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bstract

In an attempt to prepare uniformly sized biodegradable microparticles for controllable drug eluting and targeting characteristics, a novel technique
y employing ultrashort pulse (USP) laser has been developed. This method involves pumping a drug–polymer solution through a small orifice

reating a liquid stream. A USP laser constantly fires at the stream to cut it into discrete droplets and consequently solid particles can be obtained
ith monodisperse size distribution. Through mathematical modeling, volumetric flow rate, orifice size, laser spot size, and laser frequency were

ound as sole factors determining the size profile of the resulting microparticles. By choosing appropriate set of variables, monosized biodegradable
icroparticles with wide range of particle size may be prepared.
2006 Elsevier B.V. All rights reserved.
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Biodegradable polymer microparticles have been widely uti-
ized as drug delivery systems in pharmaceutical formulations
Brannon-Peppas, 1995). A wealth of biodegradable polymers,
uch as poly(lactic acid) (PLA) and poly(lactic-co-glycolic acid)
PLGA), has been investigated to formulate microparticle-based
rug carriers to date. Owing to their chemical natures, these
iodegradable polymers are mainly fabricated into microparti-
les by physical methods, including emulsification (Arshady,
991; Wu, 1995), spray-drying (Baras et al., 2000), and precipi-
ation (Young et al., 1999). All these methods involve dissolving
olymers into solution, disintegrating the solution into droplets,
nd subsequently removing the solvent to obtain solid particles.
he droplet formation and the morphology of resulting solid par-

icles depend on a variety of thermodynamic and kinetic factors,
uch as surface tension, local shear, etc. Thus, although these
ethods are relatively simple, they suffered a common draw-

ack: poorly tunable particle size and broad size distribution.
In order to prepare biodegradable microparticles with strictly

ontrolled size profile for designer drug eluting and targeting
haracteristics, efforts have been focused on generating liquid

roplets with uniform size so as to monosized solid particles
Shiga et al., 1996; Ma et al., 1999; Varde and Pack, 2004).
mong them, the methods for droplet disintegration by proac-
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ive factors are rather promising (Berland et al., 2001). In a
ypical process, a drug–polymer solution is ejected through a
ozzle. Unlike conventional spray processes where the stream
reaks up into random sized droplets due to Rayleigh instability
Taylor, 1950), the droplets are broken up mainly by modulated
orces such as flow shear and acoustic excitation. Thus the size
f droplets can be exactly controlled and the microparticles of
niform size can be formed. These methods are significant but
he Rayleigh instability effect is still uncontainable in droplet
ormation. In addition, they generally are difficult to fabricate
icroparticles smaller than 10 �m due to the mechanical limi-

ations. Toward the goal of developing methods that are free of
ncontrollable environmental factors, we have developed a new
echnique based on laser ablation, which can fabricate uniform

icroparticles with a wide range of particle size
PLGA (85:15) was obtained from Birmingham poly-

ers (Birmingham, USA). Poly(vinyl alcohol) (PVA, 88%
ydrolyzed) and dichloromethane (DCM) were all purchased
rom Sigma–Aldrich. The ultrashort pulse (USP) Ti:Sapphire
aser system (CPA-2010 model, Clark-MXR Inc., USA)
mployed in the experiment was mounted with a xyz lens manip-
lator to control the laser spot size and position on the sample.

Briefly, PLGA was dissolved in DCM (2–10 wt.%) and the

olution was pumped through a glass capillary with a 10–100 �m
pening. The modulated laser constantly fires at the ejected
tream to cut it into discrete droplets. For very viscous solu-
ion, a coaxial airflow may be applied to assist the stream leave
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ig. 1. Schematic illustration of the particle fabrication apparatus equipped
ith an ultra short pulse (USP) laser for disintegrating jet stream into uniform
roplets.

he tip and prevent beading at the tip. The droplets were collected
y a large quantity of 1% PVA solution and then left overnight
o harden by extraction of the DCM. The derived solid particles
ere centrifuged and lyophilized to obtain final products. For
orphological examinations, the microparticles were analyzed

y a Philips XL30 scanning electron microscope (SEM) after
eing fixed on a support and coated with gold. The particle size
as also observed with an inverted light microscope and pho-

ographed in bright field mode. The particle size was measured
y imaging software.

The schematic of the particle fabrication apparatus was
llustrated in Fig. 1. With the system, a solution containing
iodegradable polymers and drugs is pumped through a small
rifice creating a straight liquid stream. An ultrashort pulse
USP) laser operated a defined frequency is focused at the central
oint of the liquid stream and close to the capillary tip. The laser
eriodically strikes at the stream and slices it into a sequence of
onosized droplets. Once the droplets are formed and collected

y a surfactant solution, extraction of the solvent leads to solid
article formation.

As shown in Fig. 2, the particles fabricated with the laser
blation method at specific conditions have an average size as
mall as 5 �m and a uniform size distribution (a 10 �m open-
ng capillary was used and the laser spot sized was tuned to
0 �m). The microparticles assembled as loosed packed hexag-
nal arrays, indicting the high monodispersity of the particle
ize distribution. In the experiments, drugs can be readily incor-
orated in the particle by dissolving or forming fine emulsion
n polymer solution (data not shown).A mathematic model has

een developed in this work to understand the droplets forma-
ion mechanism. Assuming a straight removal (cut) of length
qual to laser spot size and the same stream diameter (Ds) as the
rifice size (Fig. 3A), the length of the sliced stream segment l

t
c
t
o

ig. 2. The PLGA particles fabricated by the laser ablation technique. (A) A
epresentative SEM image; (B) a representative light microscopic image.

s predicted to be:

= 4Q

πD2
s f

− Dl (1)

here Q is the stream volumetric flow rate, f the laser repetition
requency, and Dl the laser spot size (diameter). The particle size

p then can be calculated as:

p = 3

√
6Q

πf
− 3

2
D2

s Dl (2)

From above equations we can see that the particle size is
heoretically determined by four factors solely: volumetric flow
ate, orifice size, laser spot size, and laser frequency. The parti-
le size as a function of varying volumetric flow rate and laser
requency was plotted in Fig. 3B. This figure illustrates that, for
certain laser frequency, a corresponding minimum volumet-

ic flow rate is applied. The curves are sharp at the beginning,
hich means the particle size is sensitive to variation of the flow

ate. Apparently, to create small particles, the combination of a
mall capillary tip, slow material flow speed, high laser repeti-

ion, or small laser spot size is recommended. However, several
onstrains have been applied. (1) The laser spot has to be bigger
han the stream diameter to make a clear cut. (2) As a fraction
f material will be lost due to laser ablation in the process, an
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of Microspheres Based on Biodegradable Lactic/Glycolic Acid Polymers.
Marcel Dekker, New York.

Young, T.J., Johnson, K.P., Mishima, K., Tanaka, H., 1999. Encapsulation of
ig. 3. (A) Schematic illustration of the particle generation mechanism and th
olumetric flow rate and laser frequency. Ten-micrometer orifice size and 20 �m

xcessively high laser frequency will cause the vaporization of
he entire stream whereas a low frequency will generate natu-
ally formed droplets. (3) The fabrication of nozzle will become
ncreasing difficult with decreasing orifice size under 10 �m.
n terms of laser spot size, it is feasible to arrange the light
ntensity (Gaussian distribution) so that only the center of the
pot is above the laser ablation threshold to match the orifice
ize.

The laser ablation technique developed in this work is promis-
ng in fabrication of uniformly sized microparticles with a wide
ange of particle size. The variables determining the micropar-
icle sizes are all mechanical in nature, therefore can be eas-
ly tuned and strictly managed to obtain desirable particle
ize. Furthermore, the unique characteristics of the USP laser-
ased design provide several advantages for its application in
icroparticle fabrication: (1) owing to USP laser’s extremely

hort pulse duration, upon focusing, the ablation of irritated
aterials on the liquid stream is almost instantaneously and vir-

ually free of thermal effects such that no drugs incorporated in
he droplets will be deactivated; (2) the ablation process is not
ependent on the linear absorption at the laser wavelength; there-
ore the composition and physical properties of the processing
aterials have little influence to laser ablation performance; (3)

his process does not require low viscosity liquidation. In fact, as

ong as the material can be extruded from the tip, microparticles
an be made by this technique.
iables controlling the resulting particle size. (B) Particle size as a function of
r spot were applied and a 2 wt.% PLGA solution in DCM was used.

eferences

rshady, R., 1991. Preparation of biodegradable microspheres and micro-
capsules. 2. Polylactides and related polyesters. J. Control. Rel. 17,
1–22.

aras, B., Benoit, M.-A., Poulain-Godefroy, O., Schacht, A.-M., Capron, A.,
Gillard, J., Riveau, G., 2000. Vaccine properties of antigens entrapped
in microparticles produced by spray-drying technique and using various
polyester polymers. Vaccine 18, 1495–1505.

erland, C., Kim, K., et al., 2001. Fabrication of PLG microspheres with pre-
cisely controlled and monodisperse size distributions. J. Control. Rel. 73,
59–74.

rannon-Peppas, L., 1995. Recent advances on the use of biodegradable
microparticles and nanoparticles in controlled drug delivery. Int. J. Pharm.
116, 1–9.

a, G.H., Nagai, M., Omi, S., 1999. Preparation of uniform poly(lactide)
microspheres by employing the Shirasu porous glass (SPG) emulsification
technique. Colloid Surf. A: Physicochem. Eng. Asp. 153, 383–394.

higa, K., Muramatsu, N., et al., 1996. Preparation of poly(-lactide) and
copoly(lactide-glycolide) microspheres of uniform size. J. Pharm. Pharma-
col. 48, 891–895.

aylor, G.I., 1950. The formation of a blast wave by a very intense, explosion.
Proc. Royal Soc. (London) A201, 192–196.

arde, N.K., Pack, D.W., 2004. Microspheres for controlled release drug deliv-
ery. Exp. Opin. Biol. Ther. 4, 35–51.

u, X.S., 1995. Preparation, Characterization, and Drug Delivery Applications
lysozyme in a biodegradable polymer by precipitation with a vapor-over-
liquid antisolvent. J. Pharm. Sci. 88, 640–650.


	Preparation of uniform biodegradable microparticles using laser ablation
	References


