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Dorota I. Rożkiewicz, Benjamin D. Myers, and Samuel I. Stupp*

We report herein the development of a self-assembly method
to rapidly produce cell-like, filamentous microcapsules (MCs)
that have high surface area and encapsulate liquids or gels.
The fibrous surfaces and shell walls of the MCs can be
biologically functionalized using bioactive peptide amphi-
philes (PAs), and the cores can harbor biopolymers, proteins,
and other macromolecules. This novel method combines the
spray-based production of nebulized biopolymer microdrop-
lets[1,2] with the recently reported ultrafast self-assembly of
oppositely charged, high-molecular-weight biopolymers and
PAs.[3–5] There are numerous techniques available for micro-
capsule formation such as interfacial coacervation or inter-
facial polycondensation,[6] layer-by-layer (LbL) polyelectro-
lyte complexation and colloid-templated self-assembly,[7–13]

emulsification with polymer phase separation,[14–17] spray-
drying methods,[18–20] and microfluidic emulsion droplet for-
mation.[21–24] The advantage of the method reported herein is
the combination of a self-assembly process that leads to
structural complexity with the very broad range of bioactivity
offered by peptide amphiphiles.

The bioactive filament-forming PAs are composed of a
hydrophobic alkyl tail, and a b-sheet-forming peptide domain,
followed by peptide sequences with charged amino acids or
bioactive epitopes that can either bind to receptors or to
specific proteins by design (Figure 1A).[25–29] These molecules
assemble into high-aspect-ratio filaments upon electrostatic
screening of the charged amino acids and the formation of
b sheets. Hydrophobic collapse of these filament-forming
molecules under strong screening conditions leads to the
display of a high density of biological signals on their surfaces
(on the order of 1015 signals per cm2).[25] In vivo and in vitro

studies have shown that certain PA molecules that bear
bioactive epitopes promote regeneration of spinal cord axons,
angiogenesis, bone regeneration, cartilage repair, prolifera-
tion of bone marrow cells, and selective differentiation of
neural progenitor cells into neurons.[25, 26, 28–33] We previously
demonstrated that solutions of PAs and oppositely charged
biopolymers can self-assemble at the liquid–liquid interface
to form hierarchically structured membranes that can be
permeable to proteins to produce saclike structures on the
macroscale with millisecond speeds (with size scales of
millimeters).[3–5] The shells of these sacs are highly structured
and their surfaces are fully covered with nanoscale filaments.
We have modified this approach for the production of
filamentous MCs less than 100 mm in diameter (Figure 1C).
These micrometer-scale objects could be created with highly
bioactive properties, high surface area, and dimensions
approaching those of cells.

The first step in the MC formation requires generation of
picoliter droplets of a biopolymer solution. We built a spray-
based device that enables production of droplets with
diameters (dMC) as small as 5 mm and an average production
rate of 1 � 108 microcapsules per second. The nebulizing
device has three components: a) a pressure microinjector for
the delivery of a biopolymer solution, b) a glass capillary
(orifice diameter ca. 40 mm), and c) compressed gas (nitrogen
or air; see the Supporting Information). We nebulized the
stream of 0.25 wt % aqueous alginate (AL) solution using a
high-velocity flow of nitrogen. The microdroplets of the
biopolymer solution were directly ejected into a 0.1 wt%
aqueous solution of C16V3A3K3 PA (Figure 1A) to induce the
membrane-forming self-assembly process that occurs on the
millisecond timescale. After allowing 15 min for dynamic self-
assembly between the PA molecules and the biopolymer,[3]

Figure 1. A) Molecular structure of peptide amphiphile C16V3A3K3.
B) Alginic acid. C) Schematic illustration of the cross-section of a PA-
alginate microcapsule.
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the MCs were centrifuged and rinsed thoroughly with MilliQ
water. This method results in microdroplets that are uniform
in size (dMC� 25 mm) and shape with a coefficient of variation
(CV) of approximately 20%. A microfilter (such as a cell
strainer) can be inserted into the spraying line to reduce the
size range. We have investigated different concentrations of
alginate and PA solutions. We found that high concentrations
of alginate (e.g., 2 wt %) were difficult to spray because of
their high viscosity. This difficulty led to MCs with large sizes,
that is, on the order of hundreds of micrometers. On the other
hand, low concentrations of alginate (< 0.25 wt %) resulted in
capsules with a very thin membrane, which led to their rapid
fusion during the spraying process. High concentrations of PA
(e.g., 2 wt %) led to gel formation and were avoided for MC
fabrication. The surface morphology, cross-section, shape,
and uniformity of the MCs were investigated with scanning
electron microscopy (SEM), focused ion beam (FIB), and
optical and fluorescence microscopy. Samples for SEM
imaging were prepared by the critical point drying processing
(CPD) of the MCs followed by osmium coating. The MCs
have filamentous shells with high surface area (Figure 2 A,B).
The length of the surface nanofibers can exceed 10 mm
(Figure 2B, inset) but on average they are in the range 2–
3 mm, with diameters below 20 nm. Based on our previous
work,[3] the orientation of surface fibrils is likely to be related
to the diffusion of macromolecules through a diffusion
barrier. The thickness of the membrane depends on the
incubation time of MCs in the PA solution, which in our case
is 15 min, and for the MCs of approximately 25 mm in
diameter, the wall thickness is approximately 350 nm. Also
the PA-MCs can have either a liquid or gel core (Fig-

ure 2C,D) formed by cross-linking the alginate with, for
example, Ca2+ ions either during or after MC formation. Core
gelation enables the formation of mechanically stable struc-
tures that have resistance to damage during processing
(rinsing, centrifuging, and handling) whereas liquid-core
capsules are more susceptible to collapse and burst. The
gelation process can be reversed by the addition of a chelating
agent solution such as sodium citrate. To investigate the
interior of liquid-core capsules, we fractured them before
SEM imaging (Figure 2C). From the SEM investigation, we
can see an outer layer of entangled filaments. This layer is
formed when PA filaments directly contact with an oppositely
charged biopolymer to screen electrostatic interactions and
trigger self-assembly. Gel-core MCs were prepared by CPD
and cross-sectioned by FIB/SEM to study the interior
morphology and the structure of the membrane (Figure 2D).
The gel-core capsules have a sponge-like interior structure
since the alginate is cross-linked with Ca2+ ions to form a
dense polymer network and the exterior exhibits nanofibrous
morphology.

The ability of the MCs to encapsulate and release proteins
and other macromolecules would be obviously important in
developing biomedical applications. This possibility was
evaluated with UV/Vis spectrometry and fluorescence mi-
croscopy using fluorescein isothiocyanate (FITC) labeled
dextrans (3–70 kDa) and FITC-labeled bovine serum albumin
(BSA). Five different spraying solutions were prepared; each
was a mixture of 1 mgmL�1 FITC-labeled dextran molecular
weight standards (3–5 kDa, 10 kDa, 40 kDa, 70 kDa), FITC-
BSA with 0.5 wt% alginate in 1:1 (v/v) ratio. The solutions
were sprayed into 0.1 wt % C16V3A3K3 containing 2 wt%
CaCl2 and the resulting MCs were rinsed with H2O and
phosphate-buffered saline (PBS). The encapsulation of dex-
trans and BSA was investigated with fluorescence microscopy.
The FITC-BSA and dextran exhibit strong fluorescence that
is uniform across the entire MC (Figure 3A). For the release
studies, the MCs were transferred into the releasing medium
(Dulbecco�s PBS, pH 7.4) at 37 8C for 24 h. After this time, we

Figure 2. SEM images of A) A PA-AL microcapsule. Inset: MC size
distribution graph. B) Top view of nanofibrous surface of the MC.
Inset: side view. C) Liquid-core MC (diameter ca. 1 mm) fractured to
examine biopolymeric interior. The PA-AL membrane separates the
biopolymer liquid core from the exterior. The inset shows a cross
section of the capsule membrane. D) Gel-filled MC cross-sectioned by
FIB to investigate the morphology of the inner core. Inset: expansion
of the cross-linked alginate interior of the MC that comprises a dense,
“sponge”-like alginate gel.

Figure 3. Fluorescence microscopy image and fluorescence intensity
profile of PA-AL microcapsules (A) with encapsulated FITC-BSA (B)
containing FITC-labeled PA in its shell.
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did not observe a fluorescence signal from the MCs. The
concentration of released molecules in PBS was measured
with UV/Vis spectrometry. These studies showed that release
of all tested dextrans (3–70 kDa) and BSA molecules
occurred within 24 h in PBS (see Supporting Information).
100 % of encapsulated protein was released after 20 h from
PA MCs. A similar effect was observed for all dextrans, but 3–
5 kDa dextran was released the fastest (after 6 h).

Using the well-known diversity of bioactivity that PA
nanofibers can offer,[25, 34–37] the MCs could create a versatile
platform to generate cell-like objects for many therapies. To
demonstrate that more than one type of PA can be
incorporated into the shell, we used FITC-labeled PA
(C16V3A3K3-FITC). We mixed C16V3A3K3-FITC PA with
C16V3A3K3 PA (1:100 w/w, total concentration 0.1 wt %)
prior to spraying of 0.25 wt% alginate (Figure 3B). The
membrane of these fluorescein–MCs showed a clear fluores-
cent edge contrast (Figure 3 B), thus suggesting successful co-
self-assembly of FITC-PA with PA and AL. This type of
functionalization offers a straightforward approach for the
incorporation of specific fluorescent tags, recognition units,
and bioactive epitopes for cell signaling or cell targeting into
the high surface area of these filamentous particles. Fluores-
cent tags may allow, for instance, in vivo tracking of MCs
using imaging techniques.

We conclude that specially designed simple methods of
self assembly between peptides and biopolymers can be used
to form filamentous microcapsules that could support a broad
range of bioactivities for novel therapies. Their potential is
based on the complex fibrous architecture that this self
assembly strategy produces, thus allowing release of proteins
and other macromolecules through their membranes, and the
display with enormous surface area of a broad diversity of
biological information. The fibrous surface of MCs offers the
advantage of a high surface area and the possibility to
enhance binding events through molecular design of the
surface filaments. The surface filaments could also incorpo-
rate catalysts or hydrophobic drugs that could be released by
pH changes. PA fibers can be functionalized with fluoro-
phores, tagged with bioactive sequences of amino acids, or
linked to growth factors and bioactive biopolymers such as
heparin. We propose that the biodiverse array of biological
signals and efficacy of peptide amphiphiles demonstrated
previously both in vitro and in vivo will allow the micro-
capsules to function as artificial cells in novel therapeutic
strategies. The MCs described have membranes that allow
them to deliver proteins and therefore similarly large macro-
molecules. The delivery of proteins from the internal com-
partment of a MC is not a common characteristic of lip-
osomes, vesicles, or layer-by-layer microcapsules. This prop-
erty is cell-mimetic in that the ability to deliver proteins from
the cytoplasm to the extracellular space is one of the functions
of biological cells. Cells also have recognition sites on their
surfaces; this function is naturally incorporated in the fibrillar
structure of our MCs. These MCs can also have sizes and
morphologies that occur in natural cells, particularly a fibrous
morphology. The potential for tuned permeability, size, shape,
mechanical properties, and most importantly the possibility to
encapsulate nanoscale compartments, cell components, and

macromolecules make these MCs excellent systems to
innovate cell-mimetic functions.

Experimental Section
The peptide amphiphile (C16V3A3K3) was synthesized by using
standard 9-fluorenylmethyloxycarbonyl (Fmoc) solid-phase peptide
synthesis on a CS Bio automated peptide synthesizer and purified
using reverse-phase HPLC (Agilent HP 1050 system) with a mobile
phase gradient consisting of water and acetonitrile, each containing
0.1% v/v trifluoroacetic acid.[28] Amino acids and Rink MBHA were
purchased from Novabiochem Corporation (San Diego, CA, USA).
All other reagents were purchased from Mallinckrodt (Hazelwood,
MO, USA). PAs were dialyzed and isolated by lyophilization. ESI
(LCQ Advantage) and MALDI-TOF-MS (Voyager DE Pro) were
used to confirm mass and purity. Alginate HF120RBS (MW 300–
400 kDa) was purchased from FMC Biopolymers, (G/M (%) 45–55/
45–55, 1 wt %). Calcium chloride, sodium chloride, fluorescein
isothiocyanate dextrans, and sodium citrate were purchased from
Sigma Aldrich. FITC-BSA was purchased from Molecular Probes.
Strainers with pore diameter of 40 mm were purchased from BD
Falcon.

Spraying of 0.25 wt % alginate solution was performed using
Capillary PicoSpray (see the Supporting Information). The droplets
of biopolymer were ejected into the aqueous solution of 0.1 wt % PAs
containing 2 wt % CaCl2 (for the gel-filled microcapsules). The
microdroplets were passed through the strainer (pore diameter
< 40 mm). The solution of PAs was stirred continuously with a
magnetic stirrer. Once the MCs were formed, they were removed
from the PA solution after 15 min of incubation, passed through the
strainer again, washed with MilliQ water three times, and centrifuged.
Finally, the droplets were resuspended in saline solution (0.9%
NaCl), PBS, or water. PA MCs were stored in saline or MilliQ water
for weeks without rupturing.

Encapsulation of dextrans and BSA: FITC-labeled dextran with
molecular weight of 3–5 kDa, 10 kDa, 40 kDa, and 70 kDa as well as
FITC-BSA were used. Five different solutions were prepared; each
solution was a mixture of 1 mgmL�1 of dextran (3–5, 10, 40, and
70 kDa) and BSA with 0.5 wt% alginate. The mixture was sprayed
using the Capillary PicoSpray method into a 0.1 wt% C16V3A3K3. The
MCs were rinsed with MilliQ water and PBS. MCs with encapsulated
dextrans and BSA (fluorescein-labeled) were imaged with a fluores-
cence microscope (Nikon).

Release of dextrans and BSA: The MCs were subjected to a
release study in PBS (pH 7.4) at 37 8C in an incubator–shaker for 24 h.
Samples of 100 mL were taken from the release medium at specific
time intervals for a total period of 24 h and were replaced with the
same amount of PBS. Each sample was measured at 494 nm with a
UV/Vis spectrometer (SpectraMax M5, Molecular Devices).

SEM of microcapsules: before SEM characterization the samples
were dehydrated by exchange with ethanol of increasing concate-
nation (10, 20, 30 up to 100% of ethanol). MCs were immersed in
each solution for at least 10 min (e.g., 10 min in 10, 20, 30 % etc., and
finally in 100% ethanol). The ethanol was removed by critical point
drying (CPD). Large (ca. 1 mm) liquid-core MCs were cut open with
tweezers before obtaining SEM micrographs. Smaller liquid-core
MCs (< 100 mm) usually collapsed during CPD processing while gel-
core MCs remain spherical shape. Osmium (8 nm) was deposited with
an osmium plasma coater onto dry MCs in order to minimize electron
beam charging during imaging.
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