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Introduction

This work was motivated by the need to know whether the blinking-induced shear forces experienced at the front surfaces of contact lenses in the human eye would be sufficient to detach bacteria and occupational/environmental fine dusts.  After preliminary experiments with flow cells, reciprocating friction devices, and actual contact lenses determined that individual particle strengths would likely be in the picoNewton range, an “optical tweezer” experiment was designed to concurrently determine minimum and maximum attachment strengths to high-surface-energy, hydrophilic glass and low-surface-energy, hydrophobic, octadecylsilane-coated glass [ODS], for nominally 1-micrometer diameter polystyrene and silica calibration spheres, and Streptococcus mutans bacteria, as well as 2-to-3-micrometer long, 1-micrometer diameter Psuedomonas fluorescens bacteria and respirable refractory glass fibers attached end-on, in milieux of distilled water, physiologic saline, and these same two liquids containing monolayer-forming additives of mucin or lysozyme, which are large and small proteins abundant in tear fluid.  Shear detachment by forces as low as a few picoNewtons was observed for particles attached to mucin-coated substrata, while forces at the 100 picoNewton maximum range of the optical tweezers apparatus were not sufficient to detach all particles from lysozyme-coated substrata.  The results implicate interfacial dehydration events associated with lysozyme deposition as more dominant than electrical double-layer effects, which are also operative.
Experimental


This investigation used a calibrated “optical tweezer” system to examine the ability of increasing laser “trapping” power to overcome the adhesive strengths for micrometer-sized particles previously attached to well-characterized, equally smooth substrata [high-energy, hydrophilic glass coverslips; low-energy, hydrophobic octadecylsilane-coated glass coverslips].   Before attachment/detachment trials, replicate substrata were characterized by comprehensive contact angle analyses.  The test particles (Table 1) were characterized by MAIR-IR spectroscopy, SEM/EDXray analyses, and contact angle analyses.  Aqueous phases used in different experiments included distilled water, 0.9% NaCl solution, and water or saline containing 0.16 mg/ml protein (mucin or lysozyme).

Laser trapping technology has been used recently for stretching living cells [1], to measure cell adhesion [2], and for the measurement of the weak forces that are generally associated with interactions of particles on a micrometer or nanometer scale.  “Optical tweezers” basically consist of a microscope objective through which a strong continuous infrared laser beam is focused.  This focus can trap small objects with an index of refraction larger than that of the surrounding medium.  A trapped particle experiences a restoring force in the focal region, and trapping is achieved when the gradient force (proportional to the spatial gradient of the intensity of the beam) is larger than the scattering force (proportional to the light intensity).[3]  The experiment was carried out with an optical tweezers (Figure 1) having a dual beam laser trapping system based on an optical manipulator (Solar-TII, LM-2), a TEM00 CW Nd:YAG laser (Coherent, Compass 1064-2000), and modified inverted microscope (Nikon TE-200).  At least 5 replicate particles of each type were captured in each experiment and moved to the high-energy and low-energy substrata, in each of the aqueous media mentioned above.  The maximum laser power (100% laser power) produced a trapping force estimated to exceed 100 pN [4].
Table 1.  Test Particles
	Particles – smallest dimension for all particles was 1 micrometer
	Particle Shape

	polystyrene beads [PS]
	spheroidal

	silica beads
	spheroidal

	ceramic fibers [RCF-1a] 
	rod*

	Streptococcus mutans
	spheroidal

	Pseudomonas fluorescens
	rod*


*2-3 micrometers in length


Figure 1. Schematic of the specimen placed over the objective lens of laser beam with the trapped particle held at the surface.


When a particle was trapped and brought to the test substratum by the laser, it was held against the substratum for 1 minute.  The beam then was turned off to determine whether the particle was attached to the surface.  That attached particle then was recaptured by the laser, the substratum was moved, and the particle was observed to determine whether it moved with the substratum, or was retained within the laser beam.  If the particle moved with the translated substratum, the particle was re-trapped in the beam, the laser power was increased, and the movement of the substratum repeated.  This cycle was continued until the particle remained trapped in the beam, or until 100% laser power was applied without being able to overcome the particle-substratum adhesive bond strength.
Results

Table 2 summarizes the results of experiments with the two types of bacteria:  the spheroidal Streptococcus mutans and the rod-shaped Pseudomonas fluorescens.
Table 2.  Summary of Observations for Biological Particles

	Particle
	Medium
	Substratum
	% of Maximum Laser Power Required to Recapture & Move Particles

	Strep. mutans
	dist.H2O
	ODS

Glass
	3%

6%

	
	saline
	ODS

Glass
	**

**

	
	H2O +mucin
	ODS

Glass
	3%

6%

	
	saline

+mucin
	ODS

Glass
	6%

12.5%

	
	H2O +

lysozyme
	ODS

Glass
	**

**

	
	saline +

lysozyme
	ODS

Glass
	**

**

	

	Ps.

 fluorescens
	dist.H2O
	ODS

Glass
	3%

3%

	
	saline
	ODS

Glass
	3%

3%

	
	H2O +mucin
	ODS

Glass
	3%

3%

	
	saline

+mucin
	ODS

Glass
	3%

3%

	
	H2O +

lysozyme
	ODS

Glass
	**

**

	
	saline +

lysozyme
	ODS

Glass
	**

**


**indicates particle adhesion exceeded laser power

Table 3 summarizes the results of the experiments with the synthetic particles (polystyrene, silica, and refractory ceramic fiber), in the different aqueous media, and against the two types of substrata.

Table 3.  Summary of Observations for Synthetic Particles

	Particle
	Medium
	Substratum
	% of Maximum Laser Power Required to Recapture & Retain Particles

	PS
	dist.H2O
	ODS

Glass
	3%

6%

	
	saline
	ODS

Glass
	**

**

	
	H2O +mucin
	ODS

Glass
	6%

3%

	
	saline

+mucin
	ODS

Glass
	12%

6%

	
	H2O +

lysozyme
	ODS

Glass
	**

**

	
	saline +

lysozyme
	ODS

Glass
	**

**

	

	Silica
	dist.H2O
	ODS

Glass
	3%

3%

	
	saline
	ODS

Glass
	**

**

	
	H2O +mucin
	ODS

Glass
	3%

3%

	
	saline

+mucin
	ODS

Glass
	3%

3%

	
	H2O +

lysozyme
	ODS

Glass
	**

**

	
	saline +

lysozyme
	ODS

Glass
	**

**

	

	RCF-1a
	dist.H2O
	ODS

Glass
	3%

3%

	
	saline
	ODS

Glass
	**

**

	
	H2O +mucin
	ODS

Glass
	**

**

	
	saline

+mucin
	ODS

Glass
	**

**

	
	H2O +

lysozyme
	ODS

Glass
	**

**

	
	saline +

lysozyme
	ODS

Glass
	**

**


**indicates particle adhesion exceeded laser power
Conclusions


Interfacial retention of water between the substratum surface and particle (synthetic or biological) was responsible for the low laser-power detachment of the particle from the moving surface.  With the addition of 0.16 mg/ml protein to the aqueous solution, it is proposed that both the substratum surface and particle became coated with a monolayer of protein.  As depicted in Figure 2, the properties of the protein coating influenced the interfacial hydration layer between the substratum surface and the particle, which – in turn – influenced the laser power required to detach the particle from the moving surface.


[image: image1]
Figure 2.  Proposed explanation of different effects of mucin and lysozyme at the particle/substratum interface.

It is not clear why the presence of the mucin in either water or saline did not reduce adhesion of the RCF-1a particles to either substratum.  It is proposed that addition of salt to the water collapsed the electric double layer, and increased the attractive force between the particles and the substrata, resulting in higher laser power necessary to detach the particles from the surfaces.  

It is suggested that a combination of low-energy contact lens materials and surface-active formulations that reliably maintain the hydration layer around the lens could keep the bacteria-to-lens adhesive strength to a minimum level, allowing effective lens cleaning with each blink of the eye.


Future work with this model system should include keeping the particles at the substratum surface for longer periods of time (only 1 minute residence time was used in the experiments reported here).  Additional understanding of the effects of mucin and lysozyme (both are components of natural tear fluid) on particle attachment and adhesion is needed.  For more relevance to the clinical situation, strength of adhesion of particles (synthetic and biological) to contact lens materials should be investigated with the optical tweezer technique.
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