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Abstract—Silk fibroin presents a good advantage as a drug carrier for drug delivery, due to the excellent biocompati-
bility, biodegradability and tunable drug loading and release properties. In this work, we constructed silk spheres by
phase separation of the regenerated silk fibroin (RSF) solutions with different MW and polyvinyl alcohol; and it was
revealed that MW of RSF can affect the structure, size, surface potential and drug loading and release efficiency of silk
spheres. Silk spheres prepared from high MW of RSF were found to load more macromolecular drug with negative
charge compared to middle and low MW of RSE However, for the positive charge and low MW drug, the silk spheres
prepared from low MW of RSF could present a high loading efficiency compared to other carriers. Finally, a positive
drug with low MW, streptomycin was encapsulated in silk spheres prepared from low MW of RSE and displayed a
long bactericidal and bacteriostatic effect compared to bared streptomycin solution. The results obtained provide guide-
lines for the modification and options of drug transport vehicles for more efficient drug delivery and utilization
through a simple, rapidly constructed, applicable and low-cost drug carrier.

Keywords: Silk Fibroin, Encapsulation and Release, Release Kinetics, Streptomycin, Antibactericidal Material

INTRODUCTION

Silk fibroin (SF), a natural protein biopolymer extracted from the
caterpillar Bombxy mori, presents excellent biocompatibility; out-
standing mechanical stability, tunable degradability and natural self-
assembly [1,2]. SF has been utilized and discussed extensively in bio-
medical research, such as a carrier for drug controlled release [3,4],
tissue scaffolds [5-7] and enzyme immobilization [8,9], which is
comparable to the other biopolymers, ie., peptide based material
and liposomes [10-13]. The various structures were constructed
from SF and used as biomaterials, such as micro- or nanoparticles,
films, nanofibers and hydrogel [14-16]. Especially, silk micro- or
nanoparticles have attracted significant attention and been widely
used as the drug carriers in biomedical and pharmaceutical appli-
cations due to the high drug encapsulation efficiency without loss
of drug activity, sustained release feature and tunable release kinet-
ics [17,18].

To control the release of drug in silk-based carriers, many factors
need to be considered, such as MW and charge of drug [19], the
structure [20] and size [21] of drug carriers, sometimes the shape
of carrier also affects the drug release profiles [22]. For instance,
the size of drug carrier can adjust the drug loading and releasing
[23-25]. Controlling the size of particles could enable the short- or
long-term delivery of a drug [26,27], because the drug could release
fast in the small carrier, due to the short diffusion distance. The
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molecular weight (MW) of the polymer is also a key factor to the
sizes, structures and mechanical properties and biodegradability of
constructed materials [28,29], which could be significant in drug
delivery. It was reported that the loading and release of a drug can
be modulated and controlled by changing the MW of silk carriers.
For instance, Mitropoulos et al. fabricated different size particles by
microfluidics and using regenerated silk fibroin (RSF) with differ-
ent MW to display distinct release features [21]. It is also found that
the biological properties of a drug carrier could be significantly
affected by modulating MW of SF carrier, e.g., the cell viability and
the macrophage activation [30]. However, in most cases, a single
MW drug carrier was used for different drugs without consider-
ing the drug properties and adaptability between the drug and drug
carriers [3,31-33]. Therefore, a rational design of delivery system
should be considered to load and release drug according to the dif-
ferent specific requirements, and general evaluation of release pro-
files of drug carriers according to different properties of drug mol-
ecule could be necessary.

Many methods have been developed for preparing silk parti-
cles, such as emulsification diffusion [34], silk/PVA blend film [3],
spray-drying [35], microfluidics [36], salting out [37] and laminar
jet break-up [38]. Each method has advantages and disadvantages;
the instrumental-based methods (laminar jet, microfluidics) are easy
to scale up by using industrial machines; however, these methods
require expensive instruments and need operational expertise. Chem-
ical-based methods, such as desolvation [39], salting out, emulsifi-
cation diffusion and polymer blending, have mild processing con-
ditions and simple operation. However, desolvation and emulsifi-
cation diftusion are not suitable for drug delivery applications because
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of the use of organic solvents. The polymer blending method (i.e.,
SF/polyethylene glycol (PEG), SF/polyvinyl alcohol (PVA)) has the
advantages of simple operation, mild condition, no organic solvent
and controllable crystallinity and particle size [3,20,40]. PVA is non-
toxic and water-soluble polymer which has FDA approval for clin-
ical uses in humans [41,42]. The effect of SF/PVA blend on physi-
cochemical property of SF has been studied; it was found that the
concentration and MW of PVA and ratio between PVA and SF
have an effect on the morphology; size and the secondary structure
of SF particles [3,21,43]. We chose the RSF/PVA blending method,
which is a relatively simple method without using non-toxic sol-
vents, and useful to keep the bioactivity of encapsulated drug mol-
ecules and mild preparation conditions to construct the drug carrier
[44].

In this work, we explored the effect of different MW of RSF on
the encapsulation and release of different molecules as the model
and achieved an effective utilization and optimum for different drugs.
The SF spheres prepared from high MW of RSF could load more
macromolecular drugs with negative charge compared to middle
and low MW of RSE However, the spheres prepared from low MW
of RSF could show high encapsulation efficiency compared to other
carriers for the positive charge and low MW drug. Finally, strepto-
mycin (STM) as a drug, for instance, was utilized to investigate the
slow-release sterilization behaviors of STM encapsulated SF spheres.

MATERIALS AND METHODS

1. Materials

Cocoons of Bombyx mori silk were supplied by Sericulture fac-
tory (Yang Zhong, Jiangsu province, China). Poly vinyl alcohol (PVA,
average mol wt, 30 k-70 kDa), model drugs Fluorescein isothiocy-
anate conjugated bovine serum albumin (FITC-BSA, 66 kDa), flu-
orescein isothiocyanate conjugated dextran (FITC-Dextran, 10kDa),
Rhodamine B (RhB, 479 Da) were purchased from Sigma-Aldrich.
2. Silk Fibroin Purification

Silkworm cocoons were boiled in 0.02 M Na,CO; solution with
time control (15 min, 30 min, 45 min and 60 min, respectively), the
temperature used for Na,CO; solution was about 100 °C, and then
rinsing with distilled water for three times. After air drying over-
night, degummed silk fibroin was dissolved in 9.3 M lithium bro-
mide (LiBr) solution at 60 °C for 3 hours; the dialysis of this solution
against deionized water [1] (dialysis tube, MWCO 3.5 kDa, Union
Carbide) ultimately generates silk fibroin solution with different
average molecular weight. These samples are hereafter referred to
as 15 min, 30 min, 45 min and 60 min according to boiling time
(15 min, 30 min, 45 min and 60 min).
3. Measurement of Regenerated Silk Fibroin Average Molecu-
lar Weight

The average molecular weight of RSF was performed with sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).
All samples were mixed with 5X SDS-PAGE loading buffer, then
heated at 95 °C for 5 min, and the denatured samples were loaded
into a 4-20% gradient gel (EZBiolab, Cat. #: GSH2001-420T), run-
ning at 150 V for 50 min and stained with an Easy Stain Coomassie
Blue Kit (Invitrogen, Carlsbad, CA). The molecular weight distri-
bution was quantified by densiometric measurement along the gel

according to molecular weight markers (Image J, NIH, MD).
4. Preparation of SF Spheres

RSF and PVA aqueous solutions were prepared at the same
concentration of 3% wi/v, respectively. Subsequently, four RSF/PVA
blending solutions were designed with the weight ratio of RSF to
PVA were 2/1, 1/1, 1/2 and 1/4 for concentration of 3% w/v, then
diluted solutions of RSF and PVA solution were blended with a
weight ratio of RSF to PVA were 2/1, 1/1, 1/2 and 1/4 at concen-
trations of 1% w/v. The blending solution was vortexed in centri-
fuge tube for 20 s at 1,500 rpm/min prior to dry. To keep the similar
drying rates, the mixed solution with different concentration and
the same weight ratio was transferred into open polystyrene petri
dishes with same size. All the samples in the dishes were dried to
film at 37 °C overnight, before further dried at 60 °C for 30 min.
All the films were dissolved in ultrapure water with gentle shak-
ing (150 r/min) at 37 °C. The SF spheres were collected by centri-
fuging at 10,000 r/min for 10 min. The particles were rinsed twice
with deionized water.

5. Characterization
5-1. Fourier Transform Infrared Spectroscopy (FTIR)

FTIR analysis of SF particles was performed by a Thermo Sci-
entific™ Nicolet™ iS50 FTIR Spectrometer (Thermo Scientific,
USA) equipped with a diamond attenuated total reflectance (ATR)
mode. Each sample was scanned 64 times from 400 to 4,000 cm™"
with a resolution of 4 cm™". The main crystal structures of SF were
silk I (random coils, alpha-helices and turns) and silk II (Ssheets);
these conformations have different absorbance band in FTIR. The
fractions of secondary structural components were evaluated using
Fourier self-deconvolution (FSD) of the infrared absorbance spec-
tra, and then used to determine the difference of RSF spheres pre-
pared from RSF with different molecular weight. FSD was analyzed
by the Omnic 8 software.

5-2. Scanning Electron Microscopy (SEM)

50 puL of the SF particles suspensions was directly dropped on
the Si substrate mounted on an SEM sample stub. The samples were
dried overnight and then sputtered with platinum. The morphol-
ogy of the SF particles was characterized using a JSM-7800F Ther-
mal Field Emission SEM (JEOL, Japan).

5-3. Particle Size Distribution and Zeta Potential

The size distribution of the SF particles were determined using
a Nano ZS90 laser particle size analyzer (Malvern, England) as
previously described [31]. Briefly, silk spheres suspension (10 pg/
mL) was added to a cuvette, which was loaded in ZS90 at 25 °C.
The Zeta potential of the SF spheres was also measured using the
same equipment at 25 °C in deionized water at neutral.

5-4. Drug Loading in Silk Particles

FITC-BSA, FITC-Dex and RhB were used as the model drugs.
Each drug stock solution was prepared with a concentration of 5
mg/mL in phosphate buffered saline (PBS) buffer, pH 7.4 and stored
at —20°C. The drug solutions were mixed with silk solution at a
weight ratio of 1 (drug): 200 (silk) for 10 min prior to mixing with
PVA solution and generating a blend film. The final blend solu-
tion was used to generate particles as described above but without
vortex treatment. The loaded spheres were rinsed three times with
deionized water. The supernatants collected from the centrifuga-
tion and wash steps were subjected to fluorescence measurement
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(excitation wavelength (E,): 493 nm and an emission (E,): 520 nm
for FITC-BSA and FITC-dextran, and E,: 550 nm, E,: 580 nm for
RhB) (F4500, Hitachi), to determine the drug residual amount in
solution and the drug loading in SF spheres. The drug quantifica-
tion was calculated based on a standard calibration curve obtained
at the same condition (R*>0.99).

Each sample was performed in triplicate. Encapsulation and load-
ing efficiency were calculated using Egs. (1) and (2), respectively:

Encapsulation efficiency (w/w9%)
@

_ amount of drug in silk particles
total drug initially added

x 100

amount of drug in silk particles

. o) —
Loading (w/w%) amount of silk particles

x100  (2)

5-5. Confocal Laser Scanning Microscopy

The distribution of model drug molecules in SF spheres was
determined by confocal laser scanning microscopy. The drug-loaded
SF spheres were prepared as described above and then re-suspended
in deionized water. The sample was imaged using a Leica TCS
SP5 II microscope (Leica, Germany) at an excitation wavelength
(E,) of 493 nm and an emission (E,,) of 520 nm for FITC-BSA
and FITC-dextran, and E,: 550 nm, E,,: 580 nm for RhB.
5-6. Drug Release from the Silk Spheres

Lyophilized SF particles with loaded drug were suspended in 1
mL PBS (pH 7.4) with constant shaking (150 r/min) at 37 °C. At 1,
2,4, 12, 24, 48, 96, 144, and 196 h, the particles suspensions were
centrifuged (10,000 r/min, 5 min) and replaced with fresh PBS (pH
7.4). The supernatant was collected for analysis as described above.
5-7. Release Kinetics

The rate and mechanism of the release of drugs from SF particles
were discussed by fitting the date with zero-order equation [45]:

Q=kt
first-order equation [45]:
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where Q is the amount of drug released at time t, k, and k; are
the release rate constant.
The Korsmeyer-Peppas equation [46]:

where the M/M,, is the fractional release of the drug at time t,
kis a constant, and # is the diffusional exponent.
6. Slow-release Sterilization Performance of Streptomycin-loaded
SF Spheres

STM was encapsulated in silk spheres as described method of
model drugs. STM-loaded SF spheres and silk spheres without
STM were suspended in 1 mL of PBS, respectively. Then, 10 uL of
bacterial suspensions (E. coil. 2x10’ cfu/mL) was added into above
solutions to achieve a bacterial concentration of 2x10° cfu/mL. 1h
later; 2 L of the suspension was added into 2 mL of PBS to dilute
about 1,000-fold, and then 100 uL of diluted sample was spread
on an LB agar culture plate and cultured at 37 °C for 16 h. As con-
trol groups, 0 pg, 10 pug and 110 pg of STM were added into 1 mL
of PBS solution, respectively. 10 uL of fresh bacterial suspensions
(2x10” cfu/mL) were added into each sample per 12 hours, and
2 pL of sample from mixture were collected and spread on an LB
agar culture plate as described above. The concentration of STM
was measured according to the method as described in previous
studies [47].

RESULTS AND DISCUSSION

1. Preparation of Regenerated Silk Fibroin with Different Molec-
ular Weight

The RSF solution was obtained through degumming, dissolv-
ing and dialysis process. SDS-PAGE was used to isolate the protein
with different MW because the electrophoretic mobility was cor-
related to protein size (MW) and folding [30]. All the samples were
heated to 95 °C for 5 min to fully denature the protein. SDS-PAGE
showed that each sample had as a smear that appeared down the
gel with the degumming time increased (Fig. 1(a)), and suggest-
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Fig. 1. Molecular weight analysis of RSF solutions. (a) SDS-PAGE of different samples; (b) densiometric analysis of regenerated silk fibroin

protein distribution according to the gel.
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ing that the RSF was degraded into lower MW fragments. We uti-
lized the densiometric analysis to examine the MW distribution of
RSF prepared form different boiling time (15 min, 30 min, 45 min
and 60 min), which displayed distinct wide distributions of MW
according to the molecular weight markers (around 400 kDa, 290
kDa, 190 kDa and 120 kDa) (Fig. 1(b)). Furthermore, both 15 min
sample and 30 min sample have a visible peak around 27 kDa, while
other two samples only displayed a small peak accordingly. All the
samples presented a broad peak around 17 kDa. The results above
implied that the MW distribution of RSF solution was able to be
modulated generally by controlling boiling time.
2. SF Spheres Preparation and Characterization

We constructed SF spheres with a uniform size distribution via
the phase separation between the prepared RSF with different MW
and PVA under relative mild condition. PVA was employed in the
reaction as an emulsifier, and the PVA molecular could give SF
spheres independent space to assemble and simultaneously pre-
vent aggregation of spheres. The SF spheres were produced via self-
assembly of regenerated silk fibroin (RSF) under gentle condition.
When the RSF solution and polyvinyl alcohol (PVA) solution were
blended and subsequently cast into film under weight ratio of RSF
and PVA constant at 1/4, the blend solution was macroscopically
uniform. Due to the RSF and PVA being immiscible, the micro-

30 min
(290 kDa)

2se: Lpva

Ise:lpva

1se:2pva

1se:4pva

45 min
(190 kDa)

scopic phase separation between the RSF and the PVA occurred
spontaneously in the blend film and the phase separation was de-
pendent on the ratio between RSF and PVA [48,49]. The solution
of RSF and PVA was mixed to dry to prepare the blend film, and
subsequently the silk particles could be obtained by removing PVA
and water. Drying the blend solution into a film, the microspheres
and nanospheres were observed in the RSF/PVA blend film. Dry-
ing the blend solution into film was an essential step for formation
of stable water-insoluble RSF spheres, because [sheet structure
formed by the self-assembly of RSF could stabilize the structure of
SF spheres. The concentration and weight ratio of RSF and PVA
do affect the structure of silk-based particles. Therefore, system-
atic explorations were performed. RSF and PVA with two concen-
trations of 3% w/v and 1% w/v were blended at different weight
ratio of RSF to PVA (2/1, 1/1, 1/2 and 1/4), respectively, and then
cast into films. It was found that all the dried RSF/PVA films pre-
pared from 30 min (290 kDa), 45 min (190 kDa) and 60 min (120
kDa) displayed good solubility and finally could be constructed to
form silk particles, expect for the ones from 15 min (400 kDa) that
form many sheets in solution, because the large MW originating
from 15 min (400 kDa) sample could easily form S-sheet in the pro-
cess. Furthermore, it was proved that low concentration such as
1% wi/v led to a low yield of spheres for the RSF/PVA films pre-

60 min
(120 kDa)

Fig. 2. The SEM images of SF particles with size control by modulating weight ratio of RSF and PVA. The concentration of both RSF and
PVA was 3% w/v (A-C, D-E G-I, J-L). The morphologies of SF particles prepared from different MW by boiling time control at the
weight ratio of 2/1, 1/1, 1/2, and 1/4 between RSF to PVA, respectively. The inset of J, K and L showed a detailed surface structure of

individual SF particle (scale bar, 100 nm).
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pared from 30 min (290 kDa), 45 min (190 kDa) and 60 min (120
kDa) RSF solution at all weight ratio between RSF and PVA above.
Therefore, we selected and characterized the high yield samples
prepared from the concentration of 3% w/v for further applica-
tion in drug delivery.

SF particles of various weight ratio of RSF and PVA at 3% w/v
were characterized (Fig. 2). Silk particles could retain a spherical
shape and could be readily spun down and resuspended. PVA was
employed in the reaction as an emulsifier, and the PVA molecular
could give SF spheres independent space to assemble and simulta-
neously prevent aggregation of spheres. The SF spheres were pro-
duced via self-assembly of RSF under gentle condition. PVA had
significant influence on the formation of silk particles and surface
morphology. The SF particles prepared RSF/PVA blends films with
weight ratio of 2/1 were surrounded by membrane-like structure
(Fig. 2A-C); it might be that PVA content was too small to pro-
vide enough space for self-assembly of SE and resulting in a part
of the SF failing to form particles, which caused the SF particles to
aggregate and stick together. Compared with Fig. 2A and Fig. 2C,
the pellet-forming capacity of SF spheres prepared from higher
MW of RSF was higher than that of SF spheres prepared from
lower MW of RSE When RSF/PVA blend films with weight ratio
of 1/1, the formed SF particles were irregular spherical shape, with
an decrease in the MW of RSF; a circular disk SF particles was
observed (Fig. 2F), which might be due to the unstable structure
of SF spheres prepared with low MW and easy to deform under
external force. With the increase of PVA, for example, the RSF/
PVA blend films with weight ratio of 1/2 and 1/4, the blend films
could quickly dissolve in water to form a homogeneous suspen-
sion within 15 min. As can be seen in Fig. 2G-L, the SF particles
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contained micro- and nanoparticles with rough surfaces; these SF
particles presented a regular spherical shape, and all the particles
were washed twice after blend film dissolution, due to more com-
plete removal of the PVA. The formed SF particles had a narrower
size distribution (see Table 2) compared to the samples prepared
from the RSF/PVA blend films with weight ratio of 2/1 and 1/1
(Fig. 2A-F). The observed SF particle sizes were smaller than that
of DLS, which probably resulted from the dehydration during
preparation process of SEM samples and resulted in the shrinkage
of the SF particles. Especially, the SF spheres exhibited a wrinkled
surface (Fig. 2J, K, L inset), which was the feature of silk particles
as prepared.

To characterize the secondary structure of SF based spheres,
FTIR was performed on RSF solution and lyophilized SF spheres
(1sp/4pva) prepared from the directly dissolved RSF/PVA blend films.
The secondary structure of silk fibroin mainly included silk I (ran-
dom coils and/or orhelix) and silk 1T (Ssheet). In FTIR spectra,
the position of these absorption bands was attributed to the sec-
ondary conformation of silk fibroin; 1,653 cm™" (random coil) and
1,627 cm™' (Bsheet) for amide I, 1,545cm™" (random coil) and
1,520cm™" (Bsheet) for amide II, and 1,236 cm™" (random coil)
and 1,243 cm™" (Bsheet) for amide IIT [50,51]. In this case, FTIR
spectra of the RSF aqueous solution and the particles were tested
in Fig, 3(a) and 3(b). The peaks at 1,654, 1,550 and 1,247 cm™" repre-
sented the typical random coils/extended chains structure (Fig. 3(a)).
Four samples showed a similar FTIR spectrum indicating the sec-
ondary structure remained the same in RSF solution. In case of SF
particles, the 1,635 cm™ (60 min (120 kDa)), 1,623 cm™ (45 min (190
kDa)) and 1,622 cm™ (30 min (290 kDa)) for amide I were observed,
which represented fsheet secondary structure.
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Fig. 3. FTIR spectra of (a) RSF solution prepared from different MW according to different boiling time and (b) SF spheres prepared by
mixing with PVA solution with the concentration of 3% w/v and weight ratio 1g:/4py;,.

Table 1. Secondary conformation content in SF spheres prepared from RSF/PVA films

Sample [-Sheet Random coils a-Helices Turns
p content (%) content (%) content (%) content (%)
30 min (290 kDa) 48.0+4.1 21.0+2.7 16.1+2.8 14.3+2.4
45 min (190 kDa) 41.0+3.5 20.9+3.2 15.6+2.2 14.3+1.9
60 min (120 kDa) 35.5+3.1 29.9+2.2 10.0£1.7 15.0£1.2
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Table 2. Average diameter, polydispersity (PDI) and Zeta potential of SF spheres

RSF/PVA concentration (wt%) Average diameters PDI Zeta potential
RSF sample . .
and weight ratio (nm) (au) (mV)
30 min (290 kDa) 3%, 1:4 1,567+308 0.146 -6.24
45 min (190 kDa) 3%, 1:4 7611105 0.353 —-7.80
60 min (120 kDa) 3%,1:4 1,356+283 0.123 —6.84
(a) 30 (b) 354 (C)
%_ ; % 20 % 15
2 215 E
= 104 = =10
10
0 0+ . 04 .
400 RO 1200 1600 2000 2400 400 600 200 1000 1200 1400 1600 400 R0 1200 1600 2000 2400
Diameter (nm) Diameter (nm) Diameter (nm)

Fig. 4. The size distribution of SF spheres prepared form different MW of RSE (a) 30 min (290 kDa); (b) 45 min (190kDa); (c) 60 min

(120kDa).

The particles constructed by different MW SF presented slight
shifts of vibration band. The SF spheres prepared from 30 min (290
kDa) had less S-sheet content compared to the one from 45 min
(190 kDa) and 60 min (120 kDa) by the analysis of secondary struc-
ture (Table 1) [52]. The content of Fsheet of SF decreased with
the decrease of RSF MW, which led to the decrement of the over-
all crystallinity. Random coil occupied less in the secondary struc-
ture of SF mainly due to the length of molecular chain of silk de-
creasing and restricting the bending and folding of the molecular
chain and the formation of intramolecular hydrogen bond and
forming the intermolecular B-sheet.

3. Particle Size and Zeta Potential

Particle size and Zeta potential of carriers are the key factors to
affect the drug loading and releasing. The size of SF spheres pre-
pared from RSF/PVA blend films varied from several hundred
nanometers to a few micrometers due to the difference of MW of
RSF (Table 2). For instance, as shown in Fig. 4, the average size of
prepared spheres was 1,567 nm for 30 min (290 kDa), 761 nm for
45 min (190kDa) and 1,356 nm for 60 min (120 kDa). The MW
of RSF decreased with boiling time, and the length of the chain de-
creased with decrease of MW. At the same concentration of RSF
solution, the viscosity of solution of RSF also decreased with the
decrease of MW, and the mobility of lower MW of RSF faster than
that of higher MW of RSE According to the microscopic images
in the literature [3], the RSF solution, which formed the droplets
in the blend solution, dispersed in the surrounding PVA solution,
which was analogous to W/O emulsion. In addition, we found that
the RSF/PVA blend solution from 60 min (120 kDa) (lower MW
of RSF) took longer to dry the blend solution into a film than that
of RSF/PVA blend solution from 30 min (290kDa) and 45 min
(190 kDa) (higher MW of RSF) at the same concentration and other
experiment conditions, the RSF/PVA blend solution from 60 min
(120 kDa) was less stable than RSF/PVA blend solution from 30

min (290 kDa) and 45 min (190 kDa). These RSF droplets in RSF
(60 min)/PVA blend solution might incorporate into bigger drop-
lets due to lower viscosity and greater mobility of RSF (60 min),
resulting in an increase in the size of SF spheres.

The zeta potential of SF spheres is in the range of —6 to —8 mV/
(Table 2), which was negative charge on the surface of spheres.
The lower zeta potential might lead to agglomeration and poor
dispersion of drug-loaded SF particles. The stability of SF spheres
suspension was good after being stored for a few days, as observed
during sample storage at 4°C. Precipitation was observed after
being stored for over a week; they could be readily resuspended
through shaking or sonicating for a few seconds.

For the zeta potential values, it was found that the zeta poten-
tial of SF spheres was related to its concentration; it might due to
the mechanism of electrophoretic light scattering used in measur-
ing zeta potential of colloidal solution, because particles with a
high concentration could reduce the scattered light and the laser
beam become attenuated [53]. For the measured zeta potential in
Table 2, the concentration of SF spheres was 10 pg/mL. The zeta
potential could be decreased by —27 mV by increasing the con-
centration to 100 ug/mL. When the concentration was further in-
creased to 300 pug/mlL, the zeta potential instead increased to around
—8mV. Self-assembly of different chains length and conformation
of different MW of RSF were different, which might be similar to
the effect of pH on secondary structures and zeta potentials of SF
particles [37].

4. Drug Loading and Release

Drug loading and encapsulation efficiency are supposed to be
closely related to the molecular weight of carriers, the conforma-
tion of the biopolymer and polymer-drug interactions [54]. To test
the drug loading and release in SF spheres composed of RSF with
different MW, three molecules as the models were used to be
encapsulated in SF spheres, FITC-BSA (negative charge, 66 kDa),
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FITC-dextran (neutral, 10 kDa) and RhB (positive charge, 479 Da).
The three molecules displayed difterent hydrophobicity, (RhB (log P:
1.95)>FITC-BSA (log P: 0.1-05 [55,56])>FITC-Dex (log P: —7.2)).
The different drug loading and release efficiency in SF spheres
were determined for these three drug model molecules. Gener-
ally, SF spheres prefer to encapsulate the positive charge molecule
with low MW, such as RhB, the encapsulation efficiency of which
was determined to be about 44% for 30 min (290 kDa), 74% for
45 min (190 kDa) and 68% for 60 min (120 kDa) sample. The SF
spheres presented the lowest encapsulation efficiency for Dex, only
3%-4% obtained, and for BSA 35%- 25% obtained in different SF
spheres with different MW. Both FITC-BSA and silk were pro-
teins and have a similar structure, including hydrophobic and
hydrophilic parts; the FITC-BSA interacted with silk due to the
hydrophobic interactions and electrostatic binding; interactions of
higher MW of silk with FITC-BSA were stronger than other lower
MW samples during silk sphere preparation, which decreased the
encapsulation efficiency dramatically. Because, the FITC-Dex was
neutral and hydrophilic, and encapsulation efficiency went up with
increased boiling time, behaving contrarily to FITC-BSA. But tiny
amount of FITC-Dextran was loaded in the silk spheres in all
samples, probably because its hydrophilic property, electrical neu-
tral and diverse structure, although its molecular weight was out-
standingly lower than that of FITC-BSA. In the slow-release system
of silk fibroin materials, drug molecules could be distributed in the
amorphous area and might also exist in between the Solded lamel-
lae of the crystalline region; however, the content of drug molecules
in the crystal region was relatively small, because the crystalline
region was a stable f-sheet structure and the arrangement was rel-
atively tight. In addition, due to the swelling of amorphous struc-
ture being easy to occur in aqueous solution [57], when water
molecules penetrated into the matrix and loosened the skeleton,
the drug molecules in the non-crystalline region were easy to dis-
solve and release. Based on the result of Table 1, with the decrease
of MW of SF the Ssheets content of SF spheres prepared from
three MW decreased, and the content of amorphous structure in-
creased. The repetitive part (pI=3.8) of heavy chain consists of long
hydrophobic domains with short intervening hydrophilic spacers
with negative charges [37]. The stability of high content of £
sheets was not conducive to the drug load. In contrast, high con-

30 min (290 kDa) 45 min (190 kDa)

60 min (120 kDa) |

FITC-BSA

FITC-Dex

RhB

Fig. 5. Drug loading and distribution in SF spheres. Confocal images
of the SF spheres prepared from different MW, loading FITC-
BSA (A-C), FITC-Dex (D-F), and RhB (G-I), respectively.
Scale bar, 4 um.

tent of amorphous structure and lower [-sheets content have a
greater degree of swelling in water, while the MW of RhB was lower,
which was much easier to diffuse out of the silk particles. There-
fore, the SF spheres prepared from 45 min (190 kDa) had the rela-
tive highest loading efficiency.

Confocal images of the drug loaded SF spheres are shown in
Fig. 5, and the drug loading and distribution in SF spheres can be
observed. Silk spheres displaying distinct encapsulation efficiencies
of drug molecules were mainly due to the different interactions
between the drug molecules and carriers. For instance, RhB as a
hydrophobic molecule with positive charge and low MW can eas-
ily diffuse in the SF spheres, and the electrostatic interactions between
the molecule and SF could stabilize the RhB in the carrier with the
enhanced encapsulation efficiency.

In case of SF spheres with different MW, the SF spheres pre-

Table 3. Drug loading efficiency of SF spheres prepared from different MW of RSF

Prover Sample Initial loading Loading Actual loading
perty P (ng/mg silk) efficiency (%) (ng/mg SF spheres)
Hydrophobic Negative charge 30 min (290 kDa) 35.56 2517
FITC-BSA Log P: 0.1-0.5 45 min (190 kDa) 5 28.65 1.555
66 kDa 60 min (120 kDa) 25.87 1.399
Hydrophilic Neutral 30 min (290 kDa) 2.38 0.167
FITC-Dex Log P: 7.2 45 min (190 kDa) 5 3.78 0.197
10kDa 60 min (120 kDa) 4.48 0.240
Hydrophobic Positive charge 30 min (290 kDa) 44.39 3.508
RhB Log P: 1.95 45 min (190 kDa) 5 74.58 4315
479 Da 60 min (120 kDa) 68.88 3915

Note: Log P: lower value indicates hydrophilic, while a higher value indicates hydrophobic.
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pared from high MW of RSF could load more macromolecular
drug with negative charge compared to middle and low MW RSE
However, the SF spheres prepared from low MW of RSF could
present a high encapsulation efficiency for the positive charge and
low MW drug. Furthermore, it was straightforward to observe the
distribution of drug molecule by confocal scanning microscopy.
FITC-BSA loaded SF spheres showed green fluorescence, indicat-
ing the distribution of molecule in SF spheres and displayed differ-
ent intensity of fluorescence according to the amount of molecule
in the spheres. For the FITC-Dex, the green florescence was very
weak, indicating few Dex were encapsulated in the silk spheres,
which was consistent with the data in Table 3. RhB loaded SF spheres
emitted strong red fluorescence with a molecule distribution on
the periphery of the spheres rather than the center.

Afterwards, the drug release profiles were explored (Fig. 6). In
the first 8 h, a burst release was presented in every drug-loaded SF
sphere, probably due to the drug release from the amorphous region
or near the surface of SF spheres which was easy to swell in PBS
buffer solution with a short diffusion distance. In the case of FITC-
BSA, the amount of cumulative release is basically opposite to the
amount of loading, and less than 23% of total encapsulation was
released within ten days from the low MW SF spheres (Fig. 6(a)),

only about 6% of drug was released from high MW SF spheres.
FITC-Dex released much faster with more than 97% of total load-
ing drug released within 48 h (Fig. 6(b)). Because, the loading effi-
ciency is low and molecule could not be stabilized in the SF spheres.
As a low molecular weight, positive charge and hydrophobic model,
RhB was released from SF based carrier with a slow-release rate,
the rule of which is similar to the case of BSA, but the release effi-
ciency is better than BSA. Under the same initial amount, SF based
carrier from 45 min (190 kDa) sample showed a high loading and
relative slow-release rate, which might be ascribed to the adapt-
ability of the drug molecule and carrier including molecule prop-
erty, structure of SF spheres, such as fsheet content of SE the size
of carrier and the drug-loading capacity of carrier (Fig. 6(c)).

To explore the release mechanisms in-depth, the release kinet-
ics was examined by evaluating the different kinetics models for
the drug-loaded SF spheres. Table 4 displays the simulated in vitro
release parameters applying different kinetics models as zero-order,
first-order and Korsmeyer-Peppas [58]. According to the coeffi-
cient of determination, all data fitted well with Korsmeyer-Peppas
model compared to others (Table 4). The release exponents of all
the cases in this work were calculated to be less than 0.43 (Table 4),
which implied that the release kinetics of drug loaded SF spheres

(a) (b) (c)
100- Release ol FITC-BSA  PBS, pH=7.4, 37°C 100 Release of FITG-Dexian - PBS, pH=7.4, 37°C 100, Release of RhB PBS, pH=7.4, 37°C
3 9 3
3 | 3 90 = 1 —=30min(290kDa)
E;’ 5 —=— 30 min (290 kDa) = 4 = 35 4 —a— 45 min (190 kDa)
§ L I‘;ﬂﬂ:{:ﬁgg l\kﬂgi % ) é 304 = 60min (120 kDa)
ERER . 25
2 2 o0 220
= 104 = - —=—30 min (290 kDa) = 151
2 2 g —e— 45 min (190 kDa) 2 10
3 1 & 404 e 60 min {120 kDa) D 54
0 T T - v 30 T . r . 0 ———————T——
14 8 24 48 96 144 196 240 1 4 8 12 24 48 14 8 24 48 9 14 19 240
Time (h) Time (h) Time (h)

Fig. 6. Cumulative drug release from drug-loaded SF spheres. (a) FITC-BSA release, (b) FITC-Dextran release, (c) RhB release from SF
spheres prepared by different MW. The black, red and blue curves represent the drug release of SF spheres prepared from three MW
of RSE, respectively. To determine drug release, the SF spheres were spun down at certain time points and drug concentrations in the
supernatants were measured. The vertical coordinate was percentage of cumulative drug release amount to actual loading amount at

the corresponding time points.

Table 4. Release Kinetics of FITC-BSA, FITC-Dextran and RhB loaded SF spheres fitting with different models

Drug release kinetics (R)

Release exponent (n) in

Sample
Zero-order First-order Korsmeyer-Peppas Korsmeyer-Peppas
30 min (290 kDa) 0.8803 0.8866 0.9929 0.322
FITC-BSA 45 min (190 kDa) 0.9406 0.9504 0.9926 0.383
60 min (120 kDa) 0.9485 0.9598 0.9905 0.406
30 min (290 kDa) 0.8048 0.8843 0.9221 0.273
FITC-Dex 45 min (190 kDa) 0.6477 0.8993 0.9207 0.221
60 min (120 kDa) 0.8035 0.8611 0.9712 0.288
30 min (290 kDa) 0.8902 0.9220 0.9807 0.319
RhB 45 min (190 kDa) 0.8774 0.8964 0.9884 0.344
60 min (120 kDa) 0.8834 0.9109 0.9727 0317
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Table 5. STM loading efficiency of SF spheres prepared from different MW of RSF

Proper Sample Initial loading Loading Actual loading
perty p (ng/mg silk) efficiency (%) (ng/mg SF spheres)
Hydrophilic Positive charge 30 min (290 kDa) 60.5 3.63
STM Log P: —-6.4 45 min (190 kDa) 5 73.3 4.54
581 Da 60 min (120 kDa) 64.7 4.02

conform to Fickian diftusion [46,59], especially for the case of RhB-
loaded SF spheres.
5. Antibacterial Activity Test with Controlled Release

We systematically investigated the effect of molecular weight on
SF spheres for drug delivery, and the specificity of drug carrier
according to the different drug molecule was examined, which
could be applied in the killing bacteria with controlled release that
is a useful way and also comparable to other antimicrobial strate-
gies [60-63]. Streptomycin is an aminoglycoside antibiotic that has
been widely used in human disease therapy, for instance, as a vet-
erinary medicine to against bacterial infections, such as Mycobac-
terium tuberculosis [64]. However, it has a narrow therapeutic range
and too much dosage could lead to serious side effects such as
nephro and ototoxicity [65,66]. Therefore, the dosage control and
efficient drug delivery system are required for STM utilization. We
proposed a strategy based drug-loading SF spheres to monitor and
assess the control release of STM against the E. coli as the model

(a)

bacteria. STM is a low MW molecule with positive charge, and the
feature is similar to RhB. Therefore, SF spheres loaded and released
RhB could be applied in this case.

Initially, as shown in Table 5, encapsulation efficiency of STM-
loaded SF spheres prepared from different MW of SF (following
the above procedure) were calculated to be 60.5% for 30 min (290
kDa) sample, 73.3% for 45 min (190 kDa) sample and 64.7% for
60 min (120 kDa) sample. Thus, the SF spheres prepared from
45 min (190kDa) with relatively highest loading efficiency were
used in sustained release antibacterial experiment, and the actual
loading amount of STM was 110 g for SF spheres prepared from
45min (190kDa) in this case. The bacteria E. coli (10 uL, 2x10
cfu/mL) could not be inhibited and killed without any treatment
(Fig. 7(a)) or just treated by SF spheres without STM drug. Low
dosage of STM (10 pg/mL, more than MBC of STM) could kill the
bacteria in the first 12 hours, but failed to disinfect it in 24 hours,
which could be due to excessive consumption of STM besides the

Control

STM-loaded 8
SF spheres

110 pg/ml
STM |8

10 pg/ml
STM

SF spheres
without STM}

) 20 60
a STMJdeCd SF spheres -
E in PBS, pH=74, 37 °C ls0g
BIS. B
5 L 40 &
£10 >
5 308
S 5. z
2 -ZOQ
in £
0 10

20 30 40 S0 6
Time (h)

10

Fig. 7. Antimicrobial activity of STM and STM loaded SF spheres. (a) Images of bacterial colonies of E. coli treated by STM (110 pig/mL,
10 pg/mL), STM loaded SF spheres, SF spheres and PBS. (b) The cumulative release of STM from SF spheres, the release medium and
conditions of STM loaded SF spheres were PBS, pH=7.4 and 37 °C, respectively.
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Table 6. Release Kinetics of STM loaded SF spheres fitting with different models

Drug release kinetics (R?)

Release exponent (n) in

Sample
Zero-order First-order Korsmeyer-Peppas Korsmeyer-Peppas
STM 45 min (190 kDa) 0.9895 0.9985 0.9853 0.76
MBC. Although we increased the dosage of STM to 110 pg/mL, it drug delivery systems.
could maintain the antimicrobial activity for 36 hours. However,
the disadvantage of the high dosage of antibiotic used could induce ACKNOWLEDGEMENT

the drug-resistance of bacteria and the other side effect. The STM-
loading SF spheres presented the slow-release and 48 hours long-
term sterilization, which exhibits an advantage compared to the
bared streptomycin. The dosage of STM via the control release was
explored based on the SF carrier (Fig. 7(b)). The concentration of
STM released from the carrier and the accumulative amount vs.
time was examined and more than 10 pg/mL STM could be de-
tected from carrier, and the accumulative amount increased up to
55% of loading drug after 60 hours. The SF based sphere proved
to be a good drug carrier for the loading and release of STM, con-
sidering the adaptability between the drug and the drug carrier.
The control release of STM in the SF based carrier maintains the
bioactivity and stability of the drug molecule, and also prolongs
the time of sterilization and avoids the excessive consumption of
streptomycin.

Table 6 displays the simulated in vitro release parameters apply-
ing different kinetics models as zero-order, first-order and Kors-
meyer-Peppas. It was found that the release kinetic fitted well with
first-order model compared to others. The release kinetics of STM
was different from that of rhodamine, possibly because the log P
of STM is much lower than that of RhB, which might lead to the
fact that the hydrophobicity of STM was lower than RhB. For the
Korsmeyer-Peppas model, the value of n was 0.76; it could be sug-
gested that the mechanism that led to the release of STM was an
anomalous non-Fickian diffusion transport, which indicated that
the drug release occurred through diffusion in the SF spheres matrix
and polymer relaxation [67].

CONCLUSIONS

We constructed different SF carriers by regulating the MW dis-
tribution and examined the loading and release of drugs with dis-
tinct properties, (e.g, MW and charge) considering the adaptability
between the drug and drug spheres. The SF based spheres pre-
pared from high MW of RSF could load more macromolecular
drug with negative charge but normal releasing compared to mid-
dle and low MW RSE While, the drug carrier prepared from low
MW of RSF could present a high encapsulation efficiency and
rational releasing for the positive charge and low MW drug, com-
pared to other spheres. Finally, the SF based drug spheres were
used to encapsulate antibiotic streptomycin for sterilization with
long-term and controlled-release, and it presented a good advan-
tage compared to bared streptomycin in solution. This work pro-
vides a guideline for the choice of transport vehicle for more eftective
drug delivery and a utilization through a simple, rapid, applicable
and low-cost method, and it might also be useful for SF based

The authors gratefully acknowledge the financial support from
National Natural Science Foundation (21573097, 51503087).
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NOMENCLATURE
Symbols
C : concentration
°C : degree centigrade
h :hour
mg  :milligram
ug : microgramme
mL : milliliter
mmoL :millimole
moL  :moore
Abbreviations
FITC-BSA : fluorescein isothiocyanate conjugated bovine serum
albumin

FITC-Dextran : fluorescein isothiocyanate conjugated dextran
MW :molecular weight

PVA  :polyvinyl alcohol

RSF  :regenerated silk fibroin

SEM  :scanning electron microscopy

SF :silk fibroin

STM  :streptomycin
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