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ABSTRACT: Protein-based nanoparticles have gained interest for
traversing different biological (e.g., systemic or microenvironmen-
tal, etc.) barriers and enabling targeted drug delivery. Silk protein-
based nanoparticles are useful and versatile drug delivery systems
for sustained and controlled release due to their biocompatibility,
biodegradability, accessible chemistries, and ability to stabilize
different drugs and other biomolecules. In the present study, silk
nanoparticles (SNPs) were engineered using a nanoprecipitation
technique with tight control over size (∼45−250 nm diameter) and
low polydispersity index by altering variables including stirring
speed, reaction bath temperature, silk molecular weight (MW), and
silk concentration. Of these variables, stir speed was the most
significant contributor toward particle size control. SNPs with
positive or negative surface charges and decoration of SNPs with surface antigens were also demonstrated. New mechanistic insights
into control of SNP size, cellular uptake using glioblastoma as a model, surface characteristics, and the entrapment of a small-
molecule drug (doxorubicin) within the particles were addressed. These insights expand the potential utility of SNPs for medical,
environmental, and food applications.
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■ INTRODUCTION
As the field of nanomedicine advances, concerns surrounding
the safety of the materials utilized have emerged. Inorganic
nanoparticles such as metal-based particles have been used
extensively in the literature, and several have FDA approval1

for drug delivery, diagnostics, and imaging; however,
cytotoxicity concerns including cell membrane disruption,
production of reactive oxygen species (ROS), DNA damage,
and release of metal ions that affect protein function prevent
their wider use.2,3 Similarly, lipid-based nanoparticles have had
significant clinical success in recent years but can induce
oxidative stress, acidification of the cytosol, and thus inhibition
of protein synthesis in vitro4 and have been reported to induce
liver and lung damage in vivo.5 Some of the earliest polymers
used to generate nanoparticles for in vivo testing, such as
poly(methyl methacrylate)6 and polystyrene,7 were not
biodegradable8 and have since been found to cause the release
of proinflammatory cytokines, inducing local inflammation,9

increased ROS10 and lactate dehydrogenase concentrations, as
well as cell-cycle arrest10 when these materials were assessed in
vitro9 and in vivo.8 In contrast, biodegradable polymeric
nanoparticles, such as protein-based particles, have many
intrinsic characteristics that make them good candidates for

targeted drug delivery. Compared to conventional synthetic
polymeric nanoparticles, protein-based particles can be cleaved
by proteolytic enzymes11 and broken down into amino acids,
which are then metabolized or absorbed by the body.12 The
proteins can also be chemically tailored to display cell-targeting
ligands or other biomolecules of interest on their surface. They
can be tuned to express a positive or negative surface charge by
installing appropriate chemical blocks to influence cytotoxicity
and therapeutic fate.2 Biodegradable protein-based nano-
particles can also be utilized to control the release profiles of
drugs and avoid clearance by the reticuloendothelial system.13

Protein-based particles have already begun making their way
into the clinic; Abraxane, for example, is an albumin-bound
particle form of paclitaxel that is widely used in the clinic,14

and more albumin-bound particles are entering clinical trials,
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highlighting the growing use of protein-based nanoparticle
systems.1

In addition to degradability, size is an important parameter
for the physical properties of nanoparticles, influencing
adsorption rates, recognition by immune cells, travel through
tight endothelial junctions, and filtration by the spleen, among
many other factors.15 In general, smaller particles (∼80 nm)
circulate in the bloodstream longer than larger particles (>200
nm).15 In cancer therapeutics, nanoparticles can exploit the
enhanced permeation and retention (EPR) effect, where the
leaky vasculature of solid tumors and the weak lymphatic
drainage synergistically encourage particle accumulation in
target cells. In the endothelium of blood vessels of tumors,
barrier distortion can result in pores; therefore, nanoparticles
should be smaller than these pores (generally <200 nm) but
larger than 30 nm to exploit the EPR effect, although these size
ranges will depend on the cell type and material.15−17

Silk fibroin (hereafter referred to as silk) is biocompatible
and degradable and has gained utility in drug delivery and
nanoparticle research due to control of crystallinity, which
impacts degradation rates, chemical structure, and assembly
into materials that stabilize therapeutics that are otherwise
susceptible to denaturation.18,19 Various methods have been
utilized to generate SNPs, including blending polymers such as
silk-poly(vinyl alcohol) (PVA),20 spray-drying,21 and nano-
precipitation,18,22 among others.23 Nanoprecipitation or desol-
vation is among the most popular methods of generating SNPs
in the literature and involves two miscible solutions, where the
first solvent contains the polymer and the second solvent does
not (the precipitation solvent). This method involves the rapid
dissolution of the polymer, which induces the precipitation of
nanoparticles when the polymer solution is added to the
precipitation solvent.24 This occurs due to the Marangoni
effect, where the interfacial turbulence between a solvent and a
nonsolvent governs particle formation.25 One limitation of the

current nanoprecipitation method is the inability to precisely
control the size of the resulting nanoparticles across a broad
size range.15 In addition, the maintenance of a low
polydispersity index (PDI) is essential in nanoparticle
applications. Nanoprecipitation of natural biopolymers often
produces particles greater than 100 nm in diameter. For
example, recent works on nanoprecipitated particles prepared
with naturally derived biopolymers have resulted in gelatin
nanoparticles with sizes of 130−190 and 273 nm in a one-
step26 and two-step fabrication method,27 chitosan particles
with a size range of 200−≥600 nm with irregular particles
formed at larger sizes,28 and albumin nanoparticles with a size
range of 90−450 nm with a broad PDI (0.02−0.8).29
Nanoprecipitated SNPs have been generated with a 100 nm

diameter using low-molecular-weight (MW) silk and have been
loaded with doxorubicin (DOX) to treat a human breast
cancer cell line.18 These SNPs colocalized into lysosomes, thus
demonstrating potential for cancer treatments.30 The particles
were also biocompatible in nondrug loaded formulations.30

However, a limitation of this method was the inability to
produce SNPs across a broader size range while maintaining a
low PDI. Investigation of the effect of stir rate (0, 200, and 400
rpm) during silk nanoparticle formation was also completed
recently, and particles between 104 and 134 nm in diameter
were generated using isopropanol as the nonsolvent.31 There
have been limited studies to date to understand how to
reproducibly control nanoprecipitated SNP size and PDI, yet
the effect of size on cellular uptake and drug release is key.
Additionally, previous methods to generate DOX-loaded SNPs
only incubated premade particles in drug solutions to provide
drug coatings (adsorption) on the particles, which limits
protection from the surrounding environment and prevents the
addition of postfabrication surface modifications.
In the present study, nanoprecipitated SNPs were reliably

and reproducibly generated over a diverse size range from ∼45

Figure 1. Schematic on the structure and applications of nanoprecipitated silk particles in this work. Silk fibroin is extracted from B. mori cocoons,
and following particle fabrication (with or without drug, using native or positively charged silk) particles can be altered to display surface targeting
agents (antibodies) and incubated with cells for cellular uptake studies. SNPs, silk nanoparticles; ESNPs, particles with entrapped drug; CSNPs,
particles coated with drug. Made using BioRender.com.
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to 250 nm while maintaining a low PDI (∼0.2−0.4).
Significant control over the size of the resulting SNPs was
achieved by changing the silk properties (molecular weight and
concentration) and reaction bath parameters (temperature and
stir speed). In addition to size, the surface properties of these
nanoparticles were altered by using prefunctionalized silk as
starting precursor molecules or chemically appending appro-
priate pendant groups to the surface of the SNPs in a
postfunctionalization process. SNPs of different sizes were
successfully incubated with a cancer cell line (glioblastoma) as
a model for the cellular uptake and investigation of these
particles for oncologic applications, and the entrapment of
DOX in the SNPs was also investigated (Figure 1).

■ MATERIALS/METHODS
Silk Isolation. Silk fibroin was isolated from Bombyx mori cocoons

as previously described.22 Briefly, the cocoons (Tajima Shoji Co.,
Japan) were boiled in a 0.02 M sodium carbonate solution for 10, 30,
or 60 min to remove the sericin and achieve different molecular
weights of silk, which we have previously published.32 The extracted
silk was then dried for 12 h in a chemical hood before being dissolved
in a 9.3 M lithium bromide solution at 60 °C for 4 h, yielding a 20%
w/v solution. This solution was dialyzed against deionized (DI) water
using Pierce Slide-a-Lyzer cassettes, MWCO 3500 Da (Rockford, IL)
for 3 days to remove the lithium bromide. The solution was
centrifuged (9000 rpm, 4 °C, 20 min cycle), and a final concentration
of the aqueous silk fibroin of ∼5−10% w/v was obtained. For the 10
min extracted silk, extra rinse steps (3−5) immediately after boiling
were employed to effectively remove any residual sericin, as any
residual sericin prohibits particle formation.

Fabrication of SNPs. Nanoprecipitated SNPs were prepared as
previously published but with modifications.18,22 Briefly, a 5−10% w/
v silk solution was added dropwise using a 60 mL addition funnel
(Fisherscientific CG170401, Waltham, MA) at a drop length of 7 cm
and a drop rate of approximately 8−10 drop/min to acetone while
stirring (200 rpm −1,200 rpm, Cole Palmer UX-84003−80, Vernon
Hills, IL) with a 15 mm × 4 mm stir bar to create a cloudy solution
that was >75% v/v acetone (typically, 3.5−4 mL of silk solution was
added to ∼17.5−18 mL of acetone in a 20 mL scintillation vial). Cold
bath particles were prepared by adding a 6% (w/v) silk solution
dropwise to −20 °C acetone while stirring at 800 rpm. The
nanoparticle suspension was allowed to stir for 48−72 h to evaporate
all of the solvent. The nanoparticle suspension was then diluted with
deionized water and sonicated with a Branson Ultrasonic Cell
Disruptor for 30 s at 30% amplitude. For each experiment,
nanoparticles were prepared in replicates (typically in at least
triplicate unless otherwise stated), where different batches of silk
were dissolved to generate each nanoparticle suspension replicate. To
make fluorescently labeled SNPs, fluorescein isothiocyanate (FITC)
was dissolved in dimethyl sulfoxide (DMSO) to achieve a 10 mg/mL
solution. Per 100 mg of silk solution needed for the nanoprecipitation
process, 1 mg of FITC was added (e.g., for 4 mL of a 5% w/v silk
solution, 200 uL of the FITC stock solution was added to add 2 mg of
FITC to 200 mg of silk). After adding the FITC to the silk solution
and ensuring homogeneous mixing, the nanoprecipitation process was
conducted. Any unbound FITC was dialyzed and/or ultracentrifuged
at 60,000 rpm, 4 °C, for 30 min (Beckman Coulter Optima Max TL
with TLA-110 rotor, Brea, CA) from the SNPs with several wash
cycles until the supernatants revealed no leached or unbound FITC
using a plate reader (491 nm excitation and 516 nm emission,
Varioskan ThermoFisher, Waltham, MA).

Size Quantification. The size, PDI, and ζ-potential of the SNPs
were measured by using a ZetaPALS dynamic light scattering (DLS)
machine (Brookhaven Instruments, Holtzville, NY). Of note, size and
PDI measurements were taken 3 times on the DLS machine for each
sample (technical replicates) and then averaged for each batch of
SNPs dissolved from a fresh batch of silk (biological replicates).
Because of this, the variability of sizes may be higher than the

variability of the PDI between different biological replicates. To verify
the readings, scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) were utilized. For SEM, the nano-
particles were coated with a thin layer (10 nm thick) of Pt/Pd using a
sputter coater (208HR, Cressington Scientific Instruments Inc.) and
imaged (Zeiss UltraPlus SEM or Zeiss Supra 55 VP SEM, Carl Zeiss
SMT Inc.) at a voltage of 3 kV.
For TEM, 2% ammonium molybdate stain was prepared, and the

pH was adjusted to 6.9 using sodium hydroxide. The stain was filtered
through a 0.2 μm filter just before use. Carbon-coated Cu grids (Ted
Pella, Inc., 400 mesh size, Redding, CA) were glow-discharged for 30
s using a PELCO easiGlow. All grids were prepared within 30 min of
glow discharge. Five μL of sample was pipetted directly onto the grid
for 30 s before blotting using a filter paper (Whatman 1.
Thermofisher, 09805F, Waltham, MA). The grid was immediately
placed on a 50 μL drop of 2% ammonium molybdate, pH 6.9, for 15 s
before blotting. This staining step was repeated twice, with blotting
between each step. After the final blot, the filter paper was pressed to
the edge of the grid near the tweezers to remove excess stain. Grids
were dried sample side down on a filter paper overnight. Images were
collected on a Tecnai T12 in the San Diego State University Electron
Microscope facility at 120 kV and spot size 3 using a side-mounted
CCD camera.

Cell Culture, Uptake, and Staining. U87-MG (ATCC HTB-14
Manassas, VA) glioblastoma cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM)-F12 supplemented with 1%
antibiotic-antimycotic (Sigma-Aldrich) and 10% fetal bovine serum
(FBS).
For live cell imaging, 100,000 cells/well were seeded in 6-well

plates and left to recover for 2 days. Media containing FITC-labeled
particles was added at 16.5 μg/mL for 4 h. The media was then
aspirated, and media containing Lysotracker Deep Red (Thermo-
Fisher, L12492, Waltham, MA) was incubated with the cells for 30−
40 min according to the manufacturer’s instructions. Lysotracker
medium was aspirated, and fresh medium was added to the wells.
Trypan blue dye was added to the wells in a 1:2 ratio of Trypan blue
to media to quench the fluorescence from extracellular particles and
visualize only intracellular FITC-tagged particles. Cells were imaged
on a Keyence all-in-one fluorescent microscope (BZ-X710, Keyence
Corp, Japan) within 30 min of the addition of Trypan blue.
Explanations of imaging controls to ensure only intracellular SNPs are
visualized are detailed in the Supporting Information. All images
shown were taken at the same exposure levels.
For fixed cell imaging, similar methods were employed. Here,

100,000 cells/well were seeded in 6-well plates and left to recover for
2 days. Media containing FITC-labeled particles was added at 16.5
μg/mL for 4 h. U87-MG cells were fixed with 4% paraformaldehyde
for 30 min, permeabilized with 0.1% Triton X-100 at room
temperature (RT) in 1% blocking buffer (Abcam, ab210904,
Waltham, MA) for 10 min, and blocked with 1% blocking buffer
for 45 min to 1 h. The permeabilized cells were incubated with an
antibody for lysosome-associated membrane glycoprotein 2 (LAMP2,
Thermofisher PA1655, Waltham, MA) overnight at 4 °C while
shaking and then the early endosome antibody EEA1 (Thermofisher
MA514794, Waltham, MA). To visualize if the particles were in
locations other than the endosomes and lysosomes, the same
secondary antibody (labeled with AlexaFluor 405, Thermofisher,
A31556, Waltham, MA) was used for both as both primary antibodies
utilized rabbit hosts. Incubation of the secondary antibody was
conducted in the dark with shaking at RT. Finally, phalloidin was
added according to the manufacturer’s instructions for 30 min at RT
in the dark with shaking (labeled with AlexaFluor 555, Thermofisher,
A34055, Waltham, MA). All dilutions of the antibodies were done
according to the manufacturer’s instructions (LAMP2−1:20, EEA1−
1:100, secondary antibody labeled with AlexaFluor 405−1:200,
phalloidin −1:200). Between the sequential staining steps, the
samples were washed in phosphate buffered saline (PBS) containing
0.1% Tween-20. Images were taken within 24 h of staining using a
Leica SP2 confocal microscope (Leica Microsystems) and a Nikon
A1R (Nikon Instruments Inc.) with Z-series capability. Images were
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assembled with Leica confocal software (ver 2.61, Leica), NIS-
Elements AR software package (ver 4.20.01, Nikon), and ImageJ.

Drug Loading and In Vitro Release Profile. To entrap DOX in
the SNPs, the drug was added directly to the silk solution prior to
nanoprecipitation (ESNPs). Briefly, a 10 mg/mL solution of DOX
was generated in DMSO, and 200 μL of this solution (2 mg) was
added to 4 mL of a silk solution used for nanoprecipitation.
Immediately following nanoprecipitation of the ESNPs, the silk−
acetone−doxorubicin mixture (21−22 mL) was ultracentrifuged (3×,
60,000 rpm, 30 min, 4 °C) to remove unbound DOX and acetone.
Supernatants were saved each time for the quantification of loading.
To coat the SNPs with DOX (CSNPs), similar protocols were used
with modifications18 to compare the ESNPs to the CSNPs. Using one

batch of premade, unloaded SNPs, 200 μL (2 mg) of DOX stock
solution (DMSO) was added, and the volume was brought to 21−22
mL using distilled water and left to incubate overnight at RT while
stirring. After the overnight incubation for CSNPs, the particles were
ultracentrifuged 3×, 60,000 rpm, 30 min, 4 °C to remove unbound
DOX, and the supernatants were again saved for quantification of
loading.
For the in vitro release profile, 500 μL of either ESNPs or CSNPs

suspended in PBS was pipetted into Slide-A-Lyzer 3.5K mini dialysis
devices (ThermoFisher, PI69550, Waltham, MA), which were
suspended in 1.8 mL of phosphate buffer pH 7.4, at 37 °C. The
1.8 mL was saved for DOX quantification at each time point and
replaced with fresh PBS. These experiments were done with three

Figure 2. Control of SNP size. (A) Average diameter of SNPs fabricated with different formulation methods using dynamic light scattering (DLS).
(i) SEM of 130 nm particles formed at 200 rpm, 6% silk, mid-MW. (ii) TEM images of 90 nm particles, formed using 1000 rpm stir speed, 7% silk,
and mid-MW. (iii) TEM images of 65 nm particles, formed using 1200 rpm stir speed, 5% silk, and mid-MW. Sizes of technical replicates were
averaged and then graphed for each biological replicate (see Methods; n ≥ 3 biological replicates). (B) Nanoprecipitation protocol, where silk
solution is added dropwise to an acetone bath, with a specific silk concentration, MW, and stir rate, followed by removing acetone, and then
characterization. (C) PDI of SNPs of various sizes, using different formulation combinations seen in (A) by DLS. PDIs of technical replicates were
averaged and then graphed for each biological replicate (see Methods, n ≥ 3 biological replicates). (D) (i) Particles formed using the same
concentrations and MWs, but different stir speeds. (ii) Particles formed using different silk MWs. (iii) Particles formed using the same stir speed
and MW, but different concentrations. (iv) Nanoprecipitation performed at colder temperatures to induce size differences while maintaining the
molecular weight, concentration, and stir speeds. (E) PCA of the variables: PC1, stir speed; PC2, concentration; PC3, molecular weight. 60 min
extraction: low MW (<171 kDa); 30 min extraction: mid-MW (31−268 kDa); and 10 min extraction: high MW (171−460 kDa).32 Error bars
represent standard deviation, n ≥ 3.
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technical replicates per experiment, with three separate experiments
(new batch of the ESNPs or CNSPs derived from freshly degummed
silk), using two conditions: the 200 rpm, 6% w/v silk, 30 min
extraction (mid-MW) formulation, and the 1200 rpm, 5% w/v silk, 30
min extraction (mid-MW) formulation.
The amount of DOX in the release samples was quantified with

high-performance liquid chromatography (HPLC, Agilent Technol-
ogies) using previously established methods.33 Briefly, an Agilent
ZORBAX Eclipse Plus-C18 column (5 μm, 3 × 150 mm2) was used
with a mobile phase of acetonitrile and water (32:68, v/v) that was
pH-adjusted to 2.6 using 85% orthophosphoric acid. The mobile
phase was administered isocratically at a flow rate of 1 mL/min at 35
°C. Samples were read at 475 nm excitation and 555 nm emission
wavelengths with an injection volume of 50 μL.

Positively Charged Particles. To generate cationic SNPs, silk
was carbodiimide-coupled with ethylenediamine (EDA) using 1-ethyl-
3-(3-(dimethylamino)propyl) carbodiimide/N-hydroxy succinimide
(EDC/NHS) bioconjugation chemistry. EDC and NHS were
weighed, and 0.2 M 2-(N-morpholino)ethanesulfonic acid (MES)
buffer (pH 6) was added to reach a final reaction concentration of
0.05 M as previously described.34 Silk, MES buffer, EDC, NHS, and
EDA were combined and stirred at 200 rpm for 18 h at RT. The silk
solution was dialyzed for 72 h to remove the unbound EDA and other
byproducts, followed by centrifuging (9000 rpm, 20 min, 4 °C) to
remove silk debris as previously described.34 The nanoprecipitation
protocol was then carried out using the cationic silk directly after
chemical modification by concentrating to the appropriate concen-
tration or using lyophilized cationic silk that was reconstituted in
deionized (DI) water to yield positively charged SNPs.

Antibody Conjugation. Antibody conjugation was conducted
similarly to previously reported methods of attaching antibodies to
silk films.35 EDC and NHS were weighed, and 0.05 M MES buffer
(pH 6) was added similarly to previously described protocols.34

Briefly, 12.4 mg of EDC and 4 mg of NHS were dissolved in 0.05 M
MES buffer (pH 6) and brought to 2.4 mL with 5 mg of SNPs (200
rpm, 6% silk, and mid-MW formulation). Then, 10 μg of primary
antibody (anti-epidermal growth factor receptor (EGFR), MA5−
13319, Thermofisher Waltham, MA) was added to the MES, EDC/
NHS, and SNP mixture and stirred at 200 rpm for 18 h. The next day,
this mixture was ultracentrifuged at 60,000 rpm for 30 min at 4 °C to
pellet the particles. The pellet was resuspended in DI water and spun
down 2 more times to wash. The particles were then resuspended in 3
mL of DI water, containing 0.2% blocking buffer (10×, Abcam,
ab210904) and 0.01 mg/mL secondary antibody AlexaFluor 405, A-
31553, Thermofisher, Waltham, MA for 2 h shaking at RT. Blank
SNPs were also incubated in 0.2% blocking buffer and 0.01 mg/mL
secondary antibody as a control for nonspecific binding of the
secondary antibody to the SNPs. The fluorescence of the particle
aggregates was read using the Varioskan LUX Multimode Microplate
Reader (401 nm excitation, 426 emission), and the particles were
imaged on a Keyence all-in-one fluorescent microscope. ESNPs (200
rpm, 6% silk, and mid-MW formulation) were also tested for antibody
conjugation of anti-EGFR for determination of successful antibody
binding after drug loading. In order to observe potential loss of
doxorubicin and changes in doxorubicin fluorescence from the
particles after antibody conjugation processes, the fluorescence of the
particle aggregates was read using the Varioskan LUX multimode

Figure 3. Doxorubicin loading into SNPs, and release profiles. (A) Size differences in blank, unloaded particles vs particles with predissolved
doxorubicin prior to nanoprecipitation (entrapment, ESNP). (B) Loading of doxorubicin in entrapped drug SNPS (ESNPs) vs particles coated with
doxorubicin (CSNPs) per mg of SNPs. (C) Percent doxorubicin released in the entrapped drug SNPS (ESNPs) vs particles coated with
doxorubicin (CSNPs) over time. (D) In vitro release profile of doxorubicin from ESNPs of different sizes compared to CSNPs. Error bars represent
standard deviation, n = 3.
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microplate reader (470 nm excitation, 560 nm emission) before and
after conjugation.

Statistical Analysis and Principal Component Analysis. All
data are expressed as mean ± standard deviation. GraphPad Prism
(GraphPad Software, La Jolla, CA) was used to perform one-way
analysis of variance (ANOVA) with Tukey’s multiple-comparison
post hoc test for most purposes unless otherwise stated. Principal
component analysis (PCA) was utilized to determine the variables
that contributed most to altering the nanoparticle size. The data were
standardized, and a covariance matrix was computed. The eigenvalues
and eigenvectors of that matrix were computed to identify the
principal components of the data set. The percentage of variance in
the data that can be explained by a single principal component was
calculated. For each experiment, unless otherwise stated, nanoparticles
were evaluated in at least triplicate, where different batches of silk
were dissolved to generate the nanoparticles for each “biological”
replicate. Meaning, each “n” was evaluated by using a freshly made
batch of SNPs. Each biological replicate also had technical replicates.

■ RESULTS
Controlling the Size of SNPs and PDI of SNPs. SNPs of

various sizes were synthesized via nanoprecipitation techniques
(Figure 2A,B). All particles generated had a PDI between ∼0.2
and 0.32 (Figure 2C), which was independent of size.
Decreasing the stir speed (Figure 2D(i)) while increasing the
silk molecular weight (Figure 2D(ii)) and concentration
(Figure 2D(iii)) led to larger particle sizes, while decreasing
the silk concentration and molecular weight and increasing the
stir speed resulted in smaller particle sizes. Further, when more
vigorous magnetic stirring was used, thus increasing shear
forces, smaller particles formed (Figure S1). When particles
were formed in chilled (−20 °C) acetone, smaller particles
generally formed (Figure 2D(iv)). From PCA analysis (Figure
2E), the stir speed of the acetone bath during nano-
precipitation of the particles accounted for 47.11%, the weight
percent of silk accounted for 32.62%, and the molecular weight
of the silk accounted for 20.27% of the variance in particle

Figure 4. Cellular uptake of SNPs. (A−C) Live cell imaging of fluorescently (FITC, green) tagged nanoparticles 130 nm (A), 78 nm (B), or 65 nm
(C) in U87-MG glioblastoma cells with stained lysosomes (Lysotracker, red). Overlayed images show colocalization of particles with the lysosomes
in orange/yellow. Scale bar is 200 μm; images were taken in 10× with the same exposure levels, n ≥ 3. (D, E) Confocal, fixed imaging of
fluorescently (FITC, green) tagged nanoparticles that are 130 nm (D) or 65 nm (E) in U87-MG glioblastoma cells with stained lysosomes (Lamp2,
blue), early endosomes (EEA1, blue), and phalloidin (red). Colocalization of the particles with endosomes/lysosomes is indicated in cyan, and
colocalization of SNPs with the cytoskeleton (phalloidin) is shown in yellow. Arrows indicate potential areas where particles do not colocalize with
any labeled regions. Scale bar is 20 μM; images are 40×. n ≥ 3.
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diameter. As mentioned, different molecular weights were
achieved via extraction (boiling) times, which we have
previously published�60 min extraction: low MW (<171
kDa); 30 min extraction: mid-MW (31−268 kDa); and 10 min
extraction: high MW (171−460 kDa).32

Doxorubicin-Loaded SNPs. Doxorubicin predissolved in
silk solution prior to nanoprecipitation yielded particles of
similar sizes as the unloaded particles, indicating that DOX can
be entrapped within SNPs and maintain a similar particle size
control as established in Figure 2 (Figure 3A). Differences in
loading occurred when the same amount of doxorubicin (2
mg) was added to each batch of SNPs (Figure 3B); smaller
particles demonstrated higher amounts of DOX loaded per
milligram of SNPs (CSNP: 10.96 ± 5.906 μg/mg, ESNP:
11.11 ± 3.436 μg/mg) than larger particles (CSNP: 9.09 ±
1.653 μg/mg, ESNP: 8.751 ± 1.586 μg/mg). In both systems,
particles released DOX over 21 days (Figure 3C,D). Particles
formed using the smaller particle formulation (1200 rpm, 5%
w/v silk concentration, and mid-MW) released more DOX per
milligram of SNPs. After 21 days, 37.96% ± 5.7 and 41.22% ±
2.2 of DOX initially loaded had been released from the ESNP
130 nm and ESNP 65 nm samples, respectively, while 26.10%
± 9.6 and 38.26% ± 20.93 released from the CSNP 130 nm
and CSNP 65 nm samples, respectively (Figure 3C).

Cellular Uptake of SNPs of Different Sizes. For cellular
uptake, the particles were taken up into glioblastoma cells after
4 h of incubation (Figure 4A−C). In both live and fixed
cellular uptake experiments, the particles colocalized to the
lysosomes and/or endosomes (Figure 4A−C, colocalization =
red/yellow; Figure 4D,E colocalization = cyan); however,
nanoparticles also seemed to be located in areas that did not
colocalize with the endosomes, lysosomes, or the cytoskeleton
of the cells, which would have been indicated by phalloidin/
FITC overlap (Figure 4D,E, colocalization = yellow). This
result suggests that there were particles escaping the endo-
somes or lysosomes but are still in intracellular locations;
however, this observation could be a fixation or immunostain-
ing artifact. Confirmation of intracellular uptake via appro-
priate controls for live cell imaging was done by quenching any

extracellular FITC using Trypan Blue. Confirmation of
intracellular uptake for confocal, fixed cell imaging was
accomplished via observations of areas that did not colocalize
with phalloidin. Intracellular visualization of larger SNPs (130
nm) was more pronounced at the 4 h time point than for the
smaller SNPs (78 or 65 nm) based on both live and fixed cell
imaging.

Modification of Material Properties: Charge and
Antibody Conjugation of SNPs. Unmodified SNPs have
been reported to exhibit a ζ-potential as low as −49 mV.18 By
using EDA-modified silk,34 nanoparticles were fabricated to
express a positive surface charge (Figure 5A), since EDA
incorporation increased the primary amine content in silk.34

EDC coupling mechanisms have previously supported surface
immobilization of antibodies on other silk-based heteroge-
neous material formats like films;35 however, here, the goal was
to couple antibodies to nanoprecipitated SNPs. Thus, a
primary antibody was coupled to the SNPs using EDC/NHS
carbodiimide coupling chemistry, and the covalent incorpo-
ration of the antibody was validated using a fluorescent
secondary antibody. In comparison to SNPs incubated in a
secondary antibody solution without primary antibody
conjugation (control), SNPs with the primary antibody
previously conjugated showed a significantly higher fluores-
cence intensity (Figure 5B,C) to support the successful
conjugation of the primary antibody to the surface of the
SNPs. Any fluorescence expressed by the SNPs incubated in a
secondary antibody solution without the primary antibody
conjugation (Figure 5C(ii)) demonstrates nonspecific binding
as a control. We also repeated the same experiment for ESNPs
and found that while less antibody was able to be conjugated
than the nondrug loaded particles, the anti-EGFR conjugated
ESNPs showed a significantly higher fluorescence intensity
than the controls (Figure S2 ) without inducing changes of
DOX fluorescence by the SNPs from the conjugation process.

■ DISCUSSION
Silk Particle Size Controlled by Molecular Weight,

Concentration, Temperature, and Stir Rate. Several

Figure 5. Enhancement of the material properties of SNPs. (A) Altered ζ-potential after amination of the silk solution prior to nanoprecipitation to
generate a positive surface charge in comparison to native (unmodified) silk nanoparticles (n = 3). (B) Relative fluorescent units (RFUs) of the
fluorescent secondary antibody attached to the primary antibody conjugated to the surface of the SNPs, compared to nonspecific binding in the
“only secondary control” (n = 2 for this antibody, all technical replicates plotted). All values were normalized against the blank SNPs. (C) (i)
Fluorescent NP aggregates after secondary antibody incubation with conjugated NPs compared to (ii). Nonspecific binding of blank particles
incubated with a secondary antibody, without the primary antibody conjugated to the surface (n = 2). Error bars represent standard deviation. Scale
bar is 300 μm. Exposure levels used to take images were the same for all images.
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variables, either having precursor properties like MW and
concentration or reaction bath conditions (temperature,
stirring speed), were altered to assess their impact on the
size of the resulting nanoparticles. Silk is shear-responsive36

and crystallizes when shear forces are applied. Additionally,
water-miscible organic monohydric solvents such as methanol
and ethanol or polar solvents such as acetone increase the
crystallinity in silk materials by accelerating β-sheet structure
formation.37 We hypothesized that combining shear forces
induced by an increased magnetic stirring rate and maintaining
exposure to organic solvents would increase the crystallization
rate of silk, thus resulting in smaller particles. Stirring also
decreased silk chain aggregation, supporting a lower PDI.
Further, silk is also temperature-responsive and crystallizes
more rapidly at higher temperatures.38 We hypothesized that
cooling the acetone bath would result in a slower silk
aggregation, resulting in particles smaller than those of the
process run at RT.
Silk nanoprecipitation is governed by the shift of water

molecules away from the hydration shell of silk.39 Based on
previous studies,40 we hypothesized that more efficient and
rapid “ripping” of the water molecules away from the silk
hydration shell by magnetic stirring would generate smaller
particles and that this could be expanded with a broader range
of stir speeds. Lower MW silk was expected to generate
smaller-sized particles.32 We also hypothesized that lower
concentrations of silk would result in the formation of smaller
particles, as decreasing silk content while keeping the acetone
volumes constant would likely result in reduced exposure of
silk hydration shells to the acetone.

Altering SNP Features. Protein-based nanoparticles have
many characteristics that are advantageous for targeted drug
delivery. Accessible chemistries, imparted by the presence of
many chemically active amino acids, are one of them. They can
be easily chemically modified using many established routes to
display cell-targeting ligands on their surface41 and can be
tuned to display a positive or negative surface charge by
functionalization with appropriate ligands.41 In vivo, these
surface charges will change due to the protein corona formed
around the particles, which describes the layer of proteins in
physiological fluids that assemble on the surface of nano-
particles.42 This protein layer is governed by the physicochem-
ical properties of the nanoparticle, such as surface charge and
hydrophobicity.42 With protein-based particles like silk, the
surface charge and degree of hydrophobicity can be readily
tuned, allowing for potential future control of the protein
corona in vivo.34,41,43 Tuning the surface charge of SNPs is
advantageous for the intracellular delivery of active pharma-
ceutical agents, as charge can affect the serum proteins
absorbed onto the surface of the particles and thus the cellular
uptake and as cells are slightly negatively surface charged.44

Additionally, positively charged particles can support coatings
of negatively charged polymers such as alginate and negatively
charged antigens or drugs to bind to the surface of the
nanoparticles via electrostatic interactions.
Prior to this research, a significant limitation with silk

nanoparticles formed via nanoprecipitation was a lack of size
control across a broad size range while maintaining a low PDI
and particle morphology.18,45 This was also the case for other
biopolymers, as mentioned (gelatin,26,27 chitosan28). In the
present study, we demonstrated the expansion of processing
parameters to generate reproducible NPs with a wider range of
specific sizes using nanoprecipitation while also maintaining a

tight PDI. This control and insight should support new
opportunities to utilize such defined and functionalized SNPs
in new targeting applications. Control of particle size using
similar principles has been reported in spider silks;46,47

however, extensive size control with particles <200 nm has
not been established to our knowledge with spider silks.
Understanding how size affects drug release kinetics is

critical, and here, the release of doxorubicin from the 65 nm
SNPs was more rapid in comparison to the 130 nm SNPs. This
difference was expected, due to the higher surface-to-volume-
ratio of the smaller particles, which would induce more rapid
release of the DOX out of the smaller particles.48−50 We also
showed differences in loading between the smaller and larger
particles, possibly due to the silk content used to formulate the
particles, as the 65 nm formulation utilized 5% w/v silk and the
130 nm formulation utilized 6% w/v silk. Additionally, there
was increased variability in the loading and the percent of
DOX released in the CSNPs over time in comparison to the
ESNPs, suggesting that the entrapment of DOX rather than
coatings (adsorption) leads to a more reproducible release
profile and loading. As mentioned, an advantage of polymeric
nanoparticles is the ease of attaching cell-targeting ligands on
their surface, yet the postprocessing conditions required to
attach these ligands can lead to the loss of drug coatings. Drug
coatings may block the targeting ligands from adhering to the
surface of the SNPs. Drug coatings on NPs can also result in
premature loss of drug before reaching the target site in vivo,
which in the case of chemotherapy would cause harm to
healthy tissues and insufficient cell death in the target
(cancerous) tissue. Entrapment of DOX within SNPs, rather
than as a coating, therefore, has the potential to protect the
chemotherapy drugs during the postprocessing conditions.
Although there was decreased antibody conjugation demon-
strated in ESNPs than nondrug loaded SNPs, we showed that
anti-EGFR was still able to attach successfully in comparison to
controls. The decreased antibody conjugation to the ESNPs in
comparison to the SNPs was expected, as DOX−silk
interactions likely are also present on the surface of ESNPs,
decreasing the available area for the conjugation to occur in
comparison to nondrug loaded particles. Additionally, other
methods to produce silk-based NPs with chemotherapy drugs
entrapped within the particles mostly utilize sizes larger than
300 nm, thus rendering them less useful for cellular uptake.51

Therefore, we successfully generated SNPs where the DOX
was added to the silk prior to generating the particles to
efficiently entrap the drug while not significantly altering the
particle sizes and resulting in sustained in vitro release over 20
days. While this release profile would not be observed at a
cellular level as the particles will likely be destroyed in the
lysosomes of the cells resulting in immediate drug release, this
sustained release profile could be useful for other drug delivery
systems where SNPs are embedded within other materials such
as hydrogels or spongy scaffolds.
For internalization of nanoparticles by the cells, endocytic

mechanisms (pinocytosis, endocytosis) depend on size and
surface properties.52 After internalization, nanoparticles are
typically transported from the early endosome to the late
endosome and then to the lysosomes to be disrupted. For
delivery of mRNA, nanoparticles must escape the endosome or
lysosome and enter the cytoplasm to be effective;53 in contrast,
accumulation in lysosomes is the goal for cancer treatments
related to cell death by causing rupture of the acidic lysosome
and pH-driven release of chemotherapy from the particles.18,54
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We show that SNPs fabricated using methods to produce 65,
78, and 130 nm particle sizes are taken up in GBM cells after 4
h of incubation, and SNPs mostly colocalize with the
lysosomes, demonstrating the potential of the SNPs being
used for the lysosomal delivery of cargos. Interestingly, in all
trial particle sizes, some SNPs were observed in areas of the
cells that were not the lysosomes or endosomes, showing the
potential of these particle systems to be utilized for cytosolic
delivery with improved engineering to specifically deliver the
particles to the cytoplasm. We also show that the 130 nm SNPs
have a higher degree of internalization at 4 h than the 65 nm
SNPs; however, more work must be done to elucidate these
results further.
Developing nanocarriers for drug delivery to the central

nervous system (CNS) remains a major goal toward the
treatment of CNS-related diseases, such as glioblastoma
multiforme (GBM), the most common primary CNS tumor
in adults.55 These tumors often develop drug resistance, while
a major contributor to poor patient survival is also the
challenge of delivering therapeutics across the blood−brain
barrier (BBB). The role of the BBB is to restrict entry of
substances between the peripheral circulation and the CNS;
thus, generally only lipophilic drugs with a molecular weight
<500 Da can cross the BBB, ruling out the majority of
potential drug candidates. Using nanotechnology to deliver
various active pharmaceutical ingredients (APIs) to the brain,
in particular GBM, has gained considerable research focus55,56

in the last few decades, as it has the potential to target specific
areas of the brain and reduce adverse side effects that are
associated with off-target API distribution. Thus, we
conjugated anti-EGFR to the surface of SNPs, as EGFR gene
amplification and overexpression are seen in 40−50% of the
GBMs,57,58 making it a promising target for future use, and
EGFR-specific antibodies cetuximab and panitumumab are
widely being used in treatments against metastatic colorectal
cancers already.59 Nanotechnology can also be utilized for
delivering APIs that normally do not pass the BBB into the
brain, such as doxorubicin,60 which has been reported to have
superior cytotoxic effects with GBM cell lines61 over the
currently used BBB penetrable drug, Temozolomide.62 The
investigation of nanoprecipitated SNPs for the potential
treatment of GBM, based on lysosomal uptake in GBM cells,
successful doxorubicin entrapment, and conjugation of anti-
EGFR, suggests potential for future use of these particles for
local delivery after maximal tumor resection or potentially even
BBB penetration and GBM targeting with further optimization.
Future work will assess the behavior of these functionalized
particles in cellular studies with protein corona delineation.

■ CONCLUSIONS
Methods to control the size and surface characteristics of
nanoprecipitated SNPs were investigated to provide improved
control of the size and dispersity. In addition, DOX-loaded
SNPs were evaluated to show potential utility in sustained
release for cancer drug delivery. New understanding of the
cellular uptake of these particles into cancer cells was gained by
using GBM cells. The hypothesis is that these new protein
nanoparticles with tight control of size, charge, and delivery
options should propel further studies into their utility in a
range of biomedical needs. These needs may include targeted
GBM chemotherapy treatment (as seen in this work), vaccines,
infection, pain management, bone disease and regeneration,
and other medical conditions. Overall, biocompatible and

slowly degrading biomaterial systems such as those studied
here offer many areas of potential impact into the future as
targeted functionalized versions are pursued.
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