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ABSTRACT: The influence of silk fibroin (SF) on calcium carbonate Sllk Flbroin Ca?*+SF  700rpm / HCO,
(CaCO,;) biomineralization has been investigated; however, the J— /
formation of small, uniform SF-regulated vaterite microspheres has
not been reported. In this work, spherical CaCO; was synthesized via ._b_,

coprecipitation in the presence of SF. SF nanostructures were first

tuned by self-assembly at 60 °C to provide better control of the Mmerallzatlon r—
nucleation of CaCOj. Subsequently, monodlspgrse vaterite micro- DTHE release Dru&loadlné‘ MR lsbers
spheres about 1.1 pm were generated by controlling aggregation and

growth of CaCOj; under appropriate concentrations of SF and Ca ions.

In contrast to unstable vaterite, the microspheres generated in the ) e
present study have sufficient stability in aqueous solution for at least 8 SR DOX ~ ™ Incubation for 8 days
days without transformation into calcite, due to the electrostatic

interactions between the Ca ions and the preassembled SF nanostructures. The microspheres as drug carriers of doxorubicin
(DOX) were assessed and found to have good encapsulation efficiency, sustained drug release without burst release, and pH
sensitivity. These new SF/CaCOj; hybrids may provide new options for various biomedical applications.
KEYWORDS: silk, vaterite, biomaterials, pH sensitivity, drug release

1. INTRODUCTION biominerals, including the relationship between the functional
properties, orgamc inorganic interfaces, and the hierarchical
architectures.” ' These insights have resulted in approaches
to artificially synthesize calcium carbonate with specific
superstructures to achieve superior properties when compared
to traditional engineered calcium carbonate formed at high
temperatures and pressures.zz_24

Although calcium carbonate materials with various morphol-
ogies have been biomimetically synthesized using polysacchar-
ides, proteins, polyelectrolytes, and synthetic polymers as
crystal growth modifiers,” >® few of these have a regular
structure or match the mechanical properties of the native
analogue. Recently, due to the similarity in amino acid
composition between SF and silk-like proteins in the nacreous
shell layer of mollusks and its better biocompatibility, SF has
been used to synthesize calcium carbonate crystals.”® ¢ These

Biominerals, such as oyster shells, corals, ivory, bone, and
enamel, originate from complex hierarchical structures with
combinations of organic and inorganic components to achieve
extraordinary optlcal and mechanical properties for different
biological functions.' ® Inspired by these extraordinary proper-
ties, biomimetic synthesis of organic—inorganic hybrid
materials has been of ongoing interest due to the need for
low-cost and environmentally friendly approaches to process
advanced functional materials.”~"' Remarkably, these mineral
phases are generated at ambient environmental conditions of
temperature, pressure, and water, without the need for high
cost and intensive processing methods.

Calcium carbonate is a scientifically and industrially
important mineral since it is present in different living
organisms for protection or structural support'>~"> and also
has been widely used in many industries for papermaking,

plastics, paints, cosmetics, and recently pharmaceutical Received: October 22, 2014
applications."®™'® Previous studies have confirmed the Accepted: January 12, 2015
important role of macromolecules in the fabrication of Published: January 12, 2015
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Figure 1. Morphologies of SF templates and SF-regulated CaCOj microspheres: (a) AFM image of SF in fresh solution, (b) AFM image of SF after
treatment for 24 h at 60 °C, (c) SEM image of CaCOj with fresh SF (a) as template, and (d) SEM image of CaCO; with treated SF (b) as template.
(Insets in a and b) Size distribution of the different SF nanoparticles. (Insets in ¢ and d) Magnified image of the different CaCO; microspheres.

studies are attracting great interest due to the possibility of the
SF—CaCOj; system as a model in biomineralization and the
promising application future of SF-regulated CaCOj particles in
biomedical field. They indicated that SF effectively controlled
the morphology, orientation, and crystal polymorph of
CaCO3;***® however, challenges remain in the preparation of
CaCO; particles with homogeneous structures and with pure
polymorph. Recently, monodisperse vaterite particles with an
ordered nanostructure was successfully fabricated with SF via
the use of compressed CO,, implying the possibility to control
the morphology and polymorph of SF-regulated CaCO;.>%*
Unfortunately, the size of the vaterite particles in this process
was above 10 pm, unsuitable for many industrial applications
such as for drug carriers and tissue regeneration.’*” Although
the critical function of SF in re§ulating CaCO; morphology and
polymorph was confirmed,>**” there are no reports on further
improvements of polymorphic control of CaCOj; by fabricating
nanostructures of the SF modifier. Therefore, a facile method
to achieve such polymorph control of uniform CaCO; particles
through the structure of SF was the goal in the present study.

Unlike previous studies, the nanostructures of SF were first
regulated in our strategy to provide better template and
modifier for the following biomineralization. SF with control-
lable nanostructures and secondary conformations have been
generated via regulating the self-assembly process.*’ Herein, we
report a simple, rapid approach for the synthesis of near
monodisperse vaterite particles using homogeneous SF nano-

1736

particles as modifiers. Compared with previous approaches to
regulate the formation of CaCOj; particles by different
polymers,*'~* the size of the particles in the present study
was reduced to about 1 um, which is more suitable for many
applications. Further, unlike previous metastable analogues, the
vaterite polymorph was stabilized in air and water environments
due to the stabilizing function of the SF. Therefore, the present
study provides an effective way to prepare CaCOj particles with
control and also offers new insights into the functions of SF in
biomimetic mineralization processes.

2. EXPERIMENTAL SECTION

2.1. Materials. Calcium chloride (CaCl,) and ammonium
bicarbonate (NH,HCO;) (Sinopharm Chemical Reagent Co. Ltd,
Beijing, People’s Republic of China) were of analytical grade and used
without further purification. Deionized water used in all experiments
was obtained from a Milli-Q_system with resistivity greater than 18.2
MQ cm. Doxorubicin hydrochloride (DOX) was purchased from
Beijing HuaFeng United Technology Co., Ltd.,, China. All glass was
cleaned and sonicated in ethanol for 10 min, further soaked with a
H,0—-HNO,;(65%)—H,0,(1:1:1 by volume) solution, rinsed with
deionized water and acetone, and then dried in air.

2.2. Preparation of SF Nanoparticles. SF solutions were
prepared according to our previously established procedures.**
Bombyx mori silk fibers were boiled for 20 min in an aqueous solution
of 0.02 M Na,COj; and then rinsed thoroughly with distilled water to
extract the sericin proteins. Then the extracted SF was dissolved in 9.3
M LiBr solution at 60 °C for 4 h, yielding a 20 w/v% solution. The
solution was dialyzed against distilled water using a dialysis tube
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Figure 2. SEM images (A) and XRD patterns (B) of CaCO, particles obtained under constant SF concentration (4 wt %) and various Ca ion
concentrations. Ca ion concentrations were as follows: (Al, B1) 0.27, (A2, B2) 0.36, (A3, B3) 0.54, and (A4, B4) 1.08 mol/L. (Insets in A) Size

distribution of the CaCOj particles.

(Pierce, molecular weight cutoff 3500) for 3 days to remove the salt.
The dialyzed solution was centrifuged at 9000 rpm for 20 min to
remove silk aggregates formed during the process. The final
concentration of aqueous SF solution was about 7 wt %, determined
by weighing the remaining solid after drying. The fresh solution was
sealed at 60 °C for 24 h to induce nanoparticle formation (Figure 1b)
based on our recent study.*

2.3. Preparation of SF-Regulated Vaterite Microspheres. SF-
regulated vaterite microspheres were prepared by direct mixing of
NH,HCO; solution with the solution containing CaCl, and SF
nanoparticles. In a typical synthesis, CaCl, solution (0.27 mol/L, S
mL) was added into aqueous SF (4 wt %, 15 mL) and kept quiescent
for 30 min. Then an aqueous solution of NH,HCO, (0.54 mol/L, §
mL) was injected into the blend solution under vigorous stirring at 700
rpm based on our preliminary study. After stirring for about 10 min,
the solution was allowed to stand for 1 h at room temperature. SF-
regulated vaterite microspheres were obtained by centrifuging the
experiential suspension and washing three times with deionized water.
Samples were dried at room temperature for further characterization.
SF and CaCl, solutions with different concentrations were also used to
prepare CaCOj particles with various morphologies through the same
process. The structure changes of the CaCOj following the increase of
reaction time was investigated by controlling the different reaction
time after the injection of the NH,HCO; solution and then
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centrifuging the experiential suspension and washing three times
with deionized water.

2.4. Loading and Release of DOX in the CaCO; Micro-
spheres. Twenty milligrams of the CaCO; microspheres was added
into 2 mL of DOX aqueous solution (0.5 mg/mL). The mixture was
shaken in the thermostatic shaker for 24 h at 25 °C. Then the products
were collected by centrifugation at 6000 rpm for 10 min, washed twice
with 1 mL of deionized water, and dried at room temperature for
future use. The DOX content of the supernatant was determined by
measuring the absorbance at 486 nm with a microplate reader
(Synergy H1, BioTek, VT, USA) based a calibration curve. The
loading content and entrapment efficiency of DOX was calculated as
follows

Drug loading content = (W — Wg)/ Wy X 100%

Entrapment efficiency = (W, — W)/ Wy X 100%

where Wr is the total weight of DOX in the reaction, W is the total
weight of free DOX remaining in the supernatant, and Wy is the total
weight of the CaCO; microspheres loaded with DOX. The data are
presented as mean + standard deviation (SD) based on the triplicate
measurements of the different samples.

For drug release studies, 20 mg of the dried DOX-loaded CaCO,
microspheres after washing treatment was added into 2 mL of PBS
solution at different pH values (4 and 7.4) and placed in a thermostatic
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Figure 3. SEM images (A) and XRD patterns (B) of CaCOj, particles obtained under constant Ca ion concentration (0.27 mol/L) and various SF
concentrations. SF concentrations were as follows: (Al, B1) 0, (A2, B2) 0.1, (A3, B3) 1, and (A4, B4) 6 wt %. (Insets in A) Size distribution of the

relative CaCOj particles.

shaker at 37 °C. At predetermined intervals, 1 mL of the supernatant
was taken and analyzed by measuring the absorbance at 486 nm. The
same volume (1 mL) of fresh PBS buffer at different pH values was
added into the release medium. The release behaviors following the
time were done based on one sample and repeated the release
measurement in triplicate from different samples.

2.5. Characterization. The morphologies of CaCO; samples were
characterized with scanning electron microscopy (SEM, S-4800,
Hitachi, Tokyo, Japan). Energy-dispersive X-ray spectroscopy
(EDAX, S-4800, Hitachi, Tokyo, Japan) was employed to determine
elemental composition of the CaCO; microspheres. The samples were
sputter coated with platinum and then measured with SEM at 5 kV.
The nanostructure of SF template was studied with atomic force
microscopy (AFM, Nanoscope V, Veeco, NY, USA). A 2 uL amount
of the samples was dropped onto freshly cleaved 4 X 4 mm?® mica
surfaces and spin coated using a spin processor (WS-400, Laurell
Technologies, PA, USA). A 225 um long silicon cantilever with a
spring constant of 3 N m™" was used in tapping mode at 0.5 Hz scan
rate. The images, element mapping, and selective area electron
diffraction (SAED) patterns of the samples were further characterized
with transmission electron microscopy (TEM, Tecani G2 F20 STwin,
FEJ, OR, USA) at 200 kV. The samples were embedded in epoxy resin
(Fluka epoxy embedding kit, Sigma-Aldrich, St. Louis, MO, USA)
according to standard procedures and sectioned into 300 nm slices
with an Ultramicrotome (UC7-FC7, Leica, Solms, Germany). The
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sections were loaded on carbon-coated 300 mesh copper grids for
measurement.

Fourier transform infrared spectroscopy (FTIR) was carried out
with a Nicolet FTIR 5700 spectrometer (Thermo Scientific, FL, USA)
in the range 4000—400 cm ™' to determine the presence of SF in the
CaCO;. The content of SF in the vaterite microspheres was measured
through thermogravimetric analysis (TGA) (Diamond TG/DTA,
PerkinElmer, MA, USA) at 10 °C min~! in nitrogen gas with a flow
rate of 40 cm® min~".

The polymorph of the CaCO; samples was assessed with X-ray
diffraction (XRD). The XRD experiments were conducted with an X-
ray diffractometer (X’Pert-Pro MPD, PANalytical, Almelo, Holland)
with Cu Ka radiation at 40 kV and 30 mA and a scanning rate of 0.6°/
min.

Fluorescence images of the DOX-loaded CaCOj; microspheres were
captured by a fluorescence inverted microscope (Axio Vert Al, ZEISS,
Oberkochen, Germany).

3. RESULTS AND DISCUSSION

3.1. Effect of SF Microstructure on the Morphology of
CaCO; Particles. SF nanospheres have been assembled under
an electric field and then used to control spherical CaCO;
particle growth.”® Although only polydisperse CaCO; particles
formed due to the dispersion of the SF nanospheres (100—500

DOI: 10.1021/am507309t
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Figure 4. SEM images (A) and XRD patterns (B) of CaCOj particles at different reaction time points when the SF concentration and Ca ion
concentration were 4 wt % and 0.27 mol/L, respectively: (Al, B1) 10 min, (A2, B2) 4 h, and (A3, B3) 8 h.

nm), the study implied the possibility of fabricating
monodisperse spherical CaCOj; particles if further control of
the microstructure of the SF is achieved. Interestingly, SF
nanospheres with improved homogeneous size could be self-
assembled by culturing fresh SF for 24 h at 60 °C.** The
nanospheres can be dispersed in aqueous solution for above 2
weeks without further aggregation. Compared to fresh solution
(Figure 1a), the average size of the treated SF nanospheres was
about 30 nm with a narrower size distribution (Figure 1b). The
zeta potential of the nanospheres was —21.2 mV, which could
provide sufficient charge interaction for the mineralization.
Therefore, the CaCOj; particles were prepared via a solution
reaction process with the SF nanospheres as modifiers,
achieving a more homogeneous morphology of CaCOj,
particles (Figure 1 d) with negative charge (zeta potential
—7.6 mV).

Considering the influence of the component concentrations
(SF and calcium) on the morphology of the CaCOj; particles
formed, the morphology of the CaCOj; microspheres was
further controlled by changing the Ca** and SF concentrations
with the treated SF nanospheres as modifier. A direct
dependence of crystal size and morphology on the concen-
tration of Ca®" at a constant initial SF concentration of 4 wt %
was observed in representative images of CaCO;/SF hybrids
(Figure 2A). An increase of Ca** concentration in the range of
0.27—1.08 mol/L resulted in spherical CaCO; particles with
increased diameters from 1 to 7 um. Near monodisperse
spherical particles were achieved with a Ca** concentration of
0.27 mol/L, while polydisperse particles were formed under the
other reaction conditions. XRD patterns (Figure 2B) showed
that the monodisperse spherical particles were vaterite, while
the larger particles formed with higher Ca®* concentrations
were composed of vaterite and calcite.
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Changing SF concentration at constant Ca** content (0.27
mol/L) also yielded different morphology changes. Typical
rhombohedral calcite formed without SF as modifier, and then
a mixture of rhombohedral calcite (Figure 3A1 and 3B1) and
spherical and discal calcite/vaterite hybrids appeared with SF
concentrations of 0.1 wt % (Figure 3A2 and 3B2). Following
further increases of SF content (>1 wt %), all CaCO, particles
transformed into spherical structures. Vaterite crystals also
increased and became the only structure in the CaCOj;
spherical particles, accompanied by the increase of SF
concentration from 1 to 6 wt %. Although vaterite was also
the main crystal phase when SF concentration was 6 wt %
(Figure 3A4 and 3B4), spherical vaterite particles with the
lowest dispersion were achieved when the SF concentration
was 4 wt % (Figure 2A1 and 2B1). Regulating the ratio of Ca**
and SF as well as their concentrations was used to control the
morphology and polymorph of CaCO;**** In the present
study, improved low dispersion of the CaCOj particles was also
achieved via control of the two components to achieve almost
pure vaterite microspheres with more homogeneous and
smaller sizes than previously reported silk-regulated CaCOj;
particles.>**®

Time-resolved experiments were once performed under
different CO, vapor diffusion methods to clarify the growth and
crystallization process of CaCOj. It was found that the reaction
time was usually above 1 h for stable vaterite or aragonite
formation in these processes.***>*” In our study, the spherical
vaterite particles formed within 10 min, significantly quicker
than previously reported vapor diffusion methods.>* The
morphology and size of the spherical vaterite remained
unchanged after 10 min (Figure 4A and 4B), indicating
termination of the reaction. Therefore, through optimizing the
nanostructure of the SF modifier and then tuning the
concentrations of Ca®* and SF, vaterite particles with improved
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Figure S. Microsphere nanocomposite structure and the SF distribution in the microspheres obtained in the presence of suitable SF and Ca ions (SF
4 wt %, Ca ion 0.27 mol/L): (a) SEM image of the sliced CaCO; at high magnification, (b) TEM image and SAED pattern of the CaCO; ultrathin
section, (c) STEM and element mapping of the ultrathin section, and (d) TGA curve.

morphology and size were produced. The process also
significantly reduce fabrication time compared with previously
reported methods,® offering an effective approach to prepare
significant quantities of specialized CaCOj particles.

3.2. Spherical Vaterite Formation Process. The CaCO,
crystallization process in the presence of SF has been
investigated in different studies.”””>” Mechanistically, SF
regulates amorphous CaCOj particle formation as a heteroge-
neous nucleator, followed by growth and aggregation of the
crystal due to the strong interactions between Ca®* and the
charged amino acid residues in the SF chains.>>*® The
transformation of SF from random coil to -sheet is considered
a critical factor in the selection of CaCOj; polymorph and
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ultimate morphology.34’36 Recently, Xu prepared spherical

vaterite particles via compressed CO, and proposed a possible
mechanism.>® They suggested that amorphous calcium
carbonate aggregated and crystallized simultaneously with the
assembly of parts of the SF chains to form disc-like particles
and then grew into spherical vaterite, regulated by the
remaining SF chains in solution. SF spontaneously transformed
from random coil to beta-sheet without effective control in
these processes, making it difficult to fabricate stable CaCO;
particles with a specific morphology and polymorph.

Related to the present work, the nanostructure of SF in
solution was regulated to form homogeneous nanoparticles,*#**
providing more homogeneous template and then better control

DOI: 10.1021/am507309t
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Scheme 1. Proposed Formation Process of the Vaterite Microspheres
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of the nucleator/modifier for CaCO; biomineralization. Similar
to what happened in previous CaCOj crystallization processes
in the presence of SF,”* vaterite nanoparticles formed first with
SF as the nucleator and then quickly aggregated to form larger
particles to generate lower surface energy in a nonclassical
passway.***” Figure Sa shows that the CaCOj; microspheres
formed by the aggregation of many nanoparticles with 30—50
nm diameters. TEM images and SAED patterns further
confirmed the existence of the nanoparticles as well as vaterite
formation (Figure Sb). Different theories have been developed
to explain the relationship between SF and the final
morphology of the CaCO; particles,***®*® with the assembly
and transformation into beta-sheet critical for regulating
oriented CaCOj, aigglregation.34’36 Since homogeneous silk
nanoparticles formed before CaCOj; crystallization, non-
oriented aggregation is preferred for the final assembly to
spherical particles in the present study. Compared to previous
results,®® in the present work CaCO; microspheres stably
aggregated even in low SF concentrations. Besides acting as a
nucleator, SF also plays a key role in determining the final
morphology and size of the particles. There is a strong
dependence of the dispersity of microsphere sizes on the
concentration of Ca®>" and SF, particularly at the mass ratio
[Ca**]:[SF] = 1:4. The size of the CaCO, microspheres
decreased with increasing SF concentration (Figure S,
Supporting Information), indicating that remanent SF in
solution restricted crystallization growth as a polymer network.
The near monodispersity of the CaCO; microspheres improved
with an increase of SF concentration and achieved the lowest
dispersity with a SF concentration of 4 wt %, declining with
further increases in SF concentration (Figure S1, Supporting
Information). It is not yet clear how to allocate SF as a
nucleator and inhibitor in CaCQOj; biomineralization processes,
SE morphology, secondary conformation, as well as content in
the reaction system actively regulated the formation and
dispersity of vaterite microspheres.

Without organic additives in mineralization processes,
vaterite is kinetically preferred and forms first in supersaturated
aqueous solution and then transforms to calcite via solvent-
mediated dissolution—recrystallization processes.*® Although
some results have confirmed the stabilization effect of SF on the
vaterite structure,36 there is no effective way to prepare pure
vaterite particles with SF as a modifier in a supersaturated

1741

aqueous solution. In the present study, the CaCO; micro-
spheres composed of almost pure vaterite were achieved when
the diameter was below 1.2 ym, while both vaterite and calcite
appeared in microspheres with diameters above 1.5 pm
(Figures 2 and 3). EDAX results revealed the nitrogen
distribution both in the core (S,) and the edge (S;) areas of
the vaterite microspheres, suggesting that SF was incorporated
in the microspheres (Figure S2, Supporting Information). TGA
and elemental mapping revealed the content and distribution of
SF in the microspheres (Figure Sc and 5d). There was weight
loss by TGA from 210 to 600 °C with a total weight loss of
about 10%, ascribed to the thermal pyrolysis of the SF skeleton.
The element mapping results showed a homogeneous
distribution of SF inside the microspheres. These findings
suggest that the silk must be closely packed with vaterite,
providing sufficient stabilization to restrain the transformation
from vaterite to calcite.

As shown in Scheme 1, some of the SF nanospheres induced
vaterite nanoparticle formation at first, and then the remainder
of the SF nanospheres further regulated the aggregation and
growth to form the vaterite microspheres with a homogeneous
size distribution. There seemed to be an upper size limitation to
prepare vaterite microspheres in the present study, while in
contrast only larger SF-regulated vaterite particles were
achieved via the compressed CO, process.”®*’ A complicated
SE-regulated crystallization process is suggested in our recent
study, in which the growth and aggregation of CaCOj; at
different levels could occur simultaneously, resulting in the
change of morphologies and crystal phases depending on
reaction conditions.”® The different growth and aggregation
processes in the two methods might result in various
distributions of SF inside the particles, endowing these vaterite
microspheres with enough stability. Compared to the larger
analogue, the homogeneous vaterite microspheres in the
present study might offer utility in areas such as drug carriers,
where such controlled size should allow better predictability in
terms of release kinetics, targeting, and related needs.

3.3. Stability of SF-Regulated Vaterite Microspheres.
Vaterite formation and stabilization remain key features due to
its unique properties.””* Therefore, the SF-regulated vaterite
microspheres were incubated in a flowing water solution to
assess stability. After 8 days, the CaCO; particles remained with
the initial spherical morphology and size (Figure 6Al),
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Figure 6. Stability of the vaterite microspheres with and without SF. (A) SEM image of CaCOj particles containing SF after incubation for 8 days in
flowing water solution, and the XRD patterns of the CaCOj particles before (A2, a) and after (A2, b) incubation. (B) SEM images (B1) and FTIR
spectra (B2) of the CaCO, microsphere after SF removal. (Inset in B1) Cross-section image of the sample while the (B2, a) and (B2, b) of the FTIR
curves (B2) indicated the samples before and after SF removal. SF was removed after the treatment at 310 °C for 2 h. (C) SEM images (C1—-C3)
and XRD patterns (C4) of the CaCOj particles without SF after incubation for different time in flowing water solution: (C4, a) 2, (C4, b) 4, and

(C4, c) 8 days.

suggesting stabilized features. All of the typical vaterite peaks
remained, and no calcite peak appeared by XRD after the water
flow process (Figure 6A2), confirming the stability of the SF-
regulated vaterite microspheres. The electrostatic interaction of
the Ca®* and the anionic site of the SF were responsible for the
stability of the thermodynamically unfavorable vaterite
polymorph.®® Vaterite microspheres after removal of SF
(microspheres were treated at 310 °C for 2 h) were incubated
in the same flowing water solution to identify the stabilization
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effect of SF. After this treatment, a rougher surface and more
voids appeared inside the microspheres (Figure 6B1),
suggesting the removal of the SF. The disappearance of the
peak at 1650 cm ™" related to SF further confirmed that most of
SF had been eliminated (Figure 6B2). There is no trans-
formation from vaterite to calcite in the process since typical
vaterite peaks in FTIR curves remained unchanged after the
thermal treatment (Figure 6B2). However, significant trans-
formation from vaterite to calcite occurred after incubation of 2
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Figure 7. Drug loading and release behavior of the vaterite microspheres. (a) SEM image of the DOX-loaded CaCO; microspheres. (b) High
magnification of the microspheres in a. (c) Fluorescence image of DOX-loaded CaCO; microspheres. (d) In vitro drug release profiles of DOX-

loaded CaCOj; microspheres in different pH medium.

days in the flow of water, and almost all of the vaterite was
transformed into calcite after 8 days (Figure 6C), revealing the
critical stabilization function of SF.

3.4. Drug Loading and Release From SF-Regulated
Vaterite Microspheres. Vaterite is a useful candidate for drug
release due to the large surface area, biocompatibility,
biodegradability, lower toxicit?f, low production costs, and
pH-dependent dissolution.’>>" The vaterite particles with
smaller and homogeneous sizes are preferred for drug delivery
because of their improved efficient and homogeneous
distribution of drugs as well as better cell uptake.’*”>*
Compared to previous studies, the silk-regulated vaterite
microspheres with smaller sizes achieved in our present
study, along with the SF-stabilizing features, suggest utility as
drug carriers. Nitrogen adsorption results indicated a high
surface area of about 54.5 m? g”' and some nanopores (about
5—6 nm) for the vaterite microspheres (Figure S3, Supporting
Information). The drug loading and release behavior of the
vaterite microspheres were assessed with DOX as a model drug.
The strong red fluorescence (Figure 7c) of the DOX-loaded
vaterite microspheres indicated the successful and homoge-
neous loading (Figure 7a and 7b). Absorbance analysis showed
that the drug loading content and the entrapment efficiency of
DOX was 4.5 + 0.1% and 93.4 + 1.7%, respectively, when the
ratio of drug and vaterite was 1:20 (w/w), significantly higher
than previous results with submicrometer vaterite carriers.”*
Since the submicrometer vaterite carriers have larger specific
surface area, the increased drug entrapment efficiency of the
microspheres in the present work may be due to the SF
embedded in the particles, where the negative charge could
form strong electrostatic interaction with DOX.>*~%’

The in vitro release of DOX from the vaterite microspheres
at pH 7.4 and 4 is shown in Figure 7d. Due to the stronger
interactions of DOX and SF, an initial burst release, as in

. 9,52—54,58—62 .
previous CaCOs-based release systems,” ’ was sig-
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nificantly reduced, resulting in sustained release for more than 1
week. The DOX release from the microspheres was also
strongly pH dependent, higher at pH 4 than at pH 7.4. After 8
days, the amount of DOX released at pH 7.4 was 30% of the
total drug load but reached 80% at pH 4. Compared to previous
reports,> the slower release from the vaterite microspheres
suggested stronger interactions between DOX and the
microspheres.

4. CONCLUSIONS

Monodisperse vaterite microspheres with smaller sizes can be
prepared with SF nanospheres as a modifier. The polymorph
and nanostructure of these microspheres were regulated by
altering the experimental parameters such as the SF
nanostructure and concentration. The vaterite microspheres
were stabilized by the SF without transformation into calcite.
Higher DOX encapsulation and improved interactions
supported sustained drug release and pH-sensitive release
behavior, suggesting utility of the vaterite microspheres as drug
carriers. The results provide new insight into the relationship
between SF and CaCOj; biomineralization as well as a facile,
efficient way to rapidly synthesize well-controlled vaterite
particles.
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