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Abstract

Silk fibroin (SF) hydrogels can be obtained via self‐assembly, but this process takes

several days or weeks, being unfeasible to produce cell carrier hydrogels. In this work,

a phospholipid, namely, 1,2‐dimyristoyl‐sn‐glycero‐3‐phospho‐(1′‐rac‐glycerol)

sodium salt (DMPG), was used to induce and accelerate the gelation process of SF

solutions. Due to the amphipathic nature and negative charge of DMPG, electrostatic

and hydrophobic interactions between the phospholipids and SF chains will occur,

inducing the structural transition of SF chains to the beta sheet and consequently a

rapid gel formation is observed (less than 50 min). Moreover, the gelation time can

be controlled by varying the lipid concentration. To assess the potential of the

hydrogels as cell carriers, several mammalian cell lines, including L929, NIH/3T3,

SaOS‐2, and CaSki, were encapsulated into the hydrogel. The silk‐based hydrogels

supported the normal growth of fibroblasts, corroborating their cytocompatibility.

Interestingly, an inhibition in the growth of cancer‐derived cell lines was observed.

Therefore, DMPG‐induced SF hydrogels can be successfully used as a 3D platform

for in situ cell encapsulation, opening promising opportunities in biomedical applica-

tions, such as in cell therapies and tissue regeneration.
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1 | INTRODUCTION

Hydrogels have been employed in numerous biomedical applications,

namely, as scaffolds (Rossi, Santoro, & Perale, 2015) and controlled

release systems (Grijalvo, Mayr, Eritja, & Díaz, 2016). Additionally,

hydrogels can be used as 3D cell culture models to study the cellular

behaviour or optimize the dose of pharmacological‐based therapies
wileyonlinelibrary.com/
(Ding et al., 2018). Hydrogel networks contain a high content of water

and a porous structure, allowing the exchange of gas, nutrients, bio-

molecules, and waste with their surrounding environment. Therefore,

these systems mimic some of the characteristics of the extracellular

matrix of many tissues, making them suitable platforms for cell encap-

sulation in tissue repair strategies (Peppas, Hilt, Khademhosseini, &

Langer, 2006).
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Several natural polymers have been used to produce cell encapsu-

lation matrices, such as collagen, gelatin, and agarose (Mano et al.,

2007; Ravi, Paramesh, Kaviya, Anuradha, & Solomon, 2015). However,

their use is limited, due to low mechanical stability and fast degrada-

tion (H. Lee et al., 2018). Synthetic materials can be used to overcome

these drawbacks, but some disadvantages, such as a less affinity with

biological systems, also limit their utilization (J. Lee, Cuddihy, & Kotov,

2008). Silk fibroin (SF) is a natural polymer of choice for 3D cell cul-

ture, due to its unique properties, such as biocompatibility, excellent

mechanical properties, tunable degradation, and versatility of its pro-

cessing (e.g., hydrogels, films, fibres, and microparticles; Altman et al.,

2003). SF is a naturally derived protein that can be produced by many

silkworm species. Bombyx mori silkworm cocoons occupies a promi-

nent position, due to their historic use in the textile industry and in

the medical field (Naskar, Barua, Ghosh, & Kundu, 2014). The polypep-

tides of SF are composed mainly by two different peptide chains, a

heavy (~350 kDa) and a light (~25 kDa) fraction, chemically linked by

a disulphide bridge. The heavy chains consist of characteristic repeti-

tive hydrophobic oligopeptides interspersed by amorphous hydrophilic

regions (Zhou et al., 2001). The repetitive sequences are responsible

for the formation of thermodynamically stable structures through

hydrophobic interactions and hydrogen bonding. In solution, SF gradu-

ally undergoes structural transitions from the unordered structure to

the beta sheet conformer, leading to gel formation. This process can

occur during several days or weeks, depending on the protein concen-

tration and temperature (Ayub, Arai, & Hirabayashi, 1993; Matsumoto

et al., 2006; Nagarkar, Nicolai, Chassenieux, & Lele, 2010). Therefore, a

number of methods have been employed to accelerate this natural

gelation process. Physical methods, such as pH reduction (Matsumoto

et al., 2006; Nagarkar et al., 2010), vortex (Yucel, Cebe, & Kaplan,

2009), and sonication (Wang, Kluge, Leisk, & Kaplan, 2008) can effec-

tively stimulate and enhance SF gelation. Similarly, many chemicals can

also initiate SF structural transitions, for example, polyethylene oxide

(Kim et al., 2004), poloxamer (Kang et al., 2000), polyethylene glycol

(Wang et al., 2015), surfactants (Park et al., 2014; Wu et al., 2012;

Zhang et al., 2015), and neutral‐charged carbohydrate‐based

sophorolipids (Dubey, Nawale, Sarkar, Nisal, & Prabhune, 2015).

Although physical strategies allow a controllable gelation time and

good biocompatibility, the requirement of equipment (e.g., probe

sonicator or vortex) may be inconvenient for some clinical requests.

Therefore, the use of chemical additives is a more interesting alterna-

tive, since the gelation occurs by a simple mixing of the SF solution

with the chemical inducers under mild conditions. Additionally, the

kinetics of hydrogel formation can be optimized to a desired period.

A key property that needs to be considered in the development of

those mixtures for biomedical purposes is their cytocompatibility and

biocompatibility. The SF hydrogel formation induced by sophorolipids

present a good cytocompatibility but a longer gelation time (approxi-

mately 140–180 min; Dubey et al., 2015). By using anionic surfactants,

such as sodium dodecyl sulfate (Wu et al., 2012) and sodium N‐lauroyl

sarcosinate (Zhang, Jiaojiao, et al., 2015), the gelation is controllable by

varying the chemical concentration. However, the cytocompatibility of

this type of hydrogels needs to be investigated for longer periods of
time. To attain these two compromises (tunable gelation time and

cytocompatibility), we explored a new chemical additive to induce SF

hydrogels formation.

Phosphorylglycerols (PGs), negatively charged amphipathic lipids,

are biologically important as pulmonary surfactants in mammals and

as membrane components in microorganisms (Buckland & Wilton,

2000). PGs possess ability to induce conformational changes in several

water‐soluble proteins, such as α‐lactalbumin (Bañuelos & Muga,

1996), β‐lactoglobulin (X. Zhang & Keiderling, 2006), and physiological

proteins (e.g., trypsin inhibitor, myoglobulin, ribonuclease, lysozyme,

and cytochrome oxidase subunit IV; Bergers et al., 1993; Snel, de

Kroon, & Marsh, 1995), as well as in synthetic oligopeptides

(Leenhouts, van den Wijngaard, de Kroon, & de Kruijff, 1995). Physical

adsorption processes, including electrostatic and/or hydrophobic

interactions between proteins and lipids, are being proposed as the

main driving forces in inducing protein conformational changes.

Herein, the formation of SF hydrogels using 1,2‐dimyristoyl‐sn‐

glycero‐3‐phospho‐(1′‐rac‐glycerol) sodium salt (DMPG), a PG with

14‐carbon chains, was demonstrated. Attenuated total reflection

Fourier‐transformed infrared (ATR‐FTIR) with Fourier self‐

deconvolution techniques and fluorescence spectroscopy were per-

formed to investigate the mechanism of gelation. The microstructure,

viscoelastic properties, biodegradability, and cytocompatibility with

different cell types were thoroughly examined to evaluate the poten-

tial of the developed hydrogels for biomedical applications.
2 | MATERIALS AND METHODS

2.1 | Materials

Bombyx mori “Nangnoi Srisaket 1” Thai silk cocoons were obtained

from Queen Sirikit Sericulture Center, Srisaket province, Thailand.

DMPG and 1,2‐dimyristoyl‐sn‐glycero‐3‐phosphocholine (DMPC)

were purchased from Avanti Lipids Polar, USA. Cell culture medium

and all other reagents were purchased from Thermo Fisher Scientific.

All reagents were of analytical grade.
2.2 | SF solution preparation and its zeta potential
determination

SF solution was prepared using the method adapted from Kim, Park,

Joo Kim, Wada, and Kaplan (2005). In brief, silk cocoons were boiled

in 0.02 M Na2CO3 for 20 min, followed by their thoroughly washing

with distilled water. The extracted silk fibre was then dissolved in 9.3

M LiBr at 60°C for 4 hr. The silk solution was dialysed against distilled

water using a dialysis tube (MWCO 12–16 kDa; Sekisui, Japan) for 48

hr. The final concentration was approximately 6%, which was deter-

mined from dried solid weight.

Analysis of zeta potential of the SF solution was conducted using

laser doppler electrophoresis in a Zetasizer Nano ZS equipment

(Malvern Instruments) at 25°C.
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2.3 | Gelation time determination

The SF solution was mixed with three different concentrations of

DMPG (5, 10, and 15 mM; Figure 1a). The DMPG was first hydrated

with distilled water and bath sonicated for 1 hr. Then, the SF solution

was added, yielding 3% SF in the final mixture. The pH of the mixtures

was controlled using 10 mM HEPES buffer (pH 7.4). The gelation time

was determined from the turbidity change, which was measured using

optical density. These measurements were performed at 550 nm using

a microplate reader (Synergy HT, Bio‐Tek). Pure 3% SF solution was

used as control. The gelation time was determined from the time point

at which the optical density reached a half maximum value. All exper-

iments were conducted in triplicate.

The gelation time of DMPG–SF mixture in the presence of DMPC

or CaCl2 was also evaluated. DMPG was mixed with DMPC (Figure 1

a) at different molar ratios (10:0, 7:3, 5:5, 3:7, and 0:10) before their

mixing with SF. The gelation time was determined as described above.

The effect of ionic salt addition in the gelation time of DMPG–SF mix-

tures was determined in the presence of Ca2+. Different concentra-

tions of CaCl2 (0.1, 0.5, and 1 mM) were added to the DMPG–SF

mixtures. White precipitates as well as a long gelation time (more than

240 min) were noticed with amounts of Ca2+ greater than 1 mM.
FIGURE 1 (a) Chemical structures of DMPG and DMPC. Gelation time o
DMPG concentration, and (c) various DMPG:DMPC molar ratio. (d) Optica
(ii) 10 mM DMPG‐3% SF, and (iii) 10 mM DMPC‐3% SF. (e) Gelation time
concentrations (for 5 mM DMPG with 0.5 and 1mM Ca2+, the gel formatio
significant differences at p ≤ 0.05 [Colour figure can be viewed at wileyon
2.4 | Time course of the SF conformational changes
by ATR–FTIR spectroscopy

The conformational changes of SF during the gelation process were

determined by FTIR (IRPrestige 21, Shimadzu) with an ATR ZnSe cell.

The DMPG–SF mixture was dropcasted onto the cell and the spec-

trum was measured. The spectrum, from 4,000 to 800 cm−1, was

obtained in an absorbance mode with 2.0 cm−1 resolution and 1

cm−1 interval.

Fourier self‐deconvolution and curve fitting of the infrared spectra

were performed according to Hu, Kaplan, and Cebe (2006) with slight

modifications. The amide I region (1,575–1,725 cm−1) were

deconvoluted using Omnic 8.0 software. The Voigt lineshape with a

half bandwidth of 10 cm−1 and an enhancement factor of 3.0 was

applied. The curve fitting of the deconvoluted spectrum was per-

formed using Origin 9.0 software. The amount of beta sheet confor-

mation was calculated from the sum of the percentage of area under

the peaks in the 1,616 to 1,637 cm−1 and 1,696 to 1,703 cm−1 regions.

The amount of tyrosine residue (1,595–1,615 cm−1), random coil

(1,638–1,655 cm−1), alpha helix (1,656–1,662 cm−1), and beta turn

(1,663–1,696 cm−1) structures were also calculated from the area

under the defined peaks.
f the DMPG‐induced 3% SF hydrogels in the presence of (b) different
l appearances after 1‐hr incubation of the following mixtures (i) 3% SF,
of DMPG‐3% SF mixtures in the presence of various Ca2+ and DMPG
n did not occur within 120 min). Asterisk (*) indicates statistically
linelibrary.com]
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2.5 | Fluorescence spectroscopy

Fluorescence measurements were performed using a spectrofluorom-

eter (Viroskan flash, Thermo Fisher Scientific) to determine the folding

of the SF protein during gelation.

For quenching experiments, 5, 10, and 15 mM DMPG and 3% SF

were mixed with acrylamide in concentrations ranging from 0 to 0.4

M. The mixtures were incubated overnight at 37°C to allow gel forma-

tion. Pure SF hydrogels with different concentrations of acrylamide

were prepared by their incubation under vapour‐saturated atmosphere

at 37°C until gelation (~7 days). Fluorescence emission spectra

between 300 and 450 nm were collected using an excitation wave-

length at 295 nm, corresponding to the characteristic absorption of

tryptophan. The analyses of the obtained data were performed using

the Stern–Volmer equation:

F0=F ¼ 1þ ksv Q½ �;

where F 0 and F are the maximum emission intensities in the absence

and presence of acrylamide, respectively. [Q] is the concentration of

quencher, and ksv is the Stern–Volmer constant obtained from the

slope of the plot of F 0/ F versus [Q] (Lakowicz, 1999; X. Zhang &

Keiderling, 2006).

2.6 | Micromorphological structures of the hydrogels

The 5, 10, and 15 mM DMPG‐3% SF hydrogels were formed in a 37°

C chamber for 1 hr before overnight frozen at −80°C and freeze

dried (CryoDos 80, Telstar); 3% SF hydrogel was prepared accord-

ingly after its gelation. The lyophilized samples were then cut and

sputter coated with platinum. The morphology was observed using

a scanning electron microscope (SEM; JSM‐6010LV, Jeol). Pore

size of the hydrogels were determined using the ImageJ software

(n = 5).

2.7 | Viscoelastic properties of the hydrogels

The modulus of the DMPG–SF hydrogels was determined using a

rheometer (Kinexus Pro+, Malvern Instrument) in an oscillatory

mode. After mixing the SF with DMPG, the mixture was transferred

to a parallel plate with 1‐mm gap. First, the time sweep was per-

formed with a constant strain (0.5%) and frequency (1 Hz), for at

least 1 hr to ensure the complete hydrogel formation. When the

constant modulus was reached, the frequency sweep (0.1–100 Hz,

0.5% strain) was applied, followed by the strain sweep (0.1–100%)

under a constant frequency at 1 Hz. All experiments were performed

at 37°C.

2.8 | In vitro degradation of the hydrogels

In vitro degradation of the hydrogels was performed by their incuba-

tion with one unit per millilitre of protease XIV in 10 mM HEPES

(pH 7.4) with 0.01% sodium azide. The protease XIV was selected
due to its efficiency of SF digestion (Li, Ogiso, & Minoura, 2003).

The incubation temperature was 37°C, and the media were changed

twice a week. The weight of the hydrogels was measured at desig-

nated time points (Day 0, 1, 3, 7, 14, and 21), and the weight loss per-

centage was calculated (n = 4).

2.9 | Cell encapsulation and culture in DMPG–SF
hydrogels

L929, NIH/3T3, and SaOS‐2 were cultured in Dulbecco's Modified

Eagle's Medium, 10% fetal bovine serum (FBS) and 1%

antibiotic/antimycotic solution. Minimum Essential Medium Eagle‐

alpha modification was used instead of Dulbecco's Modified Eagle's

Medium for culturing CaSki. All cell lines were incubated at 37°C in a

humidified 5% CO2 chamber. The culture media were changed every

2–3 days, and the subculture was performed when cells reached

approximately 80% confluency.

For cell encapsulation, the SF solution was steam‐sterilized at

121°C for 30 min, and DMPG was irradiated by ultraviolet light for

30 min. Then, the lipid film was hydrated with 5% dextrose sterile

solution (to control the physiological osmolarity; Carvalho, Gasperini,

Ribeiro, Marques, & Reis, 2018). Afterwards, the suspension was

added to a mixture of SF and cells to obtain a final concentration

of 3% SF and a cell density of 1 × 106 cells per millimetre. Cell‐

suspended DMPG–SF mixtures were transferred to a silicone mould

and incubated for 1 hr in a CO2 incubator to allow gel formation.

Cell‐loaded hydrogels were punched to disc shape with 5‐mm diam-

eter and 2‐mm thickness (smaller than those referred in Data S1, to

ensure an adequate nutrients and wastes diffusion) and transferred

to a new 24‐well plate. Then, 1‐ml culture medium was added. All

plates were incubated at 37°C with 5% CO2, and the media were

changed every other day.

2.10 | Cell viability and proliferation

The indirect cytotoxicity of DMPG–SF hydrogels was assessed as

described in Data S1. Before encapsulating cells into the developed

biomaterials, the cell lines were cultured on 2D tissue culture plates

to analyse their normal proliferation profile (Data S2).

The number of viable cells encapsulated in the DMPG–SF

hydrogels were evaluated at each time point (Day 0, 1, 3, 7, 14,

and 21) by a colorimetric 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyl-

tetrazolium bromide (MTT) assay, following the instructions of the

manufacturer. Briefly, the hydrogel samples were first minced and

incubated with the MTT solution at 37°C for 3 hr. Afterwards,

DMSO was added to extract the insoluble formazan product (devel-

oped from the reduction of MTT by an enzyme present in viable

cells). The absorbance at 570 nm was measured, and the values

obtained from acellular hydrogels were used to correct the values

of samples. The number of cells was calculated using a standard

curve.

Plots of cell number versus culture time in log scale were used to

determine specific growth rate (μ) from the slope of exponential
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growth period. Population doubling time (PDT) was calculated using

the following equation:

PDT ¼ ln2
μ
:

2.11 | Cell viability and morphology

Cell viability was evaluated by live and dead cell staining. At each time

point (1, 3, 7, 14, and 21 days), the cell‐loaded hydrogels were washed

with PBS and horizontally cut into thin slices (approximately 100 to

200 μm thickness). The hydrogels were then incubated with Calcein

AM and propidium iodide for 30 min at 37°C. Images of the

fluorescent‐labelled cells in the hydrogels were obtained using a fluo-

rescence microscope (Eclipse C1, Nikon Instruments).

DAPI and phalloidin cell staining were used to assess the morphol-

ogy of the encapsulated cells. For that, the cell‐loaded hydrogels were

washed and fixed with 10% neutral‐buffered formalin for 1 hr. After

this period of time, the samples were incubated with phalloidin‐FITC

and DAPI for 1 hr. Cells morphology were analysed using the fluores-

cence microscope previously referred, and images at various depths

were acquired.

2.12 | Statistical analysis

Statistical analysis was performed using IBM SPSS Statistics (Version

22). Data were analysed by one‐way analysis of variance and

Bonferroni post hoc test. Differences were considered statistically sig-

nificant when p ≤ 0.05.
3 | RESULTS

3.1 | Gelation time of DMPG–SF mixtures

The gelation time of DMPG–SF mixtures determined from the time

point at which the optical density reaches the half maximum value is

shown in Figure 1b. Mixtures of 5, 10, and 15 mM DMPG and 3%

SF presented a gelation time of 39 ± 6.9, 24 ± 3.0, and 10 ± 3.5 min,

respectively. These results are much lower than those obtained for a

3% SF solution (approximately 7 days at 37°C). Therefore, DMPG

can remarkably induce a fast gelation of SF. Moreover, the increasing

of DMPG concentration significantly decreased the time required to

obtain SF hydrogels.

To confirm the influence of lipids with different head groups on SF

gelation, DMPC (Figure 1a), a zwitterionic phospholipid with a similar

hydrophobic tail of DMPG (Figure 1a), was used. DMPC was mixed

with DMPG at different molar ratios (Figure 1c). With 10 mM DMPC

or a mixture of DMPG:DMPC at 3:7 molar ratio, the hydrogels were

not formed within the experimental time considered (240 min). Higher

ratios of DMPG to DMPC (5:5 and 7:3) significantly decreased the

gelation time (185 ± 19 and 116 ± 3 min, respectively). The inset in

Figure 1c shows the absorbance of the lipids–SF mixtures at 550 nm
over time. The highest absorbance intensities were obtained for the

mixture of DMPC and SF, due to its opacity. However, the gelation

of this mixture did not occur, which was also confirmed by visual

observation after finishing the measurements (Figure 1d).

The effect of charge on the gelation time of DMPG–SF mixtures

was analysed by addition of an ionic salt, namely, CaCl2 at concentra-

tions ranging from 0.1 to 1 mM. The results are presented in Figure 1e.

For a small amount of Ca2+ (0.1 mM), there were no statistically signif-

icant differences. However, the increase of Ca2+ concentration signif-

icantly extended the gelation time, excepting the Ca2+ concentrations

of 0.5 and 1 mM in presence of the 15 mM DMPG.
3.2 | SF conformational transitions during the
gelation process

Due to the long gelation time of the control (pure SF), FTIR measure-

ments were performed with freeze‐dried samples obtained at each

time point up to 14 days and the protein secondary structures were

analysed. SF solution turned gel at approximately 7 days, which is in

accordance to an increase of beta sheet structure and a reduction of

the amount of random coil and alpha helix conformers (Figure 2a).

The time‐lapse ATR‐FTIR measurements were performed to deter-

mine the conformational transitions of SF during the gelation process

in the different DMPG–SF mixtures. In the amide I region (1,725–

1,575 cm−1), the peak shifts towards approximately 1,625 cm−1 indi-

cate the formation of beta sheet (Figure S1A–C). The peak

deconvolution followed by the curve fitting was performed to quantify

the SF conformational changes during the gelation process (Figure

S1D), and the results were presented in Figure 2b–d. Similar to the

control, the percentage of beta sheet increased upon the gelation time

of the different mixtures. After that, the amount of beta sheet was

almost constant until the end of the measurements. Conversely, the

percentage of random coil, beta turn, and alpha helix conformations

decreased during the gelation process.
3.3 | Micro‐environment changes of SF protein

Fluorescence spectroscopy allows the investigation of the

hydrophilic–hydrophobic interactions of proteins by tracing the locali-

zation of the tryptophan residues. Approximately 0.2–0.5% of trypto-

phan is present (Kaewprasit, Promboon, Kanokpanont, &

Damrongsakkul, 2014) and dispersedly located in the linkers between

crystalline regions of the SF chains (Zhou et al., 2001). This enables a

study of the micro‐environment changes of SF during structural transi-

tions. The emission spectra acquired every 5 min of 5 mM DMPG‐3%

SF in a range from 300 to 450 nm are shown in Figure 2e.

The increasing of the emission intensities of tryptophan (inset in

Figure 2e) together with a blue shift from 324 to 314 nm indicated

the insertion of tryptophan into a hydrophobic pocket, which is related

with a reduction of the quenching effect provided by the hydrophilic

environment (Lakowicz, 1999).

The fluorescence quenching technique is used to determine lipid–

protein interactions. The assessment of the shielding of the



FIGURE 2 Conformation percentage changes during the gelation of (a) lyophilized 3% SF and (b–d) 5, 10 and 15 mM DMPG‐3% SF mixtures. (e)
Fluorescence emission spectra (excitation/emission wavelengths of 290 nm/300–450 nm) of the structural transition of 5 mM DMPG‐3% SF. An
inset shows the increase of emission intensity (320 nm) during the period of incubation. (f) Stern–Volmer plot from acrylamide quenching
experiments of SF solutions and hydrogels in the presence or absence of DMPG. Inset table presents the Stern–Volmer constants obtained from
the linear fit according to the Stern–Volmer equation [Colour figure can be viewed at wileyonlinelibrary.com]
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tryptophan fluorescence from hydrophilic acrylamide quenchers was

performed. Figure 2f shows the Stern–Volmer plot obtained from

the acrylamide quenching experiments of DMPG‐induced SF

hydrogels, as well as their comparison with those acquired with SF

solutions and pure SF hydrogels. A lower Stern–Volmer constant is

related to a higher difficulty in the quencher accessing to tryptophan

(Lakowicz, 1999; X. Zhang & Keiderling, 2006). All DMPG–SF samples

presented Stern–Volmer constants lower than those of SF solutions

and pure SF hydrogels (inset table of Figure 2f). Presumably, the tryp-

tophan was not accessible to acrylamide, due to its insertion in the

hydrophobic part of DMPG molecules.
FIGURE 3 SEM micrographs of the cross‐sectional (a) 3% SF lyophilized
hydrogels. Scale bars = 100 μm. (e) Pore size analysis from SEM images of
100 Hz) with a fixed strain (0.5%) and (g) strain sweep experiments (0.1–10
different mixtures versus shear strain (0.1–100%). The dash line indicates
3.4 | Morphology and pore size of the lyophilized
hydrogels

SEM micrographs of lyophilized SF and DMPG–SF hydrogels are

shown in Figure 3a–d. The cross‐sectional images show structures

with average pore sizes of 4.89 ± 1.28, 52.8 ± 11.3, 50.4 ± 12.4, and

59.7 ± 14.0 μm for 3% SF hydrogel and 5, 10, and 15 mM DMPG‐

3% SF hydrogels, respectively (Figure 3e). A significantly bigger pore

size was noticed for DMPG‐induced SF hydrogels when compared

with the SF hydrogels. There were no significant differences between

the pore sizes of 5 and 10 mM DMPG–SF hydrogels. However, for 15
hydrogel and (b) 5, (c) 10, and (d) 15 mM DMPG‐3% SF lyophilized
SF and DMPG–SF hydrogels. (f) Frequency sweep experiments (0.1–
0%) with a constant frequency (1 Hz), at 37°C. (h) Plot of G′/G″ of the
G′/G″ = 1

http://wileyonlinelibrary.com


FIGURE 4 Degradation profiles of the 3% SF and DMPG–SF
hydrogels in the control media (HEPES buffer, pH 7.4) and in the
presence of an enzyme (HEPES buffer containing protease XIV, 1 unit
per millilitre) at 37°C for 21 days. Asterisk (*) indicates statistically
significant differences at p ≤ 0.05 [Colour figure can be viewed at
wileyonlinelibrary.com]
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mM DMPG–SF hydrogels, the pore sizes were significantly higher,

comparing with other DMPG–SF hydrogels.

3.5 | Viscoelastic properties of the DMPG–SF
hydrogels

The elastic (G′) and viscous (G″) moduli from frequency sweep and

strain sweep experiments were collected after the constant modulus

was reached in time sweep experiment (Figure S2), and the results

are shown in Figure 3f,g. With an increment of frequency (0.1–100

Hz), the G′ and G″ values of the hydrogels slightly increased until

approximately 20 Hz. After this point, their increase was more pro-

nounced (Figure 3f). The G′ values of the hydrogels decreased with

the increase of DMPG concentration, which is in an agreement with

the results obtained from strain sweep experiments (Figure 3e). The

G′ and G″ values presented almost the same behaviour over a range

of strain from 0.1% to 40%, before they lower sharply for higher shear

strain values. From the G′/G″ versus shear strain plot (Figure 3h), the

G″ is higher than G′ (G′/G″ ≤1) after 41.3%, 32.3%, and 20.2% shear

strain for 5, 10, and 15‐mM DMPG and 3% SF hydrogels, respectively.

This indicates that the hydrogels lose their mechanical stability when a

high shear strain is applied. Furthermore, the hydrogels containing

higher DMPG amounts showed a lower mechanical stability, since that

their viscous modulus predominates at lower shear strain values.

3.6 | Degradation profile

From Figure 4, it is possible to observe significant differences between

5 and 15 mM DMPG‐3% SF hydrogels at 14 and 21 days, indicating

that the presence of a higher DMPG amount resulted in a lower

weight loss in the presence of the protease. After 21 days of the

experiment, the 3% SF and DMPG–SF hydrogels degraded approxi-

mately 15–30% in the enzyme solution. The weight of the DMPG–

SF samples of the control group (in HEPES buffer) reduced around

5% of their initial weight. Conversely, the weight of pure SF hydrogel

slightly increased (~2%), indicating the swelling properties of regener-

ated SF hydrogels.

3.7 | Proliferation of the encapsulated cells

Before performing cell encapsulation experiments, the

cytocompatibility of the DMPG‐induced SF hydrogels was evaluated

using indirect cytotoxicity testing in accordance with ISO 10993‐

1:2009 (ISO, 2009). The results indicated that all DMPG–SF samples

were cytocompatible and did not induce a significant alteration on

the morphology of L929 cells (Figures S3 and S4).

Encapsulated L929 and NIH/3T3 fibroblasts showed normal prolif-

eration patterns (Figure 5a,b) with a delayed lag phase (3 and 7 days

for L929 and NIH/3T3, respectively) and an extended exponential

growth period (3–14 days and 7–21 days for L929 and NIH/3T3,

respectively), comparing with the values obtained from 2D culture

(Figure S5). The PDT values of L929 and NIH/3T3 cultured in the

3D hydrogel matrices were significantly higher than in the 2D culture
(Table 1). A distinct proliferation profile was observed for encapsulated

SaOS‐2. The cell numbers after 7 days of culture remained approxi-

mately the same until the end of experiment (Figure 5c). Therefore,

the μ and PDT could not be calculated for this cell type. For CaSki,

their growth was lower with the increasing of the DMPG amount used

to induce SF gelation, mainly at Day 21 (Figure 5d). As a result, the

PDT values of encapsulated CaSki increased with the DMPG

concentration.
3.8 | Cell viability and morphology

Figure 6a–e shows live (green) and dead (red) L929 cells encapsulated

in 10 mM DMPG‐3% SF hydrogels at different time points (Day 1, 3, 7,

14, and 21). Almost all the cells distributed in the hydrogel matrices

remained viable, indicating the value of this approach for cell

encapsulation.

The morphology of cells loaded in DMPG–SF hydrogels was inves-

tigated using DAPI and phalloidin‐FITC staining, allowing the identifi-

cation of the nucleus and cytoplasm of the cells, respectively

(Figure 6f). The encapsulated cells presented a round shape, with no

noticeable changes over 21 days of culture. Additionally, no statisti-

cally significant differences were obtained between the SF hydrogels

with different DMPG concentrations in terms of the biological param-

eters evaluated.
4 | DISCUSSION

The regenerated SF solutions usually turn gel through a self‐assembly

process, in which chain rearrangement and hydrogen bonding occur,

leading to the transition of random coil to the highly stable beta sheet

http://wileyonlinelibrary.com


FIGURE 5 Proliferation profile of encapsulated cells, namely, (a) L929, (b) NIH/3T3, (c) SaOS‐2, and (d) CaSki in 5, 10, and 15 mM DMPG‐3% SF
hydrogels determined by the MTT assay. Asterisk (*) indicates statistical differences at p ≤ 0.05

TABLE 1 Population doubling time (day) of encapsulated cells in
DMPG–SF hydrogels or cultured in 2D tissue culture plates (TCPs)

Cells
5 mM
DMPG–SF

10 mM
DMPG–SF

15 mM
DMPG–SF TCPs

L929 2.82 2.88 2.85 0.68

NIH/3T3 8.12 10.01 8.11 0.93

SaOS‐2 N/A N/A N/A 1.32

CaSki 6.12 9.73 13.80 1.01
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(Matsumoto et al., 2006). However, this process takes a very long time,

and consequently, their use as a 3D cell carrier is not feasible. Several

strategies have been employed to accelerate the structural transition

of SF. Different amphipathic molecules, such as surfactants and lipids,

are known to interfere with the arrangement of SF chains and to

enhance the formation of beta sheet structures via electrostatic and

hydrophobic interactions (Dubey et al., 2015; Wu et al., 2012; F.

Zhang et al., 2015).

PGs, amphipathic phospholipids with hydrophobic alkyl chains and

glycerol head groups, can stimulate conformational changes in several

proteins (Bañuelos & Muga, 1996; Bergers et al., 1993; Leenhouts

et al., 1995; Snel et al., 1995; X. Zhang & Keiderling, 2006). Further-

more, PGs are biologically occurring phospholipids (Buckland &Wilton,

2000) and are widely used in liposomes preparation (Nogueira, Gomes,

Preto, & Cavaco‐Paulo, 2015), being their biocompatibility already

demonstrated. In this study, the mixing of DMPG with SF solutions

led to hydrogels formation within approximately 10 to 40 min depend-

ing on DMPG concentrations (Figure 1b). These results were corrobo-

rated by the data obtained in the time course of SF conformational

change measurements. Indeed, these analyses demonstrated that the
beta sheet percentage increases until reaching a plateau corresponding

to the hydrogel formation (Figure 2b–d). Therefore, DMPG can stimu-

late and enhance structural transitions, yielding the beta sheet struc-

ture that is responsible for the SF hydrogel formation.

The assessment of the effect of the lipid charge on the SF gelation

showed that DMPC or its mixture with DMPG is not as effective as

pure DMPG in reducing the SF gelation time (Figure 1c). In addition,

the presence of Ca2+ in the DMPG–SF mixtures negatively influenced

the hydrogel formation. The amount of this divalent cation as low as

1:30 (Ca2+:DMPG molar ratio) significantly increased the gelation time

(Figure 1e). These results indicate that the negative charge of the

DMPG polar head is crucial to induce the structural changes in SF

polypeptide chains. As SF solutions possesses a negative charge

(−7.08 mV at pH 7.4), which is in an agreement with published results

(Wu et al., 2012), the electrical repulsion between SF chains and the

negatively charged DMPG may occur. Additionally, DMPG might inter-

act with cationic residues that are inhomogeneously distributed in the

SF chain (Zhou et al., 2001). These electrostatic interactions can lead

to an extension or unfolding of SF chains before chain rearrangement

into beta sheet aggregates. The hydrophobic interactions between the

phospholipids and SF chains were confirmed by fluorescence

quenching experiments (Figures 2e,f). A lower Stern–Volmer constant

of DMPG–SF samples compared with pure SF hydrogel indicated that

tryptophan residues, dispersedly located in SF chains, were more inac-

cessible to the acrylamide quencher. Probably, a hydrophobic interac-

tion with DMPG could shield tryptophan from the hydrophilic

environment. Therefore, we propose that the electrostatic interactions

provided by the anionic DMPG are required for SF chain extension

and unfolding from random chain assembly in SF solution. The hydro-

phobic domain of SF will undergo structural rearrangements through



FIGURE 6 Live/dead staining of L929
encapsulated in 10 mM DMPG‐3% SF
hydrogels at each time point (Days 1 [a], 3 [b],
7 [c], 14 [d], and 21 [e]). Green and red dots
indicate live and dead cells, respectively. Scale
bar = 100 μm. (f) Morphology of encapsulated
L929 cells after 21 days of culture. Green and
blue fluorescence indicate cell cytoplasm and
nucleus, respectively. Scale bar = 50 μm
[Colour figure can be viewed at
wileyonlinelibrary.com]
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hydrophobic interactions with DMPG to form a stable beta sheet con-

formation. An increase of DMPG concentration resulted in higher

number of negative charges and of hydrophobic domains, leading to

a faster structural transition and lower gel formation time.

The assessment of the in vitro degradation (Figure 4) showed that

the samples with the highest DMPG content lost the lowest mass. Dis-

solution of DMPG during incubation was presumed, due to the weight

loss of hydrogels observed in the control buffer. The weight of SF

hydrogel without DMPG slightly increased (~2%), whereas the weight

of DMPG–SF samples decreased approximately 5%. The viscoelastic

properties determination showed that the storage modulus of the

samples slightly decreased with an increasing of the DMPG amount

(Figure 3f,g). Furthermore, the 15 mM DMPG–SF hydrogels reached

the failure point at the lowest strain value when compared with the

other formulations (Figure 3h). Yin et al. (2017) proposed that not only

the beta sheet structure is responsible for the viscoelasticity of SF

hydrogels, but also the weak and reversible hydrogen bonds. Certainly,

hydrogen bonds can be formed between the polar head of DMPG

(Garidel, Blume, & Hübner, 2000) and SF. This may reduce the hydro-

gen bonding between the protein and water as previously discussed

(Jones, 1992). Thus, the higher amount of DMPG might lead to a
decrease of the SF hydrogen bonds, which will affect the viscoelastic

properties of SF hydrogels.

The gelation times from 10 to 40 min are appropriate for cell

encapsulation, allowing suitable time for mixing cells in the solution

and turning to gel while cells are homogeneously suspended. SEM

images of the lyophilized hydrogels showed a presence of a porous

microstructure. This property together with adequate mechanical

properties and slow degradability of the hydrogels are essential for cell

encapsulation. Additionally, they can mimic the extracellular matrix,

providing a mechanical support for cell viability and function and

allowing nutrients, gas, and waste diffusion, which directly influence

cells survival. Table 2 summarizes different in situ SF hydrogels that

have been used for cell culture. Most of the cell encapsulation systems

with gelation times less than 1 hr show that cells are finely distributed

over hydrogel matrices. Moreover, the encapsulated cells were able to

survive and proliferate over 2 to 3 weeks. In this work, the results

obtained from biological assays also revealed that DMPG‐induced SF

hydrogels are cytocompatible (Figures S3 and 5). Cells were homoge-

neously distributed in the hydrogel matrix and alive during 21 days

of culture (Figure 6). Interestingly, different cell lines presented differ-

ent cell growth behaviours. Fibroblastic cell lines, including L929 and

http://wileyonlinelibrary.com


TABLE 2 Cytocompatibility assessment of in situ SF hydrogels for cell encapsulation prepared by different methods

SF gelation induced
methods

Type of method

SF
concentration

Gelation
time Cells

Culture
period
(days) Ref.

Physical
intervention

Chemical
additive

Sonication ✓ 1–20% 5 min–100 hr hMSCa 21 Wang et al. (2008)

2% 2 hr hMSCa 28 Calabrese et al. (2017)

1% 1 hr hNSCb 7 Sun et al. (2017)

Vortexing ✓ 1.2% 2 hr Mouse islet and

BMSCc

42 Hamilton et al. (2017)

Horseradish

peroxidase/H2O2

✓ 1–5% <1 hr hMSCa 24 Partlow et al. (2014)

16% 5–36 min ATDC‐5 and HeLa 14 Yan et al. (2016)

Mushroom tyrosinase ✓ 8% (with 15% gelatin) 30 min hMSCa 21 Das et al. (2015)

Hydroxypropylcellulose ✓ 10% of blends 30 min–1 day L929 <1 Gong, Yang, Ren, Chen,

and Shao (2012)

DMPG ✓ 3% 10–40 min L929, NIH/3T3,

SaOS‐2, CasKi
21 This study

Abbreviation: SF, silk fibroin.
aHuman mesenchymal stem cells.
bHuman neural stem cells.
cBone marrow‐derived mesenchymal stem cells.
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NIH/3T3, proliferated normally while encapsulated, confirming the

cytocompatibility of the developed hydrogels and the feasibility of

the encapsulation procedure. However, the growth rates of both cells

were lower than 2D culture on tissue culture plates. It is possible that

SF extracted from Bombyx mori cocoons does not possess enough cell

adhesion motifs to support and enhance cell attachment. Furthermore,

some studies reported a higher population of cells in G0/G1 phase

when cultured in a 3D environment. Therefore, cells in the quiescence

state undergo slower proliferation rate but remain viable when com-

pared with 2D culture (Ravi et al., 2015).

Conversely, an inhibition in the growth of cancer‐derived cell lines

was observed. Indeed, encapsulated SaOS‐2 did not proliferate after 7

days of culture but remained viable up to 21 days. The low prolifera-

tion of osteoblast‐like cells was probably affected by the mechanical

properties as well as the microarchitecture of DMPG–SF hydrogels.

Indeed, cells present different sensitivities to physical, mechanical,

chemical, and biological properties of the engineered biomaterials with

which they are in contact. Several reports demonstrated that, for

instance, the spreading and morphology of cells are related with the

surface properties of the culture materials (Boyan, Hummert, Dean,

& Schwartz, 1996; McBeath, Pirone, Nelson, Bhadriraju, & Chen,

2004). Therefore, encapsulated SaOS‐2 in the hydrogels might main-

tain their round shape, and their growth could be unfavourable in

these environments. For CaSki, their growth decreased with the

increase of DMPG concentration. These distinct cellular responses to

the DMPG‐induced SF matrices are quite intriguing and will be further

investigated.

As the cytocompatibility of SF has been well reported (Tungtasana

et al., 2010) and DMPG is a naturally occurring compound in mammals

(Buckland & Wilton, 2000), our developed in situ hydrogels, as
expected, did not show any harmful effect over the encapsulated

L929 and NIH/3T3 cells. Moreover, L929 cells maintained their round

morphology along the culture period, which it is generally observed in

hydrogel systems. These results demonstrate the potential of DMPG‐

induced SF hydrogels as cell carrier systems for several biomedical

applications, such as an in vitro pharmacologic testing model or for tis-

sue regeneration.

In summary, this study developed a new hydrogel based on SF and

DMPG and described the potential mechanism of gelation. The hydro-

gel formulation was optimized to significantly reduce the gelation time.

Indeed, the hydrogel formation was accelerated by DMPG, which

induced conformational transitions of SF from unordered conforma-

tions to the more thermodynamically stable beta sheet structure. The

electrostatic and hydrophobic interactions between DMPG and SF

are proposed as the primary mechanisms for unfolding the polypeptide

chains from the random association and rearrangement to highly

ordered structures. The biological tests demonstrated the

cytocompatibility of the DMPG–SF hydrogels, presenting very high

cell viability during 21 days of culture. Therefore, our results show that

the developed SF‐based hydrogels are strong candidates for 3D cell

culture to be used in a variety of biomedical applications, including

cell‐based therapies and tissue regeneration.
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ature were fixed at 1 Hz, 0.5% and 37°C, respectively.
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Figure S3. Viability (%) of L929 cultured in the absence (DMEM/10%

FBS; negative control) or in the presence different dilutions of extracts

obtained from 5, 10, and 15 mM DMPG‐3% SF hydrogels. A positive

control (DMEM+Zn acetate) and a reference (serum‐free DMEM) were

also tested. The dash line indicates 70% viability (ISO 10993‐5:2009).

Figure S4. Morphology of L929 cells after 24 h of culture with the

extracts of 5, 10, 15 mM DMPG‐3% SF hydrogel, serum‐free DMEM,

DMEM/10% FBS and DMEM containing 20 ppm zinc acetate. The

images were obtained from phase‐contrast microscope at 20x

magnification.
Figure S5. Growth curves of the cell lines used in the biological exper-

iments, namely L929 (A), NIH/3T3 (B), SaOS‐2 (C), and CaSki (D). Cells

were plated with a density of 10,000 cells/cm2. The number of cells

was determined by MTT assay using a standard curve of absorbance

versus cell number.
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