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Refractive-index-driven separation of colloidal polymer particles
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Separation of equivalently sized polystyremes 1.59, polymethylmethacrylate n=1.49, and
silica,n=1.43, beads has been accomplished using optical chromatography. The optical separations
were performed using a glass flowcell that permits the optical trapping laser to be lightly focused
into the fluid pathway against the fluid flow. Separation occurs due to the balance of fluid and optical
forces; particles come to rest when the force due to the fluid flow equals the radiation pressure force.
The ability to optically separate particles based upon their refractive index opens avenues for the
characterization of colloidal samples based upon chemical characteristics, in addition to size.
© 2003 American Institute of Physic§DOI: 10.1063/1.1635984

Radiation or optical pressure has been used to trap and Harnessing the relationship between optical pressure and
direct microscopic particle®.1 um to 30um) caught in the refractive index makes optical separation of chemically dif-
focus of a laser bearhManipulation of the beam position, or ferent particles possible. In this work, optical chromatogra-
sample container, can be used to move particles into desirgehy has been used for the separation of different colloidal
positions and configuratiorfsThe types of objects that have materials. Potential separations of chemically different col-
been optically trapped include microscopic glass and polyloids include inorganic particle@alcium carbonate, silick,
mer spheres, viruses, bacteria, yeast, and other biologicRprosilicate, soda lime, and diamarid polymer particles
cells®* The magnitude of the optical pressure depends on thEpolystyrene(PS), poly(methylmethacrylate(PMMA), and
particle siz€ its shap& and refractive indeXAlthough re- ~ polytetrafluoroethylene (PTFB], and metallic particles
fractive index affects the optical pressure force acting on 4nickel,”® aluminum silicate, aluminum oxid€, and gold.
particle, it is a difference in chemical composition that oftenWith this work, the scope of optical chromatography is
results in a unique refractive index. While the magnitude oforoadened to encompass separations based upon chemical
optical pressure is due to several properties, laser trappirgfferences in particles. . _
and separation research has focused primarily on the size FOr @ sphere of refractive indew in a medium of lower

dependenceand the development of laser micromanipula—refraCtive indexny, _the _force due to optical pressure of the
tion techniqued: laser,F optical_pressure 1S given by

In recent years, an optical separation technique has been
developed, termed optical chromatography, which involves 2n,P
using a laser to separate colloidal particiéé*When par- Foptical_pressure™ ¢ —
ticles in a liquid flowing within a capillary encounter a

loosely focused laser beam propagating in the opposite di-

rection, they are subjected to optical pressure. The optica\’fr’]here'; is the power OLth? lasegis the speed of |ig_h1arils
forces draw them along the intensity gradient to the beari'€ SP ere ri?"_m”’ ISt fe as_erlbezm _radlus,r?n]f Is the
center(e.q., region of highest photon densityhe result is conversion efficiency of optical radiation to the pressure on

that particles move against the fluid flow, along the beamthe particlé The term f,P/c) defines the incident momen-

center line in the direction of propagation, until the beam;[juimeziiroi?:sosndalrarier?éepq‘lui? oobfte;?r:(r-:-azjdtl)veir:?sagtin-rh?he
diverges and the photon density decreases. The particles P ' y g 9

e- . . S
main stationarybecome optically trappedvhen the optical ﬁmctan over the cross section of the particle in the Gauss-

; ; Is the draq for werted on th icles b tri}an beanf Q defines the conversion efficiency of optical
bressure equa's e drag force exerted on the particles by tee oq re transfer arising from light reflection and refraction

liquid flgw. Optical chromatography has been applied to th sed upon geometrical consideratiBrisis calculated us-
separation of polymer beads and human erythrocytes bas? the Fresnel reflection and transmission coefficients,

upon sizé visualization of antibody—antigen reactions usingWhiCh depend upon the ratin,/n,, the refractive index ra-
labeled bead¥’ determination of the optical power of motile tio of the particle and the medium

cells and bacteri&!® and measuring the elasticity of
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Separation in a liquid flow is measured by the distance

7
erythrocytes. which particles travel away from the focal point against the
fluid flow. The distance traveled is the optical retention
dElectronic mail: shart@ccf.nrl.navy.mil distanceé® z The point at which the optical pressure equals
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! ! FIG. 2. Optical separation of uniformly sized PS and PMMA, shown in

Flud o laser light scatter. The laseP €& 0.88 W) was propagating from the left- to
output -!‘c‘f:» the right-hand side and the flo(fluid linear velocity=51 um/s) traveling
o from the right- to the left-hand side.
Laser / 9
Mirror 1

FIG. 1. Optical separation instrument with laser focused into the flowcell,particles (Bangs Laboratories, Inc., Fishers, IndThe 0.1
opposite to the direction of fluid flow. The retention distanceirection is um size standard deviation theoretically would result in only
denoted inside the flowcell. . . . . . . .
a 60 um difference in optical retention distance, which is
negligible compared with the-600 um separations observed
the force exerted on the spheres by the liquid molecules anigh these experiments. All samples were dispersed in water

is defined, according to with 2% sodium dodecyl sulfatéSigma-Aldrich Corp., St.
mug n.PQa Louis, MO) added to minimize aggregation. The refractive
z= \/ >—1, (2) indices of the beads, as reported by the manufacturer, are PS,
A N 3mpvCwg n,=1.59, PMMA, n,=1.49, and silican,=1.43.
where the power of the TE) mode laser i®, cis the speed A diluted binary mixture of the uniformly sized PS and

of ||ght' ais the Sphere radiu&)O is the beam radius at the PMMA beads was injected into the flowcell and an OptiC&'
focal point,\ is the wavelength of lighty is the velocity of ~ Separation resulted, as seen in Fig. 2. The laser propagates
the particle in the liquid flow, and is the viscosity of water. from left- to right-hand side and the fluid flow travels from
The refractive index of the particle is used in the calculationthe right to the left-hand side. The average retention distance
of the efficiency of optical pressure transfex, A more de-  of the downstream group of beadsn the left-hand side of
tailed description of the theory can be found elsewffere.  image was 1.33 mnt0.04 mm which compares reasonably
The optica| Chromatography system consisted of arVVE” with the theoretically predicted retention distance of
argon-ion lasefinnova 100, Coherent Laser, Inaperating PMMA beads, 1.57 mm. For the upstream group of beads
at 488 nm with a power of 0.75—-1.0 W. An illustration of the (on the right-hand side of imagethe average retention dis-
system is given in Fig. 1. The beam was focused into théance was 2.15 mm0.03 mm which compares well with the
flowcell (described beloyusing a 1 in. diameter, 50 mm theoretically predicted retention distance of PS beads, 2.35
focal length planoconvex focusing lens. The flow cell wasmm. Another PS and PMMA separation was performed and
mounted on a five-axis positionéNew Focus, San Jose, the linear velocity then varied to further demonstrate the sta-
CA), which allowed precise alignment of the beam within bility of the separation and the agreement with theory. The
the flowcell. Images were collected using a microscopéetention distances of the PS and PMMA particles as func-
(Leica DMRX) with a cooled charge-coupled device camera.tions of several different linear velocities are shown in Fig. 3.
Low magnification, typically 2% —50x , was required to be The theoretical modefsmooth ling is based upon Eq2)
able to visualize the large separation distances in one image.
Due to the low magnification, images of the particles were 30
most easily visualized in laser light scatter. This was accom-  , 41
plished using a 488 nm partially transmitting filt€Epi- 26 ]
fluorescence filter module, Chroma IncThe flow system
consisted of a 10 mL syringe and a syringe puiplD2000,
Harvard Apparatus connected to 0.02 in. inner diameter
PTFE tubing. Bead samples were introduced into the flow
via an injector(Rheodyng, fitted with a 2uL injection loop.
The glass flowcell used for separations was assembled usin¢g

Distance, Z (mm)
N
[=]
1

four rectangular glass microscope slides and a fused silicag 12.]

window with UV-cured epoxy. The slides were arranged to ¢ 1

form an “L"-shaped channel. The fused silica window was 0]

epoxied to the open end of the fluid path, thus sealing it and 06.]

providing clear optical access to the channel. The dimensions o] -
were 1 mm high, 1 mm wide, and 75 mm long resulting in a "2 40 60 80 100 120 140 160 180 200 220 240
volume of 75uL. Linear velocity (um/s)

Chemically different but uniformly sized spheres were

; © 2.26m ; FIG. 3. Retention distance as a function of linear velocity for uniformly
+
obtained from two sources: 2. +0.114m diameter PS sized PSdiamond$ and PMMA (squaresbeads. The smooth curves are the

and 2.20um=0.11um diameter PMMA beaqlé\/lagsph_e_re, theoretically predicted retention distances for PS and PMMA. The laser
Inc., Pasadena, OAand 2.30um=0.10um diameter silica  power was constant at 0.96 W.
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and microbiology offers significant potential for advanced
analysis, characterization, and separation.
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