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Abstract
We present a novel type of all-aqueous non-ionic layer-by-layer films of silk fibroin with synthetic
macromolecules and a natural polyphenol. We found the multilayer growth and stability to be
strongly pH-dependent. Silk assembled with poly(methacrylic) and tannic acids at pH=3.5
disintegrated at pH~5; while silk/poly(N-vinylcaprolactam) interactions were stable at low and
high pH values but resulting in thinner films at high pH. The results suggest that the
intermolecular interactions are primary driven by hydrogen bonding with a considerable
contribution of hydrophobic forces. We also demonstrated that cubical, spherical and platelet
capsules with silk-containing walls can be constructed using particulate sacrificial templates. This
work sets a foundation for future explorations of natural and synthetic macromolecules assemblies
as biomimetic materials with tunable properties.
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Hydrogen bonding is crucial for protein folding and has also been exploited in
polyelectrolyte complexes (PECs) in solutions and on surfaces.1,2 Rubner and Zhang and co-
workers pioneered H-bonded nanostructured films based on layer-by-layer (LbL) adsorption
of uncharged polymers on surfaces from polymer solutions.3 Sukhishvili et al. included
electrically neutral polycarboxylic acids to form pH-sensitive H-bonded multilayers.4 H-
bonded capsules composed of an ultrathin multilayer shell and a hollow core for loading
functional compounds can be also obtained.5 When assembled from aqueous media, H-
bonded LbL structures offer the advantage of being environmentally friendly which is
attractive for biomedical and bioengineering applications.2,6

Hydrogen bonding was also found to be an essential intermolecular interaction defining the
exceptional strength of silk fibers.7 Silk fibroin, extracted from silkworm cocoons, has risen
considerable attention due to its biocompatibility, biodegradability, high mechanical
strength, and morphologic flexibility.8,10 Silk has a unique block-copolymer structure of
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hydrophobic β-sheet blocks presented by (Ala-Gly)n-repeats linked by hydrophilic less
ordered regions containing Tyr, Val, and ionized acidic and basic amino acids (see SI).8
Despite the predominant hydrophobic nature, silk can be obtained in water-soluble
amorphous form (silk I) which has a predominantly random coil conformation and can be
processed into films, gels, fibers, microspheres, and scaffolds.8,9. Silk I is metastable and
undergoes molecular rearrangement into water-insoluble β-sheet–rich crystalline form (Silk
II) upon spinning, drying, exposure to alcohols, and environmental changes. Silk I-silk II
transition was exploited to produce all-silk LbL assembled films.10, 11

Silk interactions with synthetic and biological macromolecules have been mostly studied in
solutions. Silk I was found to form H-bonded PECs with keratin,12 chitosan,13 hyaluronic
acid,14 poly(vinyl alcohol),8 and poly(acrylonitrile-co-methyl acrylate).15 Much less
explored is assembly of silk with macromolecules on surfaces. Recently, silk was assembled
with chitosan into LbL films via a combination of hydrogen-bonding and electrostatic
interactions.16

In the current study we explored the capability of silk fibroin to assembly with synthetic
macromolecules such as poly(methacrylic acid) (PMAA) and poly(N-vinylcaprolactam)
(PVCL) as well as with a natural polyphenol, tannic acid (TA) at low and neutral pH values.
Both ultrathin LbL coatings and hollow microcontainers of various shapes are studied. We
believe that coupling silk with biocompatible macromolecules via hydrogen bonding holds a
considerable promise for designing novel bio-mimetic materials with controlled properties
and improved biological compatibility.

Assembly of silk-fibroin (Mw 416,000) with PMAA (Mw 100,000), TA (Mw 1,700), and
PVCL (Mw 36,000) was first explored on flat surfaces at pH=3.5 (0.01M phosphate buffer).
The chemical structures of the components are presented in Scheme 1. As monitored by in
situ ATR-FTIR, silk fibroin was successfully assembled with all three components. All films
showed linear growth with bilayer thickness of 11±2 nm, 11±2 nm, and 13±2 nm for silk/
PMAA, silk/TA, and silk/PVCL films, respectively, as measured with ellipsometry. In
contrast, assembly of silk with poly(N-vinylpyrrolidone) (PVPON), a homologue of PVCL,
which lacks two methylene groups in the ring, failed.

To investigate pH-stability, films constructed at pH=3.5 were exposed to elevated pH values
and monitored with in situ ATR-FTIR (Fig. 1). We found that silk/PMAA and silk/TA films
are completely erased at higher pH values. The critical dissolution pHs, when 90% of film
thickness retained on surfaces, are 4.5 and 5 for silk/PMAA and silk/TA, respectively. In
contrast, silk/PVCL films showed only 20% mass loss with both components partially
released. Moreover, silk was successfully assembled with PVCL at pH=7.5 giving bilayer
thickness of 4±0.5 nm. The result that films assembled at pH=7.5 are thinner than those
made at pH=3.5 explains decrease in film thickness when pH was changed from 3.5 to 7.5
(Fig. 1D). As expected, no silk/PMAA and silk/TA films were formed at pH=7.5, which
correlates well with the stability of those films at low pH but their disintegration at elevated
pH.

Since silk is a block copolymer polyampholite, the mechanism of intermolecular binding in
silk-based multilayers is complex.8b,9 Silk functional moieties are presented by acidic, basic,
polar- and non-polar groups capable of electrostatic, hydrogen-bonding, and hydrophobic
interactions.20 The acidic (Asp and Glu) and basic (His, Lys, and Arg) groups show pKa
values of around 5 and 10, respectively, while hydroxyl groups are presented by Ser, Tyr,
and Thr. 20

Our results show that silk interaction with PMAA and TA are strongly pH-dependent and
results in films which are stable at low pH but disintegrate at elevated pH value. The FTIR
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spectrum of silk/PMAA film evidences that carboxyl groups of PMAA (pKa~6.0) are fully
protonated at the deposition pH (Fig. 1A). Likewise, phenolic groups of TA (pKa~5–8.5) are
not ionized at pH=3.5 (Fig. 1B). The protonated hydroxyl groups of PMAA and TA are
available for hydrogen bonding with carbonyl groups of silk amide units. In fact, H-bonded
PECs of silk with proton-donating hyaluronic acid,14 poly(vinyl alcohol)8 and chitosan13

have been observed previously. Hydrogen bonding between protonated carboxylic groups of
polycarboxylic acids and amide bonds of globular proteins have been also reported.21

Ionization of the hydroxyl groups of PMAA and TA at elevated pH results in disruption of
silk/PMAA and silk/TA associations at pH=4.5 and 5, respectively (Fig. 1D). The
dissociation of silk/PMAA and silk/TA is additionally induced by ionization of silk carboxyl
groups (Glu and Asp, pKa ~5).20

Silk-containing films studied here resemble properties of hydrogen-bonded LbL films of
neutral polymers and poly(carboxylic acids) and TA. Those films were stable at low pH
when the polyacids were protonated but dissolved at elevated pH due to polyacid
ionization.4 The latter agrees well with hydrogen-bonded mechanism of silk/PMAA and
silk/TA assembly, at which multilayer growth and stability is controlled by solution pH.
Higher stability of silk/TA system as compared to silk/PMAA film can be explained by the
gradual TA ionization with pKa ranging from 5 to 8.5.22 The ability of TA to stabilize H-
bonded multilayers of synthetic polyelectrolyte was found earlier.19

In contrast to pH-sensitive silk/PMAA and silk/TA systems, silk assembly with non-
ionisable PVCL should be purely non-ionic and rely on the proton-donating silk capability.
In this case, PVCL carbonyls most probably interact with proton-donating silk moieties such
as amide and hydroxyl (including carboxyl and phenolic) groups via hydrogen bonding.
Indeed, silk amide, hydroxyl and amine moieties were found to associate with carbonyl
groups of methyl acrylate to form hydrogen-bonded PECs.15 However, much higher pH-
stability of silk/PVCL assemblies as compared to other systems (Fig. 1D) points to the
existence of other, most likely hydrophobic, interactions between silk and PVCL at high pH
values. Indeed, despite ionization of silk carboxyl groups at pH >7.5, film lost only ~20% of
their thickness (Fig. 1D).

Hydrophobic forces play an important role in intermolecular binding. For example, they
always accompany hydrogen bonding and electrostatically-driven interactions in protein/
polyelectrolyte systems, such as hydrogen bonding between protonated carboxylic groups of
PMAA and a globular protein films.21 Considering silk hydrophobic nature, stabilization of
intermolecular hydrogen bonding by hydrophobic forces should be very significant in silk-
containing films. It is clearly observed in silk/PVCL systems, showing that silk interacts
with PVCL rather than with more hydrophilic PVPON. Enhanced interchain binding due to
the extra methyl groups in PVCL was found previously in PVCL/PMAA and PVCL/poly(L-
aspartic acid) LbL systems.5a,19

Importantly, we found that interlayer hydrogen bonding did not alter silk random coil
conformation. The FTIR spectra for all LbL systems show that silk major peaks center at
1644 cm−1 which is characteristic of prevalent amorphous structure of silk I (Figure
1A,B,C).20 The result is in contrast to the previously observed transformation of silk I to silk
II upon silk “complexation” with macromolecules via intermolecular H-bonds.8 The silk I-
silk II transition was also required to stabilize silk-on-silk or silk-chitosan LbL films
achieved through alcohol treatment or drying.10,11,16 The FTIR spectrum of a (silk)4 film
shows two peaks centered at 1688 and 1623 cm−1, which evidences crystalline β-sheet-reach
silk II (Fig. S1, SI). Unlike those systems driven by hydrophobic interactions of dehydrated
silk II, in our case the preserved silk I conformation affords for H-bonded interactions with
the macromolecules in aqueous solutions.
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Finally, the multilayers discussed above were deposited on particulate templates of various
geometries to obtain silk-containing capsules with diverse shapes. Recently, the geometry of
drug delivery carriers attracted significant attention as one of the main parameters
determining biological functions and, therefore, targeted delivery such as control over
vascular dynamics and cellular uptake.17,18 In our study, monodisperse spherical silica,
cubical MnCO3, and silicon platelets (hemispheres) with dimensions of 4, 3, and 2 Rm,
respectively, were explored as sacrificial templates (Fig. 2a,d,g; see SI). First, (silk/PVCL)5
LbL multilayers were fabricated on the cores at pH=7.5 using a well-established
centrifugation method (see SI).5 For fluorescent visualization, PVCL tagged with Alexa
Fluor 488 was synthesized (Mw=30,000 Da) and deposited in the last bilayer. Hollow
capsules were then obtained by dissolving the templates in acidic solutions followed by
dialysis in deionized water (see SI). CLSM in transmitted light mode evidences the complete
dissolution of the cores (Fig S2, SI). We found that despite different surface morphology
and shapes of the templates, spherical, cubical, and platelet-like capsules were successfully
obtained (Fig. 2c,f,i). As observed with CLSM, silk/PVCL capsules maintained the initial
geometry of the templates including those of a complex platelet shape. 3D CLSM images
evidence flat facets with well-defined corners and edges for cubic and platelet capsules,
respectively (Fig. 2b,e,h). An SEM image of platelet (silk/PVCL)5 capsules illustrates grainy
morphology of the shell surface (S3, SI). Capsules of (Silk/PMAA)4, and (silk/TA)4 were
also fabricated (Fig. S4, SI).

Considering, that the dimensions and the shape of the platelet capsules resemble those of the
red blood cells, these capsules hold considerable potential as cell-mimicking particles.
Moreover, remarkable mechanical properties of silk integrated with the non-ionic all-
aqueous, and thus biocompatible, hydrogen-bonding assembly opens new opportunities to
engineer particles with bio-mimicking properties as novel carriers for therapeutic and
contrast enhancing agents.

In summary, novel silk I-containing multilayer films have been fabricated based on
hydrogen bonding with a contribution of hydrophobic forces. Silk/PMAA and silk/TA films
are stable at pH=3.5 but disintegrate at higher pH, while silk/PVCL films show growth at
both low and high pH values. Capsules of complex shapes have been also fabricated by
using particulate sacrificial templates. Our study introduces new fundamental aspects of
silk-based assembly and provides a new platform for designing silk-biomimetic materials
with by-design properties.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sequential deposition of (silk/PMAA)n (A), (silk/TA)n (B), and (silk/PVCL)n (C) from 0.5
mg/mL solutions at pH 3.5 as monitored by in situ ATR-FTIR. Silk random-coil
conformation is presented by the vibrational peaks at 1644 cm−2 (A, B, and C). The
absorption bands associated with protonated carboxylic groups (–COOH) are centered at
1700 cm−1 (A); carbonyl vibration band of the TA ester groups is located at 1716 cm−1 (B);
and carbonyl of PVCL is centered at 1610 cm−2 (C). Evolution of total film disintegration as
followed by in situ ATR-FTIR in the 1550–1800 cm−1 range (D).
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Figure 2.
SEM images of spherical silica (a), hemispherical silicon platelets (d), cubical MnCO3 (g);
and CLSM images of (silk/PVCL)5 capsules (b, c,e,f,h,i).

Kozlovskaya et al. Page 7

ACS Macro Lett. Author manuscript; available in PMC 2013 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Scheme 1.
Chemical structures of TA, PMAA, PVCL, and PVPON used for assembly with silk fibroin.
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