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Abstract: In the development of effective drug delivery carriers, many researchers have
focused on the usage of nontoxic and biocompatible materials and surface modification
with targeting molecules for tumor-specific drug delivery. Fibrinogen (Fbg), an abundant
glycoprotein in plasma, could be a potential candidate for developing drug carriers because
of its biocompatibility and tumor-targeting property via arginine—glycine—aspartate (RGD)
peptide sequences. Doxorubicin (DOX), a chemotherapeutic agent, was covalently conjugated
to Fbg, and the microspheres were prepared. Acid-labile and non-cleavable linkers were used
for the conjugation of DOX to Fbg, resulting in an acid-triggered drug release under a mild
acidic condition and a slow-controlled drug release, respectively. In vitro cytotoxicity tests
confirmed low cytotoxicity in normal cells and high antitumor effect toward cancer cells. In
addition, it was discovered that a longer linker could make the binding of cells to Fbg drug
carriers easier. Therefore, DOX-linker—Fbg microspheres could be a suitable drug carrier for
safer and effective drug delivery.

Keywords: biocompatibility, anti-cancer drug, micro-structure, cytotoxicity, bio-conjugation,

tumor targeting

Introduction

In recent years, various drug delivery techniques have emerged with the development
of novel drug carriers, such as nanoparticles' and microspheres.? The drug carriers can
improve drug delivery efficacy by preventing degradation of drugs from environmental
factors,’® by increasing their solubility,* by improving the pharmacokinetic properties of
drugs that are difficult to deliver, and by controlling drug release. Even though some of
them showed remarkable efficiency, suggesting their possible usage in clinical practice,
their applications are still limited because of their toxicity or that of their metabolites,
causing severe damage in tissues and organs.’ Therefore, many researches have focused
on the usage of nontoxic and biocompatible materials for safer drug delivery. In par-
ticular, protein-based drug carriers have received considerable interest, since proteins
are naturally degraded into amino acids and excreted from human body with lower
immunogenicity.® For example, biocompatible and biodegradable fibrinogen (Fbg)
microspheres showed favorable cytocompatibility in the C2C12 cell line.”

On the other hand, chemotherapy is a prime choice for cancer treatment, and
many antitumor drugs have been discovered and introduced in clinical practice.
Unfortunately, chemotherapeutic agents are coupled with unintended adverse
effects, such as tissue and organ damage,® because the administered drugs circu-
late through the bloodstream and attack the rapidly dividing cells, which results in
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the destruction of normal cells as well as abnormal tumor
cells. To minimize the side effect of the drugs, target-
specific drug delivery techniques were introduced with
various surface modifications of drug carriers, based on
interactions between targeting moieties and receptors that
are specifically over-expressed on the surface of tumor
cells.” In other words, tumor specificity of anticancer
drugs could be significantly enhanced by combining target-
ing molecules with either the drugs or drug carriers. For
example, an arginine—glycine—aspartate (RGD) peptide as
a tumor-targeting moiety was conjugated onto the albumin
nanoparticles with gemcitabine, inhibiting pancreatic tumor
cell growth.' Furthermore, various targeting molecules,
such as folic acid!'' and biotin,'? have been extensively
investigated, demonstrating improved tumor specificity
and reduced toxicity to normal cells.

Fbg, a 340-kDa glycoprotein in plasma, is closely
involved in hemostasis. During hemostasis, Fbg is converted
into fibrin by activated thrombin in the presence of calcium
ions, causing a cross-link between fibrin molecules, thereby
forming a fibrin clot to prevent blood loss. After completing
the wound healing process, fibrin is naturally degraded by
fibrinolysis."* Since Fbg exists naturally in human body and
goes through the degradation process without any immuno-
genicity, Fbg can be used as a nontoxic and biocompatible
material for the development of drug carriers. In addition to
its biocompatibility, Fbg possesses tumor targeting prop-
erty through its arginine-glycine-aspartate (RGD) peptide
sequence. RGD peptide, well-known as a tumor targeting
peptide, has high affinity for o 3, integrin, which is over-
expressed on the surface of various cancer cells.'*"* Based
on the specific interaction between RGD peptide and o 3,
integrin, RGD peptide can be extensively conjugated to
various drug carriers, showing enhanced cellular uptake by
tumor cells.'*!%!7 Therefore, the biocompatibility of Fbg and
the RGD sequence present in Fbg may offer a great potential
for use in developing biocompatible drug delivery carriers
as well as for targeting cancer cells.

The major aim of this study was to investigate the suit-
ability of Fbg as a targeted delivery carrier for antitumor
drugs. Doxorubicin (DOX), a commonly used anticancer
drug, was conjugated to Fbg, and the microspheres were
developed. Two different types of linkers were used for
conjugating DOX to Fbg with the intent of creating a pH-
responsive and slow drug release based on biodegradability.
The method used for the fabrication of Fbg microspheres,
characterizations of the particles, and different in vitro studies
are described in this report.

Materials and methods

Materials

Fbg from bovine plasma and 2-iminothiolane (2-IT) were pur-
chased from Sigma-Aldrich (Republic of Korea). Doxorubicin
hydrochloride was obtained from LC Laboratories (Woburn,
MA, USA) and 3-maleimidopropionic acid hydrazonium
trifluoroacetic acid (3-MAH) was acquired from Toronto
Research Chemicals Inc. (Ontario, Canada). Succinimidyl-
[(N-maleimidopropionamido)-tetracthylene glycol] ester
(SM(PEG),) and succinimidyl-[(N-maleimidopropionamid)-
dodecaethylene glycol] ester (SM(PEG),,) were purchased
from Thermo Scientific (Rockford, IL, USA). Tissue plasmi-
nogen activator (t-PA) was acquired from Calbiochem and
plasminogen was acquired from EMD Millipore (Darmstadt,
Germany). The Celltiter-glo® luminescent cell viability assay
kit was obtained from Promega Ltd (Seoul, Republic of Korea).
NIH-3T3 and SH-SYS5Y cell lines were kindly provided by
NanoEntek Inc. (Seoul, Republic of Korea). Gibco® Dul-
becco’s Modified Eagle’s Medium (DMEM), Gibco® Roswell
Park Memorial Institute (RPMI) 1640, Gibco® penicillin—
streptomycin (pen—strep), and Hyclone™ fetal bovine serum
(FBS) were purchased from Thermo Fisher Scientific (Seoul,
Republic of Korea). All chemicals used in this experiment were
of analytical grade. Institutional Review Board approval was
not sought for the following research. All principles outlined
in the Declaration of Helsinki were followed.

Synthesis of DOX-linker—Fbg conjugates

using acid-labile linkers

DOX was conjugated to Fbg using acid-labile cross-
linkers;'® 3-MAH (L1, n=1) for acid-triggered drug release,
and each conjugation concept was described in Figure 1 A.
DOX (1.5 mg,2.76 umol) was mixed with 3-MAH (0.88 mg,
2.97 umol) in 1 mL of phosphate-buffered saline (PBS)
(pH 7.2), and stirred with an orbital shaker (250 rpm)
at 25°C in the dark for 24 hours. The resultant reaction
produced DOX-linker [DOX—(3-MAH)] complexes
through a hydrazone bond. To introduce thiol (—SH)
groups on the Fbg molecules, Fbg (100 mg, 0.294 umol)
was dissolved in 2 mL of PBS (pH 7.2) containing 5 mM
ethylenediaminetetraacetic acid, mixed with 2-IT (0.4 mg,
2.91 umol), and stirred at 25°C for 1 hour. The DOX—
linker solution was added to the thiolated-Fbg solution, and
the reaction mixture was shaken at 25°C in the dark for 48
hours. After that, the DOX-linker—Fbg solution was puri-
fied using a size-exclusive Zeba™ Spin Desalting Column
with 7 kDa molecular weight cut-off (MWCO) Thermo
Fisher Scientific (Seoul, Republic of Korea) at 2,400 rpm
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for 2 minutes to remove the unconjugated DOX and link-
ers. Absorbance of the collected DOX-linker—Fbg solution
was measured with micro-plate reader (Victor 3 Multila-
bel Counter, PerkinElmer Inc., Waltham, MA, USA) at
490 nm, and the conjugation efficacy was calculated from
a standard curve of DOX concentration gradient.

Synthesis of DOX-linker—Fbg conjugates
using non-cleavable linkers

To investigate the length effect of linkers, DOX was cova-
lently attached to Fbg by non-cleavable linkers: SM(PEG),
(L3, n=4) and SM(PEG) , (L5, n=12), as outlined in
Figure 1B. DOX (1.5 mg, 2.76 umol) was mixed with
SM(PEG), (1.6 mg, 3.12 umol) or SM(PEG) , (2.6 mg,
3.00 pumol) in 1 mL of PBS (pH 7.2) and stirred using an

A

orbital shaker (250 rpm) at 25°C for 24 hours, forming stable
DOX-linker (DOX-L3, DOX-L5) complexes through an
amide bond. To introduce thiol (—SH) groups on the Fbg
molecules, Fbg (100 mg, 0.294 umol) was dissolved in 2 mL
of PBS (pH 7.2) containing 5 mM ethylenediaminetetraacetic
acid, mixed with 2-IT (0.4 mg, 2.91 umol), and stirred at
25°C for 1 hour. The DOX-linker solution was added to the
thiolated-Fbg solution, and the reaction mixture was shaken
at 25°C for 12 hours. After that, the DOX-linker—Fbg solu-
tion was purified using a size-exclusive Zeba spin desalting
column with 7K MWCO (Thermo) at 1,000x g for 2 minutes
to remove the unconjugated DOX and linkers. Absorbance
of the collected DOX-linker—Fbg solution was measured
using Victor 3 at 490 nm, and the conjugation efficacy was
calculated from the DOX standard curve.

NH,*Cl-

Thiolated-Fbg

NH,*CI-

DOX-linker-Fbg conjugate

Figure | (Continued)
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Figure | Synthesis of DOX-linker—Fbg conjugates using (A) acid-labile linkers (3-MAH; and KMUH) and (B) non-cleavable linkers (SM(PEG),, SM(PEG) ,).
Abbreviations: DOX, doxorubicin; Fbg, fibrinogen; 2-IT, 2-iminothiolane; 3-MAH, 3-maleimidopropionic acid hydrazonium trifluoroacetic acid; KMUH, N-(k-

maleimidoundecanoic acid; SM(PEG),,
dodecaethylene glycol] ester.

Preparation of Fbg microspheres
Microspheres were prepared with each DOX-linker—Fbg
conjugate solution, using a modified water-in-oil (W/O)
emulsification/solvent extraction method. The conjugate
solution was constantly injected in soy oil (100 mL) using
a syringe pump (1 mL/min), and stirred with an overhead
stirrer (600 g) for 30 minutes to form stable a W/O emul-
sion. Then, the emulsified solution was gradually heated up
to 60°C for 1 hour using a hot plate. Acetone was slowly
added to extract the solvent and evaporate the water. Once the
aqueous phase was evaporated, solid microspheres were
formed after continuous addition of acetone. The solution
was stirred for another 10 minutes to remove any residual
solvent. The microspheres were collected by centrifugation
at 1,000 rpm for 3 minutes, washed thrice with acetone, and
dried in a vacuum chamber for 1 day.

succinimidyl-[(N-maleimidopropionamido)-tetraethylene glycol] ester; SM(PEG),

,» succinimidyl-[(N-maleimidopropionamido)-

Characterization of Fbg microspheres
Loading of DOX in Fbg microspheres was confirmed by
a confocal microscope (D-eclipse; Nikon Corporation,
Tokyo, Japan). The light source approximately 480 nm
was used for excitation of DOX, and the emission light
was collected by opening the 580 nm filter. A field emis-
sion scanning electron microscope (FE-SEM, HITACHI
S-4,700) was used to capture images of the Fbg micro-
spheres for morphological analysis. After the microspheres
were sputter-coated with platinum for 120 seconds, the
images are acquired.

Degradation test of Fbg microspheres

To evaluate the biodegradable characteristics of Fbg
microspheres, fibrinolysis of microspheres was observed
by the addition of plasmin and t-PA. The Fbg microspheres
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(20 mg/mL) were suspended by Tris buffered saline (45 uL),
and treated with CaCl, (10 pL of 50 mM), t-PA (20 uL of
20 ug/mL), and plasminogen (25 uL of 0.1 mM). The mixture
was incubated at 37°C with rotation. After 4 hours, the
microspheres were collected for SEM analysis.

Release profiles of DOX from the DOX-
linker—Fbg microspheres with different
pHs

A Slide-A-Lyzer® MINI dialysis device with a 20 KMWCO
cellulose membrane (Thermo) was used for DOX release
study, and PBS (pH 7.3 and 5.0) was used as a releasing
media. The DOX—(3-MAH)-Fbg (30 mg), DOX-SM(PEG),~
Fbg (20 mg), or DOX-SM(PEG) ,~Fbg (15 mg) micro-
spheres, equivalent to 100 g of DOX, which was calculated
from drug loading efficiencies, was put in the device. Free
DOX (100 pg) and bare-Fbg microspheres were incorporated
into two more devices containing PBS (pH 7.3), which were
used as a positive control and a negative control, respec-
tively. Each device was kept on an orbital shaker (120 g) at
37°C for continuous shaking. Aliquots, containing released
DOX, were taken at the predetermined time intervals, refilled
with the same amount of fresh PBS, and the fluorescence
intensity was measured at 480 nm for excitation and 560 nm
for emission using Victor 3 for 7 days.

In vitro cytotoxic effect of DOX-linker—

Fbg microspheres

SH-SYS5Y (human neuroblastoma) and NIH-3T3 (mouse
fibroblast) cell lines were cultured in DMEM medium con-
taining 10% FBS and 1% pen-—strep at 37°C with 5% CO,
in an incubator. The cytotoxicity of the DOX-loaded Fbg
microspheres was evaluated by performing a celltiter-glo®
luminescent cell viability assay. The cells were seeded into
a 96-well opaque plate (~1x10* cells/well) with 100 UL of
the culture medium and incubated for 1 day, enabling suf-
ficient attachment of the cells onto the plate. The culture
medium was replaced with culture media containing the
DOX-linker—Fbg microspheres, bare-Fbg microspheres, and
free-DOX solution. Prior to treatment, all the microspheres
were sterilized with alcohol and dispersed in the culture
medium. The amount of Fbg microspheres was determined
to be equivalent to 10 pug of DOX. After adding the Fbg
microspheres to the plate, the cells were incubated at 37°C
with 5% CO, for 24 hours. The celltiter-glo® reagent was
prepared by complete mixing of celltiter-glo® substrate

and the buffer. Reagent (100 uL) was added to each well,
followed by mixing on the plate for 2 minutes using an
orbital shaker (350 rpm) for cell lysis. Then, the plate was
incubated at 25°C for stabilization of the luminescent sig-
nal. The luminescence was recorded using Victor 3 with an
integration time of 1 second per well.

Statistical analysis

All the experiments were conducted in triplicate or more,
and the results were presented as mean * standard error.
Significant differences were compared by Student’s unpaired
t-test with P<<0.05 as a significant level.

Results

DOX loading efficacy in DOX-linker—Fbg
conjugates

For the acid-specific drug release, a hydrazine part of 3-MAH
was conjugated to a 13-C carbonyl group of DOX, forming
a hydrazone bond, which is hydrolyzed under a mild acidic
condition (~pH 5),'* and a maleimide part of 3-MAH was
conjugated with a thiol group of Fbg, forming a thioester bond.
Consequently, 22.44%%2.13% of DOX was loaded onto Fbg,
and approximately three DOX molecules seemed to be attached
to each Fbg molecule. For the non-cleavable drug conjuga-
tion, the N-hydroxysuccinimide ester part of SM(PEG), and
SM(PEG),, was conjugated to a 3’-C amino group of DOX,
forming a relatively stable amide bond, and a maleimide
group of SM(PEG), and SM(PEG) , was cross-linked to Fbg
by a thioester bond. DOX (33.10%12.41%) was loaded onto
Fbg with SM(PEG),, having a DOX/Fbg ratio of 4.11, and
45.25%12.45% of DOX was carried to Fbg with SM(PEG) .,
showing 5.95 molecules on a Fbg molecule. The overall
results of DOX loading are summarized in Table 1.

Characterization of the Fbg microspheres
Using a confocal microscope, it was revealed that DOX
molecules were evenly distributed in the DOX-linker—Fbg

Table | Summary of DOX loading with different linkers

Conjugates Drug loading DOXI/Fbg
efficacy (%) ratio
DOX—(3-MAH)-Fbg 22.44+2.13 2.95
DOX-SM(PEG) —Fbg 33.10£2.41 4.11
DOX-SM(PEG), ,—Fbg 45.25+2.45 5.95

Note: Data are presented as mean + standard deviation.

Abbreviations: DOX, doxorubicin; Fbg, fibrinogen; 3-MAH, 3-maleimidopropionic
acid hydrazonium trifluoroacetic acid; SM(PEG),, succinimidyl-[(N-maleimidopro-
pionamido)-tetraethylene glycol] ester; SM(PEG),,, succinimidyl-[(N-maleimidopro-
pionamido)-dodecaethylene glycol] ester.
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Figure 2 Confocal microscopic image of DOX-L|-Fbg microspheres.
Abbreviations: DOX, doxorubicin; Fbg, fibrinogen; L1, linker I.

microspheres. The bare-Fbg microspheres (without DOX
loading) could not be observed by confocal microscope
image, whereas the other three kinds of microspheres
clearly showed DOX loading in the form of red-colored
microspheres with similar shape as DOX-3-MAH-Fbg
microspheres, as shown in Figure 2.

Outer morphology, surface fine structure, degradation
form were observed using a SEM. Spherical and porous
Fbg microspheres with approximately 20 um size were

prepared, with a nano-structured surface (Figure 3A—C).
Likewise, DOX-linker 1-Fbg microspheres were fabricated
with approximately 10 um diameter and highly porous sur-
face (Figure 3D-F). Degradation of bare-Fbg microspheres
was analyzed (Figure 4A and B), degradation of DOX—(3-
MAH)-Fbg microspheres was analyzed (Figure 4C and D),
and Degradation of DOX-SM(PEG) ,~Fbg was analyzed
(Figure 4E and F).

In vitro DOX releasing profile
A significant difference was identified in the release of
DOX—(3-MAH)-Fbg microspheres. At pH 5.0, a higher
relative fluorescence unit (RFU), which correlated with
DOX release, was detected than a relative fluorescence unit
at pH 7.3, definitely showing the acid-specific cleavage
of 3-MAH. Its release profile represented the initial burst
release within 48 hours, reaching a threshold of DOX
release. After 48 hours, DOX release occurred in a slightly
increasing manner. For a more detailed comparison, DOX
release from all the microspheres was compared at 48 hours,
indicating remarkable DOX release of DOX-3-MAH-Fbg
microspheres at pH 5.0, as illustrated in Figure 5.
Meanwhile, a gradual increasing release was observed
from both DOX-SM(PEG),~Fbg and DOX-SM(PEG), ~Fbg
microspheres at pH 7.3 in a controlled manner, while DOX
release was stagnant at pH 5.0. An amide bond is stable, and the
hydrolysis of amide bonds occurs at a slow rate'**° under an un-
catalyzed condition. Hence, cleavage of linkers by proteolysis

Figure 3 SEM images of Fbg microspheres.

Notes: (A—C) Bare-Fbg microspheres, (D-F) DOX-linker |-Fbg microspheres, (A and D) distributions of the microspheres, (B and E) morphology of the microspheres,

(C and F) surface fine structure of the microspheres.

Abbreviations: SEM, scanning electron microscope; DOX, doxorubicin; Fbg, fibrinogen.
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Figure 4 SEM images of bare, DOX-linker—Fbg microspheres.

Notes: (A and B) Bare-Fbg microspheres, (C and D) DOX—(3-MAH)-Fbg microspheres, (E and F) DOX-SM(PEG), ~Fbg microspheres. (A, C, and E) before the

degradation, and (B, D, and F) after the degradation.

Abbreviations: SEM, scanning electron microscope; DOX, doxorubicin; Fbg, fibrinogen; 3-MAH, 3-maleimidopropionic acid hydrazonium trifluoroacetic acid; SM(PEG) ,,

succinimidyl-[(N-maleimidopropionamido)-dodecaethylene glycol] ester.

might be promoted by some activated enzymes, which become
active at neutral pH. The overall DOX releasing profile in PBS
with different pHs is summarized in Figure 6.

Cytotoxic effect of DOX-linker—Fbg

microspheres on the cells
The cytotoxicity of the DOX-linker—Fbg microspheres
was evaluated with NIH-3T3 as a normal fibroblast and

SH-SYS5Y as an abnormal tumor cell line by performing
the celltiter-glo® luminescence assay (Figure 7). Free-DOX
solution (0.39 pg/mL) was added to the cells, revealing
43.90% of NIH-3T3 cell viability and 21.23% of SH-SY5Y
cell viability. Higher toxicity to normal cells and abnormal
tumor cells was observed, without low specificity to the
targeting of tumor cells, which demonstrates a potential side
effect of DOX. However, when bare-Fbg microspheres were
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Figure 5 DOX release from DOX-linker—Fbg microspheres at 48 hours.
Abbreviations: DOX, doxorubicin; Fbg, fibrinogen; RFU, relative fluorescence
unit; L, linker.

treated, slightly increased cell viability was measured in both
cell lines, due to the cytocompatiblity of Fbg.

The treatment with DOX—(3-MAH)-Fbg microspheres
on the cells decreased both cell viabilities exceedingly,
especially in the SH-SYSY cell line (12.28%). Interestingly,
in comparison with free-DOX solution treatment, DOX—
(3-MAH)-Fbg microspheres indicated lower toxicity in
the normal cells and higher toxicity in the abnormal tumor
cells, implying the increased tumor specificity than that of
the free-DOX treatment.

For the DOX-linker—Fbg microspheres with the non-
cleavable linkers [SM(PEG), and SM(PEG) ,], mild toxicity

16,000
14,000
12,000

- 10,000

o 8,000

6,000
4,000
2,000

0 1 2 3 4 5 & 7
Time (days)

-2 DOX-L1-Fbg (pH 7.3) —=— DOX-L1-Fbg (pH 5.0)
—o— DOX-L3-Fbg (pH 7.3) —— DOX-L3-Fbg (pH 5.0)
—+— DOX-L5-Fbg (pH 7.3) —— DOX-L5-Fbg (pH 5.0)
—— Bare-Fbg (pH 7.3) —— Bare-Fbg (pH 5.0)

Figure 6 DOX release from DOX-linker—Fbg microspheres in PBS with different
pH (pH 7.3 and pH 5.0) for 7 days.

Abbreviations: PBS, phosphate-buffered saline; DOX, doxorubicin; Fbg, fibrinogen;
RFU, relative fluorescence unit; L, linker.

Figure 7 Cell viability according to the treatment of DOX-linker—Fbg microspheres
after 24 hours.
Abbreviations: DOX, doxorubicin; Fbg, fibrinogen; L, linker.

was confirmed in the tumor cells, but there was increased
cell viability with SM(PEG),, and maintained cell viabil-
ity with SM(PEG),,. Because SM(PEG), and SM(PEG),
cleavage may occur by proteolysis of the amide bond,
their release rate appeared slower than 3-MAH cleavage,
but they could potentially release the DOX continuously
over a long time, enabling the controlled and sustained
release of DOX.

Discussion

Even though DOX is one of the highly effective anticancer
drugs in chemotherapy, its clinical usage was still limited
because of their adverse effects. For safer DOX delivery,
biocompatible drug carriers with various drug conjugation
techniques have been designed, reducing damage to the
normal tissues and organs. As it possesses two conjugatable
sites on 13-C carbonyl and 3’-C amino positions (Figure 8),
DOX can be conjugated with several cross-linkers by form-
ing a hydrazone bond and an amide bond, respectively.

Figure 8 Structure of DOX with two conjugation sites of 13-C carboxyl and 3’-C
amino groups.
Abbreviation: DOX, doxorubicin.
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A hydrazone bond, cleavable under a mild acidic condition
and stable in neutral pH, enables acid-triggered DOX release
in a lysosomal or cancerous environment. Using this bond,
DOX molecules were conjugated to diverse novel drug
carriers with moderate antitumor efficacy.?'*> On the other
hand, DOX could be conjugated with an amide bond at a
3’-C position for the preparation of enzymatically cleavable
prodrugs.?*?* In this article, we prepared the DOX-linker—
Fbg microspheres with different linkers to evaluate their
feasibility as a novel cancer drug delivery system.

DOX loading was confirmed by a confocal micro-
scope, and the loading efficacy after conjugation steps was
comparable to the published results.*** By adding tenfold
thiolating agent (2-IT) to Fbg, enough conjugation sites were
generated on the Fbg, resulting in higher loading efficacy.
Moreover, unconjugated DOX and linkers, which could
induce unintended reactions, were completely removed by
purification with a desalting column. Therefore, the prepared
DOX-linker-Fbg microspheres might be nontoxic and safe,
yet might still contain a relatively high amount of DOX.

The SEM images showed morphology of the prepared
microspheres and their surface fine structure. In the fabrica-
tion step, an overhead stirrer was used to form a W/O emul-
sion, and heat (65°C—75°C) was applied to extract the solvent
from Fbg microspheres. Little denaturation by heat occurs
during a fabrication step, but prepared microspheres still
maintain its major functions.? By controlling stirring speed
and heat, we could prepare the spherical microspheres with
highly porous surface structure, offering cells sufficient space
for attachment.?”” However, the differences between bare-Fbg
microspheres and DOX-linker—Fbg microspheres were found
on their surface density. This difference might be due to some
changes in Fbg properties during the conjugation steps, such
as increased thiol groups and slight degradation. In this study,
we determined a degradability of bare and Dox—linker—Fbg
microspheres. All the Fbg microspheres were fully degraded
within 4 hours by plasminogen.

The releasing profiles of DOX from DOX-linker—Fbg
microspheres were obtained for 7 days in PBS with two
different pHs, representing the extracellular matrix envi-
ronment of tumor and normal cells. Designed to be cleaved
under a mild acidic condition, the DOX—(3-MAH)-Fbg
microspheres indicated a significant initial burst release
profile for 48 hours at pH 5.0, while the same microspheres
showed slow release at pH 7.3. Many DOX delivery carri-
ers, conjugated by a hydrazone bond, demonstrated similar
release profiles to our result.”>?® Interestingly, unexpected
DOX releases were observed with three kinds of linkers at

pH 7.3. The hydrazone bond by 3-MAH is stable at neutral
pH, and the amide bond by SM(PEG), and SM(PEG),, is
a more stable linkage regardless of pH. After 14 days, the
amount of released DOX at pH 7.3 from the three different
DOX-linker—Fbg microspheres reached levels similar to
those from DOX—(3-MAH)-Fbg microspheres at pH 5.0,
and DOX was continuously released (data is not shown).
Continuous protein degradation might result in a continuous
increase of DOX release, supporting the conclusion regarding
the unexpected DOX release.

The in vitro antitumor effect of DOX-linker—Fbg micro-
spheres was evaluated with NIH-3T3 and SH-SY5Y. The
biocompatibility of Fbg was achieved with the addition of
bare-Fbg microspheres, exhibiting increased cell growth.
Meanwhile, treatment with free-DOX seemed highly toxic to
both normal and abnormal cancer cells; as a small molecule,
DOX can easily pass through the cell membrane without any
specificity, leading to cell death. Compared to free-DOX
treatment, DOX—(3-MAH)-Fbg microspheres revealed lesser
cytotoxicity to the normal cells and higher cytotoxicity to
neuroblastoma, which may increase its specificity to tumor
cells. P-glycoprotein, a membrane transporter inhibiting the
uptake of toxic substances, is known to be over-expressed in
cancer cells with resistance against several drugs.” There-
fore, a drug-loaded carrier system, such as DOX-linker—Fbg
microspheres, might be a solution for inhibiting action of
P-glycoprotein, resulting in enhanced antitumor efficacy. In
the case of the microspheres with non-cleavable linkers, DOX—
SM(PEG), —Fbg microspheres showed slightly higher toxicity
than DOX-SM(PEG),~Fbg microspheres, suggesting that a
longer linker could mediate increased interaction between the
microspheres and the cells. Similarly, the published result of
Toita et al explained that more flexible longer linkers could
make the binding of drug carriers to cells easier.*® Therefore,
the feasibility of the DOX-linker—Fbg microsphere-based drug
carrier system was confirmed by the cell experiments.

According to our hypothesis, the DOX-linker—Fbg
microspheres can be injected into the muscle or the tumor
tissue, following which they may go through the enzymatic
degradation process and get converted into smaller movable
DOX-linker—Fbg conjugates. The smaller fragments can
specifically interact with cancer cells through RGD-o. 3,
integrin binding, thereby entering into the cells. Finally, DOX
may be released into the cytosol or extracellular matrix of
cancer cells due to the acidic condition and more enzymatic
cleavage, leading to specific cancer cell death. To investigate
the pathway of DOX delivery from the DOX-linker—Fbg
microspheres, in vivo animal studies will be conducted.
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Conclusion

The DOX-linker—Fbg microspheres were prepared with two
kinds of linkers: acid-labile linkers and non-cleavable linkers.
Their porous nano-structured surfaces can provide sufficient
space for cell attachment, thereby enhancing the interactions
with the cells. The release study demonstrated acid-specific
DOX release from DOX—(3-MAH)-Fbg microspheres by
the cleavage of hydrazone bond. In the cell experiments,
enhanced antitumor effect was observed in DOX—(3-MAH)—
Fbg microspheres compared to free-DOX treatment. Mean-
while, investigating the influence of linker length indicated
that a longer linker was able to make binding of the drug
carriers with the cells easier, resulting in higher antitumor
efficacy. In addition, the biocompatibility of Fbg was con-
firmed. Since Fbg possesses biocompatibility and tumor-
targeting property with RGD peptide sequences, we expect
that Fbg microspheres drug carrier systems can be effectively
used for chemotherapy. Supplementary materials http://www.
dovepress.com/get supplementary_file.php?f=88381.pdf

and https://www.youtube.com/watch?v=UqonwTB7Ms4.
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