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Abstract

 Introduction

Postoperative endophthalmitis is one of the most serious 
complications of intraocular lens (IOL) implantation after 
cataract surgery.1 Various studies have reported postoperative 
endophthalmitis after cataract surgery at rates of 0.02% to 
0.2%.2,3,4,5,6 Staphylococcus epidermidis is a coagulase-negative 
staphylococcus (CNS) and is one of the bacteria frequently isolated 
in postoperative endophthalmitis. CNS are a normal part of the 
flora of the eye and surrounding tissues.7,8 Surgical instruments 
or contaminated IOLs may introduce these microorganisms into 
the eye during surgery.9,10 Biofilms formed by bacteria have also 
been documented on ocular materials such as contact lenses, IOLs, 

glaucoma tubes, and corneal sutures.11,12 Previous studies have 
reported that S. epidermidis produces biofilms on IOLs.9,13,14,15 The 
formation of biofilms by S. epidermidis is dependent on microbial 
and environmental factors. The main microbial factor is whether 
the bacteria possess an icaADBC gene locus. Polysaccharide 
intercellular adhesin (PIA) is responsible for biofilm production 
in S. epidermidis.16 The ica operon synthesizes poly-N-acetyl-
beta-1-6-glucosamine, which enables the formation of PIA. 
The ica genes allow S. epidermidis to synthesize a polysaccharide 
substance called the ß-1-6-glycosaminoglycan chain. Of the 
ica genes, icaA and icaD are more important in S. epidermidis 
biofilm production, allowing synthesis of sugar oligomers 
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Objectives: To compare biofilm formations of two Staphylococcus epidermidis (S. epidermidis) isolates with known biofilm formation 
capacities on four different intraocular lenses (IOL) that have not been studied before.
Materials and Methods: Two isolates obtained from ocular surfaces and identified in previous studies and stored at -86 °C in 15% 
glycerol in the microbiology laboratory of the Anadolu University Department of Biology were purified and used in the study. The isolates 
were S. epidermidis KA 15.8 (ICA+), a known biofilm producer isolate positive for icaA, icaD and bap genes, and S. epidermidis KA 14.5 (ICA-), 
known as a non-biofilm producer isolate negative for icaA, icaD and bap genes. The biofilm formation capacities of the 2 isolates on 4 different 
IOLs were compared. Two of the IOLs were acrylic (UD613 [IOL A], Turkey; SA60AT [IOL B], USA), and the other two were polymethyl 
methacrylate (PMMA) (B60130C [IOL C], India; B55125C [IOL D], India). Bacterial enumeration and optical density measurements were 
done from biofilms that formed on the IOLs. Biofilms were imaged using scanning electron microscopy. 
Results: Mean bacterial counts on the IOLs were 7.1±0.4 log10 CFU/mL with the ICA+ isolate, and 6.7±0.8 log10 CFU/mL with the 
ICA- isolate; there were no statistically significant differences. Biofilm formation was lower with acrylic lenses than PMMA lenses with 
both isolates (p=0.009 and p=0.013). The highest biofilm production was obtained on IOL C (PMMA) (p<0.001) and the lowest was 
obtained on IOL A (hydrophilic acrylic) (p<0.001).
Conclusion: Bacterial counts after biofilm formation were lower on acrylic lenses, especially hydrophilic acrylic with hydrophobic 
properties. Further animal and in vivo studies are required to support the findings of this study.
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using UDP-N-acetylglucosamine as a substrate. This is how 
the biofilm begins to form (Figure 1).10 Biofilm formation is a 
complex process, and environmental factors are also important. 
The condition and chemical structure of the biomaterial surface, 
as well as properties such as hydrophilicity or hydrophobicity 
also play a key role.13 In this study, we investigated the biofilm 
production characteristics of two clinical S. epidermidis strains, 
one positive and one negative for the biofilm-producing icaA 
and icaD genes, on two acrylic and two polymethyl methacrylate 
(PMMA) IOLs that have not been previously compared.

Materials and Methods

Bacteria
S. epidermidis cultures isolated from the ocular surface and 

purified in previous studies were stored at -86 oC in 15% glycerol. 
S. epidermidis KA 15.8 (ICA+: icaA, icaD, and bap (biofilm-
associated protein) gene positive, high biofilm producing) and 
S. epidermidis KA 14.5 (ICA-: icaA, icaD, and bap gene negative) 

isolates were obtained from the Microbiology Laboratory of the 
Anadolu University Faculty of Sciences, Biology Department. 
The cultures were revived and their purity and viability checked 
before being used in the study.

Intraocular Lenses
Four different IOLs were used. Two were foldable acrylic 

lenses: Acriva UD613 VSY, Turkey (IOL A) and AcrySof 
SA60AT, Alcon, USA (IOL B). The other two were PMMA: 
B60130C, Biotech, India (IOL C) and B55125C, Biotech, India 
(IOL D). IOL A is a hydrophilic acrylic lens with hydrophobic 
properties and 25% water content. IOL B is a hydrophobic 
acrylic lens with ≤2% water content. IOL C is a hydrophobic 
PMMA lens with ≤1% water content and two positioning holes. 
IOL D is a hydrophobic PMMA lens with ≤1% water content 
but without the positioning holes found in IOL C. The features 
of the lenses used in this study are shown in Table 1. 

Identification of Biofilms on the Intraocular Lenses
S. epidermidis was cultivated in Tryptic Soy Broth (TSB) 

containing 0.25% glucose for 24 hours at 37 oC. The IOLs were 
placed in 12-well polystyrene microplates (Griener, Turkey) 
with one IOL per well. The S. epidermidis cultures were diluted 
1:40 with TSB containing 0.25% glucose, then 1 mL aliquots of 
the diluted cultures were applied to the IOLs in the plates. All 
plates were incubated at 37 oC for 24 hours. One group of IOLs 
was incubated in bacteria-free medium. After the incubation 
period, the presence of biofilm on the IOLs was assessed by 
spectrophotometry. Before measurement, IOLs were removed 
from the medium and washed 3 times with phosphate-buffered 
saline (PBS) and placed in a sterile plate. After drying, the IOLs 
were stained in 1% crystal violet for 15 minutes, then washed 
again with PBS. Finally, 200 μL of ethanol/acetone (80:20 vol/
vol) solution was added to the IOLs to release the cells. These 
solutions were transferred to a multi-well plate and the optical 
density (OD) at 620 nm was read using a microplate reader.17

Biofilm production in the polystyrene wells was used as a 
control group. In each group, five trials were done in parallel.

Enumeration of Intraocular Lens-Adherent Bacteria
IOLs cultivated as described above were washed with PBS, 

then each IOL was transferred to a 1.5 mL microtube containing 
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Figure 1. Schematic of biofilm formation on the intraocular lens surface

Table 1. Properties of the intraocular lenses used in the study

IOL A IOL B IOL C IOL D

 
Material

Hydrophilic Hydrophobic Hydrophobic Hydrophobic

Acrylic Acrylic PMMA PMMA

Water content 25% ≤2% ≤1% ≤1%

A constant 118.0 118.4 118.2 118.0

Haptic size 13 13 13 12.5

Optic size 6 6 6 5.5

Haptic angle 0 0 10° 5°

Other features Monoblock, 
Hydrophobic properties

Monoblock Monoblock, 
two positioning holes in the 
surface

Monoblock,
No positioning holes

IOL: Intraocular lens, PMMA: Polymethyl methacrylate
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1.0 mm glass beads and 1 mL PBS was added. The tubes were 
vortexed for 1.5 minutes at 2500 rpm in order to separate the 
cells from the biofilm matrix. Dilutions were prepared and 
bacterial enumeration was done by drop plate method. All 
studies were done in five parallel trials. 

Scanning Electron Microscope (SEM) Analysis
Bacterial adhesion was examined by SEM as described by 

Okajima et al.13 with some modifications. S. epidermidis isolates 
were incubated in TSB containing 0.25% glucose for 24 hours 
at 37 oC. After incubation, the IOLs were carefully washed 
3 times with PBS. The IOLs were fixed for 2 hours in room 
temperature 0.1 M phosphate buffered (pH 7.4) 2.5% (wt/vol) 
glutaraldehyde, then washed 3 times in 0.5 M sodium cacodylate 
for 15 minutes. After this process, the lenses were rinsed in 
distilled water and dehydrated using an ethanol series (50%, 
70%, 80%, and 95%). After incubating at each concentration 
in the series for 7 minutes, the lenses were incubated in pure 
ethanol for 15 minutes. Immediately following the ethanol 
series, the drying procedure was performed in the Critical Point 
Dryer. The IOLs were then coated with gold and analyzed using 
SEM. 

Statistical Analysis
Statistical Package for the Social Sciences version 22.0 (IBM 

Corp., USA) software was used for all statistical analyses. T-test 
was used to compare bacterial counts and values obtained from 
the two strains with acrylic and PMMA lenses; Mann-Whitney 
U test was used for all other comparisons within each lens type. 
P values less than 0.05 were considered significant.

Results
We investigated the biofilm formation of one biofilm-

producing and one non-biofilm-producing strain of S. epidermidis 
on acrylic and PMMA lenses. Biofilm evaluation by crystal 
violet staining and spectrophotometry revealed that both isolates 
formed biofilms to varying degrees on the IOLs (Figure 2). The 
known biofilm-producing ICA+ strain had a mean bacterial 
count of 7.1±0.4 log10 CFU/mL and mean OD value of 1.6±0.8 
across all lens types. These values were 6.7±0.8 log10 CFU/mL 
and 1.5±0.3 for the ICA- strain. Although the values of the 
ICA+ strain were higher, the difference was not statistically 
significant. Bacterial count correlated with OD (p<0.001, 
r=0.720).

Although in theory the ICA- S. epidermidis strain is considered 
a non-biofilm-producer, we found that this strain also formed 

biofilms on the lenses. A comparison of the biofilm production 
characteristics of the ICA+ and ICA- strains on the lenses (acrylic 
and PMMA) is shown in Table 2. The ICA+ strain produced 
higher bacterial counts than ICA- strain on acrylic lenses, though 
the difference was not statistically significant. On PMMA 
lenses, both strains yielded similar results (Table 2). Statistical 
comparison of acrylic and PMMA lenses showed that there was 
less biofilm production on acrylic lenses compared to PMMA 
lenses in both strains (p=0.009 and p=0.013). 

The highest biofilm production from both strains was seen 
in IOL C, one of the PMMA lenses. The least biofilm production 
occurred on IOL A, one of the acrylic lenses. Except for IOL A, 
bacterial counts were similar in the biofilms produced by both 
strains. The bacterial count on IOL A was significantly lower 
than on IOLs B, C, and D (p<0.001, p<0.001, and p=0.006, 
respectively). On IOL A, the bacterial count in the biofilm 
produced by the ICA- strain was significantly lower than that of 
the ICA+ strain (p=0.003). The bacterial counts and OD values 
of the biofilms formed on the IOLs by the ICA+ and ICA- strains 
are shown in Table 3. 

Enumeration of bacterial colonies revealed high counts 
for both strains on all the lenses (Figure 3). Bacterial counts 
on acrylic lenses were lower compared with the other IOLs. 
Bacterial adhesion was observed via electron microscopy (Figure 
4). In the SEM images of the biofilms produced by ICA+ S. 
epidermidis, a multi-layer structure was evident with all of the 
lenses. In contrast, in images from the ICA- strain, this multi-
layer structure did not appear on acrylic IOLs, but was evident 
on PMMA IOLs.

Table 2. Bacterial counts and optical density values for both isolates on the acrylic and polymethyl methacrylate
lenses

Acrylic PMMA Acrylic PMMA

Bacteria (log10 CFU/mL) Bacteria (log10 CFU/mL) p value OD (620 nm) OD (620 nm) p value

ICA+ isolate 6.9±0.3 7.3±0.3 0.013 1.4±0.1 1.8±0.2 0.003

ICA- isolate 6.3±0.9 7.2±0.3 0.009 1.2±0.2 1.8±0.3 0.001

0.247 0.315 0.279 0.878

OD: Optical density, PMMA: Polymethyl methacrylate

Figure 2. Crystal violet staining of the biofilms produced by S. epidermidis KA 
15.8 (biofilm producer) and S. epidermidis KA 14.5 (non-biofilm producer) isolates 
on the different intraocular lenses
IOL: Intraocular lens, OD: Optical density
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Discussion

Biofilm formation enhances the virulence of bacteria 
and is a feature that confers resistance against antimicrobial 
agents.12,18,19,20 Biofilm production first began to draw the 
attention of the ophthalmology community at the beginning of 
the 21st century and has steadily continued to gain importance. 
It was first documented in ophthalmology in 2003 by Kodjikian 
et al.,21 who obtained SEM images of S. epidermidis forming a 
biofilm on silicone IOLs with PMMA haptics and reported that 
strains carrying the ica locus produce biofilms more readily. The 
same authors reported in subsequent studies that bacteria type, 
incubation time, and IOL design influenced bacterial adhesion, 
but determined that the most important factor was lens 
material, and especially its hydrophobicity or hydrophilicity.14 
In the current study, we also investigated the biofilm-forming 
properties of both icaA-positive and icaA-negative clinical 
isolates on PMMA and acrylic lenses.

In our study, both the strains with and the strains without 
icaA, icaD, and bap genes formed biofilms in both lens groups. 
We observed from the SEM images and during bacterial 
enumeration that the biofilm was formed in multiple layers. The 
two strains yielded similar results in both spectrophotometry 
and bacterial enumeration. Biofilm production in the strain 

negative for icaA, icaD, and bap genes may be attributable to 
the influence of virulence factors other than those gene loci in 
biofilm formation. Prasad et al.22 also reported that both icaA-
positive and icaA-negative strains formed biofilms on PMMA 
lenses, which they confirmed through bacterial enumeration. In a 
similar study comparing biofilm-producing and non-producing 

Table 3. Comparison of bacterial counts and optical density values of the biofilms produced by both isolates on the 4 different 
intraocular lenses

ICA+ ICA- ICA+ ICA-

Bacterial count (log10 CFU/ml) (mean±SD) p value OD values (620 nm) (mean±SD) p value

IOL Aa 6.6±0.28 5.5±0.47 0.003 1.3±0.16 1.1±0.20 0.202

IOL Bb 7.1±0.04 7.1±0.07 0.660 1.4±0.09 1.4±0.10 0.513

IOL Cc 7.6±0.01 7.5±0.12 0.092 2.0±0.04 2.0±0.01 0.737

IOL Dd 7.0±0.01 6.9±0.06 0.160 1.5±0.03 1.5±0.02 0.787

Pa-b

Pa-c

Pa-d

Pb-c

Pb-d

Pc-d

<0.001
<0.001
0.006
0.001
0.302
<0.001

<0.001
<0.001
<0.001
0.128
0.605
0.012

0.605
<0.001
0.062
<0.001
0.368
<0.001

0.075
<0.001
0.002
<0.001
0.246
<0.001

IOL: Intraocular lens, OD: Optical density, SD: Standard deviation, a: IOL A, b: IOL B, c: IOL C, d: IOL D

Figure 3. Bacterial counts in the biofilms produced on the intraocular lenses
IOL: Intraocular lens

Figure 4. Scanning electron microscope images of the biofilms produced by S. 
epidermidis KA 15.8 (biofilm producer) and S. epidermidis KA 14.5 (non-biofilm 
producer) isolates on the different intraocular lenses
IOL: Intraocular lens
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S. epidermidis strains, Okajima et al.13 found that both formed 
biofilms intensely on acrylic lenses.

In our comparison of acrylic and PMMA lenses, we detected 
significantly more bacteria from both strains on the PMMA 
lenses. The many studies conducted on this topic have conflicting 
results. Okajima et al.13 reported the least S. epidermidis biofilm 
formation on silicone lenses and the most on acrylic lenses, 
although there was no statistical difference between acrylic and 
PMMA lenses. Schroeder et al.23 observed no differences between 
acrylic, silicone, and PMMA lenses. Baillif et al.24 found that 
bacterial growth over time was less on hydrophilic acrylic lenses 
compared to PMMA, hydrophobic acrylic, and silicone lenses. In 
contrast to these studies, Fazly Bazzaz et al.25 observed less biofilm 
formation on PMMA lenses compared to hydrophilic acrylic 
lenses. Many authors have suggested that biofilm production 
may be as dependent on microorganismal characteristics as it 
is on factors like lens material and surface properties.10,14 The 
different results obtained in the abovementioned studies may 
stem from variations in these characteristics. Those studies were 
all conducted using IOLs with different properties, not with a 
standard IOL. Furthermore, the characteristics of the isolated 
microorganisms also differed. Therefore, we believe comparing 
the results of these studies may lead to inaccurate conclusions. 
In the present study, we used two different acrylic lenses from 
different brands and two PMMA lenses with different properties 
from the same brand. One of the interesting results of our study 
is that the lowest bacterial colonization occurred on IOL A. This 
hydrophilic lens had the highest water content (25%) of all the 
lenses used in our study and is claimed to show hydrophobic 
surface behavior due to the lens’ unique composition. We also 
found a difference in bacterial count between the two different 
PMMA lenses of the same brand (IOL C and IOL D). IOL C has 
a larger surface area compared to IOL D because of its lens size, 
and it also has two positioning holes. We believe that these two 
factors make it easier for bacteria to colonize IOL C.

In cataract surgery, the IOL may become contaminated with 
bacteria before, during, or after implantation.23,26,27 The use of 
cartridges in IOL placement and even the introduction of ready, 
pre-loaded IOL cartridges have greatly reduced the probability 
of contamination before and during implantation.28 However, 
recent studies have reported that bacteria can be found on the 
ocular surface and the intraocular space due to influx at the 
end of cataract surgery performed using phacoemulsification 
in sterile conditions.26,29 It has been demonstrated that coating 
lenses with the inflammatory mediator fibronectin, which is 
activated during surgery, facilitates bacterial adhesion.23 For 
this reason, it is believed that solutions which alter a material’s 
surface can increase the biocompatibility of lenses. Schroeder et 
al.23 reported that S. epidermidis adherence was less on IOLs with 
surface modification. Nomura et al.30 found that heparinization 
of biomaterial surfaces reduced biofilm formation. Another study 
demonstrated that hydrophilic coating of a silicone material 
reduced microorganismal colonization.31 Various studies have 
shown reduced bacterial adhesion with lens coating and surface 
modifications.12,23,32 We do not know whether the result we 

obtained from IOL A is related to the hydrophilicity of the lens or 
the surface properties conferred by the molecular structure of the 
new material. We were unable to acquire information about the 
manufacturer’s lens production and the exact process involved.

Conclusion
In summary, studies have identified a host of factors that 

influence biofilm formation. In the present study, the lowest 
bacterial counts were found on a hydrophilic acrylic lens with 
hydrophobic properties. This research must be supported with 
animal and in vitro studies. Biofilm formation has been observed 
in all studies conducted to date, and the production of an IOL 
completely resistant to bacterial adhesion is not yet a possibility. 
Recent studies suggest that antibiotics may be effective before 
biofilm formation, but the efficacy of antibiotics is limited after 
a biofilm has developed.20 Therefore, we believe that developing 
methods for the prevention of biofilm formation is more 
important than developing ways to treat patients with biofilms. 
Given these considerations, we believe that new strategies must 
be developed in lens production.
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