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Background: The development of nanocarrier technology has attracted great interest in the

last decade. Biodegradable spheres made of functionalized silk have considerable potential to

be used as drug delivery systems for cancer treatment. A targeting ligand displayed at the

surface of a carrier, with a specific affinity towards a particular receptor, can further enhance

the accumulation and uptake of nanoparticles at the site of a tumor.

Materials and methods: The hybrid constructs were obtained by adding a Her2-binding

peptide (H2.1) to MS1 and MS2 bioengineered silks based on the MaSp1 and MaSp2

proteins from N. clavipes, respectively. The H2.1MS1 and H2.1MS2 proteins were blended

at a weight ratio of 8:2. Stable silk particles were formed by mixing a soluble protein with

potassium phosphate using a micromixing technique. We used specific inhibitors of endo-

cytosis to determine the cellular uptake pathway of the silk nanoparticles in human Her2-

positive breast cancer cells. The subcellular distribution of silk particles was investigated by

evaluating the signal colocalization with organelle-specific tracker. Moreover, lysosomal and

exosomal inhibitors were implemented to evaluate their impact on the silk spheres behavior

and degradation.

Results: The functionalized spheres were specifically taken up by Her2-positive cancer

cells. Silk particles facilitated the entry into cells through both the clathrin- and caveola-

dependent pathways of endocytosis. Upon entering the cells, the particles accumulated in the

lysosomes, where intracellular degradation occurred.

Conclusions: The present study demonstrated directly that the lysosomal function was

essential for silk-based carrier elimination. The degradation of the carrier is of great

importance to develop an optimal drug delivery system.

Keywords: silk spheres, endocytosis, nanoparticle trafficking, lysosomal degradation,

targeted drug delivery, cancer therapy

Introduction
Multidisciplinary research in the field of nanomedicine has led to the development

of a variety of nanoparticle-based carrier systems. The main goal of nanomedicine

is to design a formulation that i) would target a drug to the desired site of action

with simultaneous reduction of the access to sites of toxicity, ii) control the location

and rate of drug release, and iii) in certain cases, transport a drug across a biological

barrier.1 The discovery of the enhanced permeability and retention (EPR) effect2,3

associated with tumors has emerged as the foundation for the passively targeted

nanomedicines that preferentially accumulate in tumors.4 However, the therapeutic

outcome based on exploiting the EPR effect can be inconsistent, mainly due to the

heterogeneity associated with tumor tissues.5 Inclusion of targeting ligands
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displayed at the surface of a carrier, with a specific affinity

towards a particular molecule expressed at the target site,

can further enhance the accumulation and uptake of nano-

particles at the site of action. The enhanced cellular uptake

of nanoparticles is of great importance because targets of

many theranostics agents are localized in subcellular

compartments.6 Knowledge about the mechanism of cel-

lular uptake, intracellular routing and fate of nanoparticles,

is essential.

The nanomedicines routinely used in the clinic and the

growing number entering preclinical and clinical trials,

such as liposomes, polymeric nanoparticles, dendrimers,

and gold nanoparticles, have demonstrated remarkable

potential as carrier systems for drugs.7 Some polymeric

materials are often not advantageous for drug delivery due

to the required use of organic solvents or harsh formula-

tion conditions during their processing. Therefore, the

polymers of natural origin, which can be processed in an

aqueous environment, have received growing attention.

Among natural polymers, spider silk proteins are promis-

ing candidates. Their noncytotoxicity, biotechnological

accessibility and simple processability into various

morphologies, make them suitable material for biomedical

applications.8,9 Moreover, bioengineered spider silk can be

functionalized via genetic engineering.10,11 Nanoparticles

made of bioengineered silk that are functionalized with

tumor-homing peptides have shown enhanced cellular

uptake.12–16

Previously, we designed a system for targeted cancer ther-

apy that was composed of blended bioengineered silks func-

tionalized with a Her2-binding peptide, ie, H2.1.12,13,17 The

specificity of the H2.1 peptide was previously analyzed.18

Her2-binding ligand enabled the internalization of blended

spheres into target cells upon binding with the Her2 receptor.12

The encapsulated drug (doxorubicin) was released from silk

nanoparticles and localized in the nucleus, which caused the

death of cells.12 Furthermore, we developed the automated

sphere production process under controllable and repeatable

conditions by using micromixing in combination with

ultrafiltration.17 The shear stress generated during micromix-

ing and ultrafiltration did not impair the binding properties of

the H2.1-functionalized spheres.17 However, a more advanced

studies are required to indicate the mechanism involved in the

uptake, intracellular trafficking and the final fate of silk

spheres.

The potential application of particles made of silk of

various origin as drug carriers has been evaluated in

vitro.12,13,17,19–23 Several studies to characterize the silk

particles degradation have been conducted. Lysosomal

inhibitors were used to study their effect on drug release

from silkworm silk spheres and thus as an indirect indi-

cation of sphere degradation.24,25 Upon their application,

reduced drug release was observed.24 Moreover, silk par-

ticles were exposed ex vivo to lysosomal enzyme pre-

parations, and after 5 days the morphological changes to

silk nanoparticles following enzymatic treatment were

indicated.25 Additionally, enzymatic degradation studies

of eADF4(C16) particles based on Araneus diadematus

spider silk using trypsin and elastase showed that the silk

spheres upon enzyme treatment decreased in size.22

Moreover, Lammel et al performed a drug release study

employing a model drug loaded into eADF(C16)

particles.22 An accelerated drug release upon enzymatic

treatment of the silk spheres was observed. However,

none of those studies directly examined the fate of the

silk particles in the live cell.

Our aim was to analyze the cellular uptake, intracellu-

lar distribution and fate of Her2-targeting silk nanospheres

inside cells. We used inhibitors of the clathrin- and

caveola-mediated endocytosis to determine the cellular

uptake pathway of the silk nanoparticles. Moreover, inhi-

bitors of the lysosomal acidification and enzymatic activ-

ity, as well as inhibitors of the exosomal release, were

implemented to evaluate their impact on the silk spheres

behavior. This study provides evidence of the subsequent

accumulation of silk spheres in lysosomes upon entering

the cell and the importance of lysosomal activity for enzy-

matic degradation of the silk nanoparticles in live cells.

Materials and methods
Expression and purification of

bioengineered spider silks
The proteins H2.1MS1 and H2.1MS2 based on the Nephila

clavipes MaSp1 and MaSp2 spidroins were designed,

expressed and purified as indicated previously.12,13,26,27

Cell culture
Human Her2-overexpressing breast cancer cells SKBR3

(ATCC, Manassas, VA) were used in the study. Cells

were maintained in Dulbecco’s Modified Eagle Medium

(Biowest, Nuaillé, France) supplemented with 10% fetal

bovine serum (Biowest, Nuaillé, France) and 80 µg/mL

gentamycin (KRKA, Novo Mesto, Slovenia). Cells were

grown at 37 °C in a humidified atmosphere containing

5% CO2.
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Silk sphere preparation
The H2.1MS1 and H2.1MS2 silks were labeled with

fluorophore ATTO647N according to the manufacturer’s

instructions (Sigma, St. Louis, MO). Next, the

ATTO647N conjugated proteins H2.1MS1 and H2.1MS2

were blended at a weight ratio of 8:2, respectively, and

then used at concentration of 0.5 mg/mL to form

H2.1MS1:H2.1MS2 spheres.13 Mixing of 2 M potassium

phosphate (pH 8) with silk solution using a syringe pump

system (neMESYS 2600N, Cetoni GmbH, Korbuβen,

Germany) was implemented for the sphere preparation

as described previously.17 Briefly, the micromixing was

conducted at a silk:phosphate volumetric ratio of 1:10

and a flow rate of 10:100 μL/s. A T-shaped mixing

element with a circular mixing zone having an inner

diameter of 150 µm (P-890, PEEK tee, Upchurch

Scientific, Oak Harbor, USA), the feed tubes of 250 µm

(Upchurch Scientific, Oak Harbor, USA) and the outlet

tube of 500 µm in diameter (Upchurch Scientific, Oak

Harbor, USA) were applied.

Cellular uptake of silk spheres – confocal

laser scanning microscopy (CLSM) study
To study cellular uptake, the SKBR3 cells were seeded onto

8-well Lab-Tek chambered cover glasses (Nunc, Naperville,

IL, USA) at a density of 1×105 cells/well and then cultured

for 24 h. Next, the cells were incubated with ATTO647N-

labeled H2.1MS1:H2.1MS2 particles (10 µg/mL) for 4 h at

37 °C or 2 h at 4 °C. After washing with PBS, the cells

were fixed with 4% paraformaldehyde (PFA; Sigma, St.

Louis, MO, USA), and then the cell membranes were

stained with ConA-FITC (Sigma, St. Louis, MO, USA) at

a concentration of 50 μg/mL for 30 min. Subsequently, the

cells were washed with PBS, immersed in Fluoroshield

mounting medium with DAPI (Sigma, St. Louis, MO),

and then analyzed under an Olympus FV1000 Confocal

Laser Scanning Microscope (CLSM; Shinjuku, Tokyo,

Japan) connected to a blue laser diode and an argon laser.

Image acquisition and analysis were performed with a 60×

objective, a 1.4 N.A. oil immersion lens and FLUOVIEW

Viewer software, ver. 4.1. The DAPI-stained nuclei were

visualized using 405 nm excitation and 440–480 nm emis-

sion wavelengths. Images of the silk spheres labeled with

ATTO647N were visualized using 635 nm excitation and

575–675 nm emission wavelengths. To visualize cell mem-

branes, 488 nm excitation and 495–525 nm emission wave-

lengths (FITC) were applied.

Cellular uptake of silk spheres – flow

cytometry (FCM) study
The SKBR3 cells were seeded onto 12-well plates at a

density of 2.5×105 cells per well. Next, the cells were

preincubated separately for 30 min with endocytosis inhi-

bitors: 10 µg/mL chlorpromazine (CPM; Sigma, St. Louis,

MO) or 5 µg/mL filipin (FLP; Sigma, St. Louis, MO,

USA). Then, the ATTO647N-labeled H2.1MS1:H2.1MS2

spheres were added to the cell culture at a final concentra-

tion of 10 µg/mL and incubated for an additional 4 h. The

cells receiving silk spheres but without inhibitor treatment

were used as a positive control (w/o inhibitor); the cells

without any treatment were used as a negative control

(control). Next, the cells were washed with PBS and

detached with nonenzymatic cell dissociation solution

(Sigma, St. Louis, MO, USA). Fluorescence data were

collected in FL4 channel of BD FACSAria flow cytometer

(BD Pharmingen, San Jose, CA, USA), and analyzed using

FlowJo software (Tree Star, Ashland, OR, USA). Three

independent experiments were performed.

The intracellular distribution of silk

spheres – CLSM study
The SKBR3 cells were seeded onto 8-well Lab-Tek cham-

bered cover glasses (Nunc, Naperville, IL) at a density of

1×105 cells/well and then cultured for 24 h. To determine the

intracellular localization of the silk spheres, the cells were

incubatedwith ATTO647N-labeled H2.1MS1:H2.1MS2 par-

ticles (10 µg/mL) for 4 h at 37 °C. After washing with PBS,

the endosomes and lysosomes were stained with 50 nM

LysoTracker Green (Molecular Probes, Eugene, OR, USA)

for 30 min at 37 °C. Subsequently, the cells were washed

with PBS, fixed with 4% PFA and immersed in the

Fluoroshield mounting medium with DAPI. The intracellular

distribution of silk spheres was observed using an Olympus

FV1000 CLSM as described above. The endo-/lysosome

fluorescence was analyzed using a 488 nm excitation and

495–525 nm emission wavelengths. Three independent

experiments were performed.

The intracellular degradation and

exosomal release of silk spheres – CLSM

study
The SKBR3 cells were plated onto 8-well Lab-Tek cham-

bered cover glasses (Nunc, Naperville, IL) at a density of

5×104 cells/well and then cultured for 24 h before the

Dovepress Florczak et al

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
6857

http://www.dovepress.com
http://www.dovepress.com


experiment. For the degradation studies of silk spheres, the

ATTO647N-conjugated H2.1MS1:H2.1MS2 spheres at a

final concentration of 10 µg/mL and one of three lysosomal

inhibitors, i) chloroquine (50 µM; Santa Cruz Biotechnology,

Dallas, TX, USA), ii) cathepsin G inhibitor I (100 µM; Santa

Cruz Biotechnology, Dallas, TX, USA) or iii) chymostatin

(50 µM; Sigma, St. Louis, MO, USA), were added. Cells

were incubated at 37 °C for additional 4 h. To analyze the

exosome-mediated elimination of silk spheres, the cells were

incubated at 37 °C for 4 h with H2.1MS1:H2.1MS2 spheres

at a final concentration of 10 µg/mL in the presence of an

inhibitor of exosomal release: i) dimethyl amiloride (DMA,

10 µg/mL; Sigma, St. Louis, MO, USA), ii) omeprazole

(OMP, 50 µg/mL; Sigma, St. Louis, MO, USA) or iii) bre-

feldin A (BFA, 10 µg/mL, Sigma, St. Louis, MO, USA).

After washing with PBS to remove unbound particles, the

cells were immersed in a fresh medium containing appro-

priate inhibitors and further cultured for the indicated periods

of time. The cells incubated with silk spheres but without any

inhibitor treatment was used as a control. Next, the cells were

washed, fixed and observed using a CLSM applying the

settings described above. The intensity of the fluorescence

signal from silk spheres was assessed with FLUOVIEW

Viewer software Ver. 4.1. At least 10 individual regions of

interest (ROIs) were analyzed on three randomly selected

CLSM images to calculate an average fluorescence intensity

of the silk spheres. The experiments were repeated three

times.

Statistics
The statistical significance of the differences between groups

was calculated using analysis of variance (ANOVA). In case

of significance, post hoc tests with Bonferroni correction

were performed. The differences were considered significant

when p<0.001 (***), p<0.01 (**), p<0.05 (*). The data are

expressed as the means ± SEM. The significant differences

were calculated with GraphPad Prism 5 software.

Results
Cellular uptake of silk spheres

H2.1MS1:H2.1MS2 blended silk spheres were generated
using a micromixing technique by salting out with 2 M
potassium phosphate (pH 8). Scanning electron micro-
scopy confirmed that the obtained particles were spherical
with a uniform particle size of 251±16 nm (data not
shown). The size, size distribution, zeta potential, colloidal
stability, and production efficiency of the H2.1MS1:
H2.1MS2 blended spheres were investigated in previous

reports.13,17 Moreover, in our previous work, we showed
that the flow cytometry analysis indicated a basal level of
binding of the control spheres (without functionalization)
to Her2-positive and -negative cells, as well as functiona-
lized particles to control Her2-negative cells.12,13,17

However, the confocal microscopy revealed that in such
cases spheres were on the surface of the cells and were not
internalized.12,17 Therefore, to investigate the degradation
of spheres within cells, we performed our analysis using
Her2-positive cells and spheres targeting Her2 molecule.

To analyze the general internalization pathway of the

nanoparticles, we incubated the SKBR3 cells with the fluor-

escently labeled spheres at different temperatures. As shown in

Figure 1A, after the incubation at 4 °C, the silk spheres did not

enter the cells and were mostly observed at the surface of cell

membranes. In contrast, after the incubation at 37 °C, the

functionalized nanoparticles were internalized into cells and

were detected in the cytoplasm (Figure 1A). To further eluci-

date pathways of the potential cellular uptake of the functio-

nalized spheres, CPM (10 µg/mL; clathrin-mediated pathway

inhibitor) or FLP (5 µg/mL; caveola-mediated pathway inhi-

bitor) was used.28 The FCM studies indicated that the clathrin-

and caveola-mediated pathways were both involved in the

uptake of the functionalized spheres (Figure 1B, C).

Compared with the cells not treated with inhibitors (w/o

inhibitors), in the presence of CPM or FLP, the cellular uptake

of the silk nanoparticles was significantly reduced to 33% or

36%, respectively.

The intracellular distribution of silk

spheres
In Figure 2, the intracellular distribution of the functiona-

lized silk nanoparticles is indicated. The functionalized

spheres were internalized and mostly trafficked to the

endo- and lysosomal compartments, which was indicated

by observing the colocalization signals (yellow) of silk

spheres (red) and endo/lysosomes (green) inside the cells

(Figure 2).

The intracellular degradation of silk

spheres
The impact of lysosomal acidification and proteolytic lyso-

somal enzymes in silk spheres processing was assessed. The

SKBR3 cells were incubated with functionalized silk spheres

alone or in the presence of chloroquine, cathepsin G inhibitor

I or chymostatin for the indicated periods of time at 37 °C and

subsequently analyzed using CLSM. As shown in Figure 3,

in the control cells, the signal from internalized spheres
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decreased with time, and the spheres were hardly visible after

48 h of incubation (Figure 3A). In the presence of agent that

suppressed the lysosomal acidification or inhibitors of lyso-

somal enzymes, the strong signal of the internalized spheres

was detected after 48 h (Figure 3A). Moreover, to quantify

the obtained results, the fluorescence intensity of the spheres

in the individual cells was measured, and the mean value of

spheres’ fluorescence per cell was calculated (Figure 3B). As

the incubation time increased, the intensity of the fluores-

cence signal remained at the same level inside the cells after

chloroquine and inhibitor treatment, and it was maintained

throughout the experiment. Moreover, in the presence of

chloroquine, the cell-associated fluorescence after 72 h was

similar to that observed after 24 and 48 h treatment.

However, for samples treated with lysosomal enzymes inhi-

bitors, a further signal decrease was observed (Figure 3B).

Figure 1 The cellular uptake of the functionalized silk spheres analyzed by confocal microscopy and flow cytometry. (A) SKBR3 cells were incubated with functionalized silk

spheres at 4 °C (top) or 37 °C (bottom). Red, ATTO647N-conjugated spheres; green, cell membranes stained with ConA-FITC; blue, nuclei stained with DAPI. Scale bar:

10 µm. (B, C) Effect of endocytosis inhibitors on the cellular uptake of silk spheres. SKBR3 cells were preincubated with endocytosis inhibitor CPM or FLP, then incubated

with functionalized silk spheres for 4 h at 37 °C. (B) The mean fluorescence intensity (MFI ± SEM) of three independent experiments is shown. (***) indicates statistical

significance with p<0.001. (C) Representative graphs of the flow cytometry analysis of SKBR3 cells treated with ATTO647N-labeled H2.1MS1:H2.1MS2 blended spheres in

the presence or w/o inhibitors. Control – nontreated cells.
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The exosomal release of silk spheres
To determine the functional relevance of exosomes in the

elimination of silk particles from cells, SKBR3 cells were

incubated with functionalized spheres alone or in the pre-

sence of exosome inhibitors for the indicated periods of

time at 37 °C (Figure 4). When SKBR3 cells were treated

with OMP, DMA or BFA, a significantly reduced signal of

functionalized spheres after 4 h incubation was observed

compared with cells not treated with inhibitors (Figure 4B).

The DMA and BFA treatments did not contribute to the

spheres’ processing since the intensity of the fluorescence

signal of spheres decreased with the time of incubation,

similarly to the control cells (Figure 4B). The functiona-

lized spheres were more abundant in the cells after 24 h of

OMP treatment compared with control cells (Figure 4B).

After 48 and 72 h of incubation, OMP did not affect the

secretion of the functionalized spheres, similarly to DMA

and BFA (Figure 4).

Discussion
Silk nanoparticles are a promising approach for the intra-

cellular delivery of therapeutic agents, but the knowledge

regarding their intracellular fate is negligible. Accordingly,

one of the most important aspects of the application of

nanoparticles is the answer to the questions i) whether the

particles are degradable and ii) how their degradation is

followed.

In a previous study, we indicated that the Her2-binding

domain was exposed on the surface of the silk spheres and

preserved its binding capacity.12 The functionalized nanopar-

ticles were internalized into cells overexpressing Her2, and

the silk spheres were observed in the cytoplasm. However,

the route of uptake utilized by nanoparticles to enter cells

needed to be determined. The present study revealed that the

clathrin- and caveola-mediated pathways were both involved

in the uptake of the functionalized spheres. Generally, the

major uptake routes for macromolecules are clathrin-

mediated endocytosis, caveola-mediated endocytosis and

micropinocytosis.29 Larger particles are predominantly non-

selectively taken up by macropinocytosis.29 However, this

mechanism is unlikely to be involved in the cellular uptake of

the silk nanospheres functionalized with a peptide that binds

to a specific receptor. Our results are consistent with research

by Chen et al, which used specific inhibitors of endocytosis

to assess the cellular uptake of micelles decorated with the

same Her2-binding peptide.30 The receptor-mediated endo-

cytosis, both clathrin- and caveola-mediated, is the predomi-

nant pathway of micelle entry into cells.30 Moreover, Chen et

al indicated that macropinocytosis was not closely involved

in the internalization of these particles.30 EGF receptors

utilize multiple endocytotic pathways, possibly depending

upon the ligand type and its concentration in the extracellular

milieu.31 At a low concentration of ligand, the EGF-type

receptors are internalized through clathrin-dependent endo-

cytosis, and at high ligand concentration, a caveola-depen-

dent endocytotic pathway is also used.31

A few preliminary studies tracing the intracellular fate of

nanoparticles formed of silk of different origin were recently

performed.15,16,32,33 The uptake route of the silkworm silk

nanoparticles to MCF7 human breast cancer cells was an

energy-dependent endocytosis process mediated by clathrin.33

Moreover, the application of the chemical inhibitors at the

uptake studies of eADF4(C16) silk particles and eADF4

(C16) particles functionalized with cell-homing peptide Tat,

RGD or poly-lysine indicated a clathrin-mediated mechanism

of the spheres’ internalization into HeLa cells.15,16 However,

in general, the efficacy of endocytosis inhibitors is highly cell

line dependent.34 Moreover, the particles presented above

Figure 2 The intracellular localization of the silk particles by CLSM. SKBR3 cells were incubated with spheres at 37 °C for 4 h, followed by staining with LysoTracker Green

for the endo-/lysosome visualization. Red, silk spheres labeled with ATTO647N; green, endo-/lysosomes stained with LysoTracker Green; blue, nuclei stained with DAPI.

Scale bar: 10 μm.
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either did not have any functional domains or were functiona-

lized with nonspecific cell-homing peptides; hence, they

Figure 3 Analysis of the intracellular processing of the silk spheres in SKBR3

cells. (A) The cells were incubated with ATTO647N-labeled H2.1MS1:H2.1MS2

spheres in the presence of lysosomal inhibitor chloroquine, cathepsin G inhi-

bitor I or chymostatin for the indicated time periods at 37 °C. The silk

particles were observed using CLSM. Red, spheres conjugated with

ATTO647N; blue, nuclei stained with DAPI; scale bar: 10 μm. (B) The fluor-

escence intensity of the silk spheres was measured by the mean fluorescence

value (±SEM) per cell (n=30). Statistical significance with p<0.001 (***), p<0.01
(**), p<0.05 (*).

Figure 4 Analysis of the exosomal release of the silk spheres in SKBR3 cells. (A) The

cells were incubated with ATTO647N-labeled H2.1MS1:H2.1MS2 spheres in the pre-

sence of an inhibitor of exosomal release, DMA, OMP, or BFA, for the indicated time

periods at 37 °C. The silk particles were observed using CLSM. Red, spheres conjugated

with ATTO647N; blue, nuclei stained with DAPI; scale bar: 10 μm. (B) The fluorescence
intensity of the spheres was measured by the mean fluorescence value (±SEM) per cell

(n=30). Statistical significance with p<0.01 (**), p<0.05 (*), p≥0.05 (ns).
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would interact with any cell type (due to the nonspecific

interactions). Furthermore, they differed in size and silk origin.

Therefore, the separately performed internalization study of

each type of silk nanoparticle is essential. Our strategy imple-

mented the silk spheres that were derived from Nephila cla-

vipes MaSp1 and MaSp2 spidroins and were functionalized

with Her2-binding peptide. The H2.1 functional domain pre-

sented on the surface of the silk carriers should guide the

nanoparticle to a specific receptor, thus determining the pre-

dominant entryway into cells and providing their high

selectivity.

In the present study, we indicated that the functionalized

spheres upon their internalization were mostly trafficked to

the endo-/lysosomal compartments. Maitz et al demon-

strated localization of silk nanoparticles in lysosomes

upon entering blood cells.32 Their findings concerned the

influence of PEGylation on the cellular uptake of the silk-

worm silk particles.32 The observed localization of the

particles could result from the surface modification of

spheres and could be particle-type and/or cell-type specific.

Therefore, similarly to the internalization aspect, the intra-

cellular distribution study should be performed separately

for each type of silk nanoparticle.

Previously, we indicated that the morphology of cells

upon sphere internalization was different from nontreated

cells; upon the massive uptake of silk spheres, the cell size

increased and normalized with time.12 Moreover, the signal

of the internalized spheres disappeared with time.

Furthermore, we indicated in previous studies that a consid-

erable amount of Dox molecules was accumulated in the

nucleus.12 Because the silk spheres were observed mostly

in the cytoplasm and did not penetrate the nucleus, the Dox

deposited in the nucleus was released from the spheres before

entering the nucleus. Also, our previous drug release studies

showed the significantly increased Dox release from silk

spheres at low pH.12,13 These observations might suggest

that the lysosomal microenvironment could be responsible

for Dox release. From one hand, the low pH in the lysosomes

could increase the Dox release, and from the other hand, the

proteolytic enzymes present in the lysosomes might degrade

the spheres, which could further enhance the drug release. To

answer the question whether the silk spheres were proteoly-

tically degraded inside the cells, the effects of different

compounds disrupting lysosomal proteolysis were evaluated

in this study either by suppressing the lysosomal acidification

or by inhibiting directly the cathepsins. Neutralization of the

internal acidic environment by weak alkaline compounds,

such as chloroquine, inhibits lysosomal function.

Chloroquine-mediated lysosomal dysfunction leads to the

increase of the intralysosomal pH, accumulation of ineffec-

tive autophagosomes and impairment of autophagic protein

degradation.35,36 Moreover, the role of lysosomal enzymes in

silk sphere degradation was investigated by using the lyso-

somal protease inhibitors chymostatin and cathepsin G inhi-

bitor I. Chymostatin has been used extensively as an inhibitor

of lysosomal function, and its primary mode of action is the

inhibition of serine proteases, such as cathepsins A and

G.37,38 Its inhibition of other cellular proteases has also

been reported.39

In the present study, treatment with chloroquine, chymos-

tatin or cathepsin G inhibitor I induced a significant enhance-

ment of cell-associated silk sphere fluorescence compared

with control cells. These results indicated that the silk sphere

degradation was mediated by both the low pH and the pro-

teolytic environment in the lysosomal compartment. We

demonstrated a higher dependence of silk degradation on

the lysosomal acidification than on the enzymatic activity,

especially after 72 h of inhibitor application. One possible

explanation of this observation might be the dependence of

the activity of lysosomal enzymes on pH.24,40

Exosomes are secreted membrane vesicles that share

structural and biochemical characteristics with intralum-

inal vesicles of multivesicular endosomes (MVEs).

Exosomes are distinguished from apoptotic bodies and

microvesicles by their size, origin and composition.

These vesicles do not originate by direct budding or shed-

ding of plasma membrane.41 Instead, they are formed via

inward budding of endosomal membranes, resulting in the

formation of intracellular multivesicular bodies that later

fuse with the plasma membrane and release exosomes to

the exterior.42

In the present study, the effect of inhibitors of exoso-

mal release, OMP, DMA and BFA, was examined. OMP, a

K+/H+ ATPase inhibitor, is involved in exosome depletion

and reduction of exosome release. DMA, an inhibitor of

the H+/Na+ and Na+/Ca2+ channels, perturbs exosome

secretion.43,44 BFA, an inhibitor of ER/Golgi-dependent

protein secretion, blocks the transport of polypeptides

from ER to the Golgi apparatus and dysregulates mem-

brane traffic throughout the vacuolar system.45 Moreover,

it inhibits exosome secretion from cells.46 Our analysis

revealed that all tested exosomal inhibitors induced the

significant reduction of the signal from functionalized

spheres after 4 h of incubation compared with control

cells. If inhibitors restrained the secretion of exosomes

and thus the silk sphere removal, the signal deriving
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from ATTO647N-labeled spheres would be higher com-

pared with control. We observed the opposite effect. In

general, the tested inhibitors affect a wide range of pro-

cesses related to intracellular trafficking, including endo-

cytosis, exocytosis, and vacuolar targeting.45,47 We

presume that we altered membrane secretory pathways

triggered by the in vitro exposure to the proton pump

inhibitors (PPIs) and BFA-induced disruption, and thus

the endocytosis-dependent uptake of silk spheres was

impaired. However, the functionalized spheres were more

abundant in the cells after 24 h of OMP treatment com-

pared with control and other samples (Figure 4B), indicat-

ing that OMP could inhibit exosome secretion and thus the

elimination of silk spheres. OMP, which is a proton pump

blocker, could potentially inhibit lysosomal acidification

and subsequent proteolytic digestion of the silk spheres.48

Its role needs further investigation. In contrast, DMA and

BFA did not inhibit the secretion of silk nanoparticles over

time, indicating that the secretion from cells mediated by

exosomes did not contribute to the elimination of the silk

nanoparticles by cells.

The degradation of biomaterials is obviously an impor-

tant feature for their medical application. Silk biomaterials

are generally considered biodegradable, and numerous

studies have described the mechanism of silk degradation

as depending on proteases.49–51 However, these studies

mostly analyzed the responses of various silk biomaterial

structures to enzyme treatments, eg, films,52 hydrogels,52

fibers53 or scaffolds,54 while the assessment of the degra-

dation behavior of the silk nanoparticles remained poorly

characterized. According to the literature, the biodegrada-

tion rate largely depends on the morphology and structural

characteristics of the biomaterials, such as size and

porosity.49 For example, α-chymotrypsin degrades silk-

worm fibers;49 however, α-chymotrypsin does not have

an appreciable effect on the degradation of the films

made of regenerated silkworm silk.55

Asmentioned above, studies regarding the degradation of

the silkworm silk nanoparticles are relatively insufficient.

The silk mass loss, particle swelling, surface charge reduc-

tion, and the aggregation of silkworm silk nanoparticles in

response to protease XIV and papain were observed.56

Papain is an enzyme similar to mammalian lysosomal cathe-

psins B, H, L, and S. Moreover, following a 5-day exposure

to a cocktail of lysosomal enzymes isolated from the rat liver,

Wongpinyochit et al demonstrated a significant reduction of

the silk nanoparticle size.56 The relatively slower and partial

carrier degradation might have been due to the presence of

PEG on the silk surface, which hindered access of the pro-

teolytic enzymes, and the general ex vivo conditions of the

experiment.56 In another study, Totten et al showed that

doxorubicin was released more rapidly from silkworm silk

nanoparticles in the presence of papain.24 This indicated that

the activity of lysosomal enzymes was important for drug

release. Moreover, the role of lysosomal enzyme activity and

lysosomal acidification in triggering drug release was also

indicated in cells. However, the applied examination strategy

could be crucial, since pH played a major role in doxorubicin

release, while the impact of the enzymatic activity on drug

release was comparatively lower. Nevertheless, these studies

provided evidence for lysosomal drug delivery in live cells.24

Studies by Wongpinyochit and Totten analyzed regen-

erated silkworm silk nanoparticles. Our spider silk

sequences differed from the Bombyx mori sequence, and

they lacked the amino acids that are recognized by

cysteine proteases in the silkworm silk. Therefore, in our

study, as a potential target for inhibitors, we selected serine

proteases. Previously, Lammel et al employed an elastase

and trypsin, ie, serine proteases, to study the degradation

of eADF4(C16) silk spheres.22 Indeed, the degradation

experiments showed that the silk particles decreased in

size following these enzyme exposures. Moreover, a

model drug release study upon sphere degradation indi-

cated an accelerated drug release behavior.22 However, in

contrast to the studies mentioned above, our approach

determined directly the silk sphere degradation in the

lysosomes of live cells. Moreover, we observed more

rapid degradation that occurred over 48 h compared with

a partial degradation over a 5-day ex vivo lysosomal

enzyme preparation treatment.56 In contrast to the study

by Totten et al that measured drug trafficking to the

nucleus, providing indirect evidence of silk nanoparticle

degradation in the lysosomes, we present direct evidence

of the involvement of lysosomes in silk carrier

elimination.

Conclusion
The degradation behavior of biomaterials made of differ-

ent silk origin can vary essentially, depending on their

amino acid sequence. Moreover, the complex in vivo

environment specific to the cell/tissue type and location

can determine the rate of the degradation of silk biomater-

ial. We analyzed the fate of functionalized spheres inside

cancer cells. The spheres were made of bioengineered

silks based on the Nephila clavipes MaSp1 and MaSp2

spidroins. The functionalized silk spheres were processed
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into cells by the clathrin- and caveola-mediated endocyto-

sis pathways and were subsequently trafficked to lyso-

somes. Our results indicate that the exosome-mediated

secretory pathway was not or was marginally involved in

the removal of the functionalized silk spheres from cells.

The lysosomal function was essential for silk-based carrier

elimination. The degradation of the carrier is of great

importance to develop a safe drug delivery system. We

consider these findings important evidence supporting the

application of functionalized silk nanoparticles as drug

carriers in the in vivo treatment of tumors.
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