 

antibiotic release has been shown to be possible in excess of 4 weeks, 

although not necessarily at anti-biofilm concentrations (Anderson, et al. 2009) 

(Garty, et al. 2011). Another study of a matrix PLGA I penicillin formulation to 

deliver antibiotics to the pleural cavity achieved drug release for up to 30 

days; following the initial high amount of drug released, subsequent lower 

levels were still above the minimum inhibitory concentration of common 

organisms for 2 weeks in vivo and 4 weeks in vitro (Liu, et al. 2011). When 

treating biofilms it is important that sufficiently high antibiotic levels are 

reached, i.e. above minimum biofilm eradication concentration rather than just 

above the minimum inhibitory concentration of planktonic bacteria, otherwise 

the mutant selection window is entered and resistance may emerge. 

Within the middle ear, studies using modified drug delivery to eradicate middle 

ear infections have also been published. Goycoolea et al (Goycoolea and 

Muchow 1994) (M. Goycoolea, D. Muchow, et al. 1991) (M. Goycoolea, D. 

Muchow, et al. 1992) studied modified-release ampicillin from a poly-L-Iactic 

acid support in cat and chinchilla animal models, and found that the method 

was effective at eradicating infection without any ototoxicity. Whilst 

encouraging, this is not a true representation of human OME, as animal 

models were either acute infections or Eustachian tube obstructions and no 

true animal model of OME exists. In addition, the important link to biofilms and 

their eradication was also not explored. 
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Another ear study using pluronic F-127 to deliver vancomycin as a treatment 

of experimentally induced MRSA middle ear infection (Le, et al. 2004) is again 

encouraging but not a true representation of human OME. Antibiotic

impregnated ventilation tubes also been investigated with the intention of 

preventing colonisation or even releasing drugs (ciprofloxacin and usnic acid) 

into the middle ear effusion, but the antibiotic levels released appear to be low 

(Labib, et al. 2009). 

PLGA is one of the most commonly used biodegradable systems (Bossy, et 

al. 2008), with a long history of clinical use in sutures, implants, prosthetic 

devices, and drug delivery systems. PLGA is generally considered to be very 

safe (Anderson and Kim 1984), making it an ideal starting point for developing 

new treatments for OME. The different types of PLGA have different 

molecular weight, different ratios of lactic to glycolic acid, and can be made as 

differently-sized microparticles; all these characteristics affect the rate of 

degradation (Bossy, et al. 2008). For our purposes 56 kOa PLGA 50:50 with 

mean particle size 12 ~m was suitable as a starting point. 

The PLGA microparticles adhere to each other when heated (sintered) to form 

a porous matrix in the desired shape. The spaces in the matrix between 

PLGA microparticles are filled by a gel that contains the antibiotics. The 

modified-release properties of the device are thus conferred both by the gel 

containing the antibiotics and the PLGA matrix. The gel releases the 

antibiotics at a slow rate depending on water ingress and concentration 

gradients, whilst the PLGA matrix governs water ingress through the pores, 
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and PLGA degradation over time increases release of gel and drug from 

within the matrix. PLGA undergoes bulk erosion, so that at the end of its life 

the device simply disintegrates into small fragments; PLGA undergoes 

hydrolysis to lactic and glycolic acid, both of which are metabolised in man 

without adverse reaction. 

CMC and poloxamer are hydrogels with modified-release properties. 

Hydrogels have been widely studied for their modified-release properties 

(Anderson and Kim 1984) (Simoes, Figueiras and Veiga 2012). They are 

polymeric materials consisting of hydrophilic macromolecules cross-linked to 

form a three-dimensional network, and have the ability to imbibe large 

quantities of water without dissolving. Drug molecules can then be dispersed 

or dissolved within the hydrogel and its retained water, and are released 

through diffusion. 

CMC is a cellulose derivative with modified-release applications, and is widely 

used as a food viscosity modifier, is a component of many tooth pastes, and 

forms the outer gel lining of nasal packing or wound dressings (Lim, et al. 

2010). CMC is available in a range of viscosities, with the high viscosity CMC 

chosen in these studies known to lead to more prolonged drug release 

(Emeje, Kunle and Ofoefule 2006). Although generally considered safe 

(Dumond, et al. 2009) (Shen, et al. 2011), one animal study of its use as ear 

packing material suggested that it might affect hearing (Antonelli, Sampson 

and Lang 2010), but another found no concerns (Jang, et al. 2008). Although 

CMC can be degraded by cellulase this enzyme is not present in man, and 
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the gel (whether CMC or poloxamer) may therefore be dissipated down the 

Eustachian tube once the PLGA degrades. 

Poloxamers, also known by their trade name pluronics, are triblock co

polymers, consisting of a central hydrophobic polyoxypropylene chain flanked 

by two hydrophilic polyoxyethylene chains. Variation in the length of the 

polymer chain and exact percentage polyoxyethylene content lead to variation 

in the molecular weight, physical form, and drug release properties. In 

addition to being used in modified drug release (Chae, Mo and Oh 2010) 

(Manjunath, Venkateswarlu and Hussain 2011), poloxamers are also 

mucoadhesive (Dumortier, et al. 2006), and have thermo-reversible properties 

which means that they can be injected into the body as a liquid that turns into 

gel at body temperature (Wang, Dellamary, et al. 2009) (Wang, Dellamary, et 

al. 2011). Poloxamers are widely used in cosmetics and mouthwashes, and 

generally considered safe (Singh-Joy and McLain 2008), with animal 

experiments showing no ototoxicity and only temporary hearing impairment 

likely due to conductive loss caused by gel in the middle ear (H. Feng, et al. 

2007) (Feng, Sun and Jiang 2008) (Wang, Dellamary, et al. 2009) (Wang, 

Dellamary, et al. 2011). Poloxamers are not biodegradable but are rapidly 

excreted in the urine following systemic administration (Singh-Joy and McLain 

2008), and the gel released from the pellet my be absorbed or dissipated 

down the Eustachian tube once the PLGA device degrades. 
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11.4.4 Antibiotic release 

The type of a modified-release delivery device studied in this research, a 

matrix system with drug dispersed throughout the polymer matrix and gel, has 

several advantages over other types as discussed in Chapter 10 (Anderson 

and Kim 1984), most notably the ease with which drug delivery rate, dosing, 

lifetime of the device, and its size I shape can be adjusted. However, a 

disadvantage is the difficulty of achieving drug release at a constant level, 

with the typical release profile being of a burst followed by gradually reducing 

levels (Anderson and Kim 1984). Hydrogels may also have a relatively rapid 

drug release profile, and have limited capacity to hold hydrophobic drugs 

(Simoes, Figueiras and Veiga 2012). 

The pellets studied here are typical of a matrix device, as increasing drug 

loading of the pellets increased the amount of drug released, and the release 

profile is one of an initial burst followed by release at much lower levels. SPIT 

and HPLC give complementary information about drug release, with the 

former assessing both antibiotics together with the pellet sitting on a moist 

agar plate, and the latter measuring levels of antibiotics separately with the 

pellet immersed in saline. In terms of antibiotics diffusing out of the pellet, 

having the pellet sitting on a moist agar plate is more likely to be 

representative of the middle ear conditions following VT insertion. Having the 

pellet fully immersed in PBS (changed every 2 days) for HPLC experiments is 

likely to represent extreme conditions designed to provide maximum diffusion 

gradient and pellet wetting. In fact, PBS is known to have a stronger effect on 

physical and mechanical properties of PLGA scaffolds than water or tissue 
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culture medium (Perron, et al. 2009), and the drug release profile in PBS is 

different than in vivo, with PBS leading to a greater burst release (Liu, et al. 

2011). Other characteristics of the surrounding milieu, such as pH and 

temperature, also influence drug release (Faisanta, et al. 2006). 

SPTT experiments showed a much less steep fall in the amount of drug 

release (using zones of bacterial inhibition) than HPLC, with continued drug 

release for 3 weeks. However, HPLC showed that only clindamycin was being 

released at measurable levels beyond day 4, and because SPTT assesses 

both antibiotics together no information can be drawn about clindamycin I 

rifampicin differentials on SPTT. Although the lower rifampicin levels released 

may relate to lower rifampicin loading into the device (chosen to reflect 

differential susceptibility of test organism to the two antibiotics), this may also 

be due to poorer rifampicin water-solubility: the hydrogel imbibes a large 

quantity of water containing the drug, so if a drug is more hydrophobic the 

quantity of the drug that can be incorporated into the hydrogel is limited, and 

drug release tends to be fast (Simoes, Figueiras and Veiga 2012). 

The downside of achieving therapeutic concentrations for only one antibiotic is 

that emergence of resistance is more likely than when multiple antibiotics are 

used (D'Agata, et al. 2008) (Olofsson and Cars 2007). The actual antibiotic 

concentrations released are also important, because levels below minimum 

biofilm eradication concentration would favour emergence of resistant strains 

without eradicating the biofilm itself, or they may promote biofilm formation 

(Kaplan, Antibiotic-induced biofilm formation 2011). Assuming that the 
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minimum biofilm eradication concentration level is 1000 times higher than 

minimum inhibitory concentration of planktonic bacteria, then the pellets 

studied here can achieve those levels only on Day 2 as tested by HPLC, but 

not on subsequent days. Given that pellets without antibiotics were noted to 

have biofilms growing on their surface, the pellet might actually act as a focus 

of infection and biofilm attachment itself, particularly if antibiotic levels were 

low (Campoccia, et al. 2010). 

The pellets that were sintered for a shorter time, or contained medium 

viscosity CMC, or a ratio of PLGA to carrier gel of 1 :0.6 instead of 1 :0.8, were 

not as well formed as the pellets made with high viscosity CMC and sintered 

for 16 hours, and were noted to disintegrate early. Although the amount of 

drug released may be increased, this occurs at the expense of earlier pellet 

degradation, and is therefore not suitable if one requires the pellet to remain 

intact for approximately 3 weeks to prevent smaller disintegrating particles 

moving down the Eustachian tube. Of course, a variety of different 

permutations of carrier gel type, concentration, and processing variation exist, 

although these have not been investigated further here. 

Overall, the results indicate that the 20% pluronic F127 gel used in these 

experiments would be a better choice than 2% high viscosity CMC, as drug is 

released in larger quantities for a longer time period. If antibiotic loading is 

kept constant, pellets made with pluronic achieved higher clindamycin release 

on days 18 and 20 as measured by HPLC. Due to low rifampicin levels 

measured by HPLC beyond day 4 no comment can be made to compare 
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pluronic with CMC. Pluronic pellets consistently gave higher zones of 

inhibition than CMC pellets when examined with SPTI. The pluronic pellets 

also swell less, an important factor when placing a pellet into the constrained 

middle ear space. 

The phenomenon of system saturation (Adams, et al. 2009) is also well seen 

when clindamycin is measured with HPLC. Above a certain drug level the 

modified release system cannot hold any more drug, and any drug above this 

saturation point is simply released straight away. This is seen as a higher 

percentage of drug being released in the first few days from those pellets with 

high loading, and the achievement of higher antibiotic levels. However, no real 

difference in antibiotic levels achieved beyond the first few days occurs when 

pellets with high loading are compared with those with lower antibiotic loading. 

11.4.5 Biofilm eradication 

The drug levels released from the antibiotic pellets as measured by HPLC 

would not be expected to eradicate biofilms, based on the high antibiotic 

levels required (Chapter 9) (Ceri, et al. 1999) (Donlan and Costerton 2002) 

(Nickel, et al. 1985) (Olson, et al. 2002) (Vorachit, et al. 1993). Although the 

pellets were effective against bacteria on SPTI, this tests inhibitory activity 

against bacteria in colonies grown on an agar plate, which resemble 

planktonic bacteria and not biofilms (Mikkelsen, et al. 2007). However, despite 

concerns that antibiotic levels may be lower than minimum biofilm eradication 

concentration beyond day 2, and that only one antibiotic rather than two may 

be released, the pellets containing the two higher antibiotic levels investigated 
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nevertheless managed to eradicate S aureus biofilm grown in an in vitro 

model. The lowest concentration studied did not achieve this, but no 

emergence of resistance was encountered. 

Clearly the high initial burst of antibiotics, a useful anti-biofilm strategy, was 

sufficient for biofilm eradication despite lower antibiotic levels on subsequent 

days. This apparent discrepancy with results presented in Chapter 9 may be 

explained by the fact that antibiotic concentration was kept constant in 

Chapter 9, but varied in the case of release from pellets. It is possible that a 

high initial concentration, followed by a lower level is adequate for biofilm 

eradication, indeed the experiments using pellets to eradicate biofilms 

suggests this is so. The experiments in Chapter 9 thus do not exactly replicate 

conditions when pellets are used, but the success of pellets is encouraging 

because eradication could be achieved even in the absence of zero order 

kinetics. A published study of modified release levofloxacin against E coli 

biofilms also showed that a formulation that gave high burst release but 

subsequent lower levels was more effective than an alternative that had a 

lesser burst but higher antibiotic levels beyond day 1 (Cheow, Chang and 

Hadinoto 2010). 

The effectiveness of the pellet in the in vitro model also supports the idea of 

local drug delivery as a means of optimising the therapeutic window: 

achieving at the site of infection antibiotic levels much higher than could be 

obtained with systemic administration, whilst minimising any systemic toxicity. 
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11.4.6 Further investigations 

Although promising, the formulation that we have investigated to date has a 

number of shortcomings. Although antibiotics can be released for up to 3 

weeks, the actual levels obtained beyond the first few days are low, and only 

clindamycin, not rifampicin, is released at any significant level after day 4. 

Whilst preliminary work is encouraging, further research is needed to ensure 

the desired objective of releasing all antibiotics for a period of several weeks, 

before the pellets would be suitable for clinical use. 

Additionally, the formulation has so far been tested only against S aureus, but 

patient use would require demonstration of its effectiveness against other 

bacteria (for example Streptococcus pneumoniae, Haemophilus influenza, 

Moraxella catarrhalis), with incorporation of additional antibiotics, for example 

amoxicillin; macrolides may also be beneficial as they have biofilm-inhibiting, 

immunomodulating and inflammation-resolving activity (Perletti, et al. 2011). It 

would also be useful to explore diffusion of antibiotics through the middle ear 

effusion. The experiments undertaken to date were performed in vitro, but 

future in vivo testing may also be appropriate, both in terms of toxicity and 

efficacy; although there is no exact animal model of OME, the existing 

approximations may nevertheless be of value in research on antibiotic pellets 

for OME biofilms (Hardisty-Hughes, et al. 2006) (Parkinson, et al. 2006). 

Given that the antibiotic levels required for biofilm eradication are high in 

relation to the size of the antibiotic pellet that can fit into the small middle ear 

space, any strategy that would minimise antibiotic levels required for biofilm 
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eradication would be welcome. Therefore, future work would also examine the 

addition of N-acetyl cysteine (NAC) to antibiotics as a means of reducing the 

amount of antibiotic required to eradicate biofilms. NAC is a mucolytic with 

established anti-biofilm properties and an excellent safety profile (Aslam et al 

2007) (Aslam, Trautner, et al. 2007) (Olofsson and Cars 2007). It is thought 

to decrease biofilm formation by reducing the production of extracellular 

polysaccharide matrix (Ovesen, et al. 2000) while promoting the disruption of 

mature biofilm. Several groups, including ours (AI-Zahid, et al. 2011), have 

shown that NAC has a synergistic effect when used with antibiotics. NAC has 

also been used as an adjunct to grommet insertion by being applied directly to 

the middle ear at the time of grommet insertion (Ovesen, et al. 2000); it has 

been shown to reduce, but not eliminate, the need for repeat surgery. If NAC 

alone cannot lower the antibiotic levels required for biofilm eradication 

sufficiently to allow our antibiotic strategy to work, alternatives such as the use 

of DNase (Kaplan, et al. 2012) to potentiate antibiotic action could be 

explored, as may quorum sensing inhibitors. 

A number of ways of prolonging release from monolithic devices are available 

(Anderson and Kim 1984), as discussed in Chapter 10, including redUCing 

ingress of water for example with the addition of an impervious surface 

barrier. Additionally, rather than using a monolithic device, an alternative 

modified-release technology such as encapsulation could be utilised (Joung, 

et al. 2007); the size of PLGA spheres and their molecular weight can be 

manipulated to achieve the desired release profile, with smaller spheres 

releasing drugs more quickly largely due to their relatively greater surface 
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area (Li and Jasti 2006), and lower molecular weight PLGA results in more 

porous formulation and therefore faster drug release. Chitosan has also been 

identified as a natural cationic polymer that strongly binds anionic antibiotics 

(such as rifampicin) and with drug release potentially exceeding 30 days (Cao 

and Sun 2009) (Stinner, et al. 2010). 

Drugs delivered to a mucosal surface should ideally adhere to the mucosa, as 

increased contact time will improve drug delivery (Li and Jasti 2006). The 

mucus coats many epithelial surfaces, is released from mucus-secreting 

glands and goblet cells, and serves as a lubricant or a protection barrier 

(Serra, Domenech and Peppas 2009). The typical turnover time is in the 

region of 6 hours. Although mucus consists mainly of water, the presence of 

mucins (glycoproteins consisting of a protein core with branched 

oligosaccharide chains) gives mucus its characteristic gel-like property. Muco

adhesion, the attachment of polymers to a mucosal surface, is not well 

understood (Serra, Domenech and Peppas 2009), but is thought to involve 

wetting and swelling of polymer to allow close contact with human tissue, 

interdigitation and entanglement of polymer and mucin chains, and formation 

of weak chemical bonds. However, muco-adhesive techniques achieve a stay 

time usually in the region of several hours (Tao, et al. 2009), and are thus not 

applicable to the design of a device for middle ear that is required for several 

weeks. Rather, the middle ear implant will rely on its size for its stay time, 

although muco-adhesion could nevertheless be a useful characteristic. 
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A further future refinement could include stimulus-responsive drug delivery 

that could release antibiotics in response to the presence of an active 

infection. Stimulus-responsive drug delivery represents a further advance in 

modified drug delivery (Saltzman 2001) (Uchegbu and Schatzlein 2006). 

These devices release drug in response to a predetermined stimulus, such as 

a change in temperature, pH, ionic strength, or other external stimuli e.g. light, 

electric current or magnets or ultrasound (Bajpai, et al. 2010) (Morishita and 

Park 2010). Thermo sensitive and pH-sensitive systems represent a fine 

balance between hydrophobic and hydrophilic structure, where a small 

change in the environment tips the balance from one state to the other, 

resulting in drug release (Bajpai, et al. 2010). 

11.4.7 Clinical applications 

Whilst further developments are required, a novel strategy based on modified

release antibiotic pellets for the treatment of OME biofilms may help improve 

care of patients in the future. The pellet could be inserted into the middle ear 

at the time of VT insertion with the aim of reducing the need for revision 

surgery. Alternatively, the pellet may be useful on its own, inserted in 

combination with just a myringotomy (or perhaps using a thermo-sensitive 

injectable formulation rather than a pellet), thus avoiding VT insertion and 

their potential complications (including those related to water exposure) 

altogether. As the project uses existing antibiotics and modified-release 

techniques for a new application, better treatment of glue ear could be 

developed at very little cost, and the common nature of OME means that 

many children could benefit within 5-10 years following this research. 
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11.5 EFFECTIVENESS OF ANTIBIOTIC PELLETS: CONCLUSION 

The understanding that biofilms play a key role in the aetiopathogenesis of 

OME opens the possibility of better treatments, particularly aimed at reducing 

the high need for repeat VT insertion. The modified-release antibiotic pellets 

studied here can release antibiotics for up to 3 weeks, and can eradicate 

biofilms in an in vitro model. Although further developments are necessary, 

the results indicate that such a strategy could, in principle, be a useful new 

treatment against OME biofilms. 
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12 SUMMARY 

OTITIS MEDIA WITH EFFUSION: CURRENT TREATMENT, NEW 

UNDERSTANDING OF ITS AETIOPATHOGENESIS, AND A 

NOVEL THERAPEUTIC APPROACH 

Otitis media with effusion is the commonest cause of hearing loss in 

childhood. and its treatment with ventilation tubes one of the commonest 

indications for surgery. Despite the ubiquitous nature of OME. many questions 

surround its aetiology and treatment, whilst better therapies are clearly 

required as many children will require surgery more than once. 

The clinical part of this thesis analysed children enrolled in a clinical trial of 

VTs versus VTs plus adenoidectomy as a treatment for OME, with a minimum 

follow up period of 7.5 years from randomisation. Of the children randomised 

to VTs, 63.6% required VTs again, and even with additional adenoidectomy 

the need for repeat surgery remains high. Hence, ventilation tubes have clear 

deficiencies. The guidelines setting out how the current treatment should be 

applied are also not followed, as only 32.2% of children have surgery in 

accordance with the criteria set out in NICE guidelines, although the 

proportion meeting guidelines' criteria is increased to 87.0% if children with 

exceptional circumstances are included. 

Better treatment is therefore clearly required, but the first step towards this is a 

clear understanding of OME aetiopathogenesis. Much controversy has 
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surrounded the role of bacteria and biofilms in OME, but this thesis has shown 

that live bacteria can be demonstrated in 91.9% of middle ear effusions (using 

culture and confocal microscopy); further, biofilms were identified in 49% of 

those effusions that contained live bacteria on confocal microscopy. Others 

have also shown demonstrated biofilms in OME, and many of the clinical 

characteristics of OME are typical of biofilm infections. 

Understanding that bacteria and biofilms are important in OME aetiology 

opens up potential avenues for better treatments directed against biofilms, 

with the aim of improving the care of children with OME, particularly the high 

rate of repeat surgery. To investigate high-dose antibiotics as a treatment for 

OME, a Staphylococcus aureus biofilm model was developed, and used to 

show that biofilm eradication requires antibiotic (rifampicin and clindamycin) 

levels 1,000 times higher that those required to inhibit planktonic bacteria, 

over a period of 2-3 weeks. Such high levels may be difficult to achieve in the 

middle ear, at least without systemic effects, and a local delivery strategy 

using biodegradable modified-release antibiotic pellets (PLGA, CMC or 

pluronic, rifampicin and clindamycin) was proposed. Drug release from these 

pellets was investigated with High Performance Liquid Chromatography and 

Serial Plate Transfer Testing, which demonstrated that antibiotics can be 

released for up to 3 weeks. Importantly, the pellets were able to eradicate 

biofilms in the in vitro model. 
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Hence, this thesis has shown that current OME treatment has significant 

disadvantages, but better understanding of OME pathogenesis raises the 

possibility of rational new therapeutic strategies. 

Although the findings are encouraging, much further research is needed 

before this can be translated into patient benefit. Drug release requires further 

optimisation, and the use of additional antibiotics to achieve effectiveness 

against other bacteria is essential before a clinical trial can be planned. 

To conclude, current OME treatment has significant shortcomings, but better 

understanding of OME aetiopathogenesis opens up the possibility of novel 

therapeutic strategies. Biodegradable antibiotic pellets designed to eradicate 

OME biofilms may be a new, better treatment that could greatly improve the 

care of children with OME in the future. 
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