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Abstract 

Nanocoating of individual mammalian cells with polymer layers has been of increasing interest in 

biotechnology and biomedical engineering applications. Electrostatic layer-by-layer (LbL) 

deposition of polyelectrolytes on negatively charged cell surfaces has been utilized for cell 

nanocoatings using synthetic or natural polymers with a net charge at physiological conditions. 

Here, our previous synthesis of silk-based ionomers through modification of silk fibroin (SF) with 

polyglutamate (PG) and polylysine (PL) was exploited for the nanocoating of mammalian cells.  

SF-PL constructs were cytotoxic to mammalian cells, thus an alternative approach for the synthesis 

of silk ionomers through carboxylation and amination of regenerated SF chains was utilized. 

Through the optimization of material properties and composition of incubation buffers, silk 

ionomers could be electrostatically assembled on the surface of murine fibroblasts and human 

mesenchymal stem cells (hMSCs) to form nanoscale multilayers without significantly impairing 

cell viability. The resulting silk-based protein nanoshells were transient and degraded over time, 

allowing for cell proliferation. The strategies presented here provide a basis for the cytocompatible 

nanoencapsulation of mammalian cells within silk-based artificial cell walls, with potential 
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benefits for future studies on surface engineering of mammalian cells, as well as for utility in cell 

therapies, 3D printing and preservation. 

Keywords: silk ionomers, mammalian cells, nanocoating, nanoencapsulation, layer-by-layer 

assembly 

Introduction 

Unlike prokaryotes, unicellular eukaryotes or fungi, animal cells are enclosed only by a fluidic, 

fragile plasma membrane and do not have cell walls or exoskeletal shells to protect them against 

harsh environmental conditions. Nanoencapsulation of individual mammalian cells in thin and 

tough polymer shells has been proposed as a potential strategy to form artificial cell walls for 

protection against physical and chemical stresses and immune attacks applied during ex vivo and 

in vivo manipulation such as tissue engineering applications and cell therapy. 1, 2 Several 

approaches including binding of biopolymers to surface receptors 3-8, matrix-ion complexation 9, 

10, and in situ polymerization or crosslinking on cell surface 11-14 have been demonstrated for the 

encapsulation of individual mammalian cells. The most common strategy, however, has been the 

electrostatic layer-by-layer (LbL) assembly of polyelectrolytes or minerals, 2, 15-25 which is widely 

employed for the formation of nanoscale multilayer films on charged surfaces 26-28 or 

nanoencapsulation of bacteria, yeast 29-33 or pancreatic islands. 34-36 The net negative charge of 

plasma membrane allows for electrostatic aggregation of positively charged polyelectrolytes onto 

cell surface, enabling deposition of a negatively charged polyelectrolyte as the second layer. By 

alternating incubation in aqueous solutions of oppositely charged substrates, it is possible to 

assemble nanoscale multilayers on cell surfaces and the composition and thickness can easily be 

tuned by altering the type and number of the layers deposited. 2, 37  
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Despite the large variety of cytocompatible polyanions such as poly(styrene sulfonate) (PSS), 

polyacrylic acid (PAA), hyaluronic acid (HA) and alginate, the number of polycations suitable for 

deposition on living mammalian cells is limited due to potential cytotoxicity through damaging 

the integrity of plasma membrane. 17, 38, 39 For example, PL, a polycation that is widely used for 

surface coatings to enhance cell adhesion to substrates, 40 could be lethal to mammalian cells in 

suspension even at low concentrations since it may form nanoscale holes in plasma membrane and 

induce necrotic death. 38, 41 Many studies on nanoencapsulation of mammalian cells have been 

limited with the use of gelatin 17, 23, 24, which is an amphoteric polyelectrolyte containing both 

positively (arginine, lysine) and negatively charged amino acids (glutamate, aspartate) and 

therefore displays limited electrostatic affinity to negatively charged substrates.  42  Although some 

solved this issue by using cationized gelatin and demonstrated nanocoating of live cancer cells 19, 

25, others documented potential cytotoxicity of cationized gelatin on healthy cells such as human 

osteoblasts 43 or murine fibroblasts. 44 In a recent study, cytotoxicity of the polycation layer was 

avoided through the formation of a negatively charged framing template on the cells by insertion 

of cholesterol-DNA conjugates into the plasma membrane followed by supramolecular 

complexation of alginate-DNA conjugates. 45 However, insertion of anchor molecules in plasma 

membrane may have unpredicted impacts such as alterations in membrane fluidity, inactivation of 

membrane-bound enzymes or ion transporters 46 or elevated production of reactive oxygen species. 

47 Therefore, it is essential to develop cytocompatible polycations that can be safely deposited on 

cell surface with minimum effect on viability and function.  

Silk fibroin (SF) from the domesticated silkworm Bombyx mori is a natural protein that has been 

of interest in biotechnology and biomedical applications due to its biocompatibility, ease of 

purification and processability into a variety of material formats including fibers, films, sponges 
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and gels. 48-50 Moreover, SF display excellent mechanical properties owing to natural self-

assembly into crystalline β-sheets. 51, 52 This makes SF a more promising tough nanocoating 

material compared to gelatin, which displays inferior mechanical properties at physiological 

temperatures due to conformational transition above 20oC and rapid enzymatic degradation 53. 

However, SF has only a weak net negative charge 54 and therefore cannot be deposited directly on 

cell surface due to electrostatic repulsion. The synthesis of silk constructs with sufficient net charge 

for electrostatic LbL deposition was demonstrated by our group before through covalent 

conjugation of PL or PG 55. SF-PL and SF-PG conjugates were used for the synthesis of pH-

responsive hollow capsules 56, 57 or nanocoating of bacteria 58 or yeast 56, but not mammalian cells. 

Besides the conjugation of PL, SF can also be cationized by the amination of aspartic (Asp) and 

glutamic acid (Glu) side chains through carbodiimide coupling of ethylenediamine (EDA) as 

reported before for bovine serum albumin 59 and gelatin 19, 60, 61. Considering the negative influence 

of high charge density on the cytotoxicity of polycations 38, cytocompatible silk polycations with 

a low charge density can be achieved thanks to significantly lower content of Asp and Glu (1.1 

mol%) of SF 54 compared to gelatin (12.4 mol%). 62 Carboxylic acid content of SF can easily be 

increased if needed by the carboxylation of tyrosine 63 or serine groups 55 to tune its overall charge 

density and optimize the efficiency of electrostatic aggregation on charged substrates.  

Herein we present the synthesis and characterization of cytocompatible silk ionomers for LbL 

electrostatic deposition on the plasma membrane of individual living mammalian cells. Our 

preliminary findings showed that SF-PL constructs were cytotoxic to mammalian cells and could 

not be used for nanoencapsulation. As an alternative, we demonstrated the synthesis of aminated 

silks with significantly lower charge density through carbodiimide coupling of EDA groups on 

pristine or carboxylated SF and obtained a library of silk-based polycations with varying charge 
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densities and molecular weight (MW) distributions. Aminated SF paired with carboxylated SF 

formed nanoscale multilayers on mammalian cells through electrostatic assembly. By the 

optimization of ionomer properties and the composition of incubation buffers, L929 murine 

fibroblasts and bone marrow-derived hMSCs were nanocoated successfully without significantly 

impairing their viability.  To our knowledge, this study is the first to introduce silk-based 

cytocompatible polyelectrolytes that are suitable for nanoencapsulation of individual mammalian 

cells. Furthermore, here we provide a novel formulation of an incubation buffer for LbL assembly 

of multilayers on mammalian cells, which can be utilized for other polyelectrolyte materials with 

relatively low charge densities.  

Experimental Section 

Materials. p-toluene sulfonic acid, sodium nitrate, 4-aminobenzoic acid, chloroacetic acid, 

ethylenediamine dihydrochloride, 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), N-

hydroxy succinimide (NHS), 2,4,6-trinitrobenzene sulfonic acid (TNBSA), 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), dextrose and  fluorescein isothiocyanate (FITC) isomer I 

were purchased from Sigma Aldrich, St. Louis, MO. 2-(N-morpholino)ethanesulfonic acid (MES) 

saline and sodium borate buffer packs, phosphate buffered saline (PBS), Dulbecco's Modified 

Eagle's Medium (DMEM), fetal bovine serum albumin (FBS) and Penicillin/Streptomycin (Pen-

Strep) were from Thermo Fisher Scientific, Rockford, IL.  

Extraction of silk fibroin (SF). Bombyx mori silkworm cocoons were degummed to remove 

sericin protein by boiling 5 g of cut cocoons in 2 L of 0.02 M sodium carbonate solution for 1, 60, 

90 or 120 min and rinsing three times in deionized (DI) water. Degummed fibers were dried 

overnight and solubilized in 9.3 M lithium bromide solution at a concentration of 20% (w/v) for 4 

h at 60°C. The solution was dialyzed against distilled water with 6 water changes over 3 days and 
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left in dialysis bag in a fume hood for 2 days to increase SF concentration through water 

evaporation. The resulting solution was centrifuged 2 times at 9,000 rpm at 4°C for 20 min to 

remove insoluble particles. The concentration of silk solution was determined by weighing a 

known volume of sample before and after drying overnight at 60°C. 

Carboxylation and amination of SF. For the carboxylation of tyrosine groups, 4-aminobenzoic 

acid was diazonium coupled on phenol side chains as reported before. 63 Briefly, 34 mg of 4-

aminobenzoic acid dissolved in 1.25 mL of acetonitrile was mixed with 625 µL of ice cold 0.8 M 

aqueous NaNO2 and 625 µL of 1.6 M p-toluenesulfonic acid, vortexed and incubated on ice for 15 

min. 1.5 mL of the diazonium salt solution was mixed with 2 mL of 10% w/v aqueous SF solution 

prepared in 0.5 M borate buffer (pH 9.0) and incubated on ice for 20 min. For the carboxylation 

of serine side groups thorough nucleophilic substitution reaction with chloroacetic acid as 

demonstrated before 55, 0.6% w/v SF was prepared in 1 M aqueous chloroacetic acid solution at 

pH ~13.5 and the mixture was stirred at room temperature (RT, 24oC) for 1 h.  After dissolving 

NaH2PO4 to a final concentration of 4 mg/mL and bringing the pH of the solution to 7.4 with 10 

M HCl, the solution was mixed for 30 min at RT. Tyrosine- (SF(Y)COOH) or serine-carboxylated 

SF (SF(S)COOH) solutions were then loaded into 3.5 kDa cutoff dialysis tubing and dialyzed 

against DI water for 4 days with 8 water changes. Solutions were centrifuged twice at 9000 rpm at 

4oC to remove insoluble particles and then frozen at -80oC overnight, lyophilized and stored at -

20oC until further use. 

Serine-carboxylated silk was carbodiimide coupled with PL10 or PG10 for the analysis of silk-

polyelectrolyte conjugates (SI experimental section). Cationized silks with lower charge density 

were synthesized through amination of unmodified or carboxylated silks through carbodiimide-

coupling of ethylenediamine (EDA). Briefly, 2% w/v unmodified or carboxylated silks were 
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reacted with  EDA dihydrochloride (1.5 g per 1 g SF) in the presence of EDC (850 mg per 1 g SF) 

and NHS (275 mg per 1 g SF) in 0.05 M MES buffer (pH 6.0) for 18 h at RT under gentle stirring. 

The solution was then dialyzed against DI water in 3.5 kDa cutoff dialysis tubing for 5 days with 

10 water changes. Solutions were centrifuged twice at 9000 rpm at 4oC to remove insoluble 

particles and then frozen at -80oC overnight, lyophilized and stored at -20oC until further use. 

Quantification of carboxylic acid and primary amine groups. Carboxylic acid content of the 

ionomer constructs was estimated by quantification of free protons through the measurement of 

solution pH after mixing with excess HCl solution. 0.05 M aqueous HCl was standardized by 

titration with 0.05 M standard NaOH solution in the presence of phenolphthalein. 2 mL of 5 

mg.mL-1 ionomer solution (n=3) was first mixed with 40 µL of 0.05 M NaOH to bring the pH to 

6.5-7 if necessary for the complete deprotonation of the carboxylic acid residues. 2 mL of 0.05 M 

aqueous HCl was then added to the solution to bring pH to 1.5-2 and stirred for 15 min at RT for 

the complete protonation of carboxylic acid residues. The concentration of excess acid was then 

determined by measuring the solution pH using a pH-meter. The carboxylic acid contents of the 

carboxylated and aminated silks were calculated using the equations (1) and (2), respectively: 

nCOOH / mg protein = 
!"#!∗%&"#$!'((&.&&+∗,$%&)."#'∗%&"#$''/∗%&(

%&	12
            (1) 

nCOOH / mg protein = 
!(&.&&+∗,$%&)."#!∗%&"(!*"#$!)'.	"#'∗%&"#$''/∗%&(

%&	12
           (2) 

where nCOOH is the moles of carboxylic acid residues (in nmol), MHCl is the concentration of the 

standardized HCl solution, V1 and V2 are the volumes (in liters) and pH1 and pH2 are the pH of the 

ionomer solutions before and after mixing with 2 mL of aqueous HCl solution, respectively.  

TNBSA assay was used to quantify the primary amine content of the ionomers. 0.5 mg/mL 
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ionomer solution was mixed with 0.05% w/v TNBSA solution in 0.4 M NaHCO3 buffer (pH 8.5) 

at 1:1 volume ratio, incubated at 37oC for 2 h and its absorption at 420 nm was measured (n = 5) 

using SpectraMax M2 multi-mode microplate reader (Molecular Devices, Sunnyvale, CA). OD420 

values were normalized to dye only and no dye controls and then converted to primary amine 

content (nmol/mg protein) using the calibration curve prepared with known concentrations of β-

alanine standard solutions (Supplementary Figure S1A). Assuming complete deprotonation and 

protonation of carboxylic acid and primary amine residues, respectively, at pH 7.4, net charge of 

the silk ionomers was calculated using equation (3): 

Net charge (nmol/mg protein) = 𝑛𝑛34'	 − 𝑛𝑛5664             (3) 

Zeta potential measurement. To determine the zeta potential of carboxylated and aminated silks, 

5 mg.mL-1 solutions were prepared in deionized (DI) water, the solution pH was brought to 7.4 

and it was syringe-filtered through 0.22 µm filters.  To determine the surface zeta potential of L929 

fibroblasts during LbL nanocoating, cells were suspended in 40 mM HEPES buffer at a density of 

2x105 cells.mL-1. Electrophoretic mobilities of ionomers or cells (n = 3) were measured using a 

NanoBrook ZetaPALS (Brookhaven Instruments, Holtsville, NY) and the zeta potential values 

were determined using the Smoluchowski model. 

Analysis of molecular weight (MW) distribution. MW distribution of the silk constructs was 

semi-quantified on the digital images of SDS polyacrylamide gel electrophoresis (PAGE). 20 µL 

of samples and 10 µL of NOVEX sharp pre-stained protein standard were run in NuPAGE 4-12% 

Bis-Tris gels (Invitrogen, Carlsbad, CA) at 200 V for 30 min and stained with colloidal blue for 4 

h. After rinsing overnight in DI water, gels were imaged, and the molecular weight distributions 

were determined using ImageJ (1.48v, NIH, USA) as reported before 53. Briefly, a calibration curve 

was prepared by the digital analysis of reference ladder lane to obtain a linear equation for 
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conversion of the distance from wells to MW values. Frequency of each MW was then calculated 

from the mean grey values and MW distributions were plotted for each sample to determine the 

mean and peak molecular weights.  

LbL deposition of silk ionomers on cell surface. L929 fibroblasts from mouse subcutaneous 

connective tissues or bone marrow-derived hMSCs (ATCC, Manassas, VA) were incubated in 1 

mg.mL-1 solution of aminated silk in 1X Dulbecco's Modified Eagle Medium (DMEM) or 40 mM 

HEPES buffer supplemented with 5% w/v dextrose and 50 mM NaCl (HD50) at a density of 2x106 

(L929) or 1x106 cells.mL-1 (hMSCs) for 1 min under gentle pipetting. Cells were then collected by 

centrifugation at 1500 rpm for 5 min at 4oC and washed with blank buffer. For the deposition of 

the second layer, cells were incubated in 1 mg.mL-1 of carboxylated silk solution for 1 min, 

centrifuged and washed. The alternating incubation in aminated and carboxylated silk solutions 

was repeated to deposit 3 bilayers on the cells (n=3). Silk-nanocoated cells were seeded on TCP 

at a density of 104 cells.cm-2 and incubated in DMEM supplemented with 10% FBS and 1% Pen-

Strep at 37oC with 5% CO2.  

Cell viability and metabolic activity. Cells were stained with Live/Dead assay kit (Invitrogen, 

Carlsbad, CA) 2 h after seeding and imaged at days 1, 3 and 8 with a BZ-X700 Fluorescence 

Microscope (Keyence Corp., Itasca, IL). 5 random images were taken from 2h samples (n=3) and 

analyzed using live/dead staining macro of ImageJ to estimate the % viability of the nanocoated 

cells. Metabolic activity of the cells was monitored at days 1, 3, 5 and 8 by determining the % dye 

reduction (n=4) using alamarBlue viability assay (Invitrogen, Carlsbad, CA) according to the 

instructions by the manufacturer.  

Confocal Laser Scanning Microscopy (CLSM). Carboxylated and aminated silks were 

fluorescently labeled with FITC to visualize nanolayer deposition on cell surface. Briefly, FITC 
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was dissolved in DMSO at a concentration of 10 mg/mL, diluted 4 times with DI water and 100 

µL of it was added dropwise to 10 mL of 5 mg.mL-1 solution of silk ionomers in 0.1 M carbonate 

buffer (pH 9.0). The mixture was stirred for 1 h at RT and then dialyzed in 3.5 kDa cutoff dialysis 

membranes against DI water for 3 days with 6 water changes. Solutions were frozen overnight, 

lyophilized, and stored at -20oC. Fluorescence emission by 0.1 mg.mL-1 of FITC-labeled ionomer 

solutions at excitation / emission wavelengths of 488 nm / 520 nm was converted to FITC 

concentration / mg protein using a calibration curve obtained with known concentrations of FITC 

solutions (Fig.S1B).  L929 cells and hMSCs were LbL nanocoated with FITC-labeled SF ionomers 

and visualized at 2h after seeding and at days 1, 3 and 8 using a TCS SP8 microscope from Leica 

Microsystems (Wetzlar, Germany) at excitation and emission wavelengths of 488 nm/500-540 nm. 

Relative fluorescence intensity of silk ionomer layers deposited on individual cells was quantified 

by mean gray values on Day 0 confocal images using ImageJ.   

Scanning Electron Microscopy (SEM). Plastic coverslips were seeded with nanocoated L929 

fibroblasts at a density of 104 cells.cm-2 and incubated in growth media for 10 h at 37oC. After 

gently rinsing with 1X PBS, samples were fixed in 4% paraformaldehyde solution in PBS for 15 

min at RT and washed with 40 mM HEPES buffer. After dehydration using a series of 50, 70 and 

100% v/v ethanol solutions for 5 min, samples were Au-Pd coated under vacuum and examined 

under SEM (Zeiss EVO MA10, Germany). 

Quartz Crystal Microbalance with Dissipation Monitoring (QCM-D) Analysis. LbL 

deposition of aminated and carboxylated silks was monitored using a Q-sense E4 QCM (Biolin 

Scientific, Sweden). Prior to measurement, QSX301 gold sensors were UV/ozone treated for 10 

min followed by incubation in piranha solution (97% H2SO4:30% H2O2 = 3:1 v/v) for 5 min to 

clean and put negative charges on the sensor surface. After drying under N2 flow, sensors were 
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placed into flow modules and washed with 1 mg.mL-1 solutions of silk ionomers in DMEM or 

HD50 buffer for 10 min at a flow rate of 150 µL/min using a peristaltic pump. After each layer, 

the sensor was rinsed with blank buffer for 5 min to remove loosely bound silk chains.  

Statistics. All data are expressed as mean ± standard deviation for n ≥ 3. GraphPad Prism 

(GraphPad Software, La Jolla, CA) was used to perform One- or Two-way analysis of variance 

(ANOVA) with Tukey's post hoc multiple comparison test to determine statistical significance (*p 

≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001). Correlation of two variables were analyzed using simple linear 

regression test to obtain a linear equation (R2 > 0.95) for calibration curves used in quantification 

of primary amine contents by TNBSA assay, FITC concentration by fluorescence emission, and 

molecular weight distributions by SDS PAGE.  

Results and Discussion 

We synthesized negatively and positively charged SF ionomers through the conjugation of 

polyelectrolytes PL and PG or through the carboxylation and amination reactions to enable ionic 

pairing on plasma membrane for nanoencapsulation of living mammalian cells. Deposition of 

multiple SF-PL / SF-PG layers on living yeast cells or the bacterial strains E. coli and B. subtilis 

were reported before with cell viabilities of 38% 56 and between 15-50% 58, respectively. Since 

LbL deposition of SF-polyelectrolytes on a mammalian cell line has not been demonstrated before, 

we first investigated the cytocompatibility of the process on mouse fibroblasts. SF was serine-

modified with PL10 or PG10 (Fig.S2A) and characterized prior to cell surface deposition. As 

expected, the primary amine content of SF increased significantly from ~400 to ~3,000 nmol/mg 

protein upon modification with PL (Fig.S2B). SF(S)-PL had a positive zeta potential ~ +20 mV) 

while unmodified SF (~ -10 mV), SF(S)COOH and SF(S)-PG (~ -20 mV) had negative zeta 

potentials (Fig.S2C). For the electrostatic deposition of the first layer on negatively charged cell 
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surface, we first incubated the cells with positively charged SF(S)-PL and then with negatively 

charged SF(S)-PG (Fig.S2D). Cells were positive for fluorescent signal after incubation with 

FITC-labeled SF(S)-PL (Fig.S2E), suggesting its aggregation on cell membrane. After incubation 

in 1 mgmL-1 solutions of SF(S)-PL10 in 1X PBS or DMEM for 1 min, cell viability decreased 

below 20% with or without the deposition of a negatively charged SF(S)-PG10 layer (Fig.S2F, G), 

indicating cytotoxicity of PL chains conjugated on SF. Despite a few studies that showed 

nanocoating of mouse or human MSCs with multiple bilayers of PL and HA without significant 

effect on cell viability, 3, 16 others also reported survival rates below 30% when PL was used as the 

polycation layer. 17, 38, 39 The extent of cytotoxicity depends on the charge density, molecular 

weight or concentration of polycations 38; therefore, we focused on the optimization silk ionomer 

structure and chemistry as well as the incubation conditions to achieve LbL nanocoating with 

minimum cytotoxicity. 

A library of carboxylated and aminated silk constructs with varying charge densities and MW 

distributions were synthesized for LbL nanocoating of mammalian cells by first incubating them 

in in aminated and then carboxylated silk solutions for electrostatic LbL deposition on negatively 

charged plasma membrane  (Fig.1A). Regenerated SF molecules were carboxylated on tyrosine 

(5.3 mol%) or serine (12.1 mol% 54) residues (Fig.1B) to increase the carboxylic acid content for 

carbodiimide coupling as well as the net negative charge. To achieve different positive charge 

densities, EDA was coupled on unmodified SF (Fig.1C-i), SF(Y)COOH (Fig.1C-ii) or 

SF(S)COOH (Fig.1C-iii). Carboxylation and amination of SF were monitored by 1H NMR 

(Fig.S3). Diazonium coupling introduced two new peaks (7.26, 7.68 ppm) in the aromatic region 

of SF(Y)COOH proton spectrum. Methylene proton signals of the acetic acid residues on 

SF(S)COOH were expected at around 4.1 - 4.3 ppm but could not be observed clearly, likely 
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because of overlaps with Alaα/Serα proton peaks at 4.14-4.29 ppm. Alkyl proton peaks of EDA 

appeared next to Tyr β proton peaks between 2.4-3.2 ppm on the spectrum of all aminated silks, 

indicating successful conjugation of EDA on unmodified or carboxylated silks.  

We obtained different MW constructs by varying the duration of degumming. The MW of the 

intact SF heavy chain is ~390 kDa, which decreases with increasing degumming time due to 

protein degradation. 64 SF degummed for 60, 90 or 120 minutes were carboxylated and aminated 

and their MW distributions were digitally quantified on SDS-PAGE images (Fig.S4A) using the 

calibration curves obtained from the reference ladder lanes (Fig.S4B). The peak MW of SF 

extracted by degumming for 60, 90 and 120 minutes were 131 kDa, 98 and 81 kDa, respectively, 

and became 108, 110 and 100 kDa, respectively, after tyrosine carboxylation (Fig.2A, Table 1). 

Diazonium coupling of aminobenzoic acid was shown to increase the hydrophobicity of silk 63. 

Thus, the decrease in MW of 131 kDa SF upon tyrosine carboxylation could be due to insoluble 

aggregates that were removed by centrifugation after dialysis. The most significant change in MW 

distribution was observed for serine-carboxylated SF. The peak MW of 131 kDa SF dropped to 36 

kDa after serine-carboxylation, indicating a more than a 3-fold decrease (Table 1). This could be 

explained with the alkaline hydrolysis of amide bonds 65 within the SF backbone at highly alkaline 

pH (~13.5) used for deprotonation of serine groups (pKa ~13.0) 66 during nucleophilic substitution 

reaction with chloroacetic acid. We decreased the duration of degumming to 1 minute to obtain a 

higher molecular weight serine-modified silks and assess its influence on cytocompatibility. 

Indeed, higher MW constructs were obtained as the peak MWs of 1 minute degummed silk  was 

~64 kDa (Fig.2A) after serine-carboxylation. However, it should be noted that a minimum of ~30 

min degumming is required for complete the removal of sericin 67, which comprises 20-30 wt.% 

of raw silk fibers 64 and has significantly higher contents of Ser (~26 mol%), Asp (~18 mol%) and 
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Glu (~6 mol%) 68 compared to fibroin heavy chain (12.1, 0.5 and 0.6 mol%, respectively 54). 

Therefore, 64 kDa SF(S)COOH samples likely contained residual sericin and had a different amino 

acid composition compared to sericin-free 36 kDa SF(S)COOH. After amination with EDA, peak 

MW of unmodified SF slightly decreased, while it increased slightly for serine-carboxylated SF 

and drastically for tyrosine-carboxylated SF (Fig.2B, Table 1).  The solubility of all lyophilized 

SF(Y)-EDA constructs was also significantly lower compared to SF(Y)COOH counterparts (data 

not shown), suggesting intra- and interchain crosslinking despite high molar excess of EDA used 

during amination. This was likely due to the carboxylation of tyrosine residues in the repetitive 

hydrophobic domains that can self-assemble into crystalline β-sheets. 69, 70 The increased 

hydrophobicity of SF by coupling of benzoic acid residues 63 combined with enhanced pi-stacking 

interactions by diazonium groups 71 might have induced packing of the repetitive domains in 

aqueous solution, leading to crosslinking of adjacent carboxylic acid residues during carbodiimide 

coupling of EDA (Fig.S5A). In the case of SF(S)COOH, on the other hand, significant reduction 

in MW and the conjugation of hydrophilic acetic acid groups on serine side chains located in the 

hydrophobic domains likely limited hydrophobic interactions  and therefore intra- and interchain 

crosslinking (Fig.S5B).  

To assess the charge profiles of carboxylated and aminated silk constructs, we determined the 

concentrations of carboxylic acids and primary amines as well as the zeta potentials of silk 

ionomers. Considering that the pKa values of Asp and Glu side chains and the acetic and benzoic 

acid residues range between 3-5 72-74, we brought the pH of ionomer solutions between 1.5-2 to 

quantify excess acid by pH measurement after complete protonation of all carboxylic acid residues. 

The main limitation of the approach was, however, the precipitation of unmodified and tyrosine-

carboxylated silks at low pH (Fig.S6), likely through self-assembly of water-insoluble β-sheets 
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upon carboxylation of the carboxylic acid residues 75, 76. Diazonium carboxylation of SF was 

reported to decrease the tendency of spontaneous β-sheet formation but do not prevent 

crystallization by pH reduction 63, which is parallel with our observations. Unlike SF or 

SF(Y)COOH, SF(S)COOH did not precipitate at low pH (Fig.S6), suggesting that the drop in MW 

together with the carboxylation of Ser residues in hydrophobic domains downregulated self-

assembly of crystalline β-sheet structures as reported before 77. None of the aminated silks 

including SF(Y)-EDA precipitated at low pH despite the increase in MW compared to 

carboxylated counterparts, indicating a shift in SF pKa from acidic to alkaline region as expected 

upon conversion of carboxylic acid residues into basic primary amine groups. Both carboxylic acid 

(Fig.S7A) and primary amine concentration (Fig.S7B) of unmodified SF decreased gradually with 

increasing mean MW (Table S1) as expected because of more free N- and C- termini created upon 

hydrolysis into shorter chains during degumming. The empirical concentrations were significantly 

higher than the theoretical values, suggesting that there were many more N- and C-termini than 

those calculated based on mean MW. Although the carboxylation of tyrosine and serine residues 

increased the total carboxylic acid content significantly compared to unmodified silk, the yield of 

carboxylation was in the range of only 20-35%  (Table S1), likely because of the poor accessibility 

Ser and Tyr in the hydrophobic domains 69, 70.  Besides increasing the carboxylic acid content, 

serine carboxylation also increased the concentration of primary amines significantly because of 

protein hydrolysis and formation of new N-termini during the reaction.  Interestingly, primary 

amine content decreased after diazonium coupling on tyrosine residues (Fig.3A-i), likely due to 

deamination upon reaction with excess nitrous acid 78. For diazonium coupling, we used 2X molar 

excess of NaNO2 (~0.5 mmol) than 4-aminobenzoic acid (~0.25 mmol) based on our previous 

report 63. The nitrites in acidic solution probably reacted with the primary amines and formed N-
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nitrosamines, which are rapidly converted into diazoic acids and decompose by N2 gas release in 

aqueous environment 79.   As expected, primary amine content of all silk constructs increased from 

50 – 400 to 400 – 770 nmol/mg protein (Fig.3A-ii) after EDA conjugation, indicating successful 

amination of SF. Among all aminated SF constructs, 70 and 39 kDa SF(S)-EDA had the highest 

primary amine content (~770 nmol.mg-1 protein), which was still significantly lower than SF(S)-

PL (~3000 nmol/mg protein, Fig.S1A) as desired. The yield of amination was above 75% for SF-

EDA constructs and above 55% for 226 kDa SF(Y)-EDA or 70 and 39 kDa SF(S)-EDA, while it 

was below 50% for 217 and 219 kDa SF(Y)-EDA. We estimated the net charge of the ionomers 

from the difference in empirical concentrations of carboxylic acid and primary amine residues 

(Table 2) and neglected the contribution by Arg and His side chains (~0.6 mol%).  All 

carboxylated and aminated constructs had a a net negative and positive charge, respectively, as 

desired.  The zeta potential of unmodified SF (~ -10 mV) became more negative  (~ -25 mV) upon 

tyrosine- or serine-carboxylation (Fig.3B-i), and positive after coupling of EDA (Fig.3B-ii), 

further confirming successful carboxylation and amination of SF. Despite having a comparable 

charge concentration with the SF-EDA constructs or 70 kDa SF(S)-EDA, 39 kDa SF(S)-EDA had 

the highest positive zeta potential at around +34 mV, likely because of having the lowest peak 

MW that resulted in significantly lower hydrodynamic radius and therefore higher electrophoretic 

mobility of ionomer molecules in solution. 80  

We determined the cytocompatibility of aminated SFs with mammalian cells by live/dead assay 

using L929 murine fibroblasts.  After incubation in aminated SF solutions in 1X PBS for 10 min, 

no significant change was recorded in cell viability for SF-EDA or SF(Y)-EDA irrespective of the 

protein concentration (1 - 10 mg.mL-1) while SF(S)-EDA constructs were highly cytotoxic above 

1 mgmL-1 (Fig.S8). Despite having comparable primary amine contents, 70 kDa SF(S)-EDA 
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solution displayed higher cytotoxicity than its 39 kDa counterpart, the former and latter resulting 

in cell viabilities of 62% and 89%, respectively. This could be due to 70 kDa SF(S)-EDA having 

a higher peak MW than 39 kDa SF(S)-EDA. Indeed, higher MW polycations displaying higher 

cytotoxicity compared to lower MW counterparts was reported before with L929 fibroblasts 

incubated in various MW of diethylaminoethyl (DEAE)-dextran 38. To visualize silk deposition on 

cell membranes, cells were incubated in solutions of FITC-labeled silk polycations. The 

quantification of FITC-labeling revealed that all aminated silks except SF(Y)-EDA were strongly 

positive for FITC (Fig.S9A-i). A low FITC content was recorded for 226 kDa SF(Y)-EDA, while 

it was negligible for 217 or 219 kDa SF(Y)-EDA counterparts. A potential explanation for low 

FITC signal on tyrosine-modified constructs could be the coloration of SF upon coupling of azo 

groups 63 that might have competed for light absorption or quenched the emission by FITC. Indeed, 

we observed a shoulder in the absorption spectra of SF(Y)-EDA constructs, particularly in those 

of 217 and 219 kDa (Fig.S9A-ii), that might have overlapped with the excitation wavelength of 

FITC at 488 nm. No FITC signal was collected from the cells incubated in PBS solutions of SF-

EDA or 226 kDa SF(Y)-EDA even at 10 mg.mL-1, whereas the cells incubated in 1 mgmL-1 SF(S)-

EDA solutions were positive for fluorescence signal (Fig.S9B). This could be explained with 

significantly higher primary amine content of SF(S)-EDA constructs that likely allowed for better 

competition with other cationic species available in PBS for the negatively charged cell membrane. 

Fig.S9C clearly shows that the success of deposition increased while cell viability decreased with 

increasing primary amine content of positively charged silk ionomer constructs when PBS was 

used as the incubation buffer. The cytotoxicity was alleviated successfully by reducing the overall 

charge density through the conjugation of EDA instead of PL on serine-carboxylated silks.  
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100 kDa SF(Y)COOH and 64 kDa SF(S)COOH were chosen as negatively charged layers for LbL 

nanocoating to determine if the charge and the chemistry of silk polyanion affects cell viability. 

When coupled with SF-EDA or SF(S)-EDA constructs, 100 kDa SF(Y)COOH and 64 kDa 

SF(S)COOH provided negative to positive charge ratios of around 0.92 and 0.58, respectively 

(Table 2). Despite cell survival above 60% when coated with a single SF(S)-EDA layer, no cells 

survived after LbL deposition of multilayers in PBS irrespective of the type of carboxylated silk 

or incubation time (Fig.S7A). When PBS was replaced with DMEM growth media, which includes 

divalent Ca2+ and Mg2+ ions as well as basic amino acids in addition to Na+ and K+ (Table S1), 

cell viability increased significantly to above 90%, particularly when 64 kDa SF(S)COOH was 

used as the negatively charged silk (Fig.S10A). Divalent cations had a higher charge density than 

monovalent cations and were shown to hinder electrostatic aggregation of polyelectrolytes on cell 

surface to a higher degree 21, 39. Indeed, FITC signal from the ionomer layers decreased compared 

to PBS (Fig.S10B), suggesting a decrease in the yield of deposition. To enhance the cell surface-

deposition of SF-EDA and SF(Y)-EDA with lower charge densities than SF(S)-EDA, we 

formulized a new cation-free incubation buffer at pH 7.4 by supplementing 5% w/v dextrose 

solution, which was shown to display suitable osmolarity for the short-term incubation of human 

MSCs 81, with 40 mM HEPES. Cell viability decreased significantly after incubation in HEPES-

Dextrose (HD) solutions of SF-EDA and no cells survived in the solutions of SF(S)-EDA 

(Fig.S11A). Since the survival rate of the control cells was around 89%, higher cytotoxicity could 

be attributed to improved electrostatic aggregation of the aminated silks on the cells in the cation-

free buffer. Indeed, cell surfaces were positive for FITC signal after incubation in HD solutions of 

123 or 85 kDa SF-EDA at both low and high concentration (Fig.S11B). The 75 kDa SF-EDA was 

deposited on the cells only at high concentration but resulted in a survival rate of ~50%. 226 kDa 
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SF(Y)-EDA was deposited on the cells only at low concentration, likely due to its limited solubility 

at higher concentrations.  Cell survival rate after deposition of (85 kDa SF-EDA / 100 kDa 

SF(Y)COOH)3 in HD buffer was around 60%. To test whether it could be improved by tuning the 

ionic composition of the buffer, we supplemented HD buffer with NaCl at varying concentrations. 

Cell viability increased above 85% with 25 mM NaCl and above 90% with 50 or 100 mM NaCl 

in HD (Fig.S12A, B). The FITC signal on cell surfaces, however, faded gradually with increasing 

NaCl concentration (Fig.S12C, D), suggesting that increasing ionic strength of the incubation 

buffer hindered the electrostatic aggregation on cell surfaces. Although cell viability was 

preserved, no FITC signal was collected on cell surfaces after coating with (226 kDa SF(Y)-EDA 

/ 100 kDa SF(Y)COOH)3 in HD or HD50 buffers (data not shown).  We concluded that the 

amination of tyrosine-carboxylated constructs was not effective likely due to deamination by 

nitrous acid during diazonium coupling as well as intermolecular crosslinking during carbodiimide 

coupling of EDA. Therefore, this conduction was eliminated from the rest of the study.  

Based on their performance in terms of cell viability and deposition on cell surfaces, LbL 

deposition was further investigated using SF-EDA and SF(S)-EDA constructs in HD50 and 

DMEM, respectively. As shown in Fig.4A and Fig.S13A, discrete FITC-positive layers 

surrounded the surfaces of the L929 fibroblasts or hMSCs, respectively. The viability of 

nanocoated cells was above 90% (Fig.4B) and 80% (Fig.S13B, C), respectively, which was not 

significantly different than the respective control groups, indicating cytocompatibility of the LbL 

nanocoating with aminated and carboxylated silks. The surface charge of L929 fibroblasts during 

LbL deposition of (123 kDa SF-EDA / 100 kDa SF(Y)COOH)3 and (70 kDa SF(S)-EDA / 64 kDa 

SF(S)COOH)3 was monitored by zeta potential measurement. pKa values of phosphotidylserine 

head groups (~3.5) 82 and the sialic acid residues (~2.6) of membrane oligosaccharides and 
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glycoconjugates 83 are below 7, providing a negative zeta potential to mammalian cell surface 

ranging from -30 to -20 mV at physiological pH. 84, 85 Indeed, uncoated cells had a zeta potential 

ranging from -20 to -25 mV, which became positive upon deposition of the aminated silks and 

negative again after incubation in the carboxylated silk solution as expected. A zigzag pattern 

alternating between negative and positive zeta potential values (Fig.5A) was recorded for both 

groups during the deposition of 6 layers as in previous reports 16, 17, 19. We visualized the 

nanocoated cells by brightfield microscopy and SEM after deposition of each bilayer. Contrary to 

the spread morphology of control cells, coated cells had a flake-like, relatively spherical shape 

with a rougher surface (Fig.5B, Fig.S14), resembling morphologies demonstrated for neural stem 

cells (NSCs) and T cells after coating with gelatin/alginate 17 and chitosan/alginate bilayers 22, 

respectively. The thin layer of lamellipodia beneath the cells (Fig.5B, shown with black arrows) 

disappeared with increased numbers of bilayers, suggesting the formation of silk shells around the 

cells after deposition of 3 bilayers. 

The LbL assembly of silk ionomers was investigated by QCM-D analysis. The resonance 

frequency of the oscillating quartz crystal decreased gradually with each silk ionomer layer 

(Fig.6A), indicating adsorption of mass onto sensor surface. 86, 87 A slight increase in frequency 

was recorded during each washing step, which could be attributed to the removal of loosely bound 

silk chains and reorganization of the ionomer molecules to a denser layer. The thickness and elastic 

moduli of the silk multilayers were estimated with the viscoelastic model using the individual 

frequency and dissipation shifts (Fig.S15A). A roughly linear increase in the multilayer thickness 

(R2= 0.9947 and 0.9946 for 123 kDa SF-EDA / 100 kDa SF(Y)COOH and 70 kDa SF(S)-EDA / 

64 kDa SF(S)COOH, respectively) was found during the deposition of 6 layers (Fig.6B). Despite 

the lower charge density of 123 kDa SF-EDA than 70 kDa SF(S)-EDA, a more robust decrease in 
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resonance frequency was recorded for the former than the latter, leading to estimated film 

thicknesses of ~142 and 126 nm, respectively. Moreover, DMEM had a higher ionic composition, 

which is known to increase the thickness of LbL assembled films by inducing coil formations in 

the polyelectrolyte chains prior to adsorption, as well as increasing water retention within the 

multilayers. In lower ionic strength solutions, on the other hand, thinner multilayers are expected 

because of flatter orientation of the polyelectrolytes parallel to the surface and water release from 

the layers 88-90. Higher thickness of (123 kDa SF-EDA / 100 kDa SF(Y)COOH) multilayers could 

be because of the higher MW and lower charge of the components than with the serine-modified 

ionomers, which might have led to a coiled conformation through self-assembly of the 

hydrophobic domains 91 even at low ionic strength. The elastic moduli of 3 bilayers were estimated 

as ~660 and 840 kPa for (123 kDa SF-EDA / 100 kDa SF(Y)COOH) and (70 kDa SF(S)-EDA / 

64 kDa SF(S)COOH) multilayers (Fig.S15B), suggesting that the latter formed a thinner and more 

rigid film on the electrode than the former.   

The persistence of the silk shells encapsulating the cells was monitored over time by CLSM 

imaging of the cells coated with FITC-labeled ionomers. The discrete circular silk layers 

surrounding the cells disappeared by day 1 and the FITC signal completely diminished by day 8 

for both (123 kDa SF-EDA / 100 kDa SF(Y)COOH)3 and (70 kDa SF(S)-EDA / 64 kDa 

SF(S)COOH)3 shells (Fig.7A). Fluctuations in solution pH is known to affect the stability of 

polyelectrolyte bilayers by altering net charges and disrupting ionic bridges 92. Although the 

metabolic activity may slightly alter the pH of growth media, extracellular pH of viable cells 

should be in between 6.5-8 93. Within this range we did not expect a significant change in the sign 

of electric charges, or the integrity of ionomer bilayers. Therefore, the rapid release of the cells 

from silk nanocoatings  could be explained with the endocytosis of polyelectrolyte bilayers 16, 17, 
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45 as well as the gradual dissociation of multilayers by ongoing ion exchange 94, 95 in growth media 

through to the competition for aminated/carboxylated silk ion pairs by external ionic species.  One 

approach to prolong the lifetime of silk multilayers on the cells would be to lower the incubation 

temperature below 15oC to decrease the rate of endocytosis 96 and increase the number of bilayers 

deposited on cell surface to improve persistence. 18 Alternatively, high stability of multilayers 

could be achieved at physiological temperatures by covalent crosslinking of the bilayers as it was 

reported for multilayers of cationized and anionic gelatin using transglutaminase 25. Unlike other 

polyelectrolytes, silk ionomers can also be crosslinked covalently by horseradish peroxidase 

(HRP) 53 or Fenton reaction-mediated 97 dityrosine bridging in the presence of low concentrations 

of hydrogen peroxide (H2O2) or physically through the self-assembly of hydrophobic domains into 

crystalline β-sheets in the presence of polyalcohols such as PVA, PEG or glycerol. 98 Dissociation 

of silk nanocoatings from the cell surface could be delayed through covalent or physical 

crosslinking of ionomer bilayers, which will be investigated in our future studies.  

Live/dead staining of the cells demonstrated an increase in the density of the nanocoated cells from 

day 1 to day 8 (Fig. 7B), and the metabolic activity estimated by percent reduction of alamarBlue 

gradually increased over 8 days for both control and coated cells (Fig.7C), indicating cell 

proliferation. Dye reduction by the nanocoated cells, particularly the (123 kDa SF- EDA / 100 kDa 

SF(Y)COOH)3 group, was significantly lower than the control cells at days 1 and 3, which suggests 

lower metabolic activity and proliferation at early time points. The impaired proliferation of 

nanocoated mammalian cells was also documented before by others, and it was explained with 

physical hinderance of cell division as well as the interaction with environmental cues by the shell 

surrounding the cell membrane. 11, 15 
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Conclusions 

Simple one or two step chemistries were utilized to increase the carboxylic acid or primary amine 

content of SF to obtain negatively or positively charged silk-based polyelectrolytes, respectively. 

Covalent conjugation of EDA residues instead of PL on unmodified and tyrosine- or serine-

carboxylated SF of varying MW distributions allowed for the synthesis of a library of silk 

polycations that had significantly lower charge density and improved cytocompatibility compared 

to SF-PL constructs. The net charge of cell surfaces was manipulated through the electrostatic 

deposition of aminated and carboxylated silks on living cells. Through the optimization of the 

ionic composition of incubation buffers and the duration of incubation in silk ionomer solutions, 

mouse fibroblasts and hMSCs were successfully nanocoated with multiple layers of silk ionomers 

without a significant reduction in cell viability. Cell encapsulating silk ionomer shells were 

transient and rapidly disappeared under culture conditions, allowing for release and proliferation 

of nanocoated cells.  The results reported here establish a new and facile approach to coating 

otherwise sensitive mammalian cells.  With the versatile options to modulate the biophysical and 

chemical features of the silk materials used, combined with the robust material properties and 

biocompatibility of the protein, future directions can be explored related to the utility of these 

systems in a range of biomedically-relevant directions.  

Supporting Information: 

Experimental details, detailed silk-polyelectrolyte and silk ionomer characterization, explanatory 

schematics, LbL deposition and cytotoxicity measurements with hMSCs, additional confocal and 

SEM micrographs 
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Table 1. MW of carboxylated and aminated silk constructs extracted by varying degumming times.  

 

Sample Peak MW (kDa) Mean MW (kDa) 

Modification Degumming 
time (min) 

Before 
amination 

After 
amination 

Before 
amination 

After 
amination 

No Carboxylation 
(SF) 

60  131 123 88 85 
90 98 85 78 99 
120 81 75 70 77 

Tyrosine 
Carboxylated 
(SF(Y)COOH) 

60 108 217 70 84 
90 110 219 70 90 
120 100 226 69 98 

Serine Carboxylated 
(SF(S)COOH) 

1 64 70 76 69 
60 36 39 57 66 

 

 

 

Table 2. Net charge of the silk constructs estimated by quantification of carboxylic acid and primary amine residues.     

C
ar

bo
xy

la
te

d 
sil

k 

Sample Net Charge  
(nmol/mg protein) 

A
m

in
at

ed
 si

lk
 

Sample Net Charge  
(nmol/mg protein) 

131 kDa SF -(143.1 ± 51.2) 123 kDa SF-EDA +(449.2 ± 31.6) 
98 kDa SF -(147.0 ± 40.7) 85 kDa SF-EDA +(429.7 ± 76.5) 
81 kDa SF -(182.4 ± 54.4) 75 kDa SF-EDA +(452.7 ± 86.2) 

108 kDa SF(Y)COOH -(412.3 ± 75.9) 217 kDa SF(Y)-EDA +(54.3 ± 50.8) 
110 kDa SF(Y)COOH -(445.9 ± 62.9) 219 kDa SF(Y)-EDA +(61.7 ± 81.4) 
100 kDa SF(Y)COOH -(414.2 ± 60.8) 226 kDa SF(Y)-EDA +(236.7 ± 74.4) 
64 kDa SF(S)COOH -(261.3 ± 60.3) 70 kDa SF(S)-EDA +(459.2 ± 74.1) 
36 kDa SF(S)COOH -(244.5 ± 17.2) 39 kDa SF(S)-EDA +(493.3 ± 93.3) 
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Figure 1. Synthesis and layer-by-layer (LbL) deposition of aminated and carboxylated silks. (A) Schematic showing 
electrostatic LbL deposition of aminated (+) and carboxylated (-) silk constructs on negatively charged mammalian 
cell surface. Schematic representation of (B) carboxylation and (C) carbodiimide coupling of ethylenediamine (EDA) 
residues on (i) unmodified, (ii) tyrosine-carboxylated (SF(Y)COOH) or (iii) serine-carboxylated SF (SF(S)COOH). 
EDC: 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide, NHS: N-Hydroxysuccinimide.  
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Figure 2. Molecular weight (MW) analysis of (A) unmodified or carboxylated and (B) aminated SF constructs 

conducted by digital analysis of SDS-PAGE gels. Black bars: mean MW, grey bars: MW with highest frequency.  
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Figure 3. Characterization of the charged residues on silk ionomers. Quantification of the (A) carboxylic acid residues 
(n=3), (B) primary amine content (n=5) and (C) zeta potential (n=3) of (i) unmodified or carboxylated and (ii) 
aminated silk constructs. (*p < 0.05, **p < 0.01 and ***p < 0.001). 
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Figure 4. Cytotoxicity and cell surface deposition of 3 silk ionomer bilayers on L929 fibroblasts 2 h after treatment. 

(A) Fluorescent micrographs of the live/dead stained nanocoated cells. Green: calcein (live), red: EthD-1 (dead), scale 

bars: 200 µm. (B) Survival rates of the nanocoated cells (n = 3, *p < 0.05, **p < 0.01 and ***p < 0.001). (C) Confocal 

micrographs of the cells nanocoated with 3 bilayers of FITC-labeled silk ionomers. Scale bars: 50 µm. 
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Figure 5. Analysis of the LbL deposition of silk ionomers on L929 cells. (B) Zeta potential measurement of the cells 

nanocoated with 3 bilayers of silk ionomers (n=3). (B) Brightfield and SEM micrographs of the nanocoated cells taken 

10 h after treatment. Black arrows on SEM micrographs point out lamellipodia layers beneath the cells. Scale bars; 

brightfield: 50 µm, SEM: 5 µm.  

 

 

Figure 6. QCM-D analysis of LbL deposition of positively and negatively charged silk ionomer pairs. (A) The change 

in the composite resonance frequency of oscillating quartz crystal with increasing number of ionomer layers deposited 

on the sensor. Step a: deposition of aminated (+) silk, b: rinsing, c: deposition of carboxylated (-) silk, d: rinsing.  (B) 

Thickness of the ionomer multilayers estimated by viscoelastic model.  
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Figure 7. Analysis of nanocoated L929 fibroblasts over 8 days of culture. (A) Confocal micrographs of the cells. 
Green: FITC-labeled silk ionomers, scale bars: 50 µm. (B) Fluorescent micrographs of the live/dead stained cells at 
days 1 and 8. Green: calcein (live), red: EthD-1 (dead), scale bars: 200 µm. (C) % dye reduction by the nanocoated 
cells depicting metabolic activity (n = 4, *p < 0.05, **p < 0.01 and ***p < 0.001). 
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