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ABSTRACT: Compared to spherical matrices, particles with
well-deﬁned internal structure provide large surface to volume
ratio and predictable release kinetics for the encapsulated
payloads. We describe self-assembly of polymeric particles,
whereby competitive kinetics of viscous sedimentation, diﬀusion, and cross-linking yield a controllable toroidal-spiral
(T-S) structure. Precursor polymeric droplets are splashed through
the surface of a less dense, miscible solution, after which viscous
forces entrain the surrounding bulk solution into the sedimenting polymer drop to form T-S channels. The intricate structure forms
because low interfacial tension between the two miscible solutions is dominated by viscous forces. The biocompatible polymer,
poly(ethylene glycol) diacrylate (PEG-DA), is used to demonstrate the solidiﬁcation of the T-S shapes at various conﬁgurational
stages by UV-triggered cross-linking. The dimensions of the channels are controlled by Weber number during impact on the surface,
and Reynolds number and viscosity ratio during subsequent sedimentation. We anticipate applications of the T-S particle in drug
delivery, wherein diﬀusion through these T-S channels and the polymer matrix would oﬀer parallel release pathways for molecules of
diﬀerent sizes. Polyphosphate, as a model macromolecule, is entrained in T-S particles during their formation. The in vitro release
kinetics of polyphosphate from the T-S particles with various channel length and width is reported. In addition, self-assembly of
T-S particles occurs in a single step under benign conditions for delicate macromolecules, and appears conducive to scaleup.

and controlled. Such particles may therefore ﬁnd many potential
applications. In this paper, we describe the self-assembly of
polymeric particles with novel toroidal-spiral (T-S) internal
channels, which would oﬀer the possibility of an alternative
pathway for drug release compared with diﬀusion through the
polymeric matrices. The self-assembly process involves spontaneous formation of the channels, and entrainment of active
agents inside them, in the liquid phase during sedimentation of
polymeric droplet precursors and subsequent ﬂash-solidiﬁcation
of the desired structures by phototriggered cross-linking. This
method appears scalable and maintains benign ﬂow conditions
(low shear with only an aqueous phase), which may help to
preserve the bioavailability of sensitive macromolecules.
The polymeric drops start by splashing through the surface of
a bulk solution, which may contain dissolved active agents and is
miscible with the drop phase. During the subsequent sedimentation, viscous forces overwhelm any small miscible interfacial
tension existing between the polymer and the bulk solutions to
roll up the interface into an intricate T-S shape that automatically
entrains the surrounding liquid. Although sedimentation of
drops in the same solutions has been previously studied for
understanding rainfall and mixing and the vortex-ring structure
has been observed,915 the present study goes beyond the
previous literature on this phenomenon in its detailed geometric
characterization and control of the channels and their dependence on viscosity ratio and other ﬂow parameters (to be

1. INTRODUCTION
Biodegradable and biocompatible polymeric particles and
matrices within the size range from a few nanometers to a few
centimeters have shown wide biological and biomedical applications. The smaller particles (10 nm to 100 μm) can be injectable
drug carriers and microimplants to provide targeting drug
delivery, sustained release, and cell functionality.14 The larger
ones (>100 um) can be used as postsurgical and subcutaneous
implants and transdermal patches, such the Gliadel wafers
encapsulating cancer-chemotherapeutic agents for the treatment
of glioblastoma.5,6 These polymeric devices are mostly threedimensional spheres and some of them are one-dimensional
ﬁbers and two-dimensional membranes. Recently, the newly
developed toroidal or doughnut-shaped particles and matrices
oﬀered advantages compared to spherical beads because of their
larger surface to volume ratio.7,8 Several processes have been
developed to produce toroidal particles and matrices. However,
for all the current polymer matrices, the release of the payload or
the transport of oxygen or nutrients to the encapsulated cells is by
hindered diﬀusion through the pores or by diﬀusion modulated
degradation of the polymer. Therefore, the requisite tight control
of polymeric structure (porosity, size and shape of pores) and
degradation chemistry poses major challenges for optimum timerelease of multiple compounds for synergistic therapeutic eﬀects.
Moreover, complete release of macromolecules is limited due to
their entanglement within the polymer matrix.
If polymeric particles could be produced with well-deﬁned
micro- or nanochannels, then the diﬀusional release of drugs
along such pathways (i.e., between diﬀerent layers as opposed to
through or across the matrices) could be more readily predicted
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Figure 1. Formation and morphology of the T-S particles. (a) Schematic of the experimental setup for generating T-S particles and visualizing their
evolution. (b) High-speed camera images of a sedimenting drop (PEG-DA 700 with I-2959) at four conﬁgurational evolution stages. (c) Sectional view of a low
Reynolds number computer simulation of the sedimenting drop at similar stages of evolution. (d) High-speed camera image of a drop at the moment of crosslinking. (e) SEM image of the particle shown in (d); the scale bar represents 1 mm. (f) Magniﬁed view of ﬁne structure for the portion of the particle indicated in
(e); the scale bar represents 20 μm. (g) High-speed camera image of a drop being cross-linked at a later conﬁguration. (h) Corresponding SEM image of particle
(g); the scale bar represents 1 mm. (i) Magniﬁed view of the portion of the particle indicated in (h); the scale bar represents 500 μm.

2. EXPERIMENTAL SECTION

described below). In the study of drop sedimentation in immiscible solutions,16,17 the eﬀects of viscosity ratio and rheological properties of the polymer have been considered, but the
doughnut/ring shape only forms with high injection velocity,
drop interactions, or a viscoelastic instability, and does not—in
any case—contain any internal channels. The inhibiting eﬀect of
interfacial tension also limits the smallest size of immiscible rings
that can be formed. Using an aqueous solution of a suitable
biocompatible polymer as the drop phase, T-S shapes can be
solidiﬁed by phototriggered or chemically triggered cross-linking. As a model system, PEG-DA 700 (poly(ethylene glycol)
diacrylate of molecular weight 700) was used to demonstrate the
formation of solid T-S particles, although the polymer could be
chosen from among many other biocompatible and biodegradable polymers.18 PEG-DA with a wide range of molecular weights
has tunable properties.1921 In our study, a relatively lowmolecular-weight PEG-DA was chosen so that the drop solution
is Newtonian and the solidiﬁed polymer matrix has dense pores.
Therefore, the encapsulated macromolecules can only escape
along the long spiral channel. Expected Newtonian behavior of
PEG-DA 700 solutions was conﬁrmed by measurements of their
shear viscosity over a range of shear rates. The radius of the
particles was about 1 mm. Dependence of channel width on
Reynolds number (Re), Weber number (We), and viscosity ratio
was studied and reported.

2.1. Materials and Reagents. Irgacure 2959 (2-hydroxy-1-[4-(2hydroxyethoxy) phenyl]-2-methyl-1-propanone) (I-2959) was kindly
provided by Ciba Specialty Chemicals (Basel, Switzerland). PEG-DA
700, glycerol, malachite green carbinol base, ammonium molybdate
tetrahydrate, concentrated hydrochloric acid, and polyphosphate with
45 repeating units were purchased from Sigma-Aldrich (St. Louis, MO).
Liquid nitrogen was purchased from Airgas (Chicago, IL). Water used in
all experiments was deionized to 18.2 MΩcm (Nanopure II, Barnstead,
Dubuque, IA). All chemicals were purchased at standard grades and used
as received.
2.2. Reaction Scheme of PEG-DA Cross-Linking. Photoinitiator, I-2959, dissolved in ethanol was added to pure PEG-DA 700 to
enable subsecond cross-linking with a high intensity (∼10 W/cm2) UV
lighting system (Bluewave 75, Dymax, Torrington, CT). In the experiments,
UV light in the wavelength range of 280450 nm was used to initiate radical
formation from I-2959. These free radicals cross-link the polymer into a
dense matrix by breaking double bonds on the acrylated end groups of PEGDA. In this study, all the solid particles were made of solutions consisting of
2.8 wt % I-2959, 14.5 wt % ethanol, and 82.7 wt % PEG-DA 700.
2.3. Flow System. A syringe pump (PHD 2000 programmable,
Harvard Apparatus, Holliston, MA) integrated with a flat-tipped needle
(22G PS3, Hamilton Company, Reno, NV) was used to generate 8.5 μL
polymer drops at a flow rate of 30 μL/min. The drops fell from the
needle held at a specific height above the bulk solution. The target
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Table 1. Deﬁnition of the Nondimensional Groups Relevant to the Process of T-S Formationa
Surface impact (I)

Sedimentation (II)

Solidiﬁcation (III)

Reynolds number Re = F1UR/μ1

7700

0.0540

________

Capillary number Ca = (μ1U)/(σ)

0.0040.4

large constant

________

Weber number We = (F2U2R)/(σ)

0.2150

WeII ∼ ReII 3 CaII

________

Damkohler number Da = (τcov)/(τrxt) = (μ1/ΔFgR)/(τrxt)

________

________

440

Peclet number Pe = (UL)/(D)

107109

105107

________

Viscosity ratio λ = μ2/μ1

________

125

________

a

Notation: numerical subscripts distinguish the bulk solution (1) from the drop phase (2) and Roman subscripts distinguish diﬀerent stages of particle
formation. F1 and F2 (kg 3 m3) are the densities of the bulk solution and polymer drop and ΔF = F2  F1. μ1 and μ2 (Pa 3 m1 3 s1) are the viscosities of
the bulk solution and polymer drop. R (m) is the radius of the undeformed polymer drop.
R/UII = μ1/ΔFgR, which is about 440 ms mainly changed by the
viscosity of the bulk solution. A highly viscous bulk solution is preferable
for both T-S formation and solidiﬁcation. Therefore, all the solid
particles are generated at low ReII and low viscosity ratio. The reaction
time depends on the concentration of the photoinitiator and the
polymer and UV intensity. Millisecond reaction time can be achieved.18
The Peclet number characterizes the diﬀusion time relative to
convection time. For both surface impact and sedimentation, Peclet
number is large, which indicates the dominance of convection over
diﬀusion. The relevant length scale for surface impact (LI) is the radius of
the drop before formation of the ﬁne structure, while for sedimentation
(LII), it is the narrowest channel width (10 μm).
2.6. Acquisition of SEM Images. Solid particles were formed by
cross-linking the polymer drops at desired stages, rinsed with DI water,
and placed into pure ethanol for half an hour. Particles were then cut in
half by using a very thin blade (Feather Double-Edge Blade, Ted Pella
Inc., Redding, CA) and instantly frozen by being placed into liquid
nitrogen for a few seconds. Particles were then immediately placed into
a freezedryer (FreeZone 4.5 Liter Console Freeze-Dry Systems,
Labconco, Kansas City, MO) for approximately one hour. Once completely dried, particles were placed onto carbon planchet stubs and coated
with 5 nm platinum/palladium using sputter coater (208 HR High Resolution Sputter Coater, Cressington Scientific Instruments, Watford, England).
SEM (S-3000N, Hitachi Scientific Instruments, Tokyo, Japan) images were
taken on the coated particles at various magnifications.
2.7. In Vitro Release of Polyphosphate. Polyphosphate was
dissolved in the bulk solution at 0.7 wt % for its entrainment in the T-S
particles. Polyphosphate was first dissolved in DI water at 10 wt %,
followed by adding glycerol and ethanol, which gave a final solvent
mixture of 59 wt % glycerol, 34 wt % ethanol, and 7 wt % DI water. All the
particles were generated at WeI = 77 and ReII = 0.5, and cross-linking at
different stages of sedimentation yielded different structures. After being
solidified, particles were harvested and then rinsed for 1 min using DI
water. The average release of polyphosphate from ten T-S particles was
measured in 500 μL Tris-buffered saline at 37 °C. Specifically, at
different time intervals, 100 μL buffer solution was taken and mixed
with 9.1 μL of 12.1 M hydrochloride acid. The mixture was placed in an
oven set to 100 °C for 20 min to achieve complete hydrolization of
polyphosphate. 50 μL of the hydrolyzed polyphosphate solution was
then allowed to react with 100 μL Malachite green solution for five
minutes. The final solution was mixed for 30 s on a plate shaker before
measuring absorbance at 620 nm using a plate reader (Labsystems
Multiskan Plus, Fisher Scientific Inc., Hampton, NH). The amount of
polyphosphate was quantified by comparing with the calibration curves.
To establish that entrained polyphosphate could not diﬀuse through
the polymer matrix and therefore had to escape via the internal T-S
channels, two groups of control experiments were done on the release of
polyphosphate from (1) particles cross-linked at a very early stage of
sedimentation before any internal structure formation and (2) hemispherical particles encapsulating polyphosphate. Control particles (1)

volume of the drop was determined by the balance between gravity and
surface tension holding the drop to the rim of the needle. The slow flow
rate was chosen, so that the initial velocity of the polymer drop could be
neglected and the kinetic energy of the drop at impact with the surface
could be calculated from its potential energy.
2.4. Acquisition of High-Speed Camera Images. High-speed
cameras were used to study the evolution of the drops and to confirm the
desired morphology of the T-S particles while being cross-linked under
the UV light. The high-speed camera images presented in Figure 1 were
obtained by using a Phantom high-speed camera (Phantom v 12.1, Vision
Research, Wayne, NJ) with a magnification lens (K2/SC, Infinity PhotoOptical Company, Boulder, CO). The capture speed was set to 100
frames per second. The remaining high-speed camera images were all
obtained by using another high-speed camera (Allied Vision Technology, Prosilica GX 1050, Germany) with a magnification lens (MLH-10X,
Computar, Commack, NY). The capture speed was set to a nominal
speed of 110 frames per second. Exposure was set to 1 millisecond. The
lens was placed approximately six inches away from a glass vessel
containing bulk phase solution. The cross section of the glass vessel
was square (1 in.  1 in.) to avoid the curvature effects and big enough in
size compared to the drops to avoid the hydrodynamic wall effects.
2.5. Definition of the Nondimensional Groups. The nondimensional groups relevant to the process are listed in Table 1.
For surface-impact Reynolds number (ReI), UI was calculated from
the potential energy of the drop, UI = (2gh)1/2, where h is the altitude of
the needle above the surface of the bulk solution. For sedimentation
Reynolds number (ReII), UII was measured from the images captured by
high-speed cameras. The various values of ReII were primarily set by μ1,
which in turn was mainly sensitive to the glycerol concentration. The
viscosities of the polymer and bulk solutions were measured using a
rheometer (Physica MCR 301, Anton Paar, Graz, Austria).
For surface-impact capillary number (CaI), σI is the surface tension
between bulk solution and air. The surface tensions of the solutions in air
were measured by using a contact angle goniometer/tensiometer
(Rame-hart model 500 with DROPimage advanced software Rame-hart
instrument Co, NJ). For surface impact, surface tension dominates over
viscosity and CaI is small. For sedimentation capillary number (CaII),
σII is the interfacial tension between bulk solution and polymer drop
phase, and the relevant velocity is estimated as UII = ΔFgR2/μ1 from the
balance between gravitational and viscous forces. This makes CaII the
same as Bond number (BoII = ΔFgR2/σII), which is a large constant
because of constant density diﬀerence, drop radius, and small interfacial
tension between the bulk phase and the drop phase.
The sedimentation Weber number (WeII) can be related to ReII and
CaII as
WeII ¼

F2 UII 2 R
F F UII R ΔFgR2
F
¼ 2 1
¼ 2 ReII 3 CaII ∼ ReII 3 CaII
σII
F1 μ1
σII
F1

The Damkohler number (Da) is deﬁned as the ratio of convection time over reaction time. The convection time is estimated as
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approximately half of its initial radius. Doubling the time step had
almost no perceptible eﬀect on the results.
With the nondimensional length and time, a perfect sphere
with unit radius and uniform force density of 15/4 sediments at
unit velocity, according to the Hadamard-Rybczynski solution.26
Accuracy of the spatial discretization was veriﬁed against this
velocity ﬁeld, by sampling the velocity vector at all vertices of the
32  32  32 lattice. The maximum and root-mean-square (rms)
relative errors were 3.8  103 and 5.8  104, respectively. The
rms error showed the expected (δl)2 scaling with cell size. By
comparing the simulated early drop evolution (which neglected
the free surface) with the high-speed images, the eﬀect of the free
surface was shown to be unimportant.
3.3. Initial Drop Shapes. The algorithm for generating initial
drop shapes began by applying a chromatic (RGB) threshold to
the bitmap format of the high-speed camera images. At each
vertical level (z), the resultant black/white pixel arrays were
scanned in the horizontal (y) direction to obtain the start
y1(z) and end of the drop phase y2(z). The “backbone curve”
and the radius profile were defined as Y(z) = [y1(z) + y2(z)]/2
and R(z) = [y2(z)  y1(z)]/2. The drop domain, (x2 + [y 
Y(z)]2)1/2 < R(z), was consistent with the (y, z) projection of
the photograph.
Possible noncircular cross sections and variations in the
x direction (perpendicular to the plane of the photograph) were
not accounted for. The experimental images of the initial shapes
of drops were made perfectly axisymmetric by setting Y(z)  0.
Particles were then distributed with statistically uniform number
density inside the above domain.

were made in the same bulk solution as above. To make control particles
(2), the polymer solution was premixed with polyphosphate at 0.2 mg/mL,
which was comparable to the amount of polyphosphate entrained in
the T-S particles. Hemispheres were generated by placing drops of the
same volume as the T-S particles on paraﬁlm and solidifying them with the
UV light.

3. COMPUTER SIMULATION STUDIES
3.1. General Method. Computer simulations were applied to
predict the fine structure of the T-S drops prior to cross-linking.
Under simplifying assumptions of low ReII and unit viscosity
ratio, we considered the shape evolution of a drop occupying the
instantaneous volume domain, V(t), as it undergoes creeping
sedimentation flow in an infinite expanse of liquid of lower
density. The underlying idea is to solve for the Stokes velocity
field, v(r, t), by taking a convolution integral,

vðr, tÞ ¼

ZZZ
V ðtÞ

ðΔFÞgez 3 Gðr  qÞ dV ½q

ð1Þ

where (ΔF)gez is the uniform volumetric distribution of gravitational force, and G is the Green’s function for creeping flow
(Stokeslet tensor field)
GðrÞ ¼

1
½I þ jjrjj2 rr
8πμjjrjj

ð2Þ

For numerical computations, the drop volume V(t) was
replaced with a statistically uniform distribution of Lagrangian
particles. To approximate integral 1, we summed the mutual
Stokeslet interactions among the tracer particles, which
amounted to a Monte Carlo method. The resultant velocity ﬁeld
advects the particles, leading to a coupled system of ODEs
(dynamical system) by which the drop shape was tracked.14
Owing to the weakly singular nature of the Stokeslet and long
range of viscous interactions, the formation of ﬁne structures is
not dominated by the local features of those ﬁne structures. Thus,
a pure particle-mesh (PM) approach22 suﬃces without including
local particleparticle sums. For any instantaneous conﬁguration, the gravitational forces associated with the particles were
mapped into a force density ﬁeld on a regular cubical grid using
trilinear interpolation functions. The discrete convolution sum
corresponding to eq 1 was carried out in ord(N log N) operations
with a fast Fourier transform, and the gridded velocity ﬁeld was
then trilinearly interpolated back to the particle positions. The
resultant dynamical system was integrated numerically with a
fourth-order RungeKutta scheme. A succession of particle
methods14,2325 leading to the current scheme has successfully
tracked extreme stretching and winding of miscible interfaces by
the toroidal vortex that accompanies any globular localization of
body force in Stokes ﬂow.
3.2. Simulation Parameters. The simulations were rendered
dimensionless using the vertically projected radius R of the
initial drop as the characteristic length and μ/[(ΔF)gR] as the
characteristic time.
A uniform lattice of 32  32  64 or 32  32  128 vertices
(cube side δl = 0.08) with a nominal interparticle spacing of
0.02 was used. Thus, the drop phase contained approximately
64 particles per grid cell. The grid followed the descent of the
drop, and the particles exiting through the top of the simulation box
were neglected. The Runge-Kutta scheme permitted a notably
large time step (δt = 2), during which the drop moved through

4. RESULTS AND DISCUSSION
Self-assembly of T-S shapes could be divided into three
distinct stages and associated ﬂow and transport regimes: impact
of the polymeric drop with the surface of the aqueous solution
and initial submersion (I), subsequent sedimentation, deformation, and liquid entrainment (II), and instantaneous cross-linking
(III). The outcome of the ﬁrst process was an “initial” shape that
triggered and determined the subsequent progression of a T-S
shape instability during the second process.
The main steps of the conﬁgurational evolution of a sedimenting drop with T-S structure are shown in Figure 1b. As the drop
submerged within a miscible bulk phase, it formed a characteristic
bell shape. Driven by a toroidal vortex that is characteristic of the
sedimentation process, the ﬂuted elongation at the top of the
drop was drawn into a long tail. A depression region formed near
the rear stagnation point; this deepened around the axis of
symmetry and progressed to the front, as a second, coaxial tail
pulled itself up around the original tail. Eventually, the tail
narrowed into a thread and broke oﬀ. Simultaneously with the
dynamics of the tail, the bulk of the drop slowly developed a
mushroom shape followed by a toroidal shape, and the surrounding liquid—which for drug self-loading would contain dissolved
therapeutic macromolecules—became entrained inside as a
toroidally wound liquid channel. Simulated conﬁgurations of
the sedimenting drop (Figure 1c) were in close agreement with
the corresponding laboratory images.
Besides high-speed camera images of liquid-phase self-assembly, corresponding SEM images of the solid particles were taken
for two diﬀerent stages of particle evolution (Figure 1e,f,h,i). By
entrainment of the surrounding ﬂuid which did not contain
polymer, the channels appeared empty. Most of the T-S internal
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Figure 2. Inﬂuence of WeI on the width of T-S channels at low ReII (ReII = 0.026) and unit viscosity ratio. (a) At WeI = 0.738, a characteristic sphere-like
initial shape and very thin channels were produced. (b) At WeI = 51.7, the initial drop was ﬂatter, which resulted in relatively wider channels. (c) At WeI = 103,
the tail of the initial drop was less tapered and channel width was further increased. (d) At WeI = 133, a surface instability generated small waves on the
particle and tail. The channel width and distance between the layers became smaller again. (e) Polar coordinate system in a meridian plane. (f) Simulated
channel thickness proﬁles.

surface area was smooth (Figure 1e,h,i), indicating that diﬀusion
was slow compared to convection and there was no cross-linking
of the polymer across the internal liquid channel. However, at the
narrowest part of the channel, ﬂow and/or diﬀusion brought
the opposing polymeric interfaces suﬃciently close to each other
to partially fuse them upon cross-linking. In the SEM image
(Figure 1f), a network was formed with micrometer-size pores,
which would not be expected to signiﬁcantly impede the diﬀusion of macromolecules.
For surface impact, WeI varied because of the diﬀerent initial
altitudes of the drops and the ﬂuid properties were kept the same.
Therefore, ReI ∼ (WeII)1/2 is not required as a separate parameter.
WeI quantiﬁed the inﬂuence of inertial forces during impact relative
to the stabilizing eﬀect of surface tension. To ultimately produce
particles with continuous T-S channels, the feasible range of Weber
numbers was 0.2 < WeI < 150. When drops penetrated the airbulk
interface, the kinetic energy of impact and the surface energy of
initial deformation were transformed into bulk ﬂow of the liquid in
the drop, such as surface waves and motion of the droplets, and
eventually dissipated by viscosity. At WeI < 0.2, the droplet could

not penetrate through the airbulk interface, although the density
of the drop phase was higher than the bulk phase. When WeI
exceeded 0.2, the polymer drop penetrated through the airbulk
interface and a relatively spherical and smooth drop formed. Thin
layers of T-S channels were formed (Figure 2a). At higher WeI,
when the impact kinetic energy was increased, the initial submerged
shape varied from a smooth sphere to a more ﬂattened conﬁguration
(Figure 2b). Moderate Weber numbers resulted in wider tails of the
droplets than very low Weber numbers—a feature that induced
bigger distances between the T-S layers (Figure 2c). This trend was
also conﬁrmed by the simulations. Therefore, without changing
solutions, the easiest way to control the channel width and distance
between channels was to vary the kinetic energy (i.e., height of
release) of the drops upon entering the bulk solution. With a further
increase in WeI, the kinetic energy of the drop not only was
transferred to the motion of the drop and the bulk solution, but
also generated small waves on the drop (Figure 2d). The width of
the T-S channel diminished because of an instability of the drop
surface. Based on unit viscosity ratio and assuming creeping ﬂow
(which applies, at least approximately, to the drops in Figure 2), our
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Figure 3. Phase diagram of the drop sedimentation in a miscible bulk
solution. Distinctions between low and high viscosity ratio (deﬁned as
the critical viscosity curve) and low and high Reynolds number (deﬁned
by the cutoﬀ of 7) divided the parameter space into four regimes.

Figure 4. Cross-linking of T-S drops during sedimentation. (a) Drop
conﬁguration before the low-intensity UV light was turned on. (b)
Cross-linking of the drop with low UV intensity. (c) Drop conﬁguration
before the high-intensity UV light was turned on. (d) Cross-linking of
the drop with high UV intensity.

computer simulations explored the inﬂuence of initial drop shape
upon the ultimate width of the T-S channels. For axisymmetric
versions of the initial shapes of Figure 2ac, an especially dense
bolus of passive tracer particles was positioned where it would
become entrained inside the drop, and the thickness proﬁle of the
resultant T-S channel (Figure 2f) was extracted using a statistical
averaging procedure. The calculated width for the narrowest part of
the T-S channel is comparable to Figure 1f, in which the particle was
generated at We = 51.7.
For our current length scale, Pe is large, which indicates that
diﬀusion does not signiﬁcantly alter the channel morphology
formed by the convective ﬂow. In order to produce particles
smaller than a few hundred micrometers which is our future goal,
centrifugation may be necessary to maintain the dominance of
convection over diﬀusion. The most important nondimensional
groups to characterize drop sedimentation for our system are ReII
and viscosity ratio. WeII is related to ReII by CaII, which is a large
constant (Table 1).
When the viscosity ratio of the polymer drop to the bulk
solution exceeded a critical limit, shear stresses within the latter
were too weak to drive the formation of a vortex during
sedimentation. This critical viscosity ratio depended on the
sedimentation ReII and initial shapes of the drops (which is
mainly sensitive to WeI). Distinctions between low and high
viscosity ratio (deﬁned as the critical viscosity curve) and low and
high Reynolds number (deﬁned by the cutoﬀ of 7) divided the
parameter space into four regimes (Figure 3): (i) (low λ and low
ReII), T-S formation; (ii) (high λ and low ReII), biaxial extension
for which stagnation ﬂow at the bottom expanded the drop into
a ring with high aspect ratio; (iii) (low λ and high ReII), bowl
structure with a rolled edge; and (iv) (high λ and high Re), bowl
structure without rolled edge. To achieve stable and reproducible
T-S shapes, sedimentation of the polymer drop after the initial
submersion had to occur in regime i. In the transition from
regime i to regime ii by increasing viscosity ratio, T-S channel was
still formed but with a more ﬂattened overall shape of the rings.
Regimes iiv refer to persistent, evolving structures. At higher
ReII (>30), instabilities quickly distorted the sedimenting shape.
Finally, compared to the ﬂuid-dynamical time scale of sedimentation and shape evolution, it was advantageous to have fast
polymerization reaction kinetics (large Da) for the solidiﬁed
particles to emerge with their internal T-S channel structures
intact. The ratio of PEG-DA 700 and Irgacure 2959 (I-2959) was
optimized for this purpose. In this study, we used high-intensity

Figure 5. Release kinetics of polyphosphate from T-S particles of three
diﬀerent evolutionary stages. All the T-S particles were generated at
ReII = 0.5 and WeI = 77 (regime i in Figure 3). Three diﬀerent
evolutionary stages were achieved by varying the sedimentation time
(or distance). Control 1 was the release of polyphosphate from particles
cross-linked at a very early stage of sedimentation before any internal
structure formation. Control 2 was the release of polyphosphate from
hemispherical particles in which polyphosphate was blended with the
polymer at a concentration of 0.2 mg/mL.

UV light (∼10 W/cm2) to cross-link the polymer. At low UV
intensity, the sedimentation ﬂow ﬁeld distorted the shape before
cross-linking was complete (Figure 4a and b). At high UV
intensity, the structure of the polymer drops was successfully
ﬁxed due to the fast cross-linking of the polymer drops (Figure 4c
and d). Any temperature increase of the system is not of
concern despite the high intensity of UV light, because the
duration of UV exposure is less than 0.5 s. The temperature
change of the system with the UV light turned on and oﬀ in
0.5 s intervals was not detectable by using a thermocouple in our
experiments.
Release of polyphosphate (with 45 repeating units) as a model
macromolecule has been tested, which was chosen because of its
important role in blood coagulation and well-established characterization methods of high chemical sensitivity. In aqueous
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environments, these molecules exist as linear chains. Therefore,
polyphosphate should not go through the small pores of the
polymer matrix. In order to be released, polyphosphate has to
move along the T-S channel. The dependence of release kinetics
on the evolutionary stages of the particles is shown in Figure 5.
The release of polyphosphate from the particles of later evolutionary stage, which had longer and narrower T-S channels, was
more sustained as expected. In our future studies, the release
kinetics and targeting molecules will be optimized for diﬀerent
applications. The very small amount of polyphosphate released
from the control particles proved the diﬃculty of polyphosphate
diﬀusing through the dense polymeric matrix.
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5. CONCLUSION
Experimental investigation of polymeric T-S particle formation at low and moderate WeI, ReII, and viscosity ratio was carried
out. Numerical simulation was applied to predict the ﬁne
structure and channel width, which was comparable to the
measurement from the SEM images of the dried T-S particles.
The conﬁguration of the particles relied on the WeI, which
inﬂuenced the initial shape of the droplets, the ReII and the
viscosity ratio (λ), both of which determined the viscous
sedimentation process, and the Da, which reﬂected the relative
time scales of cross-linking vs sedimentation.
The release kinetics of polyphosphate, as a model system,
depends on the structure of the particles. Potentially, one macromolecule, such as a therapeutic protein or peptide, could be dissolved
in the bulk aqueous phase and self-loaded in the T-S channels during
particle formation. Another compound, such as a small molecular
drug, could be preblended into the polymeric drop phase and
encapsulated into the solidiﬁed matrix. Small molecules can diﬀuse
through polymer matrix, which is not hindered by the presence of the
channels. However, since the pores of the polymer matrix are too
small for macromolecules to diﬀuse through, the pathway of release
for the macromolecular agent would be diﬀerent from that of the
small-molecule drug, and its kinetics would be predictable and easy to
manipulate.
Current size T-S particles are ready to be used as postsurgical
and subcutaneous implants. We anticipate that smaller particles
may be generated at high centrifugation for the formation of
smaller drops and increased sedimentation velocity and therefore
large Peclet number.
Parallel sedimentation of arrays of polymeric drops would
appear to oﬀer a simple route to scaling up the manufacture of
T-S particles. Toward process optimization, relevant hydrodynamic interactions can readily be modeled with the particle
simulation method.
’ AUTHOR INFORMATION
Corresponding Author

*E-mail: liuying@uic.edu.

’ ACKNOWLEDGMENT
This work was supported by NSF CBET Grant CBET1039531. The authors are grateful to the Materials Research
Science and Engineering Center (MRSEC) at the University of
Chicago for access to the facilities, particularly the assistance
from the research groups of Professors Heinrich Jaeger and
Sidney Nagel. The authors thank Professor Richard Gemeinhart
for helpful discussions.
735

dx.doi.org/10.1021/la203338v |Langmuir 2012, 28, 729–735

