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Silk protein is a very promising biomedical material due to its renewability, nontoxicity, biocompatibility,
and biodegradability. In this communication, we report our attempt to use regenerated silk fibroin (RSF)
as a drug-carrier to encapsulate hydrophilic anti-cancer drug floxuridine (FUDR). The FUDR-loaded RSF
nanospheres with the average sizes ranging from 210 to 510 nm are prepared by using a facile and clean

method developed in this laboratory previously based on the self-assembly of silk protein. The maximum
drug loading is about 6.8% and the release time of such a kind of FUDR-loaded RSF nanospheres is more
than 2 days. The FUDR-loaded RSF nanospheres are found to be able to adhere onto the Hela cells easily.
The FUDR loaded in the RSF nanospheres exhibits the similar curative effect to kill or inhibit Hela cells
to the free FUDR. All these results imply that such a kind of biomacromolecule based anti-cancer drug
nanocarrier has a great potential for the lymphatic chemotherapy in clinical applications.

Introduction

Biomacromolecules like cellulose, albumin and chitosan that own
unique properties of biocompatibility, biodegradability, non-
toxicity and renewability'?® have attracted more and more
attention as drug delivery systems in the past few decades.*”
Compared to conventional dosage forms, nanoparticles have the
ability to deliver many kinds of drugs to targeted areas of the
body and release them for a period of time,® showing numerous
advantages, including improved drug therapeutic effect, patient
compliance and convenience, and reduced t0Xicity.7’8

Regenerated silk fibroin (RSF) from Bombyx mori silk is one
of the fibrous proteins (does not have bioactivity, so often be used
as a biomaterial) that has been widely used in biomedical and
pharmaceutical fields.”"'" It consists of large hydrophobic regions,
segregated by the relatively short and more hydrophilic regions."
RSF is water soluble by adopting random coil and/or helical
conformation, but easily becomes water insoluble when takes a
conformation transition to B-sheet induced by various factors,
such as organic solvents,”® shear force,'* sonication,” the
increase of temperature,'® and the change of pH value.'” That
implies RSF has the characteristics of self-assembly, providing
the unique opportunity in design of supramolecular structures. In
addition, silk fibroin exhibits good biocompatibility,'®
controllable biodegradability'® and low inflammatory responses,”’
further suggesting it is an ideal candidate for nanoscale drug-
delivery carrier.

Several efforts have been made to develop RSF nanospheres.
For example, RSF nanospheres with the size of 300-400 nm were
prepared by dissolving polyvinyl alcohol part in silk
fibroin/polyvinyl alcohol blend and were utilized to load model
drugs tetramethylrhodamine conjugated bovine serum albumin

(TMR-BSA), tetramethylrhodamine conjugated dextran (TMR-
Dextran), and rhodamine B (RhB).*' In another study, RSF
nanospheres with the size of 150-170 nm, preparing by
desolvation technique demonstrated the sustained in vitro release
of entrapped vascular endothelial growth factor (VEGF) over 3
weeks and the efficient intracellular uptake by murine squamous
and carcinoma cells.?® It was also reported that RSF nanospheres
can be prepared by simply dropwise adding RSF solution into the
water-miscible protonic and polar aprotonic organic solvents.” In
our previous work, we invented a facile and clean method to
prepare RSF nanospheres with predictable and controllable
particle sizes based on the self-assembly of silk protein.’*** The
particle size of our RSF nanospheres covered a wide range, e.g.,
from 200 to 1000 nm. Later on, we successfully prepared RSF
nanospheres carrying hydrophobic anti-cancer drug paclitaxel by
using the similar technique.”® The drug loading of such RSF
nanospheres was about 6.9% and the release time was over 9
days.

In this communication, we show our attempt to use RSF
nanospheres as a carrier for a hydrophilic anti-cancer drug
floxuridine (FUDR). FUDR is a widely used primary clinical
anti-cancer drug in the treatment of colon carcinoma and
colorectal cancer.”’” However, its adverse effects associated with
chemotherapeutics as many other anticarcinogen are still
unresolved.”® Although some efforts have been made to minimize
the side effects and maximize the therapeutic efficacy of FUDR,
they were mostly focused on the synthesis of its prodrugs that
always involved relatively complicated chemical reactions.”'
Only few reports were about the use of biomaterials such as
human albumin®® and liposomes® to be the drug carrier to
decrease the side effects of FUDR. Therefore, based on the our
previous  work, 24263436 selected silk protein as a
biomacromolecular carrier to synthesize FUDR-loaded RSF
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nanospheres in order to increase the drug release time and reduce
the severe side effect of pristine FUDR.

Our designed purpose for the FUDR-loaded RSF nanospheres
is to apply them to lymphatic chemotherapy. Lymphatic
chemotherapy is a relatively new therapeutic modality and has
been applied for the treatment of lymphatic metastases in patients
with digestive tract and lung cancers.’™® Not like the
conventional intravenous chemotherapy, the main approaches to
achieve lymphatic chemotherapy consist of the use of drug
delivery system and local interstitial administration such as
intramuscular, subcutaneous, intratumoral and intraperitoneal
injection for the targeting of agents to regional lymph nodes.
Particles have been observed passing through the lymphatic
vessels but not the blood capillaries mainly due to the difference
in permeability, which may enhance chemo-responsiveness while
reducing adverse systemic effects.”® The studies on drug-loaded
liposomes and PLGA particles show that the particle size from
several hundred nanometer to several micrometer is good for
lymphatic chemotherapy because the smaller particles pass
unretarded through the lymph nodes but the larger ones are easy
to be predominantly entrapped by lymph node tissues during
physical filtration, and thus achieve long time drug release.****

Experimental

Materials

The cocoons of B. mori silkworm were obtained from Jiangsu
Province, China. FUDR was purchased from Hubei Prosperity
Galaxy Chemical Co., Ltd. (China). Ethanol was purchased from
Shanghai Zhenxin Chemicals Factory (China). Fluorescein
isothiocyanate (FITC) and methoxypolyethylene glycol amine
(mPEG-NH,) were purchased from Aladdin. DMSO, DMEM
(Dulbecco’s modified Eagle’s medium) were obtained from
Acros. The Hela line was provided by the Institute of
Biochemistry and Cell Biology, SIBS, Chinese Academy of
Science. All other chemicals were analytical grade and used
without further purification.

Preparation of RSF aqueous solution

The B. mori silkworm cocoons were cut into small pieces and
boiled for 60 min in 0.02 mol/L Na,CO; aqueous solution, and
then washed with de-ionized water for several times. After drying
completely, the degummed silk was dissolved in 9.5 mol/L LiBr
at 45 °C for 1 h. The solution was then dialyzed in a
semipermeable cellulose tube (12-14 kDa MWCO) against de-
ionized water for 3 days to remove the salt. Afterward, the
dialyzed silk fibroin solution was centrifuged at 8000 r/min for 10
min and the supernatant was collected, and then stored at 4 °C for
further use. The final concentration of RSF solution was about 40
mg/mL by weight method.

Preparation of FUDR-loaded RSF nanospheres

Certain amount of FUDR aqueous solution (10 mg/mL) was
added into RSF solution under gently stirring. The final RSF
concentration was set to 10, 20, and 40 mg/mL, and the mass
ratio of FUDR to RSF was set to 0.125, 0.25, and 0.375,
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ss respectively. After stirring for 20 min, the absolute ethanol with

the volume ratio of Vysp/Vemanot = 5/2 was slowly added by
dropwise. Afterward, the mixture was gently stirred for 3 min and
incubated in a refrigerator at -20 °C for 20 h. After defrosting at
room temperature, a milky emulsion was found. Finally, mPEG-
NH, aqueous solution (mass ratio of mPEG-NH, to nanospheres
was set to 1) was added slowly under gently stirring, and
continued to stir for 5 h. To remove the non-encapsulated drug,
the suspensions were ultracentrifuged at 20,000 r/min for 3 min
and the resulted FUDR-loaded RSF nanospheres were re-
suspended with de-ionized water.

Preparation of FITC-labeled FUDR-loaded RSF nanospheres

FITC is used for labelling RSF nanospheres to monitor their
cellular uptake property. Synthesis of FITC labelled RSF
nanospheres was based on the reaction between the
isothiocyanate groups in FITC and the primary amino groups in
RSF.* Briefly, 5 mg FITC (dissolved in 5 mL DMSO) was added
to 10 mL FUDR-loaded RSF nanospheres suspension. The
reaction was allowed to proceed for 12 h in the dark at room
temperature.

Characterizations

Size and zeta potential analysis. Size and zeta potential of
FUDR-loaded RSF nanospheres were analyzed at 37+0.1 °C with
Zetasizer Nano from Malvern.

Morphology observations. The as-prepared emulsion was
diluted with de-ionized water before SEM and TEM observation.
SEM images of RSF nanospheres were obtained with Hitachi S-
4800 high-resolution SEM at 20 kV. TEM images were obtained
with Tecnai G2 at 200 kV.

Encapsulation and in vitro release of FUDR. The amount of
free FUDR in the supernatant after ultracentrifugation was
determined with Hitachi UV 2910 UV-vis spectrometer. The drug
loading capacity was calculated as follows.

Amount of FUDR in RSF nanospheres
Amount of total FUDR—loaded RSF nanospheres

Drug loading = x100%
To study the in vitro release of FUDR from the drug-loaded
RSF nanospheres, the ultracentrifuged nanospheres were re-
suspended with de-ionized water to a certain concentration. Then,
1 mL such emulsion was put into the dialysis tube, immersing in
10 mL PBS buffer solution (pH=7.4, 37+0.1 °C). At a certain
time point, the FUDR concentration in PBS was determined by
UV-vis spectrometer and the dialysis tube was transferred into
another 10 mL fresh PBS solution.
In vitro cytotoxicity assay with MTT. Hela cells were grown in
culture media DMEM and seeded in 96-well plates at a density of
10,000 cells/well at 37 °C under 5% CO,. After 12 h, the culture
media were removed and replaced with fresh medium containing
different amount of pristine RSF nanospheres. After 24 h, 20 pL
of MTT dye solution (Sigma-Aldrich) was added to each well and
incubated for an additional 4 h. Then the medium was removed
and the formazan crystals were dissolved with 200 uL. of DMSO.
An enzyme-linked immunosorbent assay (ELISA) reader (Infinite
M200, Tecan, Astraia) was then used to measure the
luminescence intensity at 490 nm of each well. The relative cell
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viability (%) related to the control sample that incubated with cell
culture medium without RSF nanospheres was calculated by
follows:

Cell viability (%) = [Aliest/ [Alcontro1X100%
where [A]. is the absorbance of the test sample and [A]conrol 1S
the absorbance of the control sample.
In vitro cellular uptake of FUDR-loaded RSF nanospheres. To
check the interaction between cells and drug-loaded RSF
nanospheres, the Hela cells were incubated with FITC-labeled
FUDR-loaded RSF nanospheres for 2 h and then washed with de-
ionized water three times. Afterward, the cells were observed
with an Olympus FlouView FV1000 confocal fluorescence
microscope (Ae;; =490 nm, A,=520 nm).
The anti-proliferative activity of free FUDR and FUDR-
loaded RSF nanospheres. The anti-proliferative activity of
FUDR-loaded RSF nanospheres was evaluated by the MTT assay
using the Hela cell line. The procedure is similar to the in vitro
cytotoxicity assay described above but replaced pristine RSF
nanospheres by FUDR-loaded RSF nanospheres. The incubation
time with the FUDR-loaded RSF nanospheres was set as 3 h and
24 h. As a control group, Hela cells were also incubated with the
pure FUDR solutions, in which the amount of FUDR was set as
the same as in the corresponding drug-loaded RSF nanospheres.

Results and discussion

Formation and characterization of FUDR-loaded RSF
nanospheres

Similar to the paclitaxel-loaded RSF nanospheres we reported
previously,”® FUDR-loaded RSF nanospheres with controllable
size were obtained based on the self-assembly of silk fibroin by
adding ethanol into the FUDR-RSF mixture solution and then
subjecting to freeze. Although the as-prepared FUDR-loaded RSF
nanospheres emulsion was very stable, which can be stored at
room temperature for at least 1 month without apparent
aggregation, we found the nanospheres seemed not easy to well
re-disperse in buffer solution after they were centrifuged from the
emulsion. In order to increase the re-dispersed capability and the
stability of FUDR-loaded RSF nanospheres in the buffer solution,
we introduced mPEG-NH, to the surface of nanospheres. We
suppose the interaction between RSF and PEG is mainly the
electrostatic force between the negative charges on RSF
nanospheres and the positive charges on ammonium on mPEG-
NH, as the zeta potential of RSF nanospheres ([RSF] = 40
mg/mL, FUDR/RSF = 0.375] increases from —34.3£3.4 mV to
—22.142.8 mV after PEGylation, according with the changes
observed in other works,*** proving mPEG-NH, was
successfully attached. After modification, the PDI of RSF
nanospheres in the re-dispersed solution was found to drop from
0.452 to 0.082. The main reason for the improvement on the
uniformity of the re-dispersed nanospheres after such a
PEGylation was thought to be the steric repulsion effects of the
tethered PEG strands attached on the surface of nanospheres as
reported in the literature.***’

It is expected that after loading drugs, the size of the RSF
nanospheres increased. In this case, it changed from 260 nm to
510 nm when the mass ratio of FUDR to RSF (FUDR/RSF) was
0.375 (Table 1). In the meantime, by varying the initial RSF
concentration in the reaction system ([RSF]) as well as

FUDR/RSF, we can obtain FUDR-loaded RSF nanospheres with
different sizes. The increase in RSF concentration also made the
nanospheres lager, for example, from 210 nm to 480 nm when the
concentration was from 10 to 40 mg/mL. That is to say we are
able to synthesize the FUDR-loaded RSF nanospheres with the
particle size from 200 to 500 nm, which is suitable for lymphatic
chemotherapy.®*

Both SEM and TEM images demonstrate that the FUDR-
loaded RSF nanospheres are spherical granules without apparent
aggregation (Fig. 1, S1). In addition, it can be seen more directly
that the size of the nanospheres changed with the preparation
conditions. For instance, the particle size of nanospheres shown
in Fig. 1 is 185£33 nm (n=32) and 277427 nm (n=27), which
accords with the difference shown in their hydrodynamic
diameters (290 nm and 510 nm, Table 1). Of course, the particle
sizes shown in SEM and TEM are relatively smaller than the ones
measured by dynamic light scattering, as the nanospheres were in
dry state in SEM and TEM but in swollen state in the latter. In
addition, the comparison of the particle sizes in TEM images for
the pristine and drug-loaded RSF nanospheres with the same RSF
concentration further supports the conclusion for the successful
drug encapsulation. The particle sizes in Fig. S1d ([RSF] = 40
mg/mL) and Sle ([RSF] = 20 mg/mL) were obviously larger than
those in Fig. Sla and S2.

Table 1 Hydrodynamic diameters of FUDR-loaded RSF
nanospheres prepared with different [RSF] and FUDR/RSF mass
ratio.

Sample [RSF] FUDR/ Size PDI
(mg/mL) RSF (nm)

1 40 0 260 0.099
2 40 0.125 400 0.107
3 40 0.25 480 0.188
4 40 0.375 510 0.060
5 20 0.25 290 0.156
6 10 0.25 210 0.081

Fig. 1 SEM images of FUDR-loaded RSF nanospheres. (a) [RSF] = 20
mg/mL, FUDR/RSF = 0.25; (b) [RSF] = 40 mg/mL, FUDR/RSF = 0.375.

Drug loading and in vitro drug release of FUDR-loaded RSF
nanospheres

The drug loading capacity of FUDR-loaded RSF nanospheres
increased with increase in the initial RSF concentration as shown
in Fig. 2. This may due to the weak self-assembly ability of RSF

This journal is © The Royal Society of Chemistry 2014
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at low concentration, which led the small encapsulation of the
drug. In the meantime, the drug loading capacity also became
larger when FUDR/RSF ratio was increased, but the extent of the
improvement was not significant. We found the highest drug
loading reached 6.8% when [RSF] = 40 mg/mL and FUDR/RSF
= 0.375. However, we are unable to increase the initial RSF
concentration further, as the RSF solution tends to be gelation
rather than to form nanospheres.

In vitro drug-release curves of FUDR-loaded RSF nanospheres
are shown in Fig. 3. Three samples with different size and drug
loading capacity were compared. All samples showed a burst
phase of release for about 5 h, which was probably from those
drugs adsorbed on the surface and/or in the outer layer of the
nanospheres. For the sample prepared from the low RSF
concentration ([RSF] = 10 mg/mL), which has the smallest
particle size (Table 1) and the lowest drug loading capacity (Fig.
2), it exhibited the fastest release rate (Fig. 3, curve a), reaching
the equilibrium at about 30 h. On the other hand, those FUDR-
loaded RSF nanospheres made from high RSF concentration
([RSF] = 40 mg/mL) showed much better controlled release
behavior (Fig. 3, curve c). The portion of the burst release phase
was small and the drug-release time was more than 2 days. In
addition, we compared the drug-release behavior of the drug-
loaded nanospheres with the same RSF concentration but

==

40
RSF concentration (mg/mL)

Fig. 2 Drug loading capacity of FUDR-loaded RSF nanospheres prepared
with different initial RSF concentration and FUDR/RSF mass ratio.

Cumulative release (%)

0 1 1 1 1 1
0 10 20 30 40 50

Time (h)

Fig. 3 In vitro drug-release curves of FUDR-loaded RSF nanospheres
prepared when FUDR/RSF = 0.375. (a) [RSF] = 10 mg/mL, FUDR
loading = 3.3%; (b) [RSF] = 20 mg/mL, FUDR loading = 6.3%; (c) [RSF]
=40 mg/mL, FUDR loading = 6.8%.

different FUDR loading capacity (Fig. S3). It shows that the
drug-release curve does not have much difference for the same

3s RSF concentration, but more drug was released from those

nanospheres with relatively high drug-loading capacity. However,
compared to insoluble drug-carrier system, i.e., paclitaxel-loaded
RSF nanospheres we reported previously,”® the release time is
shorter. We assume the reason is that the hydrophilic FUDR drug

40 was entrapped in the hydrophilic amorphous region of the RSF

nanospheres, not like the hydrophobic drug was in the
hydrophobic crystalline region.*® Therefore, the drug obviously
released much easier from the hydrophilic amorphous region than
the hydrophobic crystalline region in the buffer solution.

as In vitro cytotoxicity of RSF nanospheres

The cytotoxicity of pristine RSF nanospheres were evaluated with
Hela cells by MTT assay, and the results are shown in Fig. 4. It
indicates that cells incubated with RSF nanospheres with low
concentration (100 pg/mL) remained almost the same viability as

so the control. The cell viability decreased slowly with the increase

in the concentration of RSF nanospheres, but was still about 80%
when the concentration of RSF nanospheres was as high as 1.2
mg/mL. That is to say the cytotoxicity of RSF nanospheres
themselves is quite small.

> In vitro cellular uptake of FUDR-loaded RSF nanospheres

Before we started to study the cellular uptake of RSF
nanospheres, we observed their stability in culture media DMEM.
After we

100 | ?

80 |-
60 |-

40

Cell viability (%)

20

100 200 400 800 1000
RSF concentration (ug/mL)

1200

60 Fig. 4 Cytotoxicity of pristine RSF nanospheres with Hela cells after 24 h

incubation.

Fig. 5 Fluorescence microscopic image of FITC labeled RSF nanospheres
in DMEM.
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dispersed FITC labelled RSF nanospheres in DMEM for 24 h, it
shows that the nanospheres remain stable and without obvious
aggregation with fluorescence microscopy (Olympus BX-51,
Japan) (Fig. 5). Afterward, we incubated Hela cells with the
FUDR-loaded RSF nanospheres for 2 h. After thoroughly rinsing

with de-ionized water, the cells were observed by confocal
microscope. The images shown in Fig. 6 clearly show that the
nanospheres are readily adhered to the cells. This gives a good
basis for the drug-loaded RSF nanospheres to kill or inhibit
10 cancer cells.

Fig. 6 Confocal microscopic images of FUDR-loaded RSF nanoparticles after incubating with Hela cells for 2 h. (a) luminescence; (b) brightfield; (c)

overlay.

In vitro cellular growth inhibition of Hela cells with FUDR-
loaded RSF nanospheres

Fig. 7 shows the viability of Hela cells after contacting with
FUDR-loaded RSF nanospheres for 3 h and 24 h, respectively. It
was expectable that with the increase in the amount of FUDR-
loaded RSF nanospheres in the culture medium and the contact
time, more Hela cells were killed or inhibited because more
FUDR drugs were released. When the FUDR concentration in the
culture medium was 100 pg/mL, less than 20% Hela cells were
alive after 24 h of incubation. To evaluate the anti-cancer
efficiency of the drug after encapsulating in the RSF nanospheres,
we used free FUDR drug to compare. Generally, free FUDR
killed or inhibited more Hela cells compared to the FUDR-loaded
RSF nanospheres under the same FUDR concentration. It is
understandable because first, the FUDR entrapped in the RSF
nanospheres needs time to release, and second, not all FUDR
released at 24 h that can be found from the release curves shown
in Fig. 3. What we need emphasis is there is no large difference
between the use of free FUDR and FUDR-loaded RSF
nanospheres. However, in the real clinical treatment, free FUDR
given by traditional intravenous administration cannot stay in
lesion location for long time because of blood circulation. In
lymphatic chemotherapy, the injected free FUDR may also
transport to the whole body by blood and lymph circulation, but
for large FUDR-loaded RSF nanospheres, they are expected to be
trapped in lymph nodes and have relatively long time to release
the drug towards cancer tissues. Therefore, the advantage of such
FUDR-loaded RSF nanospheres is obvious.

Conclusions

In this article, we report the synthesis of a natural polymer based
nanocarrier to encapsulate a hydrophilic anti-cancer drug. That is
FUDR-loaded RSF nanospheres were successfully prepared by an
easy and mild method, in which only the addition of ethanol and
freezing  RSF-ethanol  solution  were involved.  The
characterizations from dynamic light scattering and SEM/TEM

observation show that FUDR-loaded RSF nanospheres have a

so controllable shape and size, without apparent aggregation. The

size of such FUDR-loaded RSF nanospheres is from 200 to 500
nm that maybe a good candidate for lymphatic chemotherapy. In

100
(a)
FUDR-nanospheres
80} [ Free FUDR
g 60
=
3
s 40
©
(@]
20
0
60 80 100
FUDR concentration (ug/mL)
100
(b)
FUDR-nanospheres
80 [ Free FUDR
9
> 60r
=
o
Z 40t
[}
(@]
0
20 40 60 80 100

FUDR concentration (ug/mL)

ss Fig. 7 Viability of Hela cells after contacting free FUDR and FUDR-

loaded RSF nanospheres solutions for 3 h (a) and 24 h (b).

addition, the FUDR-loaded RSF nanospheres are found to be
easily adhered onto the Hela cells, which is advantageous for the
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kill or inhibition of cancer cells. In some optimal conditions, the
in vitro release time of FUDR-loaded RSF nanospheres is more
than 2 days. After 24 h of incubation, FUDR-loaded RSF
nanospheres kill or inhibit more than 80% Hela cells, implying
such an anti-cancer drug nanocarrier has a great potential in
future clinical treatments.
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