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ABSTRACT: We studied the pH-responsive behavior of layer-
by-layer (LbL) microcapsules fabricated from silk fibroin
chemically modified with different poly amino acid side chains:
cationic (silk-poly L-lysine, SF-PL) or anionic (silk-poly-L-
glutamic acid, SF-PG). We observed that stable ultrathin shell
microcapsules can be assembled with a dramatic increase in
swelling, thickness, and microroughness at extremely acidic (pH
< 2.5) and basic (pH > 11.0) conditions without noticeable
disintegration. These changes are accompanied by dramatic
changes in shell permeability with a 2 orders of magnitude
increase in the diffusion coefficient. Moreover, the silk ionomer
shells undergo remarkable softening with a drop in Young’s modulus by more than 1 order of magnitude due to the swelling,
stretching, and increase in material porosity. The ability to control permeability and mechanical properties over a wide range for
the silk-based microcapsules, with distinguishing stability under harsh environmental conditions, provides an important system
for controlled loading and release and applications in bioengineering.

■ INTRODUCTION

Encapsulation and delivery of active ingredients such as drugs,
proteins, flavors or living cells is becoming increasingly
important for a wide variety of applications and technologies
in the food industry, for drug delivery, and in biology and
biomedicine.1−13 Intensive research has been directed to
address the specific requirements of encapsulation: interfacial
emulsion polymerization,14 coacervation or gelation of
polymer,15 fluid extrusion,16 lipid-based liposomes17 and
assembly of polymer.18 A versatile method for encapsulation
should provide easily controlled size, permeability, mechanical
strength, compatibility, and high yield.19,20 Tunable size of
encapsulated media allows flexibility in applications and choices
of encapsulation routines; controlled permeability enables
loading and unloading behavior to be modulated, selective
encapsulation of macromolecules, and timed release; adjustable
mechanical properties can protect entrapped material to
withstand varying mechanical loads in different environments
or enable release by defined shear forces. Finally, biocompat-
ibility of encapsulating media is important for biological and
biomedical applications, such as for cells encapsulation, drug
delivery, and tissue engineering and regeneration.21−25

Polyelectrolyte multilayer assemblies fabricated by layer-by-
layer (LbL) assembly of different complementary components
onto the surface of colloid particles, followed by core
dissolution, provides a simple and widely adaptable route for
encapsulation and release.26−28 A variety of intermolecular
interactions such as ionic pairing,29 hydrogen bonding,30

covalent bonding31 and specific recognition32 can be used as
the driving force for the assembly, which enables the use of a
wide range of polymers and nanoparticles in the construction of
the LbL shell. The microcapsule size can be varied from a few
tens of nanometers to hundreds of micrometers, and the shape
can be spherical, tetrahedral or cubic by employing various
templates.33 Furthermore, depending on the nature of the
polymer utilized, LbL assemblies can exhibit multiresponsive
behaviors when exposed to different external stimulations, such
as pH, temperature, light, and ionic strength, which enables the
manipulation of permeability, morphology and mechanical
properties.34−41 However, the cytotoxicity of synthetic polymer
LbL shells caused by the use of cationic polyelectrolytes is a
main limitation for application of these systems in the field of
biology.42 Microcapsules, with robust shells and stability under
harsh environments, such as extreme acidic and basic
conditions, high shear force, and biofluids, are rare.
Silk fibroin is a natural protein from silkworms and spiders

and has been widely utilized in biomaterial composites.43,44 The
versatility of silk is attributed to the outstanding mechanical
properties (a unique combination of high elastic modulus,
elongation to break and toughness),45 near-perfect trans-
parency in the visible range46 and biological properties
(biocompatibility and tunable biodegradability), which make
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silk-based materials excellent candidates for drug delivery
systems, scaffolds for tissue and biosensor engineering.
However, building microconstructions from proteins is
challenging because of their poor stability. Up to now, final
silk structures (ultrathin films and microcapsules) have been
stabilized by the formation of β-sheets.47−49 However, our
recent study described a different strategy, based on ion pairing
of the poly amino acid functionalized silk ionomers.50 By
utilizing these natural components, stable and robust silk-based
LbL microcapsules were successfully fabricated with highly
reversible pH responsive features and controlled encapsulation
and release abilities.51

In the present study, we focus on quantitative analysis of the
critical physical (transport and mechanical) properties of the
silk ionomer microcapsules fabricated by combining ionic
pairing and covalent cross-linking as has been very recently
introduced.51 Both shell permeability and stiffness along with
shell morphology have been measured for different fabrication
and environmental conditions. These microcapsules demon-
strated pH-induced permeability at extreme acidic (pH < 2.5)
and basic (pH > 11.0) conditions with 2 orders of magnitude
increases in the diffusion coefficient, accompanied by dramatic
changes in morphology but without compromising capsule
integrity. Furthermore, the silk LbL shell exhibited a higher
elastic modulus than traditional hydrogen-bonded micro-
capsules composed of synthetic polyelectrolytes, and the
stiffness is widely tunable by external pH conditions and
additional covalent cross-linking. These silk-based micro-
capsules with adjustable permeability and outstanding mechan-
ical properties may serve as a new promising platform for
bioengineering applications.

■ EXPERIMENTAL SECTION
Materials. Silk-poly(amino acid)-based ionomers were obtained

using our previously published method (Figure 1).50 First, the silk
fibroin was extracted from Bombyx mori cocoons according to our
established procedures.52 The tyrosine and serine residues of the SF
backbone were chemically modified via diazonium coupling and
chloroacetic acid reaction, respectively, leading to a silk derivative
enriched in carboxyl groups; subsequently, one of the silk-poly(amino
acid)-based ionomers (SF-PG) was obtained by grafting poly-L-
glutamic acid onto silk fibroin (SF) to achieve a high carboxyl content.
In contrast, SF-PL represents silk fibroin modified with poly-L-lysine
side groups to enrich amine group content.

Silica spheres with a diameter of 4.0 ± 0.2 μm as 10% dispersions in
water were obtained from Polysciences, Inc. Sodium phosphate
dibasic, sodium phosphate monobasic, and hydrofluoric acid (HF 48−
51%) were purchased from BDH. Ammonium fluoride (AF) was
obtained from Alfa Aesar. Branched polyethylenimine (PEI) withMn =
10 000, fluorescent isothiocyanate (FITC), and FITC-dextrans with
different molecular weights were obtained from Sigma-Aldrich. The
cross-linker, 1-ethyl-3-[3-dimethylaminopropyl] carbodiimide hydro-
chloride (EDC), was obtained from TCI. All materials were used
without further purification. The water used in all experiments was
Barnstead Nanopure water with a resistively above 18.2 MΩ cm.
Single-side polished silicon wafers of {100} orientation (University
Wafer Co) were cut to a typical size of 10 mm × 20 mm and cleaned
in a piranha solution as described elsewhere.53

Fabrication of “PEI-(SF-PG/SF-PL)n” Capsules. Silica spheres
were dispersed in 0.5 mg/mL PEI solution (prepared in 0.1 M NaCl,
pH 7) to make a prime layer to stabilize the LbL process. Then silica
spheres were dispersed in 1 mg/mL silk fibroin-poly-L-glutamic acid,
SF-PG, prepared in 0.05 M phosphate buffer at pH 5.5, followed by
SF-PL deposition as redispersion in 1 mg/mL silk fibroin-poly-L-lysine
solution, SF-PL, prepared in 0.05 M phosphate buffer at pH5.5.
Multilayer capsules were obtained by repeating the alternating
deposition of SF-PG and SF-PL components (Figure 2). Each

deposition was carried out with slow rotation to avoid the formation of
air bubbles for 15 min, followed by two wash cycles in phosphate
buffer with pH 5.5 by centrifugation at 1000 rpm for 1 min to remove
the excess of polyelectrolytes.

All capsules were cross-linked with 1-ethyl-3-[3-dimethylamino-
propyl] carbodiimide hydrochloride (EDC) according the established
procedures.54 The silica spheres with PEI(SF-PG/SF-PL)n multilayers
were added to 5 mg/mL EDC solution (prepared in 0.05 M phosphate

Figure 1. Chemical structure of silk-poly(amino acid) ionomers: silk-poly-L-glutamic acid (SF-PG) and silk-poly-L-lysine (SF-PL).

Figure 2. LbL self-assembly of silk-poly(amino acid) ionomer
microcapsules through ionic pairing followed by covalent cross-linking.
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buffer at pH 5.5) for 40 min and then washed with phosphate buffer at
pH 5.5 to remove excess coupling agent. To dissolve the silica cores,
the particles were exposed to 1 M HF/4 M NH4F solution (pH ∼5.5)
overnight, followed by dialysis with slide-A-lyzer dialysis cassettes
(100 000 MWCO, Thermal Scientific) against Nanopure water at pH
5.5 for 72 h with repeated changes of water (Figure 2).55,56

■ CHARACTERIZATION

Atomic Force Microscopy (AFM). Surface topography of
the hollow capsules in dried and swollen states was examined
by AFM.57 The height and phase images were collected with a
Dimension-3000 AFM (Digital Instruments) in tapping mode
using silicon V-shape cantilevers having spring constants of 46
N/m for imaging in air. For the morphology of the swollen
state at different pHs, a scanAsyst-fluid mode on a Dimension-
Icon (Veeco) was employed using a liquid cell and a tip with a
spring constant of 0.7 N/m. Samples were prepared by placing
a droplet of hollow capsule suspension on a precleaned silicon
wafer and drying in air prior to AFM scanning. During the
scanning in liquid, phosphate buffer solution with different pHs
was added to the predried capsules. The capsule single wall
thickness was determined as half of the height of the collapsed
flat regions on dried and swollen capsules using bearing analysis
from NanoScope software to generate height histograms. The
microroughness was measured in smooth microcapsule regions
from selected 1 μm × 1 μm areas without wrinkles.58,59

Micromechanical properties of silk ionomer capsules were
measured by force-volume mode on the Dimension-3000
microscope in both dry and swollen states. Force−distance
curves were collected by micromapping with 16 × 16 point
arrays over a 1 μm × 1 μm area selected without wrinkles.
Silicon nitride tips with spring constants of 6.0 and 0.7 N/m
were used in dry and liquid state, respectively. The spring
constants of the cantilevers were determined by thermal tuning.
The tip radius was estimated by scanning a reference standard
sample with 5 nm gold nanoparticles. Mechanical measure-
ments of capsules in the swollen state were performed with a
liquid cell in phosphate buffer adjusted to specified pH values.
The collected data were processed with a custom-made

micromechanical analysis (MMA) software according to the
well-established procedure.59−61 A parabolic Snedoon’s model
was utilized to calculate Young’s modulus by processing the
force−distance curves collected in the elastic regime at the

selected flat surfaces without wrinkles from at least three
individual capsules to ensure representative results.

Confocal Laser Scanning Microscopy (CLSM). Confocal
images of capsules were obtained with LSM 510 vis confocal
microscope equipped with 63 × 1.4 oil immersion objective
lens (Zeiss). Capsules were visualized by adding FITC solution
(1 mg/mL in phosphate buffer at pH 5.5) to the capsule
suspension in Lab-Tek chambers (Electron Microscopy
Science). Excitation/emission wavelengths were 488/515 nm.
To investigate capsule permeability, fluorescent recovery after
photobleaching (FRAP) was investigated by photobleaching
FITC-dextran fluorescent molecules inside the microcapsule
with CLSM.62

A drop of hollow capsule suspension was added to a Lab-Tek
chamber, mixed with 200 μm of 1 mg/mL FITC-labeled
dextran solution with different molecular weights (prepared in
phosphate buffer at different pHs) and allowed to settle for
several hours to make sure the fluorescent intensities inside and
outside of the capsule were same. Then a laser beam (488 nm)
was focused within a region inside a capsule and pulsed at 100%
intensity to photobleach the dye molecules. Each FRAP started
with 5 prebleached scans, followed by 25−30 iterations of
bleaching to make sure the fluorescent intensity inside the
capsule was reduced by 40−60% while avoiding damage to the
capsule. The fluorescence recovery was monitored by capturing
scans of 3 ms exposure at low laser intensity (3% of maximum).
The recovery was considered complete when the fluorescence
of the photobleached region leveled off. The FRAP recovery
curves were analyzed using an established procedure.62,63 The
recovery curve of the fluorescence intensity, I, as a function of
time, t, was fit by a function

= − −I I (1 e )At
0 (1)

where I0 represents the initial fluorescence intensity. The
coefficient A is related to the diffusion coefficient, D, according
to equation:

= =A P r D rh3 / 3 / (2)

Which is valid for diffusion through a spherical wall with radius
r and thickness h.

■ RESULTS AND DISCUSSION
Silk Shell Morphologies. Silk-polyamino acid ionomers,

obtained by selective modification side groups of silk protein

Figure 3. Morphology of silk ionomer microcapsule at different pHs in liquid state. (a) AFM topography images of swollen PEI-(SF-PG/SF-PL)5
capsules in pH 5.5 and 11.5 (Z-scale: 1,000 nm) and pH 1.5 and 2.0 (Z-scale: 2,000 nm) phosphate buffer solutions. (b) High resolution AFM
height images of swollen PEI-(SF-PG/SF-PL)5 capsules in pH 1.5, 2.0, 2.5, 5.5, 11.0, and 11.5 phosphate buffer solutions (Z-scale: 200 nm).
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backbone to enrich either cationic (silk-poly L-lysine, SF-PL) or
anionic (silk-poly-L-glutamic acid, SF-PG) charges, were
utilized to prepare hollow microcapsules by LbL assembly
(Figure1).
The capsules were stable over a wide pH range, 1.5 to 12.0,

and showed a remarkable degree of reversible swelling/
deswelling when exposed to pH conditions below 2.0 and
above 11.0 (Figure 2). As has been demonstrated in our
previous publication, the diameter of silk ioonomer micro-
capsule increased for 3.8 ± 0.2 μm at pH 5.5 to 5.3 ± 0.2 μm at
pH 1.5 and 5.7 ± 0.2 μm at pH 12.51

In order to understand the pH responsive properties of the
silk ionomer microcapsules, the morphology of the capsules
was monitored upon exposure to different pH conditions
(Figure 3a). Upon drying the hollow silk microcapsules on a
solid substrate, random wrinkles are formed due to shell
collapse.64,65 Even by exposing the predried capsules to the
aqueous solutions, the capsules still kept the wrinkled
morphology. However, upon exposure to the solution with a
pH above 10.5 and below 3.5 (adjusted by 0.05 M phosphate
buffer), the topography significantly changed. The silk LbL
shell swelled for capsules at pH 2.0 when compared to the same
bilayer number capsules at pH 5.5. Further reducing the
solution pH to 1.5 resulted in uneven and ruffled morphologies
observed from AFM. The same phenomenon was obtained at
pH above 11.5.
The dramatic change of grainy texture of shells was also

revealed by high resolution AFM images at different pHs
(Figure 3b). The surface morphology of silk materials
undergoing partial transformation of secondary structure
associates with the grainy topography at pH 5.5.66 The grainy
structure gradually formed as the capsules were exposed to pH
2.5, 2.0, and 1.5, respectively. The same change happened upon
exposure to basic conditions.
The thickness of silk ionomer microcapsules with 5 bilayers

was measured by AFM cross sections in the swollen state at
pHs from 1.5 to 11.5 (Figure 4a). The shell thickness increased
gradually from 87 ± 6 nm (pH 5.5) to 107 ± 6 nm (pH 3.5)
and 103 ± 8 nm (pH 11.0) and then followed by dramatic
swelling to 204 ± 15 nm for pH below 2.0. The capsules
showed a nonuniform swelling at pH 11.5, where some regions
had high swelling and a reached thickness of 201 ± 35 nm,
whereas some regions remained at about the same thickness as
at pH 5.5. The values of thickness even in neutral conditions
were significantly higher than typical values for hydrogen
bonded capsules within the range from 20 to 35 nm associated
with the different components and molecule weights.67,68

The same trend was observed for changes in shell
mircoroughness, as measured in selected smooth (without
wrinkles) areas of 1 × 1 μm2. The capsules exhibited an almost
constant roughness (13.5−16.5 nm) over a wide pH range from
3.5 to 10.5, much higher than usually observed for electrostatic
based LbL films (around 1−2 nm)69 but common for diffusion-
enhanced LbL assembly with aggregated and porous
morphologies.70 These features were close in terms of
roughness to those previously reported for hydrogen bonded
microcapsules employing a PEI-prelayer (in the range of 13−15
nm).67

Furthermore, the microroughness dramatically increased for
pH values below 3.5 and above 10.5, and reached a value of
27.5 ± 1 nm at (pH 1.5) and 37.5 ± 3 nm (pH 11.5) (Figure
4). Such a remarkable increase in surface microroughness is
consistent with the steady development of domain morphol-

ogies with the dimensions enlarged from 30−40 nm to about
300 and 400 nm for pH 11.5 and 1.5, respectively. The grainy
structure is a common phenomenon for silk materials,48,71 due
to local aggregation, and the responsive changes of domain
sizes are attributed to reduced ionic pair bonding upon
exposure to extremely basic and acid pHs.
The distinct pH-dependent changes in morphology of silk

iomomer capsules can be related to a reduction of ionic
bonding in the LbL thin shell at extreme conditions. As known,
polyglutamic acid and polylysine utilized here for preparing the
pairing of silk ionomers have pKa ∼3.5 and ∼9, respectively.72
The negative charge of SF-PG gradually decreased due to the
protonation of carboxyl group below its pKa. There is a higher
degree of deprotonation of amino groups on SF-PL and a lower
positive charge on the SF-PL when the pH is above its pKa. The
result is consistent with the variation of zeta-potential of hollow
capsules in the pH range from 1.5 to 12.0 which was described
in our previous publication, where the zeta-potential was
negative in the pH range from 3.5 to 7.5 and then increased to
positive values for pHs below 2.5 and more negative above pH
7.5.51

Only capsules with additional EDC-induced cross-linking
with amide bonds between carboxylic groups on SF-PG and
primary amine groups on SF-PL exhibited uniform swollen
shapes under extremely acidic and basic conditions indicating
light permanent cross-linking (Figure 2). Indeed, the untreated
microcapsules are totally dissolved when exposed to acidic (pH
< 1.5) or basic environments (pH > 11.5). The FTIR spectra
for microcapsules with and without cross-linking did not
indicate significant detectable changes thus confirming very low
degree of cross-linking. In fact, the silk backbone is composed
of repeated amino acid units through amide bonds,73 which
resulted in a strong carbonyl peak of amide bonds for silk-based

Figure 4. pH induced variation of silk ionomer microcapsules physical
features. (a) pH-trigged swelling of PEI-(SF-PG/SF-PL)5 hollow
capsules in pH range from 1.5 to 11.5. (b) Microroughness of PEI-
(SF-PG/SF-PL)5 hollow capsules as a function of pH.
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capsules even without cross-linking thus masking possible
changes during cross-linking (Figure 2).54,68,74

Significant variation of thickness and microroughness for
PEI-(SF-PG/SF-PL)n capsules was observed with different
cross-linked time in dry and swollen states (Table 1). The
degree of swelling decreased with increasing cross-linking time
due to the higher degree of cross-linking. In addition, thickness
also decreased from 48.0 ± 2.1 to 44.5 ± 2.2 nm indicating
densification of the shells upon cross-linking. Comparing
overnight cross-linking from the literature,54,75 the cross-linking
time was set to 40 min to obtain stable capsules at extremely
acidic and basic pHs while minimizing the effect of cross-linking
on capsule properties and avoid excessive stiffening. A grainy
surface texture and with significant variation in microroughness
at different pHs of the silk ionomer shells suggests a porous
morphology to facilitate tunable permeability.76

Silk Shell Permeability. FRAP analysis of permeability was
conducted by using fluorescein isothiocyanate (FITC)-labeled
dextran as a fluorescent probe with confocal microscopy
(Figure 5).62,77,78 Focusing the laser beam onto the capsule
interior and increasing the excitation intensity at 100% of
maximum resulted in efficient bleaching (Figure 5a, middle).
Immediately after bleaching stage and reduction of the laser
power by a factor of 30, the intensity of the capsule interior
gradually increased over time due to the diffusion of
unbleached FITC-dextran surrounding the capsule into the
interior until the intensity inside of the capsule became
constant (Figure 5a, right). For quantitative analysis, the
fluorescence intensity inside the bleached capsule was
integrated by give intensity values for each time point, which
constituted the FRAP recovery curves which can be fit with eq
1 (Figure 5b,c).
Although the number of bilayers significantly affected the

cutoff molecular weight for permeation,48,51 the slope of the
recovery curve for silk ionomer microcapsules with five bilayers
was only slightly higher than that of seven and nine bilayer
shells exposed to 4 kDa FITC-dextran at pH 5.5 (Figure 5b).
However, much faster recovery was observed at extremely basic
(pH 11.5) and acidic (pH 2.0) conditions compared to the
same capsule (5 bilayers) exposed to the same molecular weight
FITC-dextran (20 kDa) at pH 5.5 (Figure 5c). This finding
indicates that the diffusion rate across shells is changed
dramatically by pH variations.
The fluorescent intensity recovery curve fitted with

theoretical permeation kinetics equations can provide perme-
ability coefficients, which can be converted into diffusion
coefficients (D) according to eq 2 with use of shell radius and
thickness (Figure 6).79 The silk iomoner capsule indicated an
exponential build-up thickness with increasing bilyaer number,
which resulted in a significantly thicker shell of nine bilayer
capsules. However, the diffusion coefficients calculated from
FRAP experiments increased from 7.2 × 10−11 to 2.3 × 10−10

cm2/s with an increasing number of bilayers (for 4 kDa FITC-

dextran as a probe) at pH 5.5 indicating the role of porosity
(Figure 6B). These values are much higher than those obtained
for conventional low porosity ionic PAH/PSS shells where
diffusion coefficients were as low as 2.7 × 10−12 cm2/s for low
molecular weight dyes for comparable number of bilayers.77

On the other hand, the value of the diffusion coefficient was
the same order of magnitude as that reported for weakly
hydrogen-bonded LbL shells with high porosity.65,80 We
suggest that the modified silk macromolecular structure, with
a hydrophobic backbone and hydrophilic pendant groups, with
abundant site for hydrogen bonding contributed to a loose,
porous morphology for the silk ionomer shells, resulting in the

Table 1. Thickness and Microroughness of PEI-(SF-PG/SF-PL)5 Microcapsules with Different Cross-Linking Times in the Dry
and Swollen States (pH 6.0)

thickness, nm microroughness, nm diameter, μm

cross-linked time, min dry swollen swelling % dry swollen swollen

0 48.0 ± 2.1 86.4 ± 1.9 80.0 8.7 ± 1.3 12.7 ± 2.3 3.74 ± 0.06
40 46.2 ± 1.6 74.6 ± 3.2 61.5 11.5 ± 3.3 13.6 ± 3.1 3.73 ± 0.06
80 46.7 ± 2.2 78.8 ± 3.0 68.7 11.3 ± 0.3 17.3 ± 2.7 3.80 ± 0.05
160 44.5 ± 2.4 70.8 ± 3.0 59.1 11.3 ± 1.7 11.1 ± 1.2 3.75 ± 0.06

Figure 5. (a) Confocal images of PEI-(SF-PG/SF-PL)5 capsule
exposed to 4 kDa FITC-dextran solution at pH 5.5 during different
stages of FRAP. (b) FRAP recovery curves of capsules with different
numbers of bilayers for 4 kDa dextran at pH 5.5. (c) PEI-(SF-PG/SF-
PL)5 capsule FRAP recovering curves for 20 kDa dextran at different
pHs.
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high permeability much close to weakly bonded LbL shells than
traditional ionic-based shells.
As expected, a lower diffusion coefficient was found with

increasing labeled dextran molecular weight from 4 to 20 kDa
(Figure 6A,B); however, when the same capsules were exposed
to the dextran with the same molecular weight (20 kDa) at pH
2.0 and 11.5, the diffusion coefficients dramatically increased
from 8.5 × 10−12 to 3.4 × 10−10 and 1.8 × 10−10 cm2/s,
respectively (Figure 6A). Such an increase by 2 orders of
magnitude indicates a more porous polymer network associated
with the shell swelling and stretching at extremely acidic and
basic conditions. Furthermore, the variation of cross-linking
time had little effect on the diffusion behavior (Figure 6C).
Mechanical Properties of Silk Shells. Typical force−

distance curves, obtained by averaging over multiple points,
exhibited dramatically different shapes near the physical contact
point and remarkable changes of slope in the repulsive contact
regime for probing silk capsules in the dry and swollen states
(Figure 7). In air, a “jump-in to contact” point was presented
on the approaching curve due to the long-range attractive
forces between the tip and sample, followed by an increased
repulsive segment, and a high degree of hysteresis on the
retracting curve. As known, strong jump-in and pull-off forces
are caused by the tip−sample adhesion and capillary
interactions caused by a few nm-thick layer of water on the
capsule surface at ambient conditions.81 In liquid, the force−
distance curves revealed lower adhesion due to the diminished
capillary forces (Figure 7b) and a less sharp contact point as
compared to the curve collected in air, indicating a soft
repulsive surface for the swollen silk shell.
The loading curves were derived from the force−distance

data by analyzing the repulsive section of the approaching curve
with different deformation behavior for the silk shell in different
environments (Figure 8).59 The penetration observed from the
loading curves is well-defined and less than 10% of the
thickness for both dried and swollen capsules, which excludes
the influence of the stiff silicon substrate.82,83 The linear
behavior of the loading curves in Hertzian coordinates for all
swollen shells reflects purely elastic deformation under the

loading force.84−86 The loading curve for PEI-(SF-PG/SF-PL)5
in the liquid state demonstrated higher penetration when
compared to the dry state even with very light normal loads
which revealed the softening of swollen silk shells. Further-
more, the varied slope of loading curve obtained at different pH
values which is directly related to their stiffness, indicates a pH-
dependent elastic properties (Figure 8b). Penetration increased
by a factor of 5 and 4 as the capsules were exposed to pH 2.5

Figure 6. Diffusion coefficients of silk ionomer microcapsules. (A) pH-
induced diffusion coefficient variation of PEI-(SF-PG./SF-PL)5 hollow
capsules for 20 kDa FITC-dextran. (B) Diffusion coefficient of PEI-
(SF-PG/SF-PL)n capsules with different bilayer numbers to 4 kDa
FITC-dextran at pH 5.5. (C) Diffusion coefficient of PEI-(SF-PG/SF-
PL)5 capsules with different cross-linking time for 4 kDa dextran at pH
5.5.

Figure 7. Force−distance curves for dried (a) and swollen (b) PEI-
(SF-PG/SF-PL)5 hollow microcapsules in air and liquid state in an
approaching-retracting cycle.

Figure 8. Loading curves in the Hertzian approximation: (a) PEI-(SF-
PG/SF-PL)5 shells in air and (b) swollen PEI-(SF-PG/SF-PL)5 shells
at different pH values.
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and 11.5, respectively, indicating more compliant structures in
extremely acidic and basic conditions.
The Young’s modulus of the LbL silk ionomer shells with

different cross-linking was determined from force spectroscopy
data to vary from 1.1 to 1.8 GPa in the dry state (Figure 9a).
This is the typical range for regular polyelectrolyte LbL film as
well as common flexible polymers below glass transition
(usually, from 1 to 5 GPa).87−89 On the other hand, this
value is much higher than that measured for hydrogen-bond
LbL capsules (600 ± 100 MPa) previously reported by our
group for hydrogen-bonded shells67 that can be attributed to
the presence of stronger ionic pairing bonding, the covalent
bonds formed due to EDC cross-linking, and the stiffer silk
macromolecule backbone.44

As exposed to liquid, the stiffness of the swollen capsules was
significantly reduced by more than 2 orders of magnitude, to
the range of around 10 MPa, due to significant swelling of the
silk material in liquid, a common trend for highly compliant
swollen materials with a high content of liquid.90 The Young’s
modulus obtained here for silk ionomer shells is comparable
but higher than that of earlier reported hydrogen-bonded
capsules a with elastic modulus around 4 MPa,68,80 which can
be attributed to the covalent cross-linking and ordered domain
organization of silk backbones. Moreover, gradually increased
stiffness of capsules with increasing cross-linking was observed
when exposed to liquid, and a dramatic reduction of modulus
was observed due to swelling (Figure 9b). Indeed, the elastic
modulus for shells without cross-linking was 3.5 ± 0.3 MPa, but
the value increased to 15 ± 0.5 MPa for the highest cross-
linking time (160 min). 5-fold increase in shell stiffness can be
attributed to the increased amount of amide bonds with
increased cross-linking time. The same trend was observed in
earlier studies where a stiffer polyelectrolyte multilayer film for
poly(L-lysine)/hyaluronan, poly(allylamine hydrochloride)/
poly(L-glutamic acid) and chitosan/hyaluronan were formed
by increasing cross-linking density.75

pH-Responsive Mechanical Properties of Silk Nano-
shells. The selected PEI-(SF-PG/SF-PL)5 capsules cross-
linked for 40 min were subject to various pH conditions to
test their mechanical properties (Figure 10). The Young’s
modulus was measured within the range of 6.5 to 8.5 MPa as
pH was varied from 3.5 to 7.5. Beyond this range, the shell
stiffness dramatically decreased.72 The elastic modulus reduced
by more than a factor of 10 to around 0.6 MPa at pH 1.5 which
is below the pKa of the carboxyl-terminal groups on SF-PG.
Similar reduction was observed by increasing the pH above 9.2,
resulting in a modulus ∼0.4 MPa at pH 11.5 (Figure 10).

The significant decreased stiffness of the cross-linked LbL
assembly of silk ionomers is associated with the remarkable
swelling under extremely acidic and basic conditions. The
reduction of ionic pairing between SF-PG and SF-PL for pHs
below 2.5 and above 9, because the protonation of carboxyl-
terminal group on SF-PG below its pKa and deprotonation of
amino groups on the SF-PL above the pKa, reduced
confinement of the silk backbones and resulted in the excessive
swelling of the shells and loosened organization. The loosened
polymer networks facilitated higher swelling and permeability at
acidic and basic pHs, indicating more porous structures.
Correspondingly, the Young’s modulus decreased significantly
under these conditions, because of lower density of physical
cross-links, high content of water in the significantly swollen
shell, and a higher porosity.91

■ CONCLUSIONS
In conclusion, pH-dependent mechanical properties, perme-
ability and morphology of silk ionomer microcapsules were
studied and dramatic changes in physical properties were
demonstrated. The most dramatic changes were observed at
extreme pH conditions around 1.5 and around 11.5. In
summary, the LbL silk shell thickness swelled up to 3-fold,
overall dimensions increased by a factor of 2, the diffusion
coefficient increased by 2 orders of magnitude, and stiffness
dropped by 1 order of magnitude at pH below 2.5 and above
11.0. These changes can be related to both the protonation of
carboxyl-terminal group on SF-PG below its pKa and
deprotonation of amino groups on the SF-PL above the pKa,
reduced confinement of the silk backbones and resulted in the
excessive swelling of the shells, and loosened secondary
structure of silk material. It is worth noting that the silk

Figure 9. Young’s modulus of PEI-(SF-PG/SF-PL)3 shells in the dried state (a) and Young’s modulus for swollen PEI-(SF-PG/SF-PL)5 shells (b)
for different cross-linking times.

Figure 10. pH-induced variation of Young’s modulus for swollen PEI-
(SF-PG/SF-PL)5 shells with cross-linking time of 40 min.
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ionomer microcapsules with lightly cross-linked shells were
extremely stable under extreme basic and acidic conditions in
contrast to traditional LbL shells. Such bioderived and stable
microcapsules exhibited a promise for manipulating loading−
unloading behavior, cell surface engineering, and the design of
biosensor systems.
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(27) Delcea, M.; Möhwald, H.; Skirtach, A. Stimuli-Responsive LbL
Capsules and Nanoshells for Drug Delivery. Adv. Drug Delivery Rev.
2011, 63, 730−747.
(28) Skirtach, A. G.; Yashchenok, A. M.; Mohwald, H. Encapsulation,
Release and Applications of LbL Polyelectrolyte Multilayer Capsules.
Chem. Commun. 2011, 47, 12736−12746.
(29) Park, M. K.; Onishi, K.; Locklin, J.; Caruso, F.; Advincula, R. C.
Self-assembly and characterization of polyaniline and sulfonated
polystyrene multilayer-coated colloidal particles and hollow shells.
Langmuir 2003, 19, 8550−8554.
(30) Kozlovskaya, V.; Ok, S.; Sousa, A.; Libera, M.; Sukhishvili, S. A.
Hydrogen-bonded polymer capsules formed by layer-by-layer self-
assembly. Macromolecules 2003, 36, 8590−8592.
(31) Ochs, C. J.; Such, G. K.; Stad̈ler, B.; Caruso, F. Low-Fouling,
Biofunctionalized, and Biodegradable Click Capsules. Biomacromole-
cules 2008, 9, 3389−3396.
(32) Wang, Z. P.; Feng, Z. Q.; Gao, C. Y. Stepwise assembly of the
same polyelectrolytes using host-guest interaction to obtain micro-
capsules with multiresponsive properties. Chem. Mater. 2008, 20,
4194−4199.
(33) Shchepelina, O.; Kozlovskaya, V.; Kharlampieva, E.; Mao, W.;
Alexeev, A.; Tsukruk, V. V. Anisotropic Micro- and Nano-Capsules.
Macromol. Rapid Commun. 2010, 31, 2041−2046.

Langmuir Article

dx.doi.org/10.1021/la302455y | Langmuir 2012, 28, 12235−1224412242

mailto:Vladimir@mse.gatech.edu


(34) Cohen Stuart, M. A.; Huck, W. T. S.; Genzer, J.; Müller, M.;
Ober, C.; Stamm, M.; Sukhorukov, G. B.; Szleifer, I.; Tsukruk, V. V.;
Urban, M.; Winnik, F.; Zauscher, S.; Luzinov, I.; Minko, S. Emerging
applications of stimuli-responsive polymer materials. Nat. Mater. 2010,
9, 101−113.
(35) Angelatos, A. S.; Radt, B.; Caruso, F. Light-responsive
polyelectrolyte/gold nanoparticle microcapsules. J. Phys. Chem. B
2005, 109, 3071−3076.
(36) Biesheuvel, P. M.; Mauser, T.; Sukhorukov, G. B.; Möhwald, H.
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