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ABSTRACT This study introduces double-brush designs of functionalized silk
polyelectrolytes based upon regenerated silk fibroin (SF), which is modified with

poly-L-lysine (SF-PLL), poly-L-glutamic acid (SF-PGA), and poly(ethylene glycol) (PEG)
side chains with different grafting architecture and variable amino acid-PEG graft
composition for cell encapsulation. The molecular weight of poly amino acids (length of
side chains), molecular weight and degree of PEG grafting (D) were varied in order to
assess the formation of cytocompatible and robust layer-by-layer (LbL) shells on two
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types of bacterial cells (Gram-negative and Gram-positive bacteria). We observed that

“

properties of microbial cells while promoting the formation of large cell aggregates. In contrast, hydrogen-bonded shells with high PEG grafting density

shells assembled with charged polycationic amino acids adversely effected the

were the most cytocompatible, while promoting formation of stable colloidal suspensions of individual cell encapsulates. The stability to degradation of silk
shells (under standard cell incubation procedure) was related to the intrinsic properties of thermodynamic bonding forces, with shells based on electrostatic
interactions having stronger resistance to deterioration compared to pure hydrogen-bonded silk shells. By optimizing the charge density of silk
polyelectrolytes brushes, as well as the length and the degree of PEG side grafts, robust and cytocompatible cell coatings were engineered that can control

aggregation of cells for biosensor devices and other potential biomedical applications.
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he innate organization of microbial
Tcells in the form of biofilms, cell clus-

ters or aggregates plays an important
factor not only in cells survivability, but also
in regulation of gene expression.' ™ One of
the fundamental processes in microbiology
is cell—cell communication, termed quorum
sensing (QS), that allows bacteria to monitor
the environment and to alter behavior on
a population-wide scale in response to
changes in the cell number and/or species
present in the community.>> Recently, the
concept of efficiency sensing was proposed,
in which cells sense a combination of cell
density, mass-transfer properties and spa-
tial cell distribution to respond accordingly
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when concentration of extracellular effec-
tors is efficient.® Active formation of bac-
terial cells into aggregates (biofilms) sup-
ported by extracellular polymer matrix can
significantly protect them from different
antibacterial agents and even human
defense system.”® On the other hand,
confinement-induced individual cells can
produce the same level of QS effectors
(under plausible natural conditions) in order
to activate the virulence factors needed for
survival.>'®

Modification of cell surfaces with nano-
thin shells composed of functionalized
macromolecules and nanoparticles of nat-
ural and synthetic origins can provide
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means for gaining novel structures and multifunctional
properties that are otherwise unattainable in the
native, nonencapsulated state."' "7 For example, nano-
shells with adjustable stiffness, increased mechani-
cal robustness, switchable adhesion or controlled
enzyme-resistant activity provide opportunities for
actively manipulating biophysical properties of cells at
the cell—shell interface.'® %

Recently, we have demonstrated the formation of
protein coatings assembled from pure regenerated silk
fibroin (SF), which allows the modification of cell
surfaces with cytocompatible shells that undergo rela-
tively rapid intracellular degradation, thereby only
providing short-term protection.?® As an alternative,
chemically modified SF proteins with charged amino
acid side chains can enrich silk-based coatings with
new properties, such as enhanced mechanical stiffness
and tailored protein absorption.?”-? Variations in graft-
ing density (D), as well as in the length and conforma-
tion of charged amino acids attached to the backbone
of the silk protein might influence the chemical inter-
actions involved in the layer-by-layer (LbL) assembly of
macromolecules, and, as the result, affect the proper-
ties of the shells. Moreover, the adsorption of the same
macromolecules at different cell surfaces would poten-
tially mediate protein immobilization and may result in
directed assembly of silk macromolecules at nano- and
macroscale levels as was demonstrated with synthetic
polymers during bacteria-instructed synthesis.?’

The robustness of LbL films assembled via attractive
interactions between oppositely charged polyelectrolytes
is significantly affected by the charge density,* the degree
of ionization,®' molecular weight,? secondary intermole-
cular interactions and the structural architecture® of
the polymers under specific assembly conditions3* 3’
Conventional polyelectrolyte LbL shells, which form
ultrathin cell coatings interfere with cell viability, a major
factor in assessing shells efficacy for biofunctional pro-
tection of encapsulated cells.>®*° The severity of cyto-
toxicity depends on molecular weight, charge density
and concentration of polycationic component.*' One of
the current strategies for reducing the cytotoxicity of
polycations during cell surface modification involves
decreasing the charge density by grafting poly(ethylene
glycol) (PEG) chains along the polycation chain.**~**
With sufficient length and degree of grafting, films
assembled with PEG copolymers could be rendered
cytocompatible while simultaneously facilitating robust
LbL film assembly based on electrostatic interactions
with its negatively charged counter-polymer.*>~4’

Here, we report how assembly of LbL shells com-
posed from complex silk brushes with variable archi-
tecture and grafting density of mixed amino acid/
polyethylene glycol side grafts can render distinct
morphological and spatial organization of the cells-
in-shells structures. Four different shell compositions
have been studied that resulted in distinct appearance
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of encapsulated cells, as well as affected the viability
and activity of recombinant cells. We also assessed
how the bacterial surface properties can influence the
adsorption of charged protein brushes during LbL
assembly and impact the clustering of the cells. We
demonstrated that silk shells prepared from graft PEG
copolymers of optimal grafting density and architec-
ture promoted desirable spatial organization of the
individual cells while protecting their capacity to selec-
tively respond to specific chemical analytes.

RESULTS AND DISCUSSION

Modification of Silk Fibroin with Polyamino Acids. Regen-
erated silk fibroin protein was modified with poly-L-
lysine (PLL) and poly-L-glutamic acid (PLA) with differ-
ent molecular weight and grafting densities in order
to obtain amino acids functionalized silk polyelectro-
lytes (ionomers) with high and low charge densities
(Table 1a—d).*® A high degree of derivation of silk
ionomers, namely SF(Y,S)-PLL and SF(Y,S)-PGA, was
achieved by grafting highly dispersed in M,, (M,, <
15 kDa) long chains of polyamino acids to tyrosine (Y)
and serine (S) residues of carboxylate-modified SF
(SF(Y,S)-COOH), which accounted for ~18 mol % mod-
ification of the available amino acids in SF (Table 1a,b).
The increase in charge density allowed efficient
charge—charge interactions during electrostatic LbL
assembling of modified silk proteins. Low charge
density silk ionomers were obtained by grafting PLL
or PGA chains of low molecular weight (M,, = 3 kDa) to
serine residues only of SF(S)-COOH intermediate
(Table 1c,d). The degree of derivation for SF(S)-PLL
and SF(S)-PGA was calculated to be 0.1 and 0.9 mol %
in terms of moles of amino acids in SF macromolecule
modified with PLL or PGA, respectively (Table 1¢,d).***°

To improve the biological compatibility of the
functionalized silk backbones during LbL assembly at
cell surfaces, double brush-like PEG-grafted silk copo-
lymers were prepared with different grafting structures
(see Methods and Table 1 for general representation of
brush silk backbones synthesized here). Double brush
graft (g) SF(Y,S)-PLL-g[D]-PEG copolymer was synthe-
sized by conjugation PEG (M,, = 5 kDa) to high charge
density SF(Y,S)-PLL silk ionomer with variable grafting
degrees, designated as D (Table 1e). The grafting
degree refers to the molar percentage of PEG groups
grafted to each PLL side chain (Figure S1, Supporting
Information, '"H NMR). '"H NMR analysis confirmed
successful modification of SF(Y,S)-PLL silkionomer with
4 mol % and 9 mol % degree of grafting, further referred
as SF(Y,S)-PLL-g[4]-PEG and SF(Y,S)-PLL-g[9]-PEG dou-
ble PEG brushes (Figure S1—54). In terms of the number
of amino acids actually modified with PLL and PEG side
chains, approximately ~900 amino acids (out of the
total 5300 residues)*® had PLL attached to the back-
bone of the SF molecule with 5 (4 mol %) or 11 (9 mol %)
PEG chains conjugated to each PLL side chain.
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TABLE 1. Summary Table of Silk Brushes Grafted with Different Amino Acids and PEG Chains Used for LbL Encapsulation

of Bacterial Cells
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Alternatively, the brush-like block SF(S)-PLL-b-PEG
copolymer was obtained by conjugating PLL,y-PEG,,
(M, = 2.6 kDa) block copolymer to the SF(S)-COOH
carboxylate-modified silk (Table 1f). Calculated by the
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amino acid composition analysis, grafting degree for the
SF(S)-PLL-b-PEG block copolymer was 0.5 mol %, which
accounts for ~27 amino acid residues being conjugated
to form the SF(S)-PLL-b-PEG block copolymer.
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Figure 1. Thickness of 1 and 4 bilayered films in the dry state (measured by ellipsometry method) as a function of charge
density, degree of PEGylation, and assembly conditions for high charge density (a) and low charge density (b) silk copolymers.
Braces represent pH conditions, at which the films have been prepared during dip-assisted LbL deposition. Experimental

values are represented as means + SD, n = 3.

LbL Assembly of SF Polyelectrolyte Films. Ellipsometry
measurements of four bilayered LbL films with variable
charge density, length and architecture of PEG grafts
were performed in order to assess LbL deposition of
various functionalized silk backbones at different con-
ditions. Figure 1 provides a comparison of the film
thickness for two systems of silkionomers adsorbed on
planar substrates during dip-assisted LbL deposition.
As expected, high charge density SF polyelectrolytes
demonstrated strong adsorption at pH 6 with 4.2 +
0.5 nm thickness per single bilayer, which was compar-
able to strongly bound synthetic polymers.>® Brush silk
graft copolymers with PEG chains consistently hin-
dered adsorption of monolayers during LbL-assembly
with silk anionic polyelectrolyte, specifically when the
deposition was performed at pH 6. With increasing
the grafting degree of PEG side chains the potential
for electrostatic interactions necessary to drive film
assembly was hindered by steric effects of densely
packed polyether side chains. Consequently, the graft
copolymer with grafting ratio of 9 mol % (SF(Y,S)-PL-
g[9]-PEG) demonstrated the lowest film thickness with
only 0.7 + 0.1 nm bilayer thickness at pH 6, which is
below expected thickness for two backbones. In order
to improve the assembly of LbL films with highly
PEGylated silk copolymers brushes, the driving forces
of intermolecular interactions were switched from
electrostatic to hydrogen-bonding by lowering the
pH of LbL assembly to 4 (the reported pK, of poly-L-
glutamic acid is 4.07). As a result of this modification,
the film thickness significantly increased to 4.0 +
0.3 nm per bilayer (Figure 1a). In comparison to other
hydrogen-bonded systems based on synthetic poly-
mers of comparable weight, films with silk double
brush copolymers demonstrated comparable thick-
ness of bilayers mainly due to the bulky conformational
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composition of the silk macromolecules and distinct
trend of the silk fibroin to self-assemble.>’ >3

The assembly of low charge silk polyelectrolytes
maintained modest adsorption at pH 6 (when both
species have effective counter-charges necessary to
drive LbL assembly) with bilayer thickness of 3.2 +
0.3 nm (Figure 1b). With stoichiometric uneven pairing
between low charge density silk ionomers (0.1 mol % for
SF(S)-PLL and 0.9 mol % for SF(S)-PGA), the driving forces
for intermolecular interactions seem to be more complex
generating stable multilayer films with interpenetrated
internal structure.3® Interestingly, films assembled from
brush-like PEG block copolymers demonstrated statisti-
cally similar values for the film thickness (3.6 + 0.2 nm)
with the low charge density silk polyelectrolytes (paired
ttest, p < 0.05). The higher degree of derivation (0.5 mol %)
of the silk block copolymer SF(S)-PLL-b-PEG could
account for the stronger absorption of silk macromole-
cules via mostly hydrogen bonding and hydrophobic
interactions that are similar to low charge density silk
ionomers internal film structure.

Formation of LbL Shells on Bacterial Cells. Deposition of
silk polyelectrolyte LbL shells with different chemistry
and their effect on cell behavior was assessed on
two types of recombinant bacterial cells engineered
with synthetic riboswitch constructs: Gram-negative
(Escherichia coli) and Gram-positive (Bacillus subtilis)
cells.” Even though both types of bacteria are rod-
shaped, the architecture of their cell envelopes differs
significantly in terms of cell membrane/cell wall design
and chemical composition.>*>® Because of the striking
variance in chemical nature of the cell surfaces, the
adsorption of the same macromolecules may provoke
distinct changes in the cell coatings and overall
colloidal behavior of cells-in-shells assemblies. This
phenomenon will be discussed in detail further.
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Figure 2. Zeta-potential (from aqueous solutions) after adsorption of a single layer during LbL-assembly of silk polyelec-
trolytes on two types of bacterial cells (E. coli and B. subtilis) as a result of intermolecular interactions: strong electrostatic
interactions with high charge density SF(Y,S)-PLL and SF(Y,S)-PGA silk polyelectrolytes (a), pure hydrogen-bonded interac-
tions with highly PEGylated double brush SF(Y,S)-PLL-g[9]-PEG silk graft copolymer (b), weak electrostatic interactions with
low charge density SF(S)-PLL and SF(S)-PGA silk polyelectrolytes (c) and combination of interactions based on weak
electrostatic, hydrogen-bonded, van der Waals and hydrophobic bondings with brush-like SF(S)-PLL-b-PEG silk block
copolymer (d). Experimental values are represented as means & SD, n = 6.

Assembly of silk polyelectrolytes on cells was mon-
itored by measuring Zeta-potential of encapsulated
cells after adsorption of a single layer during alternat-
ing LbL steps (see Methods section for details). Figure 2
represents changes in the surface charges acquired
as a result of noncovalent interactions between silk
proteins of different compositions. An example of sur-
face charge compensation for highly charged silk
polyelectrolytes at pH 6 is represented in Figure 2a.
With highly PEGylated double brush silk polyelectrolyte
backbones (SF(Y,S)-PLL-g[9]-PEG), the assembly of silk
shells was carried at pH 4 to promote hydrogen-bond
interactions with a protonated counterpart specie,
SF(Y,S)-PGA (Figure 2b). Since the assembly relied on
hydrogen bonding between ether groups of PEG chains
and carboxylate groups of SF(Y,S)-PGA chains, the
charge reversal was hindered suggesting that signifi-
cant numbers of unprotonated chains were responsible
for the negative values of Zeta-potential and overall
good colloidal stability of cells-in-shells structures.

It is worth noting that among the intermolecular
forces (predominated interactions) between functio-
nalized silk proteins, the existence of intramolecular
forces should also be accounted. The intermolecular
interactions might compete with the self-assembly
of protein macromolecules since the transition of
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the silk fibroin from random coils into secondary
structures: silk Il (3-sheets) or silk Il (a-helices) can
be easily induced by many factors during LbL assem-
bly (reduced pH, increased ionic strength and molar-
ity of solute buffers, elevated temperatures, sheer
stresses).”® 8 Nonspecific interactions (van der Waals,
hydrophobic and hydrogen bond forces) induced by
the presence of such effectors might promote forma-
tion of complex transitions that can either complement
or compete with intermolecular forces during the LbL
assembly of macromolecules. In the former case, the
formation of stable and smooth films is more promoted,
while in the latter case, when protein self-assembly is
dominant, less stable and rather rough LbL films can be
produced as was demonstrated elsewhere.>>%°
Assembly of silk polyelectrolytes with low charge
density on bacteria surfaces demonstrated minimal
effect of side chains mainly due to the low degree of
derivation (0.1 mol % for SF(S)-PLL and 0.9 mol % for
SF(S)-PGA) and short side chains (n = 20) of polyamino
acids. The surface charges associated with deposition
of polycationic silk fluctuated in negative range values
for the first two alternating cycles, and then gradually
moved to positive values during the last two deposi-
tion cycles (Figure 2c). On the basis of the thickness
build-up and Zeta-potential trend, the adsorption of
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Figure 3. Cross-sectional TEM images of B. subtilis cells (control, (a, d)) encapsulated in high charge density SF(Y,S)-PLL/SF(Y,S)-
PGA silk ionomer shells (b, e) and highly PEGylated double brush graft copolymer (SF(Y,S)-PLL-g[9]-PEG/SF(Y,S)-PGA) shells (c, f).

silk polyelectrolytes with low charge grafting density
seems to rely on other nonspecific (ie., nonionic)
interactions that permit the formation of stable silk
LbL shells. During LbL assembly with brush-like PEGy-
lated silk block copolymer, the adsorption of silk
macromolecules was supported by nonspecific inter-
actions (hydrogen-bonding, van der Waals and hydro-
phobic forces), as can be observed by predominant
fluctuation of Zeta-potential within negative range
(Figure 2d).

In order to prove the adsorption of silk brush
copolymers at the cell surfaces and estimate the thick-
ness of absorbed LbL shells directly on the cells, some
transmission electron microscopy (TEM) images of bare
and encapsulated bacteria were collected (Figure 3).
Itis worth to note that in conventional preparations for
TEM, the extraction and shrinkage of essential cell
envelope constituents as well as externally assembled
polymer shells can occur during fixing, dehydration
and embedding of cells.5'¢?
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Cross-sectional images of B. subtilis cells revealed
the presence of fine conformal coatings surrounding
the bacteria. Even nonencapsulated cells had distinct
appearance of the “non-specific” coating, which is
associated with the staining of bacterial polysacchar-
ides with heavy metal salts and is referred as native
cell envelope.®® The observed thickness of “electron-
dense” cell cortex was 15.5 =+ 2.1 nm (Figure 3a). After
encapsulation in silk ionomer shells with high charge
density, the thickness of the overall stained coating
increased twice, to 31.7 + 3.6 nm (Figure 3b). Cells
encapsulated in hydrogen-bonded shells with highly
PEGylated double-brush SF(Y,S)-PLL-g[9]-PEG graft
silk copolymer demonstrated increase in the coating
thickness by 33% to 20.6 £+ 2 nm (Figure 3c). The shell
thicknesses determined by TEM imaging directly on
cells were similar to those measured for the planar
films evaluated by the ellipsometry. Hydrogen-
bonded LbL films were thicker than corresponding
shells. However, electrostatically assembled LbL films
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Figure 4. Scheme representing cell clustering during LbL encapsulation with different silk copolymers described in Table 1.
Effect of intermolecular interactions on aggregation behavior of cells as was observed with confocal and SEM imaging: strong
electrostatic bonding (a), pure hydrogen bonding (b), weak electrostatic bonding (c), complex weak electrostatic, hydrogen

bonding and van der Waals interactions (d).

were similar in thickness with corresponding shells
assembled on cells.

Behavior of Bacterial Cells Encapsulated in Silk Polyelectro-
lyte Shells. Variance in intermolecular interactions as
the result of variation in grafting density and architec-
ture of polyamino acids/PEG side chains in silk macro-
molecules had strong consequences on the distinct
morphological appearance of coated cells, as well as on
the cells aggregation behavior. Figure 4 represents a
schematic visualization of different silk copolymers
used for LbL cell encapsulation and highlights the
effect of charge density in silk polyelectrolytes, and
hence intermolecular forces involved in the formation
of shells on spatial organization of cells. Adsorption of
high charge density silk polyelectrolytes induced
strong aggregation of cells in the form of random
40—100 um size clusters (Figure 4a). In constrast,
hydrogen bonding forces predominate between

DRACHUK ET AL.

highly PEGylated double-brush SF(Y,S)-PLL-g[9]-PEG
graft silk copolymer and protonated SF(S,Y)-PGA silk
ionomer promoted single-cell encapsulates regard-
less of the cell type, and lead to the formation of
smooth coatings and well-dispersed cells suspensions
(Figure 4b). Low charge density brush-like silk poly-
electrolytes assembled via weak electrostatic interac-
tions resulted in reduced aggregation of cells (up to
30 um) (Figure 4c), while brush-like shells containing
SF(S)-PLL-b-PEG block copolymer promoted more
smooth coverage of cells with occasional aggregation
of cells in midsized clusters (up to 10 um) (Figure 4d).

Figures 5 and 6 show confocal optical microscopy,
SEM, and AFM images illustrating distinct changes
in surface morphology after encapsulation in high
charge density silk polyelectrolyte (SF(Y,S)-PLL/SF(Y,S)-
PGA), shells (Figures 5a, 6a) and hydrogen-bonded
(SF(Y,S)-PLL-g[9]-PEG/SF(Y,S)-PGA), shells from PEG
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Figure 5. B. subtilis cells encapsulated in 4 bilayers of high charge density SF(Y,S)-PLL/SF(Y,S)-PGA silk ionomer shells (a) and
highly PEGylated double brush graft copolymer (SF(Y,S)-PLL-g[9]-PEG/SF(Y,S)-PGA) shells (b) in comparison to control

(iv) is 100 nm. Here and below: AFM scanning of 1 x 1 um* area were conducted on average for 4—5 different cells. SEM
scanning was done of large area of cells (at least 100 x 1 00;4m2, up to 200 cells in total) and then zoomed in to show clusters of

cells or individual cells presented in figures.

double-brush silk graft copolymers (Figures 5b, 6b). As
shown on the micrographs, the aggregation of cells
during LbL deposition was characteristic for high charge
density silk polyelectrolyte shells assembled via elec-
trostatic interactions. The size of cell agglomerates
was cell-specific and ranged between 20 to 40 um for
B. subtilis cells (Figure 5a), and between 50 to 100 um for
E. coli cells (Figure 6a). This emphasizes the significance
of the cell surface structure and chemical composition
of the cell envelope on the adsorption of protein
macromolecules and ultimately, aggregation behavior
of cells. As apparent from Figures 5 and 6, E. coli cells
readily promoted formation of larger aggregates, while
B. subtilis generated only modest cell clusters. The
distinct feature of Gram-negative bacteria cells (e.g.,
E. coli) is the presence of a lipopolysaccharide outer
membrane.®* This large complex molecule is anchored
to the underlying peptidoglycan cell wall and has a
polysaccharide chain extending outward up to 10 nm
from the cell surface.®® The abundance of these long
chains and their aggregation make the cell surface
appear rough. In contrast, Gram-positive bacteria (e.g.,
B. subtilis) have a thick peptidoglycan cell wall consist-
ing of sugars and amino acids that form a mesh-like
layer outside of the cell membrane.®® This suggested
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that binding of silk macromolecules at structurally
more flat cell surfaces generated smoother coatings
and hence, involved in less cell aggregation, while
architecturally rough cell surfaces were contribut-
ing to the formation of coarse coatings that promoted
cells clustering during adsorption of the same silk
copolymers.

In addition to cell aggregation, increased surface
microroughness was observed for silk LbL shells as-
sembled via strong electrostatic interactions when
adsorption of high-charge density proteins can favor
globular conformations of polyelectrolyte proteins.®’”
During deposition of functionalized silk polyelectrolyte
macromolecules (specifically with high degree of deri-
vation and long amino acid side chains) on cell sur-
faces, conformational changes of protein brushes
resulted in significant number of unbound amino acid
residues readily available for the interactions with
incoming proteins of opposite charge.67 As a conse-
quence, intermixing of long amino acid chains with
charged groups might further induce protein aggrega-
tion and formation of nanoparticles (from 50 to 300 nm
in size) from highly segregated diphilic macromole-
cules that abundantly decorated the surface of the cells
after encapsulation (Figures 5a, 6a).
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Figure 6. E. coli cells encapsulated in 4 bilayers of high charge density SF(Y,S)-PLL/SF(Y,S)-PGA silk ionomer shells (a) and
highly PEGylated double brush graft copolymer (SF(Y,S)-PLL-g[9]-PEG/SF(Y,S)-PGA) shells (b) in comparison to control
nonencapsulated cells (c) imaged with confocal (i), SEM (ii) and AFM (iii) microscopy (from 1 ﬂmz surface area). Z-range in

(iiii) is 200 nm.

In contrast, hydrogen-bonded shells based on
PEGylated double-brush graft silk copolymer and pro-
tonated anionic silk ionomer showed highly stable
colloidal suspension of cells-in-shells structures, dem-
onstrating the cell-repellent character of highly PEGy-
lated coatings (Figure 5b, 6b). High grafting density
(g = 9) of long hydrated chains of PEGs (M,, = 5 kDa)
promoted extended truly “bottle brush” conformation
of PEGs along the poly lysine chains as well as more
extended conformations of the backbone of silk
macromolecules that forms even, smooth LbL films.®®
Interestingly, the immobilization of functionalized silk
protein shells (regardless of the nature of the interac-
tions involved in the shell assembly) at cell surfaces
provided structural robustness for the encapsulated
cells against external perturbations (high or low pres-
sure, shear stresses), as evidenced from SEM micro-
graphs. Cells encapsulated in these brush protein shells
had distinct rod-shape appearance while maintaining
the internal cell volume characteristic to the natural
presence of cells. In contrast, nonencapsulated cells
appeared collapsed under high vacuum during SEM
imaging (Figures 5c¢, 6¢).

Effect of assembling low charge density silk poly-
electrolyte shells (SF(S)-PLL/SF(S)-PGA) on aggregation
of cells had no effect with respect to the cell type (for
the sake of the simplicity, we only included results
for B. subtilis, as the best representative candidate).
Cell cluster sizes reduced to 10—30 um (Figure 7).

DRACHUK ET AL.

Additionally, significantly lower surface microrough-
ness was observed with AFM imaging in comparison to
the high charge density silk polyelectrolytes. In this
case, cells aggregation was reduced due to the low
grafting density and shorter charged amino acid side
chains. Furthermore, assembly of silk shells from brush-
like PEGylated block copolymers further reduces
aggregation of cells-in-shells assemblies (below 10 um)
due to hydrophilic nature of terminal PEG chains and
resulted in smoother LbL shells. Apparently, even
relatively short PEG side chains (n = 20) attached to
the backbone of the silk molecules through short lysine
groups (n = 10) promoted more extended conforma-
tion of silk macromolecules that contributed to the for-
mation of stable shells assembled via complex non-
specific interactions.

AFM assessment of the surface microroughness
(root-mean-square, Rqg) in the dry collapsed state
(calculated from 1 um? surface area in AFM images)
confirmed significant differences in the Rq values with
respect to the nature of the silk protein shells and the
type of cells (p < 0.01) (Table 2). Flattened bacterial cells
(B. subtilis) had a surface roughness of Rg=3.1 + 0.8 nm
(after fixation and drying), while rougher cells (E. coli)
had a surface roughness of Rq = 5.4 4= 0.8 nm. Higher Rq
values were observed for highly charged silk polyelec-
trolytes assembled on both types of bacterial cells with
Rq = 14.8 & 3 nm for B. subtilis and 19.5 + 4.1 nm for and
E. coli cells. In contrast, pure hydrogen-bonded shells

VOL.9 = NO.2 = 1219-1235 = 2015 A@%M

O
)

WWww.acshano.org

1227



Figure 7. B. subtilis cells encapsulated in 4 bilayers of low charge density silk polyelectrolyte SF(S)-PLL/SF(S)-PGA shells (a) and
PEGylated silk brush-like block copolymers (SF(S)-PLL-b-PEG/SF(S)-PGA) shells (b) imaged with confocal (i), SEM (ii) and AFM
(iii) microscopy (from 1 ,umz surface area). Z-range in (iii) is 200 nm.

TABLE 2. Surface Microroughness (Root-Mean-Square, Rq, nm) of Dried Bacterial Cells Encapsulated in 4 Bilayered Shells

Assembled from Different Types of Silk Polyelectrolyte Brushes”

cell type/silk shell bare surface SF(Y,S)-PLL/SF(Y,S)-PGA SF(Y,S)-PLL-g[9]-PEG/SF(Y,S)-PGA SF(S)-PLL/SF(S)-PGA SF(S)-PLL-b-PEG/SF(S)-PGA
E coli 54408 195 + 41 61412 96415 74411
B. subtilis 31+08 14.8 £3.0 44413 75+ 11 56 £08

“Images (from 1 um” surface area) have been processed by build-in software. Experimental values are represented as means == SD, n = 15.

demonstrated significantly smoother film structures a) 0

with Rg = 4.4 £ 1.3 nm and 6.1 & 1.2 nm for B. subtilis ] E gzzﬁm

and E. coli cells, respectively. During encapsulation with 1 1

low charge density silk polyelectrolyte shells, roughness * 190

increased toRq =75+ 1.1 nmand Rq=9.6 + 1.5 nm for ;;' ]

B. subtilis and E. coli cells, accordingly, whereas for § 60 7

PEGylated block copolymer silk shells the roughness 07

decreasedto Rq=5.6 +08nmandRq=74+ 1.1 nm, 2] ’Li

which is still 25% higher than corresponding values for 0 conol | (SFLSIPLL  (SFO.S)PLL- (sp(s, PLL  (SF(S)-PLL-b-PEG!

pure hydrogen-bonded silk shells. STV G apo, o SFOHPOR
Viability of Silk-Encapsulated Microbial Cells. Viability of b) 1a0 —

cells encapsulated in silk polyelectrolyte shells was 120 1 B 5. subtilis

assessed with two toxicity assays to study the effect of - 1

silk polyelectrolytes (Figures 8, S5) (see Methods). Bio- § 1:: ]

reduction of resazurin was used immediately after the 3

encapsulation to assess the susceptibility of bacterial g 7

cells to the processing conditions and the exposure ]

to silk copolymers. The results were confirmed with a 2]

0

formazan-based cell proliferation assay (MTT) after in-
cubation in cell culture medium for 24 h. The MTT assay
gave 10% higher viability values compared to the
resazurin-based assay due to the difference in time
exposure and distinct nature of the two assays.®® Consis-
tently, B. subtilis cells demonstrated on average 5—10%
higher viability than E. coli cells, in spite of the more
receptive nature of their cell walls to chemical agents.®>”°

Cells encapsulated in four bilayered LbL shells using
highly charged silk polyelectrolytes (SF(Y,S)-PLL/
SF(Y,S)-PGA), showed reduced viability of 13—16%

DRACHUK ET AL.

(Squ S)-PLL/  (SF(Y,S)-PLL-
SF(Y,S)-PGA),  g[9]-PEG/
SF(Y,S)-PGA),

(SF(S)-PLL/ (SF(S)-PLL-b-PEG/

Control SF(S)-PGA), SF(S)-PGA),

Figure 8. Comparison of viability for two types of bacterial
cells encapsulated in high charge density (SF(Y,S)-PLL/SF(Y,S)-
PGA), silk polyelectrolyte shells; highly PEGylated double
brush graft copolymer (SF(Y,S)-PLL-g[9]-PEG/SF(Y,S)-PGA),
shells; low charge density (SF(S)-PLL/SF(S)-PGA), silk polyelec-
trolyte shells; and PEGylated brush-like silk block copolymer
(SF(S)-PLL-b-PEG/SF(S)-PGA), shells as the result of intermo-
lecular interactions. Viability was assessed with resazurin-
based assay after 2 h of incubation (a) and MTT-based test
after 24 h of incubation (b). Experimental values are repre-
sented as means + SD, n = 3. Paired t test, *p < 0.01.

voL.9 = NO.2 = 1219-1235 = 2015 ACNJANIC)

WWW.acsnano.org



5000
11 hour

4500 - [ 5 hours
S 4000 " I 7 hours —_
8 3500 | | g -
§ 3000 ] ' E
g 2500 s
8 2000 ?
S e
S 15004 S
™ S
L 4000 T

500
0 T T T

(SF(Y,S)-PLL/ (SF(Y,S)-PLL-g[9]-
SF(Y,S)-PGA), PEGISF(Y,S)-PGA),

Control

1 hour

6 hours

2500

. 2000

1500 -

1000

500

11 hour
[ 5 hours
I 7 hours

*

Adad

(SF(Y,S)-PLL/ (SF(Y,S)-PLL-g[9]-
SF(Y,S)-PGA), PEGISF(Y,S)-PGA),

Control

Figure 9. Kinetics of GFP expression in E. coli (a) and B. subtilis (b) bacterial cells encapsulated in high charge density silk
ionomer (SF(Y,S)-PLL/SF(Y,S)-PGA), shells and highly PEG-grafted double-brushes (SF(Y,S)-PLL-g[9]-PEG/SF-PGA), shells.
Experimental values are represented as mean + SD, n = 6. Paired t test, *p < 0.05. Representative confocal images of B. subtilis
cells encapsulated in polyelectrostatic (SF(Y,S)-PLL/SF(Y,S)-PGA), (c) and hydrogen-bonded (SF(Y,S)-PLL-g[9]-PEG/SF(Y,S)-
PGA), (d) shells after incubation in cell culture medium supplemented with 5 mM of theophylline for 1 and 6 h. Left columns in
(c) and (d) represent fluorescently labeled shells (DiLight550); middle columns, GFP production by cells; and right columns,

bright field (BF) images of the cells.

(for E. coli cells) and 17—21% (for B. subtilis cells)
(Figure 8a,b). As was reported, high charge density
polycations can elicit cytotoxicity due to nonspecific
formation of pores in the plasma membrane of eukar-
yotic cells that can depend on the size and conforma-
tion of the polymers used for the cell coatings.*®
Similarly, cationic polymers are well-documented in
having a general bacterial-static effect due to the
charge interaction with the cell membranes.”"”? Bac-
terial cells are known for their resilience to external
perturbations in the local environment, including
minor disruptions in the plasma membrane, and their
ability to denature nonessential proteins or membrane
lipids. The fact that high charge density silk polyelec-
trolyte shells have significant effect on metabolic
behavior and inhibition of growth (at least within the
first 24 h) confirmed the adverse effects of conven-
tional silk polyelectrolytes with high molecular weight
of polyamino acid side chains on bacterial micro-
organisms.

In contrast, PEGylated double-brush graft silk copo-
lymer SF(Y,S)-PLL-g[9]-PEG and its highly protonated
SF(Y,S)-PGA counterpart had no effect on microbial

DRACHUK ET AL.

activity, making these shells cytocompatible. Both
types of bacteria encapsulated in hydrogen-bonded
(SF(Y,S)-PLL-g[9]-PEG/SF(Y,S)-PGA), shells demonstrat-
ed viability of 85—96% (for E. coli) and 88—98% (for
B. subtilis), indicating adverse effects of polycatio-
nic charges on cellular biocompatibility (Figure 8a,b).
Indeed, bacterial cells encapsulated in 4-bilayered LbL
shells using silk ionomers with low charge density have
already demonstrated viability of 31—45% for E. coli
and 34—54% for B. subtilis cells, respectively, which is
significantly higher as compared to silk polyelectro-
lytes of high charge density (paired t test, p < 0.01)
(Figure 8a,b). Cells encapsulated in silk shells as-
sembled with brush-like PEGylated block copolymers
had increased the viability to 71—84% for E. coli and
74—88% for B. subtilis, respectively, emphasizing the
positive effect of decreasing the charge density of
polycations with PEG grafts on improved cell viability.
Hence, by lowering the charge density of silk polyelec-
trolytes (either by reducing degree of derivation of
backbones with polycations and/or decreasing molec-
ular weight of these side chains) viability of encapsu-
lated cells can be improved. This is consistent with
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previous reports on an inverse correlation between M,,
and charge density with cell toxicity.*>”3

The cytotoxic effect of polycations can also be
significantly reduced by adsorbing buffer layers to
shield the cell surface from conformational changes
induced by amino groups of polycations. Bacterial cells
primed with two SF layers prior to the adsorption of silk
polyelectrolytes showed significantly higher viability of
51—60% for E. coli cells and 56—63% for B. subtilis cells,
respectively compared to low charge density silk iono-
mers (Figure S5). These results suggest that the toxi-
city originates during direct interaction of polycations
with cell membranes as a result of enhanced interfacial
interactions with amino-groups.

Function of Encapsulated Riboswitch-Hosted Cells As Biosen-
sors. In our study we utilized recombinant bacteria
engineered with synthetic riboswitch constructs.”*”>
The riboswitch is a genetic construct composed of two
structural domains: an aptamer domain that binds to a
small molecule and an expression platform that con-
trols the expression of a downstream gene via con-
formational changes, which are induced by the ligand
(target analyte) binding to the aptamer. Cell-based
biosensors preprogrammed with engineered reporter-
gene constructs offer exceptional specificity, con-
trolled response and significant signal amplification,
which can be used for detection, identification and
tracking the molecules of interest.”®

The ability of cell-based biosensors to function and
respond to the analyte after encapsulation provides
important information regarding the cytocompatibility
of functionalized silk brush coatings. Depending on
the chemical composition of the shells and the type
of cellular construct associated with the analyte recog-
nition in recombinant cells, encapsulated cells re-
sponded differently to the presence of analyte
(theophylline). Figure 9a,b represents kinetics of GFP
expression during incubation of encapsulated cells
(both E. coli (a) and B. subtilis (b)) in cell culture medium
supplemented with 5 mM theophylline. Importantly,
analytical recognition was cell-specific. E. coli was the
most efficient cell platform for processing and activat-
ing the reporter gene, as a part of the riboswitch
construct, due to higher levels of fluorescence intensity
and more dynamic signal amplification (exponential
growth) of the intensity within the course of study
(Figure 9a,b).

Overall, regardless of the cell type, cells encapsu-
lated in high charge density silk polyelectrolytes had
lower intensity of GFP appearance as compared to
more cytocompatible hydrogen-bonded shells based
upon brush-like graft silk backbones with a high
degree of grafting density of PEGs (Figure 9a,b). The
apparent difference in fluorescence intensity was sig-
nificant at least during the first 7 h of monitoring
fluorescence (paired t test, p < 0.01). This trend was
not surprising due to the fact that strong polycationic
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polymers (regardless of their nature) impose cytotoxi-
city to the functionalized cells, which correlates linearly
with the graft density of charged groups and the
length of the polycationic side chains.*”® In our case,
cells encapsulated in silk polyelectrolyte shells as-
sembled through electrostatic interactions with high-
charge density silk polymers had significantly reduced
viability, and as a result, low fluorescence intensities.
In contrast, cytocompatible hydrogen-bonded shells
assembled with double-brushes made from highly
PEGylated graft silk copolymers supported cell activity
and demonstrated induced GFP fluorescence com-
parable to nonencapsulated cells with the highest
activity.

With respect to the stability of these engineered
shells, cells encapsulated in different types of shells
were stable as colloidal suspensions for prolonged
period of time (up to 3—4 months) if kept in aqueous
solutions at ambient conditions. During warming-up,
shells did not show any degradation for several hours;
however, hydrogen-bonded shells started to deterio-
rate after 4—5 h during incubation at 37 °C in concen-
trated cell medium (rich in amino acids and salts) under
vigorous agitation (220 rpm). The remnants of the
fluorescently labeled red shells were observed only
after 6 h of incubation (Figure 9d). In contrast, during a
comparable time frame, electrostatically bound (both
with high and low charge density) and brush-like
PEGylated silk block copolymer shells demonstrated
significant stability toward degradation as red fluores-
cence associated with labeled shells overlapped with
cells producing GFP (Figure 9¢). Hence, minor inclu-
sions of polycationic components of small molecular
weight can promote the stability of LbL shells and
restrict the cell growth and binary division.

Bacteria encapsulated in silk polyelectrolyte shells
of low charge density and shorter PEG side chains
demonstrated higher levels of GFP fluorescence inten-
sity in comparison to high charge density silk polyelec-
trolyte shells (Figure 10). Higher intensities were
correlated with the higher viability rates emphasizing
the negative effect of high charge density polycationic
electrolytes on functionality of the cells. Consistently, if
cells were primed with two layers of silk fibroin ((SF),)
prior to encapsulation with low charge density poly-
electrolytes ((SF),/SF(S)-PLL/SF(S)-PGA); shells), the
capacity of cells to respond to the analyte was not
inhibited (Figure S6). The fluorescence from GFP-
producing cells encapsulated in such shells showed
comparable levels of intensity in cells encapsulated
with brush-like PEG-block silk copolymers. Notably,
E. coli cells recovered faster and had higher intensities
of GFP expression in response to the effector cues
compared to B. subtilis due to higher efficiency of
theophylline riboswitch in E. coli cells.”*

The viability results were consistent with cell func-
tioning in terms of the potential of cells to respond to
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Figure 10. Kinetics of GFP expression in E. coli (a) and B. subtilis (b) cells encapsulated in low charge density (SF(S)-PLL/SF(S)-
PGA), silk polyelectrolyte shells and brush-like PEG block (SF(S)-PLL-b-PEG/SF(S)-PGA), silk copolymer shells. Experimental
values are represented as means & SD, n = 6. Paired t test, *p < 0.05.

the target analyte, which binds to the aptamer domain
and turns “ON” the expression of GFP.”” The cell
function studies confirmed that the highly porous
nanoshells (open pores of tens of a nanometer)®”?
did not restrict the diffusion of theophylline, and the
ability of cells to respond to the presence of analyte
was more a factor of the polycationic component of
the shells. Cationic silk polyelectrolytes and subse-
quently electrostatically driven assembly of silk shells
played a major role in nominal production of GFP
signal as the cells had to recover first from transient
destruction in the cell membrane caused by conforma-
tional changes in polylysine chains of silk polycationic
grafts. However, the recovery of bacterial cells was
much faster compared to any eukaryotic cells,?® which
explains the efforts on engineering the cell-based
sensors using synthetic biology principles in
bacteria.”®”® Within an hour cells were able to activate
the fluorescent marker and accumulate GFP to high
intensity levels.

From the perspective of cell-based devices, rapid
response from cells individually confined in ultrathin
and permeable shells is usually required for biosensing
applications (cell-based sensors, bioreactors, or micro-
fluidic channels). Such shells can contribute to the
long-term stability and performance of cell-based
devices.2® On the contrary, the formation of cell clus-
ters with polymeric material can found more applica-
tions in the field of clinical medicine, ecology,
microbiology and geotechnical engineering, where
matrix-enclosed 3D communities can be studied in
biofilm science to prevent infectious diseases, or aid in
soil biocementation, disinfection, water and fuel
treatments.®’®? Hence, ability to render the spatial
organization of cells in the form of aggregates or have
them individually coated with organic/inorganic
material can be valuable means for controlling the
survivability, growth rate and gene transcription of
encapsulated cells.

DRACHUK ET AL.

CONCLUSIONS

In conclusion, we demonstrated that by tailoring the
chemical design of regenerated fibroin silk macromo-
lecule with variable molecular weight, grafting density
and architecture of amino acids/PEG chains, significant
morphological and functional capabilities of cells
encapsulated in such brushes can be acquired. The
molecular weight of poly amino acids, molecular
weight and degree of PEG grafting were varied in order
to assess the formation of cytocompatible and robust
LbL shells on two types of Gram bacteria. The viability
and activity of encapsulated cells were inversely re-
lated to the charge density and molecular weight of
polycationic amino acid silk grafts. In contrast, because
of the strong correlation between high viability/
function of cells and molecular weight/grafting density
of PEG side chains, highly PEGylated silk brushes
assembled via hydrogen bonding with protonated
polyanionic silk macromolecules demonstrated the
highest cytocompatibility (up to 98%) and promoted
single-cell encapsulation with distinct antifouling
appearance.

Distinct chemical signatures of bacterial envelopes
as templating substrates in combination with high
charge density and length of ionized silk polycationic
side chains played a significant role in coarsening the
surface of encapsulated cells and promoting the clus-
tering of cells. Because of the presence of long poly-
saccharide chains at the surface of E. coli cells,
adsorption of bulky silk amino acid grafts of high
charge density resulted in the formation of large cell
aggregates. In contrary, structurally more flat cell
envelopes of B. subtilis cells demonstrated significantly
reduced agglomeration of cells during LbL encapsula-
tion with the same silk amino acid grafts. Furthermore,
during adsorption of high charge density silk poly-
electrolytes, conformational changes in silk brushes
induced by long charged side chains promoted
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globular appearance of proteins through extensive
intermixing of side chains, at which point individual
nanoparticles can be formed.

Stable colloidal suspensions (under ambient
conditions) of individually coated, active cells can find
potential for flow-based devices, such as microfluidic
channels or bioreactors. On the other hand, induced
clustering of cells by using small inclusions of positively
charged amino acids terminated by hydrophilic
molecules is highly favorable for cells survival and

METHODS

Materials. Monobasic sodium phosphate (NaH,PO,), phos-
phate buffer saline (PBS), theophylline, osmium tetroxide
(4%), glutaraldehyde, poly(L-lysine) hydrobromide (PLL) (M,, <
15000 Da), poly(.-glutamic acid) sodium salt (PGA) (M,, =
15000 Da), methoxypolyethylene glycol propionic acid N-suc-
cinimidyl ester (mPEG-SPA) (M,, = 5000 Da) were purchased
from Sigma-Aldrich (St. Louis, MO). Monodispersed poly-L-lysine
hydrochloride (PLL,o) (M, = 3000 Da), methoxy-poly(ethylene
glycol)-block-poly(L-lysine hydrochloride) (PLL;o-b-PEG;;) (M., =
2600 Da) and poly(L-glutamic acid sodium salt (PGA,) (M, =
3000 Da) amino acids were purchased from Alamanda Poly-
mers (Huntsville, AL). Cross-linker, 1-ethyl-3-[3-(dimethylamino)
propyl] carbodiimidehydrochloride (EDC), was purchased from
Thermo Fisher Scientific (Rockford, IL).

Synthesis of Silk lonomers. High charge density silk ionomers
(SF(Y,S)-PGA and SF-(Y,S)-PLL) were obtained using our pre-
viously published methods.*® In particular, silk fibroin (SF)
solution was obtained by extraction from Bombyx mori co-
coons according to established procedures.®® Subsequently,
SF structure was enriched in carboxyl groups by the diazonium
coupling to tyrosine (Y) and serine (S) side chains of the
protein. The obtained carboxy-silk (SF(Y,S)-COOH) was then
covalently conjugated with PLL or PGA via EDC chemistry to
obtain high charge density SF(Y,S)-PLL and SF(Y,S)-PGA silk
jonomers.*® Low charge density SF(S)-PLL and SF(S)-PGA
silk ionomers were obtained by grafting PLL,y, or PGA,, to
carboxyl-modified serine (S) residues of 5 min-boiled SF(S) by a
similar set of reactions.

PEG-Grafted Brushes of Different Architecture. Graft (g) double-
brush copolymer silk protein SF(Y,S)-PLL-g[D]-PEG was synthe-
sized by conjugation mPEG-SPA to PLL side chains of a high
charge density SF(Y,S)-PLL silk ionomer with 4 mol % and 9 mol %
degree of grafting ratio, designated as D. In more detail, SF(Y,S)-
PLL (90 mg, 2 mL) was dissolved in phosphate buffer (pH 8.5)
and slowly added to PBS (1X, 2 mL, pH 8.5) containing mPEG-
SPA (70 mg) or mPEG-SPA (150 mg) to produce PEG brushes of
4 or 9 mol % grafting degree, correspondingly. The reaction was
continued for 18 h at room temperature in the dark, then
transferred to a Slide-A-Lyzer dialysis cassette (15 mL, MWCO =
10 kDa) (Thermo Scientific) and dialyzed against PBS (pH 8.5),
then subsequently lyophilized.

Block copolymer brush protein SF(S)-PLL-b-PEG was synthe-
sized by conjugation PLL;y-b-PEG,, block polymer to carboxyl-
modified serine residues of a 5 min boiled SF(S)-COOH accord-
ing to the same procedure for obtaining low charge density silk
ionomers. All polymers have been analyzed by 'H NMR using
D,0 as a solvent. "H NMR spectra were taken on a Bruker DRX
400 spectrometer operating at 400 MHz.

Recombinant Bacterial Cells. BL21 E. coliand 1012 WT B. subtilis
cells (from Novagen) were transformed with plasmids contain-
ing synthetic riboswitch constructs. Theophylline riboswitch
(clone 12.1)3%8 in BL21 E. coli cells was placed upstream of
the sequence encoding a new fluorescent protein (GFPa1) from
Amphioxus®® in pSAL plasmid (pSAL:RS12.1GFPa1His). In 1012
WT B. subtilis cells, theophylline synthetic riboswitch’* was
placed upstream of superfolder GFP encoding sequence®” in
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prolonged circulation, which can be beneficial in the
field of clinical medicine, ecology, or microbiology.
Tailoring the charge density of brush-like silk polyelec-
trolytes with proper grafting density of PEG side chains
can be useful for synthesis of proper natural polymer
derivatives that provide necessary robustness and
cytocompatibility with controlled spatial arrangement
of cells and their aggregates, which can be reward-
ing for biosensor-related and broader biomedical
applications.

pHTO1 plasmid vector (pHTO1:RSE_sfGFP). Bacterial cells were
cultured in Luria—Bertani (LB) broth supplemented with 50 ug/
mL of ampicillin (for E. coli) and 10 ug/mL of chloramphenicol
(for B. subtilis). Cells were grown at 37 °C in a shaker incubator
(New Brunswick Scientific) with 220—240 rpm to bring them
to an early exponential phase (ODggo = 0.3—0.5 au based on a
0—2 scale) (GE cell calculator). Activation of the riboswitch was
induced with 5 mM theophylline (DMSO), and fluorescence was
visualized on the confocal microscope (Zeiss LSM510 system).

LbL Assembly of Silk lonomer Shells on Bacterial Cells. Prior to
encapsulation cells were harvested from LB medium in 15 mL
centrifuge tubes by centrifugation (3000 rpm for 2 min) and
extensive washing with PBS (3 x 15 mL). Deposition of
electrostatically bound shells of high and low charge density
silk ionomers started from SF(Y,S)-PLL or SF(S)-PLL (1 mg/mL,
0.05 M NaH,PO,, pH 6) followed by SF(Y,S)-PGA or SF(S)-PGA
(1 mg/mL, 0.05 M NaH,POy,, pH 6) until the desired number of
bilayers has been reached. Partially screened electrostatic
shells were assembled by incubation in the solution of SF(S)-
PLL (1 mg/mL, 0.05 M NaH,PO,, pH 6) followed by incubation
in SF(S)-PGA (1 mg/mL, 0.05 M NaH,PO,, pH6) solution until
the desired number of bilayers has been reached. Hydrogen-
bonded shells were assembled by incubation cells in the
solution of SF(Y,S)-PLL-g[9]-PEG (1 mg/mL, 0.05 M NaH,POy,,
pH 4) followed by incubation in SF(Y,S)-PGA (1 mg/mL, 0.05 M
NaH,PO,, pH 4) solution. Cells were incubated in 1 mL of
protein solution on a rotating stage (20 rpm) for 10 min
followed by centrifugation (3000 rpm for 2 min) and washing
in phosphate buffer (0.05 M, pH 6) (3 x 2 mL). Encapsulated
cells were stored at 4 °C unless further studies on cell viability,
activation of riboswitch or zeta-potential measurements were
performed.

Labeling of Silk with DyLight Fluorescent Dye. DyLight antibody
labeling kit containing DiLight550 NHS-ester dye was pur-
chased from Thermo Scientific (Pierce Biotechnology, Rockford,
IL). Conjugation of dye to SF(S,Y)-PLL (2 mg/mL, 50 mM sodium
borate, pH 8.5) was performed according to the manufacturer's
protocol. Fluorescently labeled silk (0.5 mg/mL, 0.05 M NaH,PO,,
pH 7) was allowed to absorb as a last layer on each type of
silk shells.

Ellipsometry. Measurements were obtained on an M-2000U
spectroscopic ellipsometer (Woolam). Silk films were deposited
on freshly cleaned silicon wafers from aqueous solutions
of appropriate pH (1 mg/mL, 0.05 M NaH,PO,) using the
dip-assisted method. Deposition of different types of silk films
was performed for 10 min followed by washing in the appro-
priate pH phosphate buffer (0.05 M) (2 x 5 mL).

Cytotoxicity Assays. MTT and resazurin-based cytotoxicity
assays tests (three replicates per each test) were performed to
assess effect of the coatings and encapsulation procedures on
the cells.®® Resazurin-based test was performed immediately
after encapsulation according to manufacturer's protocol
(Biotium, Hayward, CA). Fluorescence from rezarufin was mea-
sured at Aem = 585 M (A = 560 nm) on a spectrofluorophotom-
eter (Shimadzu RF 5301 PC) after incubation for 2 h. The
mitochondrial MTT assay (Trevigen, Inc. Gaithersburg, MD) was
used to assess cell membrane integrity and cellular ATP levels.
The concentration of solubilized formazan produced during
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24 h incubation of cells in cell medium was determined by
absorbance at 570 nm on (Schimadzu UV-2450) spectro-
photometer.

Zeta-Potential. Measurements were performed to determine
the surface charge of the coatings after deposition of each layer.
Measurements were obtained on Zetasizer Nano-ZS equipment
(Malvern) using clear disposable polystyrene Zeta-potential
cuvettes. After deposition of each layer cells were extensively
washed with appropriate phosphate buffer (0.05 M NaH,PO,)
(3 x 2 mL) followed by washing with Nanopure water
(1 x 2 mL). Aliquots of cells sample (100 uL) were combined
with autoclaved Nanopure water (900 ul) to obtain 1 mL
volume. Each measurement was collected at ambient condi-
tions (25 °C) by averaging three independent measurements
of 35 subruns using the Smoluchowski model.

Scanning Electron Microscopy. SEM was performed on Hitachi-S-
3400-1I system at an operating voltage of 10 keV. Samples (20 uL
of cell suspensions) were drop casted on silicon wafers, air-dried
and sputtered with ~2 nm gold film. Prior to imaging, cells were
fixed with glutaraldehyde aqueous solution (4% w/v) for 60 min,
washed with autoclaved DI water (4 x 2 mL) and dehydrated
stepwise with 25, 50, 75 and 100% of ethanol. SEM scanning was
first performed on a large area (100 x 100/4m2) of cells (at least
200), then zoomed in to show individual clusters of cells or
group of single cells followed by imaging single cells.

Atomic Force Microscopy. AFM was performed on a Dimension-
3000 (Digital Instruments) microscope in the “light” tapping
mode (100—500 kHz resonant frequency) at 90° scanning
direction using silicon V-shape cantilevers having a spring
constant of 46 N/m according to usual procedure.®® Fixed
samples (gluteraldehyde, aqueous 4% w/v) were drop casted
on silicon wafer and air-dried before AFM scanning. AFM
imaging was conducted on encapsulated and nonencapsulated
(control) cells (at least 4—5 cells), starting from 20 x ZOMm2 area
scan, and progressively zooming in to scan a target 1 x 1 um?
surface area. In order to determine mean root-mean-square (Rq)
surface roughness, 1 ﬂmz height scans (from 4 to 5 cells) were
processed with DI-3000 software.

Transmission Electron Microscopy. TEM imaging of encapsulated
and nonencapsulated Gram-positive bacteria (B. subtilis) cells
was performed on Hitachi H-7600 Transmission Electron micro-
scope. Prior to imaging, cells were stained with osmium te-
troxide (1%, 0.1 M PBS), washed with PBS (3 x 1 mL) and
dehydrated using graded series of athanol (50, 70, 80, 90 and
100%). Following the dehydration cells were imbedded in white
resin (1:1 ratio, 100% ethanol) and sliced with microtome.

Confocal Laser Scanning Microscopy. CLSM images of microbial
cells encapsulated in different composition of shells were
obtained on a Zeiss LSM 510 system equipped with Ar laser
and He—Ne lases). Emission from GFPa1 was visualized with
515 nm band-pass filter (excitation at 488 nm). Fluorescently
labeled shells were imaged by excitation at 543 nm and
visualized with 560—590 nm band-pass filter.

Statistical Analysis. Data are expressed as means =+ standard
deviation, with variable number of repeats (n) for each experi-
mental group. Statistical analysis was performed on all samples
using paired t test to evaluate significant differences between
groups with p < 0.05 or p < 0.01.
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