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polymer solutions ✩
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Abstract

A small-angle light scattering (SALS) apparatus, coupled with a specially designed microfluidic device is shown to monitor the formation and
subsequent size distribution of giant multilamellar vesicles of a diblock copolymer in aqueous solution. The closed-face design, fabricated between
glass slides using a UV-curable optical adhesive, incorporates multiple inlets, a mixing system, and a viewing window to perform on-line SALS.
The mixing of each component is tested using polystyrene latex microspheres. Vesicles of the block copolymer, EO6BO11 in aqueous solution are
formed on the SALS chip and the pair distance distribution function determined using an inverse Fourier transformation of the scattered intensity
to quantify the population and distribution for a range of vesicle sizes. These experiments provide demonstrations of how SALS on a microfluidic
device can be used as a rapid screening tool to optimize processing conditions for a range of polymer solutions.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Microfluidic technologies based on devices transporting flu-
ids through micrometer sized channels are rapidly evolving
and are used widely in biology [1] and biotechnology due to
their ability to handle small quantities [2]. Examples of appli-
cations include cell sorting [3], high-throughput screening [4],
and chemical reactions [5]. There remain many opportunities to
exploit microfluidics for applications in polymer science.

Traditional methods used for the fabrication of microflu-
idic devices involve silicon and glass etching techniques [6,7].
Such processes are costly, labor intensive and require special-
ized facilities [8]. Several alternative fabrication strategies have
been implemented, including poly(dimethylsiloxane) (PDMS)
devices [8,9]. There are several disadvantages involved in us-
ing PDMS devices; a major one being the solvent compatibil-
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ity: PDMS is known to swell significantly in organic solvents,
leading to leakage and device failure [10]. Although this arti-
cle concentrates solely on aqueous systems, we will describe
devices that are solvent resistant and therefore applicable to nu-
merous applications in colloid and polymer science.

Our approach involves a rapid prototyping technique, origi-
nally developed for the fabrication of solvent resistant channels
using a commercially available thiolene based optical adhesive.
This technique is non-complex: it requires an uncollimated UV
(365 nm) source, a mask, glass substrates and the thiolene resin.
We refer the interested reader to the NIST publications [11–14]
on device design and construction.

Under typical operating conditions, flow in microchannels
is laminar: the spontaneous fluctuations on velocity that ho-
mogenize fluids in turbulent flows are dampened by viscous
dissipation. Therefore, diffusion across these small channels is
relatively slow. The distance along a channel for mixing to oc-
cur can be estimated from:

(1)�ym ∼ U
(
l2/D

)
,

where U is the average flow speed, l is the cross-sectional di-
mension of the channel, and D is the particle diffusivity [15].
The slower the flow speed, the better the mixing. However,
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these devices are designed for rapid determination of morphol-
ogy; particle size etc. so having a device containing a fluid
flowing at a very slow rate is rather counterproductive. Stroock
et al. [15] designed a mixing system in microchannels. This de-
sign allows for transverse components of flow that stretch and
fold volumes over the cross section of the channel. Thus, the
mixing length is reduced considerably. We show a design based
on this device in order to reduce our mixing length.

This work focuses on the use of microfluidic devices to pro-
vide a screening tool for the study of a variety of aqueous based
polymer formulations by small-angle light scattering (SALS).
The model systems chosen for this study include polystyrene
beads and poly(ethylene oxide) (PEO) diblock copolymers.
These polymers form vesicles when dissolved in water. Vesicles
are excellent candidates for controlled release vehicles. Appli-
cations of such materials include pharmaceuticals, agricultural
and personal care products [16–18]. We have chosen a polymer
which spontaneously forms vesicles on dissolution in water:
EO6BO11, where EO is an ethylene oxide unit and BO is a buty-
lene oxide unit. This polymer is known to form large (micron-
sized) multilamellar vesicles and we refer the interested reader
to a paper by Harris [19] on the formation and stability of these
structures. The literature reports a number of EO based copoly-
mers (mainly triblock Pluronics) where the vesicle structure
has been investigated using Rheo-SALS [20–24]: The vesicle
structure was induced by the application of shear, and the result-
ing vesicle structure (which is birefringent) characterized by a
four-lobe pattern under depolarized SALS. To our knowledge,
however, there have been no reports on SALS from polymer
vesicles that are formed spontaneously when dissolved in water.

Microfluidic technology has been employed to elicit control
over the self-assembly of liposomes. Jahn et al. [25] focused
a lipid stream at a microfluidic T-junction between two buffer
streams. The flow rates were adjusted to control the degree
of hydrodynamic focusing and the width of the lipid stream,
thus controlling the dilution process. Liposomes were formed,
initially along the boundaries between the phospholipid and
buffer. Such processes were characterized by fluorescence in-
tensity measurements. It was shown that altering the flow rates
in each channel could control liposome size. Demonstrations of
the encapsulation process were also performed using fluores-
cent dyes.

This paper utilizes microfluidic techniques to mix polymer
in an aqueous phase and probe the colloidal size using a cus-
tom small-angle light scattering (SALS) apparatus. We aim to
show that this method can be used as a screening tool for the
detection of specific particle sizes (the detectable range from
approximately 800 nm to 25 µm, given the wavelength of the
incident radiation: 632.8 nm) and the formation of aggregated
networks. We will demonstrate the ability of microfluidic de-
vices to mix fluids using PS latex spheres, and then characterize
the formation of vesicles using the block copolymer EO6BO11

in an aqueous stream.
We hope that this paper will demonstrate (using polymer

vesicle formation as a specific example) how microfluidic tech-
nology, coupled with SALS, can eventually be used as a reliable
and rapid screening tool for the optimization of processing re-
action conditions in materials science.

2. Materials and methods [26]

2.1. Materials

NOA 81 thiolene optical adhesive was purchased from Nor-
land Products and used as received [27]. Acetone and ethanol
(J.T. Baker and Warner-Graham, respectively) were used as
received. A Jelight 342 UVO cleaner was used for ozonoly-
sis of the glass substrates and a 365 nm Spectroline SB-100P
floodlamp (equipped with a 100 W Hg lamp, Spectronics,
NY) was used for the photo-polymerization of the NOA 81
resin. Polystyrene latex spheres (6 and 3 µm) were purchased
from Polysciences and used as received. The block copolymer
EO6BO11 was obtained as a gift from the Dow Chemical Com-
pany and used as received.

2.2. Device fabrication

Negative photomasks were designed in Canvas software
(version 7.0) and printed on overhead transparencies (3M, CG
3300) using a high-resolution laser jet printer (HP 8000N, 1200
dpi). Two masks were constructed (see Fig. 1a). One mask was
the general device design, and the second mask, as shown in
Fig. 1, revealed additional grooves within the device design
to aid mixing. The two transparencies were weakly bound
together on one edge using adhesive tape. NOA 81 optical
adhesive was deposited onto a UVO cleaned glass slide (Corn-
ing 2947, 75 × 1 mm). Four spacers (Silicon wafer pieces of
700 µm) were placed in each corner of the coated glass slide
to control the thickness. A second glass slide was lowered onto
the liquid adhesive and gently placed on top of the first slide.
A third glass, onto which the two transparencies are attached,
was placed on to the two glass slides containing the optical
adhesive. The device was photopolymerized so as to cross-
link regions of the adhesive not shielded by the mask. This
process involved three steps. (i) Precure of the adhesive: A UV
intensity of 240 µW/cm2 was used and the device containing
both transparencies was allowed to precure for 3 min 30 s. The
upper transparency was then carefully removed, revealing the
second transparency only (this was the mask containing the ad-
ditional features within the mixing channels). This was then
precured once more for 40 s. The curing time depends on the
lamp intensity, the distance of the source to the device, and the
desired feature heights [11]. Once precured, stainless steel nee-
dles (21 gauge) were inserted into the 3 entrance ports and the
exit port of the device. The needles were fixed in position us-
ing thiolene resin (which was cured quickly by exposing these
regions of the device to the UV lamp at distances of ∼5 cm,
which ensured rapid cross-linking). The uncured resin was then
flushed from the channels with air, and a succession of ethanol
and acetone. Ethanol and acetone solubilizes the uncured resin,
however, acetone was used sparingly and immediately flushed
out with ethanol, since it is known to swell the precured ma-
terial and cause delamination of the device [14]. (ii) A sub-
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Fig. 1. (a) Negative photomask as designed using Canvas software (Ver. 7.0).
Additional features within the device design are to aid mixing. Inlets are shown
at the top of the mask for desired reactants, which flow though a mixing chan-
nel, and into the SALS viewing window, and finally reach the exit channel.
(b) The mixing of colored components within a microfluidic device. Additional
mixing features within the channels enhance the mixing process. Scale bar in-
dicates 1 cm.

sequent post-cure was undertaken. This was performed at
∼5000 µW/cm2, which was achieved by placing the device
directly under the lamp at a distance of ∼10 cm for 15 min
on each side of the device. (iii) Once post-cured, the device
was then thermally cured at 50 ◦C overnight. This post-curing
process increases the solvent resistance, increases the adhesion
to the glass substrate, and increases the mechanical stability
via a higher cross-link density. All connections (entrance and
exit ports) are sealed into position using epoxy resin (Elemen-
tis Specialties, Inc.). An example of the final device is shown in
Fig. 1. The final dimensions in the device are: channel length,
L = 161 mm, channel width, W = 1.5 mm and channel height
(given by the thickness of the silicon wafer spacers), H =
0.7 mm. The height of the grooves in the channel are dependent
on the UV dosage and, in our case, are estimated to be 55 µm.

2.3. Mixing studies

In order to simply visualize the extent of mixing in the mi-
crochannels, dilute solutions of household food dyes (red, blue
and yellow) were prepared (a few drops of dye in ∼10 mL
of water) and drawn into syringes, which were screwed on to
the entrance ports of the device. The syringes were then held
clamped into Braintree (BS 8000) pumps to accurately con-
trol the flow rate. Flow rates of between 0.01 and 0.40 mL/min
were employed in this study. Mixing occurs across small chan-
nel distances as indicated by visual evidence with the dyed
solutions (Fig. 1b).

In order to quantify mixing of aqueous solutions of (1) 6 µm
(standard deviation quoted as 0.354 µm) and water and (2) 6
and 3 µm (standard deviation quoted as 0.145 µm) Polybead
polystyrene latex microspheres (Polysciences, Inc., PA) were
mixed. 10 µL drops of PS microspheres were diluted in ∼10 mL
of deionized water. All solutions were refrigerated until used to
prevent aggregation of the beads. The flow rates of each compo-
nent that are required to achieve the defined concentrations are
given in Table 1. The concentration of PS latex 6 µm spheres
as purchased is 2.5 mg per 100 mL (2.5 wt%). Since 10 µL
of PS latex sphere solution was dissolved in 10 mL of wa-
ter, the concentration of PS spheres in the stock solution was
2.5 × 10−3 wt%. This was diluted further upon mixing within
the channels. There were 2.10 × 105 particles/mL in the stock
solution that we used. The estimated number of PS spheres that
are scattered and detected is calculated by the scattering volume
(1 × 1 (spot size) × 0.7 mm (thickness of device)). This equates
to 2.10 × 105 particles/mL × (0.7 × 10−3 mL) = 147 PS latex
spheres. The concentration and estimated number of PS latex
spheres as a function of polymer flow rate are given in Table 1.

Solutions were loaded into 5 mL syringes and injected into
the microfluidic device at the desired flow rate. The extent of
mixing, in this case, was quantified by SALS. In all cases SALS
patterns were acquired in the viewing region of the device a
few minutes after cessation of flow. Initial SALS measurements
were taken to assess the equilibration time for both the PS latex
spheres and the block copolymer. In both cases 2 min proved to
be sufficient.

To study the effect of salt on vesicle formation in the block
copolymer, a 1.0 M stock solution of potassium bromide (KBr)
was used and kept at a flow rate so as to keep the concentration
at a constant 0.33 M. The flow rate was adjusted to vary the
polymer concentration only.

2.4. Small angle light scattering (SALS)

SALS measurements were carried out using a custom light
scattering apparatus, which is illustrated in Fig. 2. The appa-
ratus consisting of a 15 mW HeNe laser (A) of wavelength
632.8 nm, and a set of optics to collimate the beam. An iris
diaphragm (B) and a pinhole (C) vary the aperture range which
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Table 1
Ratios of 6 µm PS bead solution in water (%) with respective flow rates (mL/min) used, the estimated number of PS latex spheres within the scattering volume and
the PS bead concentration (wt%)

Ratio of flow rate of PS beads
to the total flow rate (%)

Estimated number
of PS latex spheres

103 × PS bead
concentration (wt%)

Flow rate of PS bead
solution (mL/min)

Flow rate of water
(mL/min)

9.09 13.4 0.225 0.010 0.100
16.7 25.0 0.425 0.020 0.100
28.6 42.0 0.725 0.040 0.100
37.5 55.1 0.938 0.060 0.100
44.4 65.3 1.10 0.080 0.100
50.0 73.5 1.25 0.100 0.100
60.0 88.2 1.50 0.120 0.080
70.0 103 1.75 0.140 0.060
80.0 118 2.00 0.160 0.040
90.0 132 2.25 0.180 0.020
95.0 140 2.40 0.190 0.010

100 147 2.50 0.100 0

All quantities are given to 3 significant figures.

Fig. 2. A schematic illustration of the custom small-angle light scattering (SALS) apparatus. The laser beam is focused through an iris diaphragm, two planar convex
lenses, a pinhole and after beam collimation hits a 45◦ mirror, where the laser beam is reflected 90◦ so as to hit the sample. The scattered light is collected on a
diffuser plate and recorded using a CCD camera.
aids beam collimation. The beam is then shone through a po-
larizer (D) which acts as a neutral density filter and cuts out
approximately 30% of the light, preventing any damage to
the CCD camera. The beam is then reduced in size and fo-
cused through two planar convex lenses (E) with focal lengths
fA = 25.4 mm and fB = 62.9 mm. The beam size is reduced
to approximately 1 mm2. The collimated beam is then reflected
90◦ by a mirror (F) (held at 45◦) so as to hit the viewing win-
dow of the microfluidic device (J), which is firmly clamped in
position (H) on a motorized translation stage (I). Once the laser
beam shines on the sample position, it is scattered over all direc-
tions. The scattered beam may be shone through an analyzer (K)
(held on a retractable arm) which may be used for depolarized
SALS. A beamstop constructed out of black Velcro (1 cm in di-
ameter) is used to prevent the direct beam hitting the detector,
a thermoelectrically cooled CCD camera (M) (14-bit, Apogee
KX260E; the high bit depth of the CCD improved the signal to
noise ratio) collects the image of the scattering pattern which is
projected on to a diffuser plate (L). The sample to diffuser plate
distance was adjustable and is set to 0.25 m for our purposes.

A user-defined interface designed using LabVIEW software
(version 8.0) controlled the sample position (via the transla-
tion stage), data acquisition and data reduction. All 2D images
recorded by the CCD camera were reduced to a 1D I (q) ver-
sus pixel number plot. This sector integration was performed in
LabVIEW where the user sets specific parameters such as the
position of the beam center and the radial resolution. The inten-
sities on each pixel within the radial resolution set were added
together to yield a 1D plot of scattered intensity, I , versus pixel
number. The pixel number was then converted to scattering vec-
tor, q , where q = (4π sin θ)/λ (θ is the scattering angle and λ is
the wavelength). This was done by recording the scattering im-
age of a diffraction grating of 1000 lines per inch, or 2500 lines
per inch, dependent on the sample to diffuser distance, which
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can be varied depending on the desired q range. The scatter-
ing vector, q is related to the microphase domain size, d , via
q = 2πn/d , where n is the order of diffraction. The error in
q is calculated from the uncertainty in the diffraction grating
used, and is calculated as 0.4%.

All data was corrected for (i) bias frame (this is the offset
that occurs when a pixel is read and accounted for by the sub-
traction of a zero length exposure with the shutter closed); (ii)
dark current (this was produced by heat and was minimized by
using a thermoelectric cooler. We account for this by a sub-
traction of a dark image from the data); (iii) flat field (this was
due to each pixel having a slightly different sensitivity to light.
We accounted for this by the division of a flat field frame from
the data); and (iv) background scattering, which in our case is
the solvent (water) held at rest in the microfluidic device. In all
cases, the acquisition time was 3 s.

3. Results and discussion

3.1. Mixing studies 1: Colored dyes

Mixing was found to occur, at flow rates of 0.02 mL/min and
below, in a microfluidic device (channel length, L = 161 mm,
channel width, W = 1.5 mm and a channel height, H =
0.7 mm) that did not contain the additional grooves as described
in our device fabrication section. Since high flow rates are ad-
vantageous in terms of the general high throughput approach,
devices containing the grooves were tested and homogeneous
mixing was observed at flow rates of up to 0.25 mL/min. At
flow rates of greater than 0.25 mL/min, a gradient in color was
observed at the viewing window. Fig. 1b displays the mixing of
the three colored components at a flow rate of 0.20 mL/min.
This figure is purely meant for illustrative purposes only and
we do not attempt to quantify the mixing in any way using this
approach.

3.2. Mixing studies 2: Polystyrene latex microspheres

In this section, we aim to demonstrate the ability of mi-
crofluidic SALS to measure sizes of colloids and to demonstrate
mixing of two or more components. The SALS profiles of 6 µm
PS latex spheres and in water, at different flow rates (therefore
at different concentration) are shown in Fig. 3. The ratio, shown
in the legend in Fig. 3, is the wt% of PS latex spheres with re-
spect to water.

At a PS latex sphere concentration of 2.25 ×10−4 wt% (cor-
responding to 13 PS spheres), characteristic oscillations in I (q)

are absent. This tells us about our instrument resolution: a con-
centration of greater than 2.25 × 10−4 wt% is required for the
observation of oscillations in I (q). Such oscillations arise from
the scattering due to the shape of the particles. This term, the
form factor, P(q), is dependent on particle radius, R, and for
particles with spherical symmetry, is given by Eq. (2) [28]:

(2)P(q) =
[

3{sin(qR) − qR cos(qR)}
(qR)3

]2

.

A method of determining the particle size, d , is to determine
the maximum (maximum peak height) of each peak position
and calculate d = 2nπ/q (where n is the order of reflection).
Table 2 summarizes this data. The first three orders of reflection
result in an error lying within one standard deviation of the sizes
quoted by Polysciences, Inc. (99% confidence). The fourth and

Fig. 3. SALS profiles of a solution of 6 µm PS beads and pure water. Legend
indicates the concentration (×10−3 wt%) of PS bead solution in water as de-
termined by the flow rate.
Table 2
Domain spacing, or particle diameter, as probed by SALS from each order of reflection in I (q)

Ratio of PS beads
to water (%)

Estimated No. of
PS beads

103 × PS bead
conc. (wt%)

1st order
(µm)

2nd order
(µm)

3rd order
(µm)

4th order
(µm)

5th order
(µm)

9.09 13.4 0.225 N/A N/A N/A N/A N/A
16.7 25.0 0.425 5.72 5.90 5.85 5.48 5.42
28.6 42.0 0.727 5.72 5.74 5.85 5.48 5.32
37.5 55.1 0.938 5.72 5.90 5.75 5.48 5.37
44.4 65.3 1.10 5.72 5.74 5.75 5.48 5.47
50.0 73.5 1.25 5.72 5.74 5.85 5.48 5.42
60.0 88.2 1.50 5.72 5.74 5.75 5.55 5.42
70.0 103 1.75 5.72 5.74 5.75 5.54 5.42
80.0 118 2.00 5.72 5.74 5.75 5.55 5.47
90.0 132 2.25 5.72 5.74 5.75 5.54 5.42
95.0 140 2.40 5.72 5.74 5.75 5.54 5.42

100 147 2.50 5.72 5.74 5.75 5.54 5.47

All quantities are given to 3 significant figures.
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Fig. 4. The normalized total scattered intensity, Q, as a function of polystyrene
latex sphere concentration.

Fig. 5. SALS profile from a solution of a 1:1 mixture of 3 and 6 µm PS la-
tex spheres (open circles), with the corresponding theoretical (solid line) and
experimental (broken line) predictions.

fifth orders calculate a size regime within a 95% confidence
limit.

The total scattered light over the given q range has been cal-
culated (by the summation of intensities at each q value) and
plotted as a function of PS latex sphere concentration in Fig. 4.
The relation between these two variables is approximately lin-
ear, which leads us to conclude that mixing in the microfluidic
channels is uniform for this system.

The extent of mixing can also be shown by incorporating dif-
ferent sized PS latex spheres in the microfluidic device. A pre-
cise method of determining how well such components mix is
to compare experimental data to theoretical data. The theoreti-
cal prediction, for a 1:1 mixture (in terms of wt%) of each com-
ponent is taken as the mean average of the form factors, P(q),
calculated from Eq. (2), for each component. This is shown in
Fig. 5. As shown, the positions of the peaks match well with the
experimental data. In addition, a prediction of I (q) based on
existing data is calculated. This was calculated by the addition
(in equal quantities) of the SALS profiles for 3 µm PS spheres
Fig. 6. SALS profile from a 1:1 mixture of 3 and 6 µm PS spheres, at the top
(triangles), middle (circles) and bottom (squares) of the viewing window of the
microfluidic device.

and 6 µm PS spheres, and then dividing the result by a fac-
tor of 2. The predicted scattering profile has the same shape as
the observed data, although there are slight variations in inten-
sity. Such observations are consistent with homogeneous mix-
ing throughout the microfluidic device. To confirm that mixing
was in fact homogeneous, SALS data has been recorded with
the laser focused onto different regions of the SALS viewing
window of the device: (i) at the top of the window close to the
walls of the channel, (ii) in the middle of the window (where
the majority of experiments have been performed), and (iii) at
the bottom of the window close to the walls of the channel. The
chip is moved transverse to the flow direction to accommodate
this. As Fig. 6 shows, mixing is shown to be consistent in terms
of having almost identical scattering patterns over all regions of
the window for a 1:1 mixture of 3 and 6 µm PS spheres.

3.3. Mixing studies 3: Vesicles formed from EO6BO11 in water

The mixing of EO6BO11 and water was achieved by set-
ting the maximum flow rate so as to not surpass 0.20 mL/min,
thus allowing for homogeneous mixing of each component. The
SALS data is shown in Fig. 7. The inset to Fig. 7 shows the 2D
data. Unlike the PS latex spheres, the vesicles show a broad size
distribution, resulting in the peaks smearing over the beamstop
region. The main feature of such data is the overall increase in
scattered intensity as the concentration of polymer increases.
The peak position also appears to move to a slightly higher
q value. This would suggest a reduction in the vesicle size.
However, since this peak is so broad, it makes the quantitative
analysis of vesicle size rather difficult.

Since the correlation peak is smeared over the beamstop re-
gion, it is impossible to obtain a specific size for the vesicles in
question. It is only concluded, from SALS data alone, that there
is a broad range of particle size as the two liquids mix. In or-
der to quantify the size regime, an indirect Fourier transform is
performed on the data to extract the pair distance distribution
function, p(r), which is related to the scattered intensity by the
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Fig. 7. Circularly averaged SALS data: I (q) vs q as a function of polymer concentration (which is proportional to the relative flow rate). The inset shows the original
2D SALS data.
Fig. 8. Pair distance distribution function, p(r), vs r for a range of concentration
of EO6BO11 diblock copolymer in aqueous solution (wt%).

following:

(3)I (q) = 4π

∞∫
0

p(r)
sin(qr)

qr
dr.

The p(r) function has been described in great depth by Glat-
ter et al. [28] and the interested reader is referred to references
therein.

The p(r) functions are calculated and shown in Fig. 8. The
symmetric curve is a result of the spherical nature of the scat-
tering object. Should an elongated structure be present, such as
a rod-like or a disk-like object, this would be reflected by an
asymmetric curve. The p(r) function increases in intensity as
the concentration increases. This is due to an increase in con-
centration of scattering objects (vesicles). Using the analogy
that the p(r) function can be crudely thought of as a proba-
bility distribution function of scattering objects of varying size;
it is concluded that there is a broad distribution of vesicle size
within the samples in question. This results in SALS profiles
without a distinct peak. The p(r) peak position, indicative of
the most probable particle dimension appears to remain approx-
imately the same, 9 µm. The maximum particle dimension is
defined as the point to which p(r) falls back to zero and is
within the range 20–25 µm. From these data, and the fact that
there are always errors in obtaining a q range, all dimensions
from the p(r) can be regarded as the same within experimental
uncertainties. We conclude that the vesicle size of EO6BO11
in water does not change as a function of polymer concentra-
tion. The inverse Fourier transformation of SALS data does
suggest, to some degree, that as the concentration of polymer
increases, the size distribution of vesicles is increased. This
can be explained purely by the fact that as the concentration
of vesicles increases, the population of large micron-sized vesi-
cles increases and become detectable by SALS. Overall, as the
concentration increases there is no notable change in the size or
the size distribution of the vesicles.

The devices described throughout this paper have also been
used to incorporate salt solution in addition to vesicle form-
ing polymers. Examples of acquired data are shown in Figs. 9a
and 9b. Fig. 9a shows an increase in intensity and a shoulder
becoming evident off the beamstop region. Such observations
are consistent with the formation, and interaction of vesicles.
Fig. 9b compares data with and without the addition of salt. It
is clear that on addition of salt, vesicles form at a lower concen-
tration and the effect is highly pronounced: a five fold increase
in intensity is observed at ∼q = 2 µm−1 for the polymer/salt
solution. Increasing the concentration of salt was found, as
expected, to reduce the concentration at which vesicles were
observed. We postulate that this is brought about by the com-
petition that exists between the polymer and the K+ and Br−
ions for the “free” water available. The ions become hydrated
and thus reduce the concentration of “free” water, thus increas-
ing the effective concentration of polymer. Hence, vesicles are
observed at a lower polymer concentration, and the observed
scattered intensity is increased. The two peaks observed at ca.
4.5 and 5.0 µm−1 are due to edge effects of the detector. The
increase in number of vesicles causes an increased illumination
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(a)

(b)

Fig. 9. (a) Circularly averaged SALS data: I (q) vs q as a function of polymer
concentration (wt%) for one system with the addition of KBr (aq) and one with-
out. (b) Time-resolved circularly averaged SALS data: I (q) vs q as a function
of polymer concentration in 0.33 M KBr (aq) solution.

of the scattered beam. This increased illumination magnifies the
scattering due to the edges of the diffuser plate.

The vesicle size observed by SALS and subsequent inverse
Fourier transformation (IFT) is approximately three orders of
magnitude greater than the vesicle membrane thickness (which
has been observed using SANS techniques [29]): on the order
of microns compared to nanometers. SANS studies suggested
the existence of smaller unilamellar vesicles. However, such
large structures as those determined in this study would be too
large to be studied by SANS. Similarly, the unilamellar vesi-
cles as detected by SANS are too small for detection by SALS.
We therefore propose that the polymer EO6BO11 (when dis-
solved in water) exists as a mixture of unilamellar vesicles and
multilamellar vesicles. These dimensions provide a sufficiently
large hollow region to encapsulate materials, such as drugs, or
to perform chemistry within such structures. The behavior of
such structures in a buffer solution (such as saline solution) is
an integral part of drug delivery design and performance. Un-
derstanding the way in which such systems behave at elevated
temperatures (e.g., at body temperature), also, is a key issue for
this application. In the future we hope to incorporate a heating
element to rapidly investigate vesicle structure as a function of
temperature (and other external influences such as pH) on vesi-
cle formation.

4. Conclusions

A microfluidic device designed for mixing two or three fluid
components proved reproducible, robust and versatile. Intro-
duction of groves within the channels aided mixing substan-
tially and allowed mixing of components at enhanced flow
rates, thus reducing the time necessary for each experiment.

The mixing of PS latex microspheres provided a demonstra-
tion of uniform mixing within the microchannels, relating the
flow rate of each component to the SALS intensity observed
to yield the respective composition. In addition, such samples
were used to characterize the mixing process as a function of
position on the viewing window of the device. Mixing was
shown to be homogeneous across the channel width.

The capabilities of our device were demonstrated with mea-
surements on a vesicle-forming polymer as it mixes with wa-
ter, both with and without the addition of a salt solution. The
SALS data shows the formation of vesicles over a period of a
few minutes. Hence a 2-min equilibration time after each flow
rate change was necessary before recording the SALS spectra.
A gradual increase in I (q) was observed with increasing poly-
mer concentration, but this was substantially increased when
the polymer concentration reached 5.8 wt%. Such an increase
continued until the limit of 20 wt% polymer. The scattered
intensity observed was very broad and was smeared over the
beamstop; no distinct peak was resolved, indicating the forma-
tion of very large, polydisperse vesicle structures. An inverse
Fourier transform was applied to all data, yielding the pair
distance distribution function, p(r). This function estimated a
mean size of ∼9 µm, which is an observed three orders of mag-
nitude higher than their respective membrane thicknesses. We
also conclude, using information gathered from SANS studies
[29] that the polymer EO6BO11 can exhibit both unilamellar
and giant multilamellar vesicles when dissolved in water at low
concentrations. The addition of a third component, a 0.1 M KBr
(aq) solution, resulted in the formation of vesicles at a lower ob-
served polymer composition.

The experiments described in this work demonstrate a rapid,
economic screening method for polymer solutions. For exam-
ple, using SALS coupled with such devices, it is possible to
assess a multitude of solution conditions quickly and effec-
tively (using a minimum amount of reactants and solvents).
Optimum conditions can be discovered this way. Such screen-
ing techniques may be used for many applications. Examples
include pH-responsive vesicles [30] that form one structure in
acidic conditions and the reverse structure under basic condi-
tions. At intermediate pH these materials form spherical and el-
lipsoidal aggregates. The vesicle structure, of ionic surfactants,
can also be broken down by the addition of multivalent ions and
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monitored in such a device. Complimentary techniques, such
as Fluorescence spectroscopy, can be used to monitor the re-
lease of material under a variety of conditions. SALS can be
used, as described, to monitor the vesicle structure as a func-
tion of (a) polymer concentration, (b) solvent ratio, and (c) ionic
strength. Such applications will depend highly on the mem-
brane rigidity of such materials, which may also be probed
using scattering methods (light, X-ray and neutron) coupled
with such microfluidic technology.
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